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Measureurents of the low field complex clynamic susceptibility of both reen-

trant ferromagnets ancl spin glasses of l/i1-,Mn" (z - 0.22,,0.225,0.236, 0.25).

ale pl'esentecl. The real ancl imaginary parts of the a.c susceptibility were mea-

surecl for alloys at low excitation frequencies (ø - 16 Hz) over the temperature

range 4.2<T <21.0 K infixecl staticfielcls between 01Ho < 46 Oe. For the

reentrant configuration of NiMn, the real part of the a.c susceptibility exhibits

a triple-peakecl structure, consisting of a "high" temperature ferromagnetic crit-

ical peak which experiences a systematic. suppression in amplitude and upwarcl

sirift in temperature with increasing fielcl, ancl two lower ternperature reentrant

peaks which are associatecl with strong irreversibility ancl also exhibit a sirnilal

systematic suppression in arnplitude but clownward shift in ternperature with in-

creasing fielcl. A critic.al analysis of the ferromagnetic peak yieicls estirnates fol

the c.ritical exponent 6 anci 'y which inclicate extensive exchange boncl clisorcler.

A non-clivergent anornaiy in the ternperature clepenclence of the amplituc{e of the

leacling nonlinear susc.eptibility in the vicinity of the reentrant temperature sug-

gests the possibility of a genuine phase transition to a low temperature reentrant

phase.

The clecay of tlie low-fielcl therrnorement magnetization of both reentrant

ferrornagnets ancl spin glasses of ly'ii-,Mn" (r : 0.236, 0.2ro,0.269), Au1-,Fe,

(z:0.10,0.17), Crç,Fe, (r - 0.17,0.22) ancl a c-.anonical ferromagnet Pcl-1.4

at.% Fe were measurecl over four clecacles of observation time (1 s < ú < 104 s),

as a function of tetnperatrrre ancl wait time. A crossovel from low temperature

nortequi,librim relaxation within the reentrant phase to high temperature equ'i-

,&bstnä.at



librium clynamics in the ferromagnetic phase was observecl in reentrant NiMn,

AuFe ancl CrFe ferromagnets: the relaxation in the ferromagnetic phase shows no

wait tine clepenclence ancl is clescribecl by the supreposition of a weak power'-law

ancl a constant tenn, Mn(t) - Mo * Mtt-"'; within the reentrant regime tht:

relaxation function chattges to the superposition of a stretchecl-exponential ancl

a constant temì, Mn(t) - Mo i Mt"*p l-1t7r)t-"],with typical spin glass pa-

tarneters and with strong wait time effects. Tlie relaxation isotherms measurecl

iu pure spin glasses of these systems exhibit virtually iclentical nonequilibrium

behaviour to that observed in the reentrant phase of the ferrornagnets, ancl c.an

be clescribecl by the same function; however, the superposition of a procluct of

the stretchecl-exponential ancl the weak-power law ancl a costant temr, Mn(t)

: Mo * Mú-"' 
"*p f-1t7")t-"],is requirecl to describe relaxations at long wait

tiures. The weak-power clecay in the high ternperature ferrornagnetic phase in

reentrant ferromagnets was confimrecl by thernorernanent relaxation measurecl in

tlre Pcl-1.4 at% Fe ferromagnet. The isothermal remanent rnagnetization (lR-

M) rneasurements in Aus6Fele spin glass shows a fascinating memory behaviour

observed for the first time in ,AuFe systern, which reflec.ts the existence of macro-

scopoically lortg relaxation times in spin glasses, and also ploves the valiclity of

linear Ìeäponse governing principle for the IRM relaxation. A ternperature c.yc.ling

experirnentsfor the (1r'æFe17 spin glass show an new inflection points inducecl at

short tirnes in the thermoremanent magnetization clecay ancl provicled the com-

pelling eviclence for the existence of the overlap length between different "clroplet

clornains" introclucecl in a clroplet scaling theoly ancl a mesoscopic clornain picture.
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Expenírrrentan Overvíew of tsond Ðísordered Srlagnets

The purpose of this chapter is to provide a general description of disordered

magnetic systems and to review some experimental properties of such systems.

For many decades since the discovery of X-ray diffraction by Bragg in 1912,

magnetism in solids was exclusively concerned with "orderly" systems, with i-

dentical magnetic ions distributed throughout a regular crystalline lattice on e-

quivalent atomic sites, and magnetic classification seemed to be straightforward,

being one of diamagnetism, paramagnetism, ferromagnetism, antiferromagnetism

and ferrimagnetism. This situation was dramatically altered about twenty years

ago by a burst of theoretical and experimental activity involving two related types

of systems: amorphous solids, in which no two atomic sites are equivalent, and

disordered solids, in which different atoms occupy randomly the sites of a regular

crystal lattice. Amorphous solids, which are normally made by rapid chilling a

melt, have been studied extensively and are not the subject of this thesis (see

review articles by Moorjani and Coey, 1984; also Wohlfarth, 1980). Our research

focuses on the second category: site disordered crystalline magnets, and specifi-

cally on magnetic phase transitions in such systems.

The basic requirements for magnetic order in a solid are (i) the existence of

magnetic moments associated with unpaired electrons on the atoms, and (ii) an

interaction to couple them together. It is known that these microscopic magnet-

ic moments interact mutually not only through the very weak ordinary magnetic

dipole-dipole forces, but more importantly through quantum mechanical forces,

which actually determine the magnetically ordered state in solids. The quantum

mechanical forces are a consequence of the Coulombic repulsion of the electronic

charge distributions of two adjacent atoms i and j, together with the Pauli exclu-

1
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sion principle, and are known as the exchange interaction. They introduce a term

into the Hamiltonian of a magnetic system of the form

where þa is the Bohr magneton, .í¡ and ,9r1 denote the spin magnetic moments

of the ith andjtå atoms respectivelg and Ji3 is the exchange integral (Morrish,

1965). Its strength depends on the amount of overlap between the two adjacent

electronic wavefunctions. If J;¡ ) 0, parallel alignments of the two spin moments

are favoured in minimizing the energy, which results in ferromagnetism. On the

other hand, when J;¡ 10, antiparallel arrangements of the .í¡ and ír' are favoured,

which causes antiferromagnetism or fe¡rimagnetism.

The magnetic interaction becomes complicated in a disordered magnetic sys-

tem. Disordered magnetic systems, specifically site-disordered magnets, are solid

solutions formed by substituting magnetic impurity atoms (Fe, Mn, Co, Ni, etc)

randomly throughout the lattice sites of a non-magnetic host metal (such as Au,

Ag, Cu etc). The solute magnetic impurities often tend to retain their magnet-

ic moments even while in solution, and varying their concentration changes the

separation between two impurity atoms. When the concentration of magnetic im-

purities is so low that the impurities are surrounded by non-magnetic host atoms,

direct exchange interaction is impossible and the mechanism which couples these

impurity magnetic moments is known as the RKKY (named after its principal

investigators, Ruderman and Kittel, Kasuya and Yosida) indirect exchange inter-

action. The RKKY interaction is a long range interaction and is restricted to

materials containing itinerant electrons, which are the intermediaries in the cou-

pling. A localized magnetic moment, ,í;, polarizes the host's conduction electron

spins in its neighborhood. This electron spin polarization oscillates up and down

as a function of separation from the .í; moment, and the oscillations determine the

orientation of the second magnetic moment ,9r1; hence the impurity spins ^í¿ and

2

1

n : -*,ll,tS,.S,,o ;,j
(1.1)



^9¡ are indirectly coupled. This coupling may also be represented by an

ferm:

Hnxxv = Jnxxvír' S¡,

but with an effective exchange integral Jnxxv given by

Jaxxv(&r) - W, ôs Ri¡ - oo
thl

where Èr is the Fermi wavevector and R;¡ :l R¿ - R¡ | represents the distance

between iúå moment and júå moment.

The existence of RKKY coupling means that in a disordered metallic system,

in which the separation between magnetic moments is random, both positive and

negative exchange bonds between moments occur. This leads to possible conflicts

in the system on a microscopic scale as magnetic moments try to respond to antag-

onistic constraints. Each of the impuritymoments receives instructions from all the

other impurity moments (by means of RKKY exchange bonds) as to the direction

in which it should point. Positive bonds require parallel alignments and negative

bonds require anti-parallel arrangements. Because the distances between the mo-

ments are random, the instructions for each individual impuritymoment are in con-

flict with each other. This is called spin frustration. All of the impurity spin mag-

netic moments must cooperatively choose a configuration of random orientation-

s, as shown in Figure 1-1, which simultaneously satisfies all the random exchange

bonds. Therefore a frustrated system has no unique microscopic configuration for

its ground state; there is an essentially infinite number of equivalent states that

can be adopted. As a result, a frustrated magnetic system shows metastability,

with hysteresis effects, time dependent relaxation towards an equilibrium state,

and dependence on its thermal and magnetic histories.

Magnetic ordering in disordered magnets is highly concentration dependent,

and considerably more complex than it is in pure metals. When the concen-

tration of magnetic impurities is very low, such that the impurities are mainly

3

exchange

(1.2)

(1.3)



F'igure tr-L: An illustration of spin frustration for spins located randomly on the

lattice sites.



non-interacting, we have the "single impurity" limit which exhibits experimental

properties describable within the framework of the Kondo Effect (Daybell, 1973

and Rizzuto,7974). By increasing the concentration, the local moments begin to

interact via the RKKY mechanism. As the temperature is lowered in zero external

field, the impurity spins become "locked" in random orientations and form what

is known as a spin glass state in which there is no long range magnetic order.

As the concentration is further increased, there is a greater statistical chance of

a given impurity being first or second nearest neighbor to another impurity, and

short range correlations become important. Now small groups of impurities clus-

ters, form at one temperature, interact with each other via the long range RKKY

interaction, and then cooperatively fteeze at a lower freezing temperature. The

term "cluster glass" or " ictomagnetism' describe such a state. Finally, at some

concentration specific to the crystal structure, each magnetic site will have at least

one magnetic nearest neighbor. Such a macroscopic connection or uninterrupted

chain extending from one end of the crystal to the other, corresponds to the perco-

lation limit or that concentration for which there is a non-zero probability that a

given occupied site belongs to an unbounded cluster , and if Jnearest-neishbou, ) 0,

the system orders ferromagnetically. The above process is shown schematically in

Figure 1-2 (Wohlfarth, 1980).

From a practical point of view, the fabrication of these systems demands that

two criteria be met: (i) the impurity moment must be stable, i.e., the Kondo

temperature should be less than Tr = 1 K, so cooperative ordering processes are

not compromised by the weakening of the local moments at low temperatures, and

(ii) a high solubility such that the impurities may be dissolved easily in the metal

host. Wohlfarth (1980) has made a detailed compilation of a variety of well-studied

spin glass systems which indicates the extent to which these criteria are satisfied in

various combinations of noble metal hosts with transition metal impurities CuMn,

4gMtr, and AuFe, as well as transition metal hosts with transition metal impurities

5
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(Mf", PdMn, PtMn, PdCo). In the latter case, the exchange enhancement of the

host leads to giant moment behavior. The term giant moment means that when

a single, localized, magnetic moment like Pe is dissolved in an almost magnetic

host-like Pd, the net moment on the Fe impurity is much greater than that due to

the bare magnetic impurity alone. These magnetic entities, which are the impurity

moment plus the induced polarization cloud of the host's surrounding conduction

electrons, can be considered as one magnetic moment which is then called ugiant'.

A typical example of a giant moment is found in PdFe, in which the experiments

(Crangle and Scott, 1965) reveal the Fe moments to be approximately 10 pa aß

compared to about 3 ¡l¡ for Fe in non-enhanced hosts.

Figure 1-3 shows a typical example of an experimental magnetic phase diagram

for a site disordered system, in this case (Pds.esosFeo.o0ss)r.Mn.. Such diagrams

generally exhibit four magnetically ordered phases: paramagnet (P), ferromagnet

(F), spin glass (SG) and re-entrant ferromagnet (RF) (Verbeek et al., 1978). (a)

For Mn compositions c ( 3 al.%, long range ferromagnetism due to a direct

Fe-Fe giant moment interaction is found below the Curie temperature 7",, which

iniiially rises with Mn concentration and then falls off above 2 at.To Mn. (b)

At a higher concentrations c > 6.0 at.%, the competition between the direct

ferromagnetic Fe-Fe and direct antiferromagnetic Mn-Mn interactions generates

enough spin frustration to destroy the long-range ferromagnetism, and spin glass

behavior sets in below Tsc. (.) For intermediate compositions 3 ( c ( 6.0 at.%,

there are apparent sequential transitions from paramagnet to ferromagnet, and

then to a spin glass as the temperature is lowered further; such a phenomenon is

known as re-entrant behavior.

Each regime is characterized by a very distinct magnetic response. Figure 1-

4 shows the ac susceptibility as a function of temperature in zero static external

field for three samples corresponding to the three different regimes discussed above

(Verbeek et al., 1978). Curve (a) for c:1 at,.%Mn shows an abrupt knee-like

7
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Figure L-3: The magnetic phase diagram of (Pdo.rurI"o.*rr) *. ' \Y:.Mn' The

ouiiou, phases ur",piuro*agnetic (P), ferromagnetic (F), spin eJags Q-Ç), and the

reentrant ferromagnet (RFt for 3 S c < 6. From Verbeek et al. (1978).
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profile at high temperature, typical of a transition from paramagnetism to ferro-

magnetism, and the susceptibility remains at a roughly constant value down to

the lowest temperatures. The Curie temperature(7" = i3/() is estimated to be

the temperature at which dyldf is maximum. Curve (c) for c: 6.5 at.% exhibits

a typical spin glass cusp at Tsc N 4.7 K. Notice that the ac susceptibility is sub-

stantially smaller than it is for the ferromagnet, indicating that spin glass ordering

is a very weak magnetism. Curve (b) combines characteristics of both curves (a)

and (c), and displays the typical re-entrant ferromagnetic signature. As the tem-

perature is lowered, the system first exhibits a reasonably sharp high temperature

knee, indicating a ferromagnetic transition, and then at lower temperatures(- 5

K), the susceptibility drops dramatically. Verbeek et al. (1978) associated such

a rapid decrease in the susceptibility with the collapse of the ferromagnetic state

and the onset of spin glass ordering.

It is important to point out that the temperature independent plateau in

curves (a) and (b) is an artifact of the sample geometry, related to the large

demagnetizing factor D which depends purely on the sample shape, and which

imposes a maximum value on the measured susceptibility of X*.o": 1/D. This

tends to enhance the abruptness of the transitions, particularly in the re-entrant

case, so that the existence of such a plateau is not always a reliable indication of

a genuine cooperative phase transition.

With application of a static magnetic field, a wealth of structure can be re-

vealed in ac susceptibility measurements. Figure 1-5 is a typical example; it shows

the temperature dependence of the ac susceptibility in various static fields for the

disorde¡ed ferromagnets Pd-0.75 at.ToMn and Pd-2.5 at.% Mn (Ho et al., 1981a).

A set of peaks, called ferromagnetic critical peaks, are clearly observed. The peak

temperatures shift upwards, while peak heights are suppressed as the field is in-

creased. This type of ferromagnetic critical behavior is predicted by scaling theory,

and is reproduced by numerical calculation based on the Sherrington-Kirkpatrick

I
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Figure L-42 Zero-field ac susceptibility measurements (using a driving field of 0.1

Oe and 210 H:z) on three (Pdo.r"Feo.*,r) * c atVo Mn alloys:
(a) ferromagnet ( c=1.0 ).
(b) reentrant ferromagnet ( c = 5.0 )
(c) spin glass (c = 6.5 ).

The dashed line represents a theoretical re-entrant calculation (from the

Sherrington-Kirkpatrick moclel) which has been artificially demagnetization limited.
From Verbeek et al. (1978).

5

?.(K)

10 15

10



3'0

T
G,o
I
ol
)
E
u,

X

0.32

0-2t

016

t".0 5'0

H(0e)

Ql r r r r t --ìt, r t= t -ll-1 3'O 3'B ¿'6 5't

Figure L-5: A close examination of the ac susceptilrlily T a function of temperature

inîne vicinity of the ac susceptibility peaks forla) Pd-0.75 ato/o Mn (left curve) and

(b) pd-2.5 ot% lV, (right õurve), ãt lo* collinear biasing fields. From Ho et

al.(1981a).

6.0

(ô)

7.0

H(0e)

Temperolure IK)

11



(SK) model. A detailed discussion of the SK model will be presented in the next

chapter (section 2.2.I). Unlike ferromagnets, spin glasses show a different re-

sponse. A good example is shown in Figure 1-6 where the ac susceptibility of the

spin glass Pd-5.0 at.To Mn is plotted as a function of temperature in the vicinity

of spin glass temperature Tsc : 2.84 K for various static fields (Zasfte et al.,

1985). (The exchange bond frustration in PdMn is similar in origin to that in

PdFeMn). As the magnetic field is increased, the peak amplitude is suppressed,

but the peak temperature is shifted downwards to lower temperatures (dashed line

in Figure 1-6). Such behavior can also be qualitatively demonstrated by numerical

calculations based on the SK model. In the case of re-entrant ferromagnets, one

expects elements of both ferromagnetic and spin glass behavior to occur. Figure

1-7 displays the ac susceptibility measured as a function of temperature in several

finite external fields for a re-entrant ferromagnet (Fes.65¡/i6.ss)t-,Mn,, c : 0.113

(Huck et al., 1988). Three distinct peaks are detected. The high temperature

peaks near the Curie temperaturc T" ? 160 K are recognized as ferromagnetic

critical peaks which are shifted upwards in temperature with increasing field. The

two lower temperature peaks near the spin glass temperature Ts6 ry 60 K both

show typical spin glass behavio¡ with the peak temperatures moving downwards

as the field increases. Some attempt has been made to correlate these two peaks

with various instability lines predicted by vector spin models (section 2.2.2) which

suggest that the lower peak is related to the onset of strong irreversibility, i.e.,

time dependence of the magnetic response.

Further quantitative tests can be performed on the ac susceptibitity critical

peaks in order to verify the existence of a ferromagnetic phase transition. A set

of exponentt'y, þ, ó, called critical exponents, describe the critical behavior in a

ferromagnetic phase transition, and, according to the scaling theory of ferromag-

netism (discussed in section 2.3 of next chapter), magnetization and susceptibility

12
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obey the following scaling equations of state

m(h,t) : n, (h)
xØ,t) : 60/Ð-tç(#)

where å is the linear scaling field å. - HolT", t:l (T -T")lT" I is the reduced

temperature, and F and G are scaling functions whose form is unknown. One

example of such a scaling test is shown in Figure 1-8 (Kunkel and Williams, 1988).

They measured the ac susceptibility as a function of temperature in various dc

biasing fields for a (Pds.ssosFeo.o0sr) + S.O al.% Mn re-entrant ferromagnet in the

vicinity of ihe upper paramagnetic-ferromagnetic transition. According to scaling

theory, a plot of the normalized susceptibility y(h,t)lX(h,úp"o&) versus tf hh+Ð-'

(with choice of (7 * P)-' :0.46) should produce a universal curve for all static

fields above the Curie temperature T. - 9.3 K (Kunkel and Williams, 1988). The

quality of the scaling plot in Figure 1-8 indicates a well defined paramagnetic-

ferromagnetic transition.

In contrast to ferromagnets, the zero field ac susceptibility of spin glasses

does not diverge at the spin glass temperature Ts6, and an expansion of the

magnetization as a series in odd powers of the applied field

(1.4)

(1.5)

yields a finite X.(T) at all temperatures, so that the leading divergence in y(H,T)

in spin glasses occurs in the coefficient 
"r(T) 

of the l/2 term. This means that only

non-linear terms can be represented by a scaling function in spin glasses (Yeung et

al., 1987). Since the non-linear response is typically much weaker than the linear

response, the search for a genuine phase transition in spin glasses is more difficult

than it is for ferromagnets. Criticai divergences, universality and scaling relations

in spin glasses can be found in analysing the non-linear terms. In fact, many typical

15

M(H,T) = x"(T)H - a2(T)H3 + a4(T)H5 - ...

X(H,T) : X"(T) - a2(T)H2 * aa(T)Ha - ...

(1.6)

(1 .7)
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spin glasses exhibit such critical behavior. We illustrate here the critical properties

of the non-linear susceptibility in spin glasses Pd-5.0 at.To Mn and Pd-5.5 at.%

Mn (Zastre et al., 1985, see also Figure 1-6). By plotting the ac susceptibility ¡
as a function of H2 or Ha f.or various fixed temperatures, the coefficients ø2(T)

and aa(T) can be obtained from the initial slopes of these curves; the results are

summarized in Figure 1-9 which clearly demonstrates nearly symmetric d,iaergence

in both az(T) and aa(T) about ?56 for both Pd-5.0 at.% Mn and Pd-5.5 at.%Mn.

Such observations are in good agreement with the predictions of effective field

theory (section 2.3).

Although the critical nature of the direct paramagnetic to spin glass transition

has been confirmed by non-linear response experiments, true non-linear critical be-

havior has not yet been verified in re-entrant systems near the lower ferromagnetic

to spin glass transition. This is primariily due to the complication of domains and

the effects of domain wall motion. One of the few re-entrant systems which show

an anomaly in the non-linear susceptibility is (Pilo.ssesFe0.0035) * 5.}at.% Mn

(Kunkel and Williams 1988). Figure 1-10 shows the temperature dependence of

the coefficient a2(T) near the lower transition temperature. A distinct peak is ob-

served near ? : 4.07 K, defined as Tsç, suggesting a possibly critical ferromagnet

glass transition.

In addition to ac susceptibility measurements, a variety of other physical prop-

erties, such as specific heat, resistivity, Mössbauer effect and neutron scattering

etc, have also been used to characterize the various magnetically ordered phases.

Specific heat measurements on ferromagnets can be used to dete¡mine the

Curie temperature T.. The excess specific heat C* - LC = Couou - Cno"t will

show an anomaly atT", as shown in Figure 1-11 for four bond disordered PdMn

ferromagnets (Boerstoel et al., 7972). The sharp cusp at 7" indicates a well de-

fined paramagnetic-ferromagnetic transition, and is in good agreement with the

predictions of the mean-field-theory of ferromagnetism (Stanley, 1971).
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By contrast, the magnetic specific heat C* of spin glasses generally displays

a rather broad maximum (contrary to the predictions of the SK model, which

predicts a cusp at Ts6) at temperatures higher than the glass freezing temperatu¡e

Tse. Figure 1-12 shows a typical example C^ æ a function of temperature for

three CuMn spin glasses (Martin, 1980). The vertical lines mark the spin glass

temperatures 7515' from susceptibility measurements. Further analysis of the low

temperature behavior of. C* shows C,"(T) x CtT + CzT2 in these systems (where

Cr and C2 ale constants), although the leading temperature dependence of the

magnetic specific heat of spin glasses often varies from one system to another

system (Fischer 1985, and reference therein). While no abnormal behavior can be

seen directly in C^ vs 7 plots, an anomaly is observed in the field dependence

of the magnetic specific heat C^ (Fogle et al., 1981; Brodale et al., 1983). Fogle

et al. (1981) measured the specific heat of a Cu-0.279 at.% Mn spin glass as a

function of temperaturein various fixed fields. The peak in the specificheat C^

broadened and shifted to higher temperatures as the field increased. The function

C^lT - A+ BH2 was used to fit the C^lT vs fI data (as shown in the insert of

Figure 1-13) and the coefficient B of H2 term shows a sharp negative minimum

near Tsç, perhaps associated with the onset of the spin glass ordering. Whereas

few specific heat measurements have been performed on re-entrant ferromagnets,

one example is shown in Figure 1-1a(a) for an insulating re-entrant ferromagnet

Eu,Sr1-,S with ¿ : 0.54 (Meschede et a1., 1980). A broad maximumis observed

near the ferromagnetic transition tempe¡ature [, and the magnetic specific heat

varies linearly with temperature below the maximum. Although the magnetic

specific heat C* shows no singularity at Tsc, a tiny step is observed by plotting

dc^ldT versus log ? in Figure 1-14(b).

Electrical resistivity measurements on spin glasses show similar behavior to the

magnetic specific heat. The incremental electrical resistivity LpQ) :

Paus(T) - ph"ú(T) of several spin glasses has been measured as a function of

20
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temperature by Ford and Mydosh (1976), and the results for {gMn are given in

Figure 1-15. For all compositions there is a broad maximum at a temperature flr,

higher than 7s6, with 7L proportional to the impurity concent¡ation. Closer ex-

amination of the temperature dependence of LpQ) reveals a linear ?-dependence

near Ts6,, and a Tsl2-dependence in the lowest temperature region. The absence

of an anomaly in the electrical resistivity of spin glasses is consistent with the fact

that no anomaly is generally observed in the magnetic specific heat. In ferromag-

nets, however, a sharp anomaly is normally observed. The incremental resistivity

Lp(T) of some disordered PdMn ferromagnets is plotted as a function of tem-

perature in Figure 1-16 (Ho et al., 1981a). The temperature at which d(Lfildf
reaches a maximum coincides with the Curie temperature I obtained from ac

susceptibility results (Figure 1-5). Such a sharp "knee' is indicative of a ferro-

magnetic phase transition. Below 7", A,p(T) varies linearly with temperature and

obeys a ferromagnelic Tsl2-dependence at even lower temperatures.

Neutron scattering experiments and Mössbauer effect measurements can probe

a magnetic system on microscopic time scales. Neutron scattering can provide in-

formation on magnetic short range order, the spin glass freezing process, as well

as the dynamic relaxation of the spins (Binder and Young, 1986). However, the

interpretation of the neutron scattering data is difficult. The absence of Bragg

scattering indicates no long-range magnetic orde¡ in spin glasses. The frequency

and wave-vector-dependent susceptibility X(i,t.') of Cu-8.0 at.% Mn,, as comput-

ed for the broad quasi-elastic scattering peaks, exhibits a peak for small { at a

temperature higher than the spin glass temperature obtained from ac susceptibil-

ity measurements (Fischer, 1985, and references therein). The neutron spin-echo

technique was used to measure the time-dependent spin-spin correlation function

in the spin glasses ÇuMn and Las.7Ers.sAI2 (Binder and Young, 1986; and refer-

ence therein). These results indicate that there exists a broad spectrum of spin

relaxation times which is temperature dependent and extends from at least 10-12s

25
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to 10-2s below Ts5'. Near 7sç, no sharp critical slowing down(Fischer, 1985);

instead, the relaxation varies gradually with temperature. Thus it was concluded

that the freezing of the spins in spin glasses is a gradual process with no sharp

phase transition.

A dynamic freezing-in of spins was also indicated from the Mössbauer measure-

ments. In studying the Mõssbauer effect in spin glasses, the spin glass tempe¡ature

can be identified by the "peak splittingn of the Mössbauer spectrum, caused by

the formation of static or quasi-static internal fields due to spin freezing (Hunag,

1985; and reference therein). Thus the analysis of Mõssbauer spectra can provide

information on local arrangements of magnetic moments. Figure 1-17 presents

zero-field Mössbauer spectra on an Au-3.0 at.ToFe spin glass between 1.9 K and

19 K (Meyer et at., 1985). An abrupt change of regime was observed at about 19.5

K, well above Tsc ( = 76.4 K ). Below 19 K, the spectra can be fitted by a stat-

ic, inhomogeneously broadened field distribution P(H). Mössbauer measurements

on a Au-16.8 at.%Fe re-entrant ferromagnet (Lange et al., 1990) demonstrate the

existence of a low temperatu¡e transition at Tsç - 45 K from ferromagnetism to

a spin-glass like state, characterized by a freezing of the transverse components

(with respect to a strong appiied static field) of Fe spin magnetic moments, i.e,

the spins are canted, supporting the prediction of a Gabay-Toulouse transition

line (section 2.2.2). However, Violet and Borg (1983, 1984) disagreed with this

conclusion. They observed two superposed six-line Mössbauer spectra at 4.2 K for

AuFe alloys with Fe concentrations between 10.5 and 33 at.%, and argued that

these lines are derived from Fe in two compositionally diferent phases.

Irreversibility is a striking feature of spin glasses, often studied by magneti-

zation measurements, especially remanent magnetization measurements after an

applied field has been switched off. Two types of remanent magnetization should

be distinguished, depending on the order of cooling and the application of a mag-

netic field. (a) The Isothermal Remanent Magnetization (IRM) is obtained by
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cooling the sample from above Tsc to a measurement temperature Tn (below ?s6

) in zero field, then a static field is applied for a period of time and switched off.

(b) The Thermoremanent Magnetization (TRM) is obtained by cooling the sam-

ple in a static field from a temperature above ?56 down to T*, and after a wait

time f- has elapsed, the field is then turned off. Figure 1-18 displays the field

dependences of the TRM and IRM at a temperature below Ts6 f.or the spin glass

Au-0.5 at.%Fe (Tholence and Tournier, 1974). There is a weak maximum in the

TRM and a substantial difference between the TRM and IRM at lower fields due

to a time dependent component in the magnetization. Both the TRM and IRM

reach the same saturation value, but the TRM requires a lower field. Another

example of ir¡eversibility in spin glasses is given in Figure 1-19, which shows the

zero-field-cooled (ZFC) and field-cooled (FC) magnetization of Pt-2400 ppm Mn

as a function of temperature (Yeung et al., 1988). The ZFC curve was obtained

by cooling the sample to the lowest temperature in zero field, then applying a field

of 2 Oe and measuring the magnetization upon warming, while the FC curve rilas

measured by first cooling the sample in a field of 2 Oe to the lowest temperature.

As seen from Figure 1-19, the FC and ZFC magnetizations are identical above

?56r (defined by the cusp in the ZFC curve), but below their behavio¡ dife¡s dra-

matically due to irreversibility. The irreversibility appears in magnetic hysteresis

measurements as well. A displaced magnetic hysteresis loop is shown in Figure

1-20 for Cu-25.0 at.%Mn at a temperature below ?sc when the sample was cooled

initially in a field H": I2.7 kOe. The shape of the hysteresis loop depends on the

magnetic history of the sample as well.

The time decay of the TRM in AuFe spin glasses was first studied by

Holtzberg et al. (1977) and Guy (1978). Guy measured the decay of the TR-

M for a Au-2.0 at.ToFe for observation times 10 s ( ú < 500 s, and found that the

decay could be approximately represented by a logarithmic function

Mrnv-Mo-,51nf
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where Mo is a constant, and ,9 depends on field, temperature and materials. A log-

arithmic time dependence was first used by Street and Woolley (19a9) to describe

magnetic viscosit¡ known as after-effects, in ferromagnetic alloys.

Ferré et al. (1981) measured the decay of the thermoremanent magnetization

of the insulating spin glass Euo.aSro.a^9 over two full decades of time (1 s < ú <

100 s ). Their data are more consistent with a power law rather than a logarithm

function:

where the parameter m depends both on field and temperature.

In order to find the true functional form of the relaxation in spin glasses, it

is necessary to record the decay of the TRM over as long an interval as possible.

Chamberiin et al. (1984), and Chamberlin (1984, 1985) measured the time decay

of the TRM on three different spin glasses over 4 decades 0.2 s < ú < 1000 s ,

and found that for all measurement temperatures below Ts6, the decay could be

described accurately by a stretched-exponential function for 5 s ( ú ( 1000 s:

Mtnv - Mo¿-^(H'r1

where the prefactor M| and exponent n are temperature dependent constants,

and the factor C and relaxation frequency a can be chosen to be independent of

temperature. Figure 1-21 shows the decay for Ag * 2.6at.%Mn * 0.46 at.%Sb at

four temperatures below Tsc. A plot of Mrau vs log ú (Figure 1-21(a)) proves that

Mrau does not decay logarithmically, while a log-log plot of Mrnv vs ú (Figure

1-21(b)) demonstrates a breakdown of the power law dependence. The solid lines

represent the best fit using the stretched-exponential function Eq.(1.10). Further

investigations of the wait time t- dependence of the TRM by Chamberlin (1984)

and Hoogerbeets et al. (1985, 1986) led to a rewriting of Eq.(1.10) in the form:

Mrnu: M:expl-C(at)t-"lQ - n)l

(1.e)

Mrnu - Mo*o 
l-tål'-"]
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where r, or (|fu) is found to depend both on the measurement temperatureT^

and the wait time t-, while the initial TRM value of. Mo and the exponent n are

temperature dependent only. From the extensive studies of the decay of the TRM

in several spin glasses, Hoogerbeets et al. (1986) found two empirical expressions

to connect zo with T^ and ú-, and argued that the stretched-exponential time

dependence of the TRM qualitatively agrees with the theoretical results from the

infinite-range Ising model. Recent TRM measurements done by the same group

(Bontemps and Orbach, 1988; Luo et al., 1988) on the insulating spin glasses

Eu1-,Sr"S (x-0.4,0.54) showed two relaxation regimes. The decay is a power

law at short time. Beyond a well-defined crossover time which increases with wait

time (only for ø:0.54; no detectable wait time dependence was found for ø:0.4

sampie), the decay is of the stretched-exponential form. They concluded that both

the power law (Eq.(1.9)) and the stretched-exponential (Eq.(1.11)) function are

essential ingredients of the equilibrium dynamics of a the spin glass.

The wait time dependence of the TRM decay in spin glasses, which is known

as aging effect was first discovered by Nordblad et al. (1986). Figure 1-22 shows

typical wait time effects for a Cu-5.0 at.%Mn spin glass. The sample was cooled

in an applied field (I1" : 2 Oe) from a reference temperature (7,"¡ - 28.5 K)

above the spin giass temperature (Tto :28 K) to the measurement temperature

T* - 25 K. After a wait time Í', at T*, the applied field was turned off, and the

relaxation of the TRM was recorded over the time interval 1 s ( t < 104 s. The

most striking feature in a plot of Mrnw vs. log ú (Figure 1-22(a)) is the existence of

an inflection point which shifts towards longer times as the wait time ú- increases.

Such an effect can be clearly seen in Figure I-22(b),, where the relaxation ral,e

.9(i ), defined as

is plotted as a function of log ú. Closer inspection of the influence of the wait time

reveals that the maximum in .9(f) (or the inflection point in Mrnu) occurs at t x
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ú-. These relaxation data could be fitted approximately by a nearly logarithmic

function (Eq.(t.8)) superimposed on a stretched-exponential function (Eq.(t.tt))

due to the aging process. The aging phenomena can also be observed in the zero-

field-cooled (ZFC) magnetization relaxation, as shown in Figure 1-23 for a Cu-10

at.%Mn spin glass (Granberg et al., 1988). The sample was cooled in zero-field

from 7,"¡ to T* 1Tsc. After a wait time ú- at T*,, a small field of Ho - 0.8 Gs

was applied and the magnetization Mrau vras measured over four decades. Figure

1-23(a) shows relaxation curves for a series of wait times f- from 102 s to 10a s.

The wave-like shape of .9(t) in Figure 1-23(b), with its maximum occurring near

the corresponding wait time t-, reflects the influence of the aging process on the

relaxation of spin glasses.

The unique aging effect which characterize the dynamics in spin glasses implies

that the spin glass phase is inherent nonequilibrium. Aging in spin glasses was

first observed in low frequency ac susceptibility measurements on Cu-4 at.ToMn,

as a slow relaxation of both the real and imaginary parts of the susceptibility at

constant temperature below ?s6 (Lundgren et al., 1983). Nordblad et al. (1987b)

pointed out that the spin glass dynamics are controlled by three fundamental

physical quantities: the measurement temperature, the age of the spin glass state,

and the magnitude of magnetic field being switched on (or off). In searching for

the intrinsic equilibrium relaxation function of a spin glass from measurements of

the TRM and ZFC magnetization, the following four essential requirements were

emphasized by Nordblad et al.

(i) A wide observation time window.

(ii) Accurately controlled, stable temperature.

(iii) Appropriate consideration of the wait time.

(iv) Small cooling magnetic fields such that the system is in the linear response

regime.

They argued that the stretched-exponential function Eq.(1.11) used by
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Hoogerbeets et al. (1986) is not the true functional form of equilibrium relax-

ation in spin glasses. The stretched-exponential is only a representation of the

nonequilibrium relaxation caused by the influence of aging in spin glasses, and

the true spin glass relaxation at thermal equilibrium obeys a weak power law

(Eq.(t.9)); an apparent st¡etched-exponential relaxation imposed by the aging

process can only be observed when the wait tirne t- is within the experimental

observation time window

Experimentally, the spin glass relaxation at thermodynamic equilibrium can

only be observed for times f much less than the wait time (ú 4 t-) (Granberg et

al., 1986 and reference therein), and is often difficult to acquire from the low field

TRM measurements due to limitations of the experimental apparatus. However

these data can be obtained from ac susceptibility measurements. The relaxation

rate S(f) can be obtained from the imaginary part of the ac susceptibility y"(a)

(Granberg et a1., 1986; Lundgren et al, 1982, 1985) as follows

Figure 1-24 shows the relaxation rate ^9(ú) plotted as a function of log ú for the

amorphous metallic spin glass (Fes.15y'/is.as)zsPß8e,4/3 (Svedlindh et al., 1987).

The data points for ú ( 10-1 s are calculated from X"(r). The solid line through

these points is the best fit using a weak power law ^9(ú) o ¿-0'05, and represents the

equilibrium relaxation rate ^9(ú) (t* : oo) judging from the evolution of the curves

for times t- : 702,103, 104 sec. 'We will present some theoretical justification of

the power law and the stretched-exponential functions in section 2.4, and discuss

this subject further in great detail in the last chapter.

Another way to study the thermodynamic equilibrium relaxation of spin glass-

es is to measure the time decay of the saturated remanent magnetization Ms.

Based on the study of the field and wait time dependence of the TRM and the IR-

M in Cu-5 at.%Mn,, Nordblad et al. (1987a; see also Gracberg et al., 1987) found
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that above a rather well-defined high field (fl5), a thermodynamic equilibrium s-

tate is imposed on the spin glass, and the decay of the TRM is independezú of field

and wait time. Figure 1-25 shows log-log plots of the time derivative of the satu-

rated remanent magnetization -dMef dt as a function of time at several temper-

atures below ?55r for the amorphous metallic spin glass (Fes.tr/y'i0.*)r, P16B6AI'

(Granberg et al., 1987). For tempe¡atures of TlTsç < 0.98, the relaxation can

be described accurately by the power law of Eq.(1.9) (straight lines in Figure 1-

25). In the vicinity of ?sc (0.98< TlTtc <1.0), the following empiricalfunction

consisting of the product of a power law and a stretched- exponential

was used to fit the data accurately (solid curves in Figure 1-25); the pure stretched

exponential was not sufficient to represent their data. A function in the form of

a power law times a stretched-exponential was used in a scaling analysis of the

aging process in a AgMn spin glass by Alba et al. (1986). They found that the

relaxation curves for different wait times at a given temperature below 7sç could be

superimposed on a unique universal curve. Van Hemmen and Nieuwenhuys (1986)

measured the time decay of the saturated remanent magnetization at T f TsG :
0.8 for aCuMns.osNio.oe spin glass over averylong time (10 <t < 2 x 105 s).

Their data, however, foliowed an enhanced power law

Ms - M.(at)-A0^(øt)lv-t (1.15)

where A, u and y are fitting parameters with y > I. The stretched-exponential

Eq.(1.i1) did not fit their data.

In concluding this chapter, we present two fascinating nonequilibrium phe-

nomena in spin glasses: (i) memory behavior, and (ii) temperature cycling. The

memory behavior of the spin glass was discovered by Lundgren et al. (1986a)

in Cu-5.0 at.ToMn. The sample was cooled in zero field to a measurement tem-

Ms - M.t-**, 
l- (;)' 

"]
(1.14)

perature T*, where a sequence of field reversal illust¡ated in Figure 1-26(a), was
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applied after an initial wait time 1.,1. The change of the magnetization is mea-

sured, starting after ú-a. The reiaxation of the remanent magnetization for t,,1 - 0

and 104 seconds is displayed in Figure 1-26(b) and (c), respectivety. The common

feature of these two curves is the oscillating behavior which appears to reflect a

memory of the history of field cycling. For a long initial wait time ú-1 : 104 s, the

¡emanent magnetization changes sign. Lundgren et al. stated that the principle

of superposition can be applied in this low field linear response regime, and the

oscillating remanent magnetization (ORM) can be simulated (solid line of Figure

1-26(c)) by the superposition of the response functions corresponding to each field

pulse.

The temperature cycling experiments in spin glasses (Lundgren 1988;

Granberg et a1., 1990, 1988) were inspired by two relaxation models proposed

by Fisher and Huse (1988a, 1988b and Section 2.4.1) and Koper and Hilhorst

(1988 and Section 2.4.2). The experimental procedure is as follows: the sample

is cooled in zero field to a measurement temperature 7L below ?56. After a long

wait time t* at T*, the temperature cycling of T,n è T* + LT * T* is made.

When T* is recovered a small probing field is applied and the relaxation of the

magnetization is recorded. Figure 1-27 shows the relaxation rate ,9(ú) versus log

ú for Cu-10 at.%Mn for a series of temperature cyclings done at T^ - 0.9 ?sc

after t-: 104 s (Lundgren, 1988). The pronounced feature in Figure 1-25 is that

the relaxation rate displays two maxima for some intermediate values of A? (ry

0.71 K). According to the relaxation models, the maximum at short times is pro-

duced by the temperature cycling A7 which impose a new overlap length I¿¡r x
(Af)-t. A cross-over f¡om equilibrium to nonequilibrium relaxation will occur

at 167, which experimentally corresponds to the inflection point observed in the

Mrnu vs log ú curves.

While considerable effort has been devoted to studying the relaxation dynamics

of pure spin glasses, bond disorder ferromagnets in general, and reentrant
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(a)

(b)
M(t)

(c)

0.5'1. M*

Figune L-26: (a) The sequence of field changes (h = 1 Gs) applied after the sample
is zero tield cooled. The f*,'s refer to the wait time at constant temperature prior
to the ith field change. By definition, f equals zero at r,"0. The field changes are
made at t = -100, -35, -3.2 and 0 s. (b) Time rela;ration of the remanent
magnetization obtained after the sequence of field variations illustrated in (a) for
an initial wait time r*¡ j 0 s. (c) initial wait time t*4 = 10a s. The solid curve
represents the calculated behaviour of a memory function. Note the change in sign

of the ORM. From Lunclgren et al. (1986a).
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Figure l-27: Relax_ation rare S(r) vs. Iog(t) at.Tn = 0.9 T,(7, = 45.3 K ). The
sample Cu-10 Vo Mn has been aged for 10a s"at T*. TÌïe'difuerent curves are
recorded immediately after a positive temperature cy:cting, ^47. From Lundgren
(1e88).
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ferromagnets in particular, have received comparatively little attention. One of

the principle goals of this thesis is to present a systematic study of the relax-

ation dynamics in reentrant ferromagnets, and to attempt to verify the existence

of a ferromagnetic-to-spin glass transition by a comparison with the dynamical

properties of pure spin glasses.
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An enormous amount of theoretical efort has been expended on studying spin

glasses during the past two decades after Cannella and Mydosh (1972) discovered

a cusp in the low field ac susceptibility of dilute AuFe alloys. The central issue is

to understand if the cusp in the ac susceptibility signals the existence of a genuine

thermodynamic phase transition. A number of challenging questions has been

raised:

(i) Is a spin glass really a new kind of uordered" phase, and if it is, what is the

characteristic order parameter for such a phase?

(ii) A phase transition is associated with various critical phenomena; what are the

appropriate critical quantities for the spin glass phase transition?

(iii) What are the dynamic properties (such as magnetic relaxation) in a (non-

equilibrium) spin glass system?

These problems will be discussed in this chapter, and answers will be ofered

within the context of specific models.

2.1 General Theoretical Concepts

2,1.1 RKKY Indirect Exchange Interaction

I have mentioned in Chapter I that ihe RKKY interaction provides indirect

long range coupling between magnetic impurities, and causes spin frustration in

a dilute magnetic alloy. In this section, I will briefly outline the derivation of the

RKKY interaction.

Consider a dilute magnetic alloy (for example AuFe) in which magnetic impu-

rity atoms are immersed in a sea of conduction electrons. There will be a direct

s * d, exchange interaction, -J5..í, between the localized d-electrons of the im-
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purity and the mobile conduction s-electrons of the host, where .,I is the exchange

parameter. To simplify the problem without losing any essential features, we as-

sume that the interaction between a magnetic impurity S-.- localized at r- = 0

and the conduction electrons s.a at r,1 can be represented by a á-function exchange

interaction

where g is the electronic a-factor, and ps is the Bohr magneton. Each conduc-

tion electron spin thus experiences an efiective magnetic fre\ð, Ê"¡¡(fl due to the

impurity spin ^9i given by

Ê"¡¡(Ô: ¡ J-g-,614
9lta

with the Fourier transform

È"¡¡(q): ¡ '! E.
9ltn

where g- is a wavevector. The magnetization associated

expressed as a Fourier series:

- /Ð,i'.t,a6(".1) : -gpBÐrl' Ë"¡¡(fr)
;¿

with

where X(Ð it the Fourier component of the susceptibility of the conduction electron

gas in the host metal, and V is the voiume of the specimen. Thus the conduction

electron spin polarization (the difference between the numbers of up spins and

down spins per unit volume) due to the effective freld, Ê"¡¡(r) (from the impurity

^*) i' (using Eqs.(2.a) and (2.3))

ùø:

(2.1)

#r ñçq"'t"
c

+Ðx(Q)Ê",,1q).;e"'
q

(2.3)

with this field can be

fitfø: x(ûÊ(ù

(2.2)

í(Ð :
9þnV

(2.4)

Ðx(ÐÉ"¡¡(û";í'"
i
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J: fuDx(ù"ií'"í'' (2'6)
q

For a free (non-interacting) electron gas, the susceptibilify Xo(q) is given by

(Schwartz, i976)

where n(eF) is the density of states of conduction elect¡ons of one spin per unit

energy at the Fermi surface er, kr is the Fermi wavevector of the conduction

electrons andU(i12Ë¡) is given by

By substituting Bq.(2.7) into Eq.(2.6) and converting the sum over f into an

integral (White, 1983), the free-electron spin polarization becomes

inxxv(Ò:-#+1ffi-'of'jî;,] " es)

where y'ü is total number of electrons in the crystai.

The Eq.(2.9) is known as the RKKY spin polarization and is plotted in Fig-

ure 2.1-1 (curve (a)) as a function of the distance from the impurity (Schwartz,

1976). It can be seen that a localized magnetic moment induces an oscillatory spin

polarization of the conduction electrons in the vicinity of the magnetic moment.

The sign of the net spin polarization depends both upon the sign of the exchange

coupling constant J and the distance r from the impurity. For large values of r,

the spin polarization oscillates with a period (2kr)-t and the amplitude of the

oscillations decreases rapidly as 7fr3. The reason why this spin polarization is

oscillatory is that the conduction electrons try to screen out the magnetic moment

on the impurity by means of their spins (just as, by means of thei¡ charge, con-

duction electrons screen out the charge on the impurity ion, which induces the

Friedel charge-density oscillaiions (Kittel 1963, Chapter 18)), but their wavefunc-

tions have a limited range of wavelengths. In the simplest case of a non-interacting

electron gas, the highest wavenumber available is 2lcr.
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Figure 2"1-Iz The spin polarization about a ð-function magnetic field probe for the (a)

non-interacting electron gas, (b) interacting electron gas with zn(er)U(O) = 0.9 in
F4.(2.i7) and (c) the interacting electron gas including finite range interaction with

u(0)n(eo)U(0) : 0.9. F¡om Scltwartz (1976)-
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The spin polarization due to the RKKY s - d exchange interaction provides

-- i-J;-^^+ ^*^1"--a,Lr rL¡(r¡rçvr, u;--'a.'fo coupling between two magnetic moments in diluie metallic

alloys. Consider two magnetic impurities .í¡ and ,9r1 localized af ñiand ,R], re-

spectively. The spin .9] win interact with spin .í; via the .í¡-induced polarized

conduction electrons sRKKy(í- &) (given by Eq.(2.9)) at ,{¡:

Hnxxv - -JF¡..í(i- 4) .o(r- nri.

Substituting Eq.(2.9) into Bq.(2.10), we can express Eq.(2.10) as

H nx xv : J nx xY(at¡),ír' s-rl

where

rnxxv(Æ;¡) :#+lW# ffi?]
and .R;¡ : 

lÆ, - A,l. For a large separation (&¡ - oo), Eq.(2.12) becomes

Jnrcxv(&ì cos(2kPfl'¡)¡---w-.
The strength of the RKKY interaction falls off rapidly as 7 f R¡¡3 (Figure 2.1-1), for

large values of -Ra¡, and the sign of the effective coupling constant Jnrcxy oscillates

as a function of -R¡r' with a period (2kr)-t.

In the discussion above, I have neglected the effects of the Coulomb interac-

tion between electrons. The free-electron spin polarization Eq.(2.9) is appropriate

for noble metal hosts such as Au and Cu, in which the conduction electrons are

essentially non-interacting s electrons. For hosts such as Pd or Pt, where the

conduction electrons are narroril d-band electrons, the effect of Coulomb interac-

tions between the conduction electrons has to be taken into account and the free

elect¡on susceptibility Xo(q) is replaced by the interacting electron susceptibility

X(ql. For simplicity, the actual Coulomb interactions by 6-functions of strength

u localized at the lattice sites; the effect is equivalent to introducing an effective
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exchange field proportional to

(KitteÌ, 1968)

ñtø

or

úfn: Êç6_x"lÐ--.' r - vXo\Q)

Thus the susceptibility of an interacting electron gas is given by

xfu): = 'o(Ðr=| - rxo(û

and

ftfø o rtù16, in q-space. Eq.(2.5) is modified to

: xo(ÐlÊfø +,fr@) Q.14)

As a result of the Coulomb interaction, the susceptibility of the interacting

eleclron gas is enhanced when z is positive, as anticipated; however, the enhance-

ment is also fl-dependent (Figure 2.I-2). Notice that the enhancement is much

greater for small f, which indicates that the range of the spin polarization í(i)
becomes longer in Ë-space. The exchange enhancement pushes out the first zero

of the RKKY oscillations and increases their amplitude (Figure 2.1-1 curv" (b)).

However, at sufficiently large distances from the impurity, the oscillations appear

again. If the finite range of the Coulomb interaction is also taken into account,

then v becomes effectively g--dependent. This fact causes an even more rapid de-

crease of X(Ð with increasing f,, and makes the range of the magnetic disturbance

(spin polarization) even longer (Figure 2.1-1 curv" (.)).

Some interesting results were obtained by Kim and Schwartz (1968) when

they calculated the conduction-electron spin polarization around an impurity in

a strongly magnetized host metal (e.g. Ni, Fe or PdFe,) which all have a sponta-

neous magnetization below their Curie temperature. For the ferromagnetic host
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x(q )

xo(o)

Figure z.L-Zz The normalized q-dependent susceptibility of an electron gas. The

solid curve represents the free-electron susceptibility X"@); the dashed curve

represents the interacting-electron gas susceptibility for the case vn(en) =0.9. From
Roshko (1979).
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metals iike Fe or Ni, the electronic susceptibility X(Ð i" Eq.(2.6) is replaced by the

component of the susceptibility tensor in the direction of the spontaneous magne-

tization. The resulting spin polarization is shown in Figure 2.1-3 for various values

of the relative magnetization of the host metal p : (n+-n-)12n, where ns are the

number of electrons (holes) of each spin, and 2n is the total number of electrons

(holes). For a ferromagnetic host like Ni, one spin d band is completely filled and

p = 7. The spin polarization becomes the simple RKKY oscillation without any

exchange enhancement effects (Figure 2.1-3); the magnetic disturbance is almost

confined to the impurity site (for example Mn in Ni). For a dilute ferromagnetic

host like PdFe, the relative magnetization p ( 1, which induces a long range spin

polarization around magnetic impurities. Magnetic impurities in a ferromagnetic

host like Fe produce a spin polarization with range intermediate between Ni and

PdFe (Figure 2.1-3), since both up and down spin bands are partially filled.

2.-1,.2 Quenched ,A.verage and the Replica Method

Consider a magnetic system with spin magnetic moments í; ,andomly located

on the lattice sites of a non-magnetic host. At high temperature, the magnet-

ic atoms will diffuse through the lattice, and come to thermal equilibrium very

quickly. The free energy of this system is

F : _ltaTInlZl""

with the partition function Z givenby

where T16;l is the trace over .ðú spins S;, H(J¡¡, S;) ir the Hamiltonian of the sys-

tem, and J;¡ describes the exchange interaction between ^í¡ and S-¡. [...]", denotes

the exchange bond average over the random variable /r; (because of the diffusion

of magnetic atoms). This kind of average is known as an annealed øuerz.ge.

Ði)

Z {J;¡} - Trls;¡ exp [- B H (J;¡, S;)), '2 7

'- w'

(2.18)

(2.1e)
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F'igure 2.t-32 Plot of s(r,) vs r for various values of the relative magnetization p.
The range is very large for small p. The p = 1 curve is just the simple RKKY
interaction. From Kim and Schwartz (1968).

FÍgune 2.L-42 Schematic plot of the evolution of part of the free
"hypersurface" (shown as a function of one phase space variable only).
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When the system is quenched into a low temperature state in which all mag-

netic impurities are frozen at fixed lattice sites, the diffusion time for each atom to

approach equilibrium is much longer than the experimental observation time and

the exchange parameters J¡¡ become ttquenched variables". The average over J¡¡

(lzl,, in Eq.(2.18)) is the wrong physics. Binder and Young (1986) suggested that

one can generally average extensive variables, such as the free energy per spin

where .ðy' is number of spins in the system. The kind of average we deal with, i.e.,

ItnZ {J;if,o, rather thanlZ {Jr¡}1",, is called a quenched øaero,ge.

To perform the quenched average is not an easy task because the logarithmic

function occurs inside [...],,. In the presence of an external field ]1o along the z

direction, we can write the Hamiltonian of the system as

r : f lrt ,,: -Yln z {r;¡}1""

(ii) |

where the 11;¡¡ denotes a summation over the I{(I/ - 1) 12 distinct pairs of spins.

If exchange parameters .,I;¡ are randomly chosen according to a fixed distribution

P (J;¡), Eq.(2.20) becomes

H - -Ð¿,5, gj - 4Ls,"

with

z {J,¡} - rrls;}*o 
{B 

Ðr'¡5,' 9¡ + PH,Ts*}, P : #. (2.23)

As a first step we have to calculate the partition function with a Hamiltonian

that contains a large set of quenched random variables U;¡\, typically 1023, with no

translational invariance. Even though this calculation could be done, the partition

function would be a function of typically 1023 variables. The final step, averaging

over the exchange parameters J¡¡, does not simplify the calculation since Z{J;¡}

ÐI

r : -Y IV,ro,,)tnz {rii}drii

(2.20)

(2.21)

(2.22)



appears inside a logarithm. The prohibitive difficulty in this computation comes

from the random variabìes J;¡, Iî. we could carry oui the average over the exchange

bonds before performing Trls;j, we then might be able to simplify our calculation.

This implies that we have to decouple Z{J;¡} from the logarithm, and this is the

idea behind the replica method, which is widely used in the statistical mechanics

of random systems.

The replica method was first applied to the spin glass problem by Edwards

and Anderson (1975), and is based on the use of the exact relation

The average over ln Z is then

ltn z {J;¡}1", : }i¡3 }[rt" {J,¡}]",- i] : m*lz" {J;¡}1"". (2.25)

For positive integer zz, one can express Z"{J¿¡} in term of n identical rgplicas of

the system:

z" {J;¡} :

:

tnz =tirylg" -t¡.¿*0 ?z 
t

The indices a which are attached to the spins are called replica indices. All the

replicas of the system have the same set of random exchange bonds {4r}, but

different spin configurations {Sl"}. In the next section, we can show that for a

fi z, U;¡] : ft rrls:t exp f- B H {J;¡, s;"})
a=l a=t

7r1sr,){s,z}...{si'} *n 
l- .=r-Uu(1,;, 

s'")]

zn = lz" {J,¡}1"": I TIP(JIj)Z" (Jij) dJ¿j.
tJ

specific model, the average of. Zn {J;¡} can be expressed as

Zn: Trsexp(-pH"¡¡)

where Trs denotes 7r1s,r]{s,r}...{s,"}, the trace over Iy' spins in each of z replicas

(total of. Nn spins), H"¡¡ is an effective Hamiltonian of a (fictitious) translational-

ly invariant problem without the disorder parameters .I;¡; conventional statistical
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mechanical methods can now be applied.

2.1.3 Broken Ergodicity and Order Farameters
'When a system undergoes a phase-transition from a disordered state to an

ordered state, the symmetry of the system generally becomes lower; this is called

broken symmetry. A simple example is a phase transition from a paramagnetic

state to a ferromagnetic state in an Ising ferromagnet (^9; : +1). When the phase

transition occurs, the spin at each site is locked in either the up or down direc-

tion, and the symmetric orientation in the paramagnetic state therefore breaks

down. Broken symmetry always leads to broken ergodicity (the converse may not

be true) (Palmer, 1982). In the conventional Boltzman statistical mechanics, a

physical system is ergodic if every allowed microstate which satisfies the macro-

scopic conditions can be visited by the system after a sufficient long time; the

thermal average of a physical quantity is performed over all possible microstates.

When broken ergodicity occurs in the system, only a portion of all possible mi-

crostates are allowed by the system, and the thermal average should be done only

over these states. The general discussion on broken ergodicity was given by Palmer

(1982). Fischer and Hertz (1991) pointed out that strictly speaking the broken

symmetry and broken ergodicity can only occur in an infinite system (number of

atoms -l[ -+ oo), since, in a finite system all possible states are accessible at any

finite temperatures. Experimentally a system is said to be effectively nonergodic

if its maximum fluctuation time is beyond the experimental observation time scale

(Binder and Young 1986, Section III B).

A phase transition (or broken symmetry) can be characterized by an order

parameter, which measures the amount and kind of ordering built up in the neigh-

bourhood of the critical point. The o¡der parameter may vanish above the critical

point, but it must be nonzero in the region just below the critical point. For a

ferromagnetic transition, the order parameter is the zero-field spontaneous mag-
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netization

where < ^í, >r is the thermal average of spin ^í;. Fot spin glasses the spontaneous

magnetization can no longer serves as an o¡de¡ parameter since Ñ is also zero in

the spin glass state due to frozen random spin orientations. To define an order

parameter for spin glasses becomes a complicated task due to unique broken er-

godicity in spin glasses. The origin of broken ergodicity in spin glasses can not

be obviously traced to a broken symmetry (in the next section we show that this

symmetry is called replica-sym.metry). An extensive discussion about broken er-

godicity and the order parameter in spin glasses has been given by Binder and

Young (1986, section III, B and F), Fischer and Hertz (1991 section 2.4) and

Palmer (i9S2), and here I only summarize the physical picture discussed by them.

There are very many stable states in the spin glass which are separated by

energy barriers. For a system with .lú spins the free energy corresponding to these

states has a broad distribution. Not all states are in a global minimum of the free

Al : !5-1i.\
N 7 \ '/r

energy; some of them are in local minima of the free energy. In the limit N ---¡ oo,

some of these energy barriers between minima will become infinite, and the entire

state space is then partitioned into very many mutually inaccessible uvalleys"

within which there exist many "subvalleys" separated by finite energy barriers.

If we express the free energy as a function of the y'{ local magneLizations m;,

F : F(mL¡ffi2¡...,nN), and imagine a plot in Iú * 1 dimensional space whose

axes are labeled by m;(i : 1: . . . , ¡\r) and F, this so'called many-valley picture

can be schematically shown in Figure 2.1-4, which shows the evolution of part

of the free energy hypersurface F(m;rIrL2r. . . ,'¡nN) as a function of one variable

trl¡. Bach of these valleys represents one thermodynamic state, so theoretically

speaking, when an infinite system finds itself in one of these valleys, it will stay

in this state forever, and exhibit properties which are in general specific to that

(2.2s)
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valley and different from true equilibrium properties which involve averaging over

ail valleys.

Corresponding to the many-valley picture in the spin glass, three common

order parameters are defined:

(i) An order parameter qtt for a single valley /

o,' : *D ((s,),"')'

(ii) The Edwards-Anderson order parameter

where

is the statistical weight associated with the state / which has free energy ft. qn,q.

is then a weighted average of q¡¡ over all valleys.

(iii) The statistical mechanics order parameter

QEA: [T",({c),"')']..

D - 
exP (--nf/¡ lkn7')

' ' - Ð,.*p CN f,lk"T)

where ,I/ is a staggered field which b¡eaks the spin-reversal symmetry

-S; for all i). The calculation of g now involves interference terms of

m P¡Py(.9r)r(')(,Sr)r(") b"t*"en different valieys I + l', then a weighted

1...1"".

o : 
å,ïà #sà [T 

P, ((s,),"')'] 
".

It is useful to establish the relationship between q and QB¡ and the order

parameter matrix element goB(a * þ,d,þ = 7,...,n) in the replica framework,

as many of the calculations in the following section will be done by the replica

method (the definition of goB will be deferred to section 2.2). It can be shown that

(2.30)

(2.31)

(2.32)

1q - l*6¡Ðr"o
8øe : lim lim q'B.

n+U d+þ
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An overlap function qtt' can be defined to describe the correlation between different

states /, /'

8,' :* T 
(^9;)r{¡)qg,¡r(r'r.

The probability distribution of qt( is defined by

p(q) : [D oo,rtq - q(,,'))l
Lw Jou

In the replica framework, P(q) becomes

P(q)-m# 
F*or-a-ò.

In the next section, I will show that Sapis replaced by a continuous order param-

eter function q(ø) with 0 ( o ( 1, which indicates that a spin glass cannot be

described by a single order parameter, but rather requires many of them.

2.2 Mean Field Theory

In the historical study of phase transitions in magnetic systems, the first step

has always been to define a mean-field-theory (MFT), the reasons being (i) it is

simple, and (ii) its predictions usually agree fairly well with experiments. The

mean-field theory of spin glasses is, however, much more difficult to establish than

it is in ferromagnetism. The pioneering work in spin glass theory was done by

Edwards and Anderson (1975) by solving the classical Heisenberg problem with

random exchange interactions. The theory r,¡/as then extensively developed by

Sherrington and Kirkpatrick (S-K Model, 1975) and Gabay and Toulouse (Vector

Model, 1981) with their infinite-range interaction model for which the solutions

are exact.

In the short-range EA model, a system of Iy' classical vector spins is placed on

a regular lattice, the Hamiltonian of such a system is generally described as

(2.36)

(2.37)

(2.38)

H : -;ÐJ,¡5, s,l - spaT lio. 5,.
lJt
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Frustration is introduced through an exchange interactìon J;¡, which is limited to

Z neighbors and distributed according to a Gaussian distribution with zero mean

value:

P(r,¡)=#.-r(-#)
where J is the standard deviation.

The EA model uses a quantity

q:(,ír(úol .S,f¿l), with tÞto

to describe the probability that a given spin ,9¡ at time fo will point in the same

direction at a much later time t. A nonvanishing probability after thermally aver-

aging

an order parameter to characterize the spin glass state (g + 0).

By using the replica technique to calculate an exchange bond average, Edward

and Anderson found the zero-field susceptibility to be

where C is the Curie constant. The model successfully predicts a cusp in the

susceptibility at Tsç, as is observed experimentally. However, the EA model also

predicts a cusp around Ts6 in the specific heat, which has not been found ex-

perimentally. Nevertheless, this simple model marks the beginnings of spin glass

theory.

2.2.L T'he Sherrington-Kirkpatrick Model

By analogy with the mean field theory for ferromagnetism, Sherrington and

Kirkpatrick (1975) introduced a mean-field theory for spin glasses. The Sherring-

ton and Kirkpatrick model (SK model, Sherrington and Kirkpatrick, 1975, and

Kirkpatrick and Sherrington, 19i8) is an EA-like model in which each spin in-

teracts equally with every other spin through an identical exchange distribution
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P(Jr¡). This is clearly an unphysical assumption; however, since the MFT of

ferromagnetism ieads to predictions that agree fairly v¡ell with experiment, it is

worthwhile to choose the MFT as a starting point for developing spin glass theory.

It turns out that, even in the mean-field theory of spin glasses, the problem is not

easy to solve.

The SK model involves /{ Ising spins (^9; : t1), with an external field f/o

applied in the direction of quantization, and interacting with each other through

infinite-range exchange interactions "I¡¡ which are independently distributed ac-

cording to a Gaussian probability distribution with a non-zero mean value

The Ising Hamiltonian of the system is

whe¡e h: gpaHo, and !1¡¡ denotes a summation over the /ú(/{ -I)12 distinct

pairs of spins. Two intensive variables are introduced:

P (r;¡) = #.*o (-Q, ;j{ù' ) 
.

to prevent infinite energy in the thermodynamic limit .ðy' --+ oo. The ratio 4 :

Ãli, which is related, in practice, to the concentration of magnetic impurities, is

H--\J;¡S;S¡-hlS;
(ij) ;

important in determining the properties of the system.

The free energy per spin is given by

/ n-r\
,f : lim I -ä l}"z {J,¡}1"," N*oo\ iV /.

-J; _ j
Jo= *t J = Núz

Afte¡ introducing n identical replicas of the system, and using Eq.(2.25), Bq.(2.a6)

becomes

(2.43)

r : J*l's(-#) *V"u,¡)1..-1)
: Jsl's(-H) Ï,'^-1)
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We start by evaluating Z, with Eq.(2.27). Replacing f/ (J¡¡, S¿") by Hamilto-

nian Eq.(2.44), 'we have

"*p lB Ð J,¡É u'rr" + phÐË t"l . ß : =7 =. (2.48)

L t;¡l a=l ¡ a=l ' J'' - tcnT'

Inserting Eq.(2.a3) and Eq.(2.45), and averaging over the exchange bonds 43 which

leads to Gaussian integrals (Kirkpatrick and Sherrington, 1978)

zn : rrsexp{"-' 
Ð l#Ðu'r,- 

-;(#)'Ð s:si"s;ßsiof

hì+# 
Ð 

U"l ', d, þ = 7,...,fr

r*oo 
-Zn : ?r15r1...{si'} J_* [![P(J;¡)dJ;i)
lrJ )

which can be interpreted as the trace of a fictitious Hamiltonian H"¡¡(n) with n

interacting replicas of a homogeneous system with translational invariance.

Noting that (^9¡')2 : 1, and dropping some l/tr/ correction terms as y'ü -r oo,

one has (Fischer, 1983)

zn : ?rs exp 
{"-' #+(Ð,s,.)' * l*- (#) n(\ s;' s,e¡2

: Trsexpl-þH"¡t(")1,

The first two squared terms in exp{. . .} can be simplified using the identity

+)u,(#).#Ðu")

and, performing Trs for D¿, Eq.(2.50) becomes (Kirkpatrick and Sherrington,

1e78)

",.0 (-å^ o') :l*l''' l** o,*' [-Y * "^4

zn -exp [å""(#)'] I lU(#)'''0.,] l¡¡,(#)'''¿,.uf
'",., 

{-t [; p*ra,o'. å Ð 
to2 -tnrrnexph"¡¡ (,-,a,0)f]tr.rrl

(2.4e)

(2.50)
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where the function

h"ÍÍ(ro,aoB): 
#E,aopsosþ-r (#)''' Ðxoso 

* #+t" (2.53)

is a dimensionless effective single-spin Hamiltonian, ("þ) in Eq.(2.52) and

Eq.(2.53) refers to a f B, and the trace Trn is norry over n replicas at a single

site, øo and yoB are integration variables.

The SK model assumes that the limit tr/ --+ oo can be taken before the limit

n --+ 0 (Kirkpatrick and Sherrington,1978), so the integration in Eq.(2.52) can

be done by the method of steepest descents, in which the integrations can be

replaced by the integrand evaluated at its maximum value. Combining Eq.Q.aT)

and (2.52) and performing lim,.*slim¡y**, the free energy becomes (de Almeida

and Thouless, 1978)

with

r:
_t
J-

and h"¡¡(æo,A..p) is given by Eq.(2.53). Applying the stationary point condition

( a¡lI *1,=,.0 :0,
I a¡l -^ ^,JA. (2'56)

| -t*tlrou-rouo 
: o, ol 0;

or ( acl -

I *11='-" 
: o'

t ãt; luop=uouo:O, d+ P Q'57)

to Eq.(2.55), one obtains

4kBT - kBT IXn-1 max {-G(*,,y"ò}

11
G(x,,a'B) : ;Dy"o'+ rlr"

-(oþ) 'a

- ln T r n exp (h 
" 
¡ ¡ (a,, a, B))

í r,o :(Bn)'lrffi=@Ã)'/, <^so>
l
ì

lu,oo :tB¡1ffi=wÐ <sos' >

(2.58)

aoBo :tB¡1ffi=wÐ <sosp >

(2.54)

TrnSo explh"l l(to,!oþ
Trn explh.¡ ¡ lratlaþ

(2.55)
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v/ith

oTo:#, oi:*,
It becomes apparent in the following section that solvin gBq.(2.5a) is quite difficult.

(i)Replica Symmetric Solution

Sherrington and Kirkpatrick (1978) took the simplest situation where they

assumed that all of the replicas are indistinguishable, so that at the maximum of

the integrand, all the roo are equal, as are all the A,Bo (replica symmetrg); thus

[ *,o - : ,n j @n)''',*: (2.59)
I u"oo : apoo : an: (OJ) ø", o + 0.

Substituting Eq.(2.59) into Eq.(2.5a) and performing the rather complicated cal-

culation, Sherringion and Kirkpatrick obtained (1978)

r: r*(#m2-i(#)'0-n),

-# I** 0,.*o (-T",) rrrcoshE(z)))

with the new variables rn and q -rî:" *

rn : ã I:: d'z exp (-ir)tanhE(z)

where the variable fuTE(z) : Qo* *Jqt/2" * å) can be interpreted as the local

random field acting on a site, and h - gpnHo is the external field.

The physical significance of the variables rn and g, given by Eqs.(2.61) and

(2.62), has been shown by Kirkpatrick and Sherrington (1978) to be

q - ffi I:: d'zexp (-i')tanh27(z)

n'¿ _ ((S,)r), (2.63)

q : ({s,)r'), Q.64)

where

bond average. Thus zn is the local magnetization (or magnetization per spin site)
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and q represents an Bdward-Anderson type order parameter. The spin glass state

:^ ^L^-^^+^-:-^J L., ^ J ñ ^-l * 
- 

rìlù ul¡dr@uusLtLvv uJ y f v @llu ,r¿ - v,

The differential susceptibility can be obtained (Sherrington and Kirkpatrick,

1e75) by

with

X(0) is the susceptibitity for ñ : 0 (Fischer, i983). Above the spin glass temper-

ature, where e : 0, Eq.(2.65) is just a Curie-Weiss law. The susceptibility as a

function of ? is plotted in Figure 2.2-I. A cusp is predicted at 7s6, which becomes

rounded with the application of a finite field (represented by the dashed line). As

in the EA model, the SK model also predicts a peak in the specific heat.

Numerically soiving the coupled equations (2.61) and (2.62) as a function

of temperature and the ratio 4 : Ãli with å : 0, yields the magnetic phase

diagram in Figure 2.2-2. The three phases are distinguished by the behavior of the

magnetization rn and the order parameter q. These phases are paramagnetic with

m: Ç: 0, ferromagnetic with rn * 0,q f 0, and spin glass with rn :0,q # 0.

For 7 ) 1.0, the paramagnetic region gives way to ferromagnetic ordering below a

Curie temperatureT.-Ãlks. For 7 ( 1.0, the SK model predicts a transition

from paramagnet to spin glass at a spin glass temperature Tsc : i llt". For

1 < q < 7.25, the model predicts a so-called "reentrant" phase transition namely

paramagnetic-+ferromagnetic--+spin glass as the temperature is decreased. It is

now believed that the low temperature transition, which is represented by a broken

line in Figure 2.2-2, does not appear in the correct SK solution. In fact, the SK

calculation does not get the entropy S = -N(#), "orr".t 
at low temperatures.
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/L

Figrrre 2"2-lt Differential susceptibilities of two spin glasses (rl : 0 and 4 = 0.5), as

calculated by the S-K solution. The zero-field spin glass cusps(solid curves) become
rounded with the application of a field (dashecl curves). From Shenington and
Kirkpatrick (1975).
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The entropy ^9 in the SK solution is ,9(0) = -0.17 at T : 0 (Sherrington and

Kirkpatrick, 1975), which led other theorists to re-examine the SK solution at low

temperatures.

(ii) Instability of the SK Solution at Low Temperatures: ,&T line

The stability of the SK solution was examined by de Almeida and Thouless

(19i8). Recall Eq.(2.55). The function G(r..,UoB) involves 7? * n(n - I)12 :
n(n * I)12 variables øo and yop. Minimizing G requires all of the second partial

derivatives with respe ct to oo and yop at the saddle point a.'o , Uogo to be positive.

In other words, the eigenvalues of the d matrix [G^*], called the Hessian matrix,

must be positive. This condition will also ensure that the Gaussian integral in

Bq.(2.52) converges at the saddle point in the limit /ú + oo. This can be seen

schematically by making a Taylor expansion of G at its stationary point

G(v) : G(ao) *T""(ro)(v - vo)' + ...

where G'(ao): 0 defines the saddle point y¡; then the Gaussian integral in E-

q.(2.52) becomes

I ay"*pt-¡rc(y)l : I or"*n 
[-.orc(g/o) - T*r"rror(y - ao)' - ]

The second term can be ignored as y'ú + oo, provided that G"(yo) > 0; otherwise

the resulting Gaussian integral diverges and the saddle point procedure is senseless.

The elements of the Hessian matrix

A2G ô2G I
ã-----a-rã-------ã-lOxodrp Oy"pOAto

with G defined by Eq.(2.55), were evaluated by de Almeida and Thouless (1978).

By taking the replica-symmetric solution, they reproduced the phase boundaries

separating the paramagnetic phase (P) from the spin glass (SG) and ferromagnet-

ic (F) phases, respectively, in agreement with the SK solution; however, at low

temperatures, they found an instability condition in zero field

ff)', h I a,"-i" secha l#r^* +iql /'z òf
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based on the requirement of the positive eigenvalues of the lG" l matrix. By

taking the equality in Ðq.(2.68) and numerically solving Eq.(2.68), de Almeida

and Thouless found the AT instability line (d) in Figure 2.2-3. The SK solution in

the SK phase and in the ferromagnetic phase below the AT line is unstable; thus

the SK-reentrant transition line (broken line in Figure 2.2-3) no longer exists in

the correct SK solution.

For finite field with Jo- = 0, the instability AT line is also numerically plotted

as line (b) in Figure 2.2-3, although there is no phase transition in the SK solution

for non-zero field (de Almeida and Thouless,1978). Notice that the instability line

(b) approaches lower temperatures as the field increases, so for high enough fields,

the SK solution around the reentrant line becomes stable. In the region of small

fields close to Tsc =i lk", the AT stability line can be expressed as

De Almeida and Thouless suggested that the instability could be removed by

breaking the permutation symmetry,i.e. qop # qpo, between the replicas, but they

were unable to offer an appropriate solution.

Notice that the positive eigenvalues of the lc*,*l matrix in Eq.(2.54) actually

maximize the free energy /, which is the reason why, in spin glass theory, one

often sees the statement that the free energy in spin glasses should be maximized.

This is rather a misleading statement, however; the correct statement should be

that we are seeking the stable solution of Eq.(2.5a) of the lowest free energy, so

even though the negative eigenvalues of [G"-] minimize the free energy /, they

nevertheless leads to an unstable solution.

(iii) Replica Symmetry Ereaking: the Farisi Solution

In order to obtain the stable solutions for m and q for Eq.(2.59) and cure

the negative entropy ^9(0) ;n the SK model, the assumption of qop : Qga¡ o * P

in Bq.(2.59) has to be removed, in another words we have to break the replica

72

H2 > @i'z lÐ0 -rlrsc)" (2.6e)



Fig.2,2-3zThe AT instability lines (b) and (d) in the phase diagram of the S-K model.

Tlie area below the AT lines represcnts the unstable solutions in the S-K model, and

corresponds to replica-sy Itl nletry breaking.

rt = Ãli
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symmetry. (we write eaB here instead of Aop in order to conform with the notation

which has become standard in the literature). The simplest n x n gaB matrix

for the SK solution has to be reconstructed in a space n x n) although there

exists no general way to find it. Among several schemes to break the replica

symmetry (Binder and Young, section IV.B, and references therein), the ansåtze

proposed by Parisi has been most successful. The detailed description of Parisi's

method to parameterize the n x n matrix gog was given in his papers (1979,

1980a, 1980b), and also in the review articles (Binder and Young, 1986, section IV

B; Fischer and He¡tz, 1991, section 3.a). The procedures are summarizedbellow,

and schematically shown in Figure 2.2-4.

Parisi's o¡der parameter matrix gaB has the following hierarchical structure.

We start with the matrix Qop in the SK form, in which all off diagonal elements are

assigned the same value q(mo), and all the diagonai elements are taken to be zero.

As a first step (stepl), we break the n x n matrix into nf ml xnf ml blocks of size

rn1 x rn1 where rn1 and nlmt are all integers. In the off diagonal blocks, nothing

is changed, but in the diagonal blocks we replace q(rno) is replaced by q(rn1). As

the second step (step2), one subdivides each of the rn1 x rn1 blocks, which are

all along the diagonal, into mtlmz x m1f m2 subblocks, each of size m2 x rTL2 ¡

and in each of these, along the diagonal, we replace q(mt) by q(*r). This can be

repeated k times (step b), provided that each Tni can be evenly divided by *¡+r,

which requires that

The n x n order parameter matrix Qag Ítow contains corresponding order parameters

q(rno), q(mt), . . ., q(mt).

The procedure above makes sense 'Í.or n a positive integer and Ë finite; however

we must take limit n + 0 when calculating the free energy. In order to calculate

the matrix 1op lor n : 0, Parisi (1980) suggested that it is not evident that the

7??; must remain as integers. In doing so, he further assumed that for noninteger
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fl, rrl; can be an arbitrary real number, but has to satisfy the following condition

In the limit of an infinite number of steps Ë --+ oo, rn¡ is replaced by a continuous

variable ø, and q(m;) in the matrix goB becomes Parisi's order parameter func-

tion q(ø) defined on the unit interval 0 < x 1 7. In other words, there are an

infinite number of order parameters q(ø) for the spin glass state when the replica

symmetry is broken. Note that the SK solution corresponds to the k :0 stage of

Parisi's scheme, or equivalently to assuming that q(ø) is independent of ø.

Several novel results were obtained with Parisi's order parameter function

q(u ) (Binder and Young 1986, section IV B; Fischer and Hertz 1991, section 3.4),

although the general solution for q(ø) is unknown (except for T close to Tsc and

%),

(i) The equilibrium susceptibility becomes

1_|-,_ 1 .- I r /. ¡t \x:i's *l'-,*t*n"u): w(.t-/, q(r)dx). (2.72)

In zero field, ¡ becomes constant for ? 1Tsc,

0(rn¡(1, i:0,...,1c.

A constanl susceptibility below Ts6 is one of the striking features of the Parisi

solution, and is reminiscent of field-cooled magnetization measurements (see Figure

1-1e).

(ii) As shown in Figure 2.2-3, the phase boundary (line (e)) between the spin glass

phase (SG) and the ferromagnetic phase (F) is predicted to be vertical. Thus the

reentrant spin glass behaviour (dashed line), predicted by the SK theory, does not

occur in the Parisi solution.

(iii) The entropy at zero temperature .9(0) is evaluated nrrmerically for a finite

number k ]n Eq.(2.71). Parisi found ^9(0) : -0.16 with &:0 (SK results), S(0)
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: -0.01 for &:1 and S(0) : -0.004 fot k:2 (Parisi, 19S0b). The entropy S(0)

approaches zero fairìy quickly with increasing Ë, and it is iikely that ^9(0) : 0 for

È -+ æ. Therefore it seems that the Parisi solution cures the negative entropy

problem of the SK model.

The stability of the Parisi solution was discussed further by Fischer and Hertz

(1991). Two families of eigenvectors, each now with a spectrum of eigenvalues,

were found when the Hessian matrix was diagonahzed. One spectrum has all finite

and positive eigenvalues, while the other has eigenvalues which tend to be close

to zerol however, there are no negative eigenvalues. Thus the AT instability has

been removed.

The physical meaning of replica symmetry breaking can be seen from the

following relationship (Binder and Young 1986, section IV.E)

where P(q) given by Bq.(2.38) is the probability distribution of an overlap func-

tion gl¡' between diferent thermodynamic states I,I'. ø(q) is the inverse function

of the order parameter function q(ø). Therefore Eq.(2.7Ð shows that the repli-

ca symmetry breaking leads to broken ergodicity. As we have discussed earlier

in section 2.I.3, the infinite number of the¡modynamic states ("valleys') can be

described by the Parisi order parameter function q(ø). Below the AT instability

line, broken ergodicity occurs, and many different thermodynamic states, separat-

ed by energy barriers, with equal minima, are available. For a finite system these

barriers will be finite. As y'/ -¡ oo, the barrier heights appear to diverge and so do

the relaxation times (Binder and Young 1986, Section IV.D). Grest et al. (1983,

see also Soukoulis et al., 1983a, and 1983b) further suggested that below Tsç the

number of minima increases as ? decreases. With small changes in applied field,

minima disappear and reappear in other regions of the free energy surface. When-

ever the system finds itself at the nearest local minimum, it will eventually relax

lt

H=',n, (2.74)



into a more stable state or true ground state by hopping over free energy barriers

via ihermal aciiva'r,ion (see Figure 2.1-4). Since the des'r,ruction of energy minima

implies irreversibility, while minima-hopping implies slow relaxation, Grest et al.

deemed it reasonable to associate the onset of replica-symmetry-brealcing wi.th the

onset of irreuersibility, such as magnetic hysteresis, remanence, and time effects.

2.2.2 Vector Model

While the Sherrington-Kirkpatrick model serves as a good starting point to un-

derstand spin glass behavior, its predictions are probably inadequate because the

model considers Ising spins, whereas experimental spins are probably Heisenberg-

like vector spins. In this section we will discuss, briefly, a version of the SK model

introduced by Gabay and Toulouse (1981) that considers.lü classical vector spin-

s. Each spin .í¡ has rn components S;uQt: 1r...,ln) which satisfy the following

no¡malization condition :

They interact via independent random interactions ./¡¡ (over infinite range) which

are distributed according to the Gaussian distribution given by Eq.Q.a3). In the

presence of an external magnetic field f/o applied along the ¡r : 1 direction, the

Hamiltonian of the model is

H - -Ð J,tl S;uS¡u - å f .9,r. (2.76)
(ij) p i

For nz component vecto¡ spins, the order parameter can be categorized as

follows:

(a) Transverse order parameter

Ð srut : *.
p=7

qroe = ((s,u"s,rP)r)r, p + r, a # þ;

(b) Longitudinal order parameter

qL"P = ((st"s,")r)r, o# þ;
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(c) Quadrupolar order parameter

where dr7 :1,...,n ate replica labels, and the external field is in the þ: I

direction.

By analogy with the procedure used in solving the SK model in the previous

section, and with the use of the replica technique, the Parisi solution for the rr¿-

component vector spin glass in a field was obtained (Gabay et a1.,1982; Elderfield

and She¡rington, 1982; and Cragg et al., 1982); we only discuss the new phase

diagram predicted by this model.

The phase diagram in the vector model is presented in Figure 2.2-5 (Gabay

and Toulouse, 1981, 7 and kp are set to 1 for calculation convenience, thus Tsc(h

- 0) : 1.). Comparison of Figure 2.2-5 and Figure 2.2-3 inthe SK model shows

that there are two more transition lines (a) and (c), called Gabay-Toulouse(GT)

lines, above the AT instability lines (b) and (d).

(i) In the case of fi - 0 and finite field å, the GT iine (a) in the h - T plane can

be approximately represented by (Elderfield and Sherrington, 1982; Gabay et al.,

1e82)

quoo = (6rr" Sru')r), (2.7e)

To the lowest order in å, the GT transition temperature Tcr(h) has the following

behaviour

rcr : t - \*Tþ',* 
- hisher orders in h.

The GT line (a) in Figure 2.2-5 separates the paramagnetic phase (qr= 0) from a

lower temperature phase in which the transverse spin components are frozen into

random directions (q, I 0), and thus describes the onset of transverse spin glass

ordering (TSG). The longitudinal order parameter g¿ is non-zero on both sides
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SG (e)

Figure 2.2-52 The phase diagram of the vector model. Curves (a) and (c) are GT lines,
while curves (b) and (d) are AT lines in the vector model representing the onset of
strong irreversibility. TSG is a transverse spin glass phase. The mixed phases M, and
M2 are canted ferroma.gnetic phases. Note that the "re-entrant" transition line in the S-
K model no longer exists.
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of the transition due to polarization by the finite field. Upon lowering the tem-

perature further, line (b) is encountered, which is recognized as the rn-component

analogy of the A-T instability line, corresponding to replica symmetry breaking.

For small å, the position of the AT line is defined by (Cragg et al., 1982)

and

(r - Tnr)t - 
(rn * 1)!m * 2) o', for Tn 1 t

Gabay and Toulouse (1981) originally claimed that there v¡as æ replica sym-

metry breaking just below the GT line, but this is now known to be incorrect.

The proof of replica symmetry breaking below the GT line was given by Cragg

et al. (1982) bV studying the eigenvalues of the Hessian matrix. They found that

the replica symmetry breaking occurs simultaneously with the onset of transverse

spin-glass ordering below the GT line. Above the GT line, similar to the Ising

case, there is only one stable solution. For any finite m, the replica symmetric

solution is unstable below the GT line.

These conclusions were confirmed by the Parisi-type solution obtained by El-

clerfield and Sherrington (1982) and Gabay et al. (1982). The Parisi solution in

the vector model showed: (u) X : i-' 
^ 

constant, for all T 1Tsc, just as for the

Ising case. (b) The breaking of replica symmetry at the GT line has only a weak

effect on the longitudinal order parameter, in the sense that, q¿(c) is only weakly

Tsc(h - 0) - T.qr(h l0) o ¡+"' with ,þn :213. (2.83)

dependent on iD. As we already know that the replica symmetry breaking marks

the onset of irreversibility, the GT line is associated with wealc irreaersibilitg of the

longitudinal susceptíbility. The longitudinal order parameter has been strongly

changed at the AT line. We therefore see that a vestige of the AT line (line (b)

and (d) in Figure 2.2-5) remains in the vector model, but instead of being a sharp

line it represents o, crossoaer region below which strong ímeuersibility occurs in the

Iongitudinal spín components. Strong irreversibility of the transverse spin com-
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ponents (qr(r)) is very different from its SK value afte¡ crossing the GT line. It

seems fair to say that the GT transition would be detected by the onset of irre-

versible behavior in the transverse susceptibility, which is not an easy experiment

to do.

(ii) In the case of Ã f 0 and h : 0 (ferromagnetic ordering allowed), the phase

diagram is shown in the Ã - f plane of Figure 2.2-5. The existence of paramag-

netic (P), spin-glass (SG), and ferromagnetic (F) phases was recognized in ihe SK

model (* :1). As in the SK model, the phase boundary to separate spin-glass

from ferromagnet (line (e)) is drawn vertical again atÃli: 1 based on Parisi's

solution for vector spins. Line (c) is another GT line, which separates the ferro-

magnetic phase F (with Ir :0,qL + 0) from a lower temperature mixed phase M1

(with ør f 0,qL + 0). The collinear ferromagnetic phase F (with no transverse

ordering) gives way to a canted ferromagnetic phase M1 in which the transverse

spin components are frozen into random orientations but the longitudinal spin

components are still ordered ferromagnetically. Line (d) is another AT line for

rn-component spins indicating the crossover into a mixed phase M2 wbich has the

same type of spin configuration as mixed phase M1,i.e qr t O,qL + 0, but with

the onset of the strong longitudinal irreversibility.

2.3 Critical Theory of Magnetic Fhase Tlansition

Phase transitions are an important class of physical phenomena, known as

critical phenomena, which are classified according to how the various quantities

of interest vary near the critical point. According to Ehrenfest's classification, a

phase transition occurs whenever there is a discontinuity in a derivative of the

Gibbs function G (Eq.(2.88)), with the order of the transition defined by the

lowest order derivative in which the discontinuity occurs. For a magnetic system

the thermodynamic equations can be obtained from the relations established for
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an ideal gas system by simply making the substitutions (Stanley 1971, chapter 2)

where P is the pressure and V the volume of the gas system, M is the magneti-

zation and f/ is the magnetic field. The analogous differentials of the four state

functions for a magnetic system thus are

f v -+ -M
\r -+ H

where [/ is the internal energy, and the three other state functions are the enthalpy

,Ð, the Gipps potential G, and Helmholtz free energy F. The thermodynamic

parameters which characterize a magnetic system are nov¡ (HrM,?), instead of

(P,V,?) for an ideal gas system. The isothermal susceptibility is

dU

dF

dE

dG

TdS + HdM

_SdT + HdM

TdS _ MdH

_SdT _ MdH

/ aM\ / a2G\
Xr = \m )r: 

_\uu 
),

while the adiabatic susceptibility is

/aM\ (a2E\
x" = [,aa ) ,: _\u*) 

,

(2.84)

In this regard ferromagnets display second-order phase transitions since their sus-

ceptibilities (Eq.(2.89)) (and specific heats) evaluated in zero field and as a func-

tion of temperature, diverge as the Curie temperature is approached, while, as

we show next, the spin glass phase transition appears to be an even higher order

phase transition since the zero-field susceptibility shows no comparable divergence.

2.3.X. Critical Foint Exponents

(2.85)

(2.86)

(2.87)

(2.88)

(2.8e)

(2.e0)
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The study of critical phenomena.focuses on the values of a set of indices, called

critical-point exponents. In studying critical phenomena in phase transitions, one

often uses a reduced temperature

to measure the difference in temperature from the critical temperature 7". If
a general function /(t) is positive and continuous for sufficiently small, positive

values of ú near the critical point, the limit (if it exists)

is called the critical-point exponent associated with the function /(t). As a short-

hand notation, one frequently writes

T _7.
+ - _--------:e- 

T.

to denote the fact that À is the critical point exponent for /(ú).

It is important to point out that the relation /(¿) - úÀ does not imply the

relation

f (t): ,qt' (ø : À). (2.94)

In general we may find a more complicated functional expression such as

): limryAt+0 ln I

lþ) - t^

(2.e1)

Note that the definition Eq.(2.92) of a critical-point exponent does not distinguish

the functional forms Eq.(2.9a) and (2.95).

The criticai-point exponent plays an important role in the study of phase

transitions, for the following two reasons: the critical behavio¡ is dominated by

the leading term when the temperature is sufficiently near the critical point; there

exists a large number of ¡elations among the critical exponents which arise from
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fundamental thermodynamic and statistical mechanical considerations and thus

transcend any particular system.

The following table summarizes the definitions of the critical-point exponents

for magnetic systems (Stanley 1971, chapter 3).

Table 2.1: Definitions of critical-point exponents for a magnetic system.

t:TlT"-1
Exponent

d'

Definition

a

Ca - (-¿)-"'

p

C¡y - (t)-"

^t'

M - (-t)u

'r

Conditions

Xr - (-¿)-"

t

<0

6

The rigorous relations among the exponents are a set of inequalities given by

Stanley (1971, chapter 4):

XT - t-t

H

>0

0

¡7 - lMlo ssn(M)

M

<0

0

0 specific heat at con-

stant magnetic field

<0

Quantity

0

0

+o

specific heat at con-
stant magnetic field

>0

0 +o

zero-fieid
magnetization

0

0

It should be noted that in real system these relations are often obliged equal-

ities rather than inequalities.

2.3.2 Scaling Theory

#o

zero field isothermal
susceptibility

0 zero field isothermal
susceptibility

+o critical isotherm

(2. e6)

(2.e7)

(2.e8)

(2.ee)
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The scaling theory for magnetic systems is capable of providing the functional

relations among the critical-point exponents (in fact the inequalities among ex-

ponents become equalities) if independent critical-point exponents are restricted

in number, and also makes specific predictions about the form of the equation

of state. The theory (also called the static scaling law or homogeneous function

approach) involves making a simple assumption concerning the basic form of a

thermodynamic potential, for which thus far no rigorous justification has yet been

given. Therefore the results of this section rest on an unproved assumption. How-

ever both the predicted relations among critical-point exponents and the form

of the magnetic equation of state from scaling appear to be supported by most

experiment work.

A function /(Ð ir defined to be homogeneous if for all values of the parameter

/(ÀÐ : s(À)/(Ð

where the r¿-dimensional vector r- reptesents the n-tuple (*r,*rr...,rn),, and the

scaling function 9(À) must be of the form (Stanley, 1971)

e(À) : ÀP'

The parameter p is generally called the degree of homogeneity. A two variable

homogeneous function can be written as

f (Àr,ÀY) : À'f (*,Y).

It has been shown (Stanley 1971, chapter 11) that

homogeneous function has the form

f (À*,Àba): ÀÍþ,a)

where ø and ó are arbitrary values.

a two variable generalized
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The statíc scaling hypothesis states that the Gibbs potential G(7, H) or G(t, H)

is a generalized homogeneous function:

where ú is called the reduced temperature, and @¿ and (i,H aÍe unspecified param-

eters. By differentiating both sides of Eq.(2.101) with respect to H, and using

Eq.(2.88)

^H 
M(^'t,^* H) - 

^M(t, 
H).

Based on Eq.(2.102) all critical exponents defined in Table 2.1

in terms of. a¡¡ and ø¿ (Stanley 1971, chapter 11):

^ 7-anp:",

6- aH

l-aa
, 2a¡¡ -7t- I

G(^"'t, 
^"" 

H) : 
^G(t, 

H)

Thus the inequalities among

equalities and

is called the Widom equality.

The magnetic equation of state can be derived as follows. Recall Eq.(2.102)

M(t,H): )oa-l110 (Ào'1, 
^"'H)

and let À : ltl-r/"'; then Eq.(2.102) becomes

M(t,H): ¡ú¡(1-"r)'"'* (l,Hftf"/"'). (2.108)

Using Eqs.(2.103) and (2.104) to eliminate the scaling parameters øË and ¿¿ in

favor of the critical-point exponents B and á, Eq.(2.108) becomes

M(t,H): VIBM (-r,,#)
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CI,¿

, . 2a¡-I
U:U -.l-

A¿

these exponents in Eq.(2.96) to Eq.(2.99)

1t:p(6_1)

(2.102)

can be expressed

(2.103)

(2.104)

(2.105)

(2.106)

become

(2.1,07)



Noticing that the function on the righi-hand side is only a function of H lltl?î and

the sign of. T - T" , one can define a function of a single variable Hlltlq6:

and therefore
"(,tË) 

:nt(n'#)'

M(t,H) = ltlpF*(,#)

= ttft+(,É) ,

with ú =T
netic system.

m: F+(h) (2.11t)

where m: Mlltlp and h: Hlltl'*þ are the scaled magnetization and scaled

magnetic fi eld respectively.

The scaling equation for the isothermal susceptibility can be derived by differ-

entiating Eq.(2.i10) with respect to field ,É1 (Ho. et al., 1981a)

xþ, H) : (#),: þl-1 F+(,É)

: ¡7_t/(t+e) (,#) 
* r*(,Ë)

. This equation is known as the scaling equation

It is also common to w¡ite Eq.(2.110) as

(2.10e)

where we have used the Widom relation j : P@-1) and defined G(ø) : ,# f þ).
This susceptibility, measured in fixed field.t1, has a maximum at lt*l when

of state of a mag-

(2.1 10)

This latter condition is satisfied if the argument of the function G(ø) is a constant,

i.e.
H

: ¡¡Q/Ð-tç*(,Ë)

(X)l¡,¡=¡,-r :0, ie' t(,É)1,,r=,,-r :o

---------------1 : COnSt-

It*l'*u

(2.r12)
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Thus the static scaling hypothesis predicts the following two power law relations

concerning the susceptibility

and (from Table 2.1)

Eq.(2.115) indicates that the peak tempe¡ature lt-l in X(t,H) increases with in-

creasing field along a "cross-over" line given by Eq.(2.115), and (l+0) is thus called

the "cross-over" exponent. As Eq.(2.116) shows, the peak amplitude X(lt*l,H)
decreases with increasing field (ó > 1). This prediction has been verified through

ac susceptibility measurements.

2.3.3 Critical Analysis in Mean'Field Theory: T'he Effective Field ,{p-

proach

The critical analysis presented in this section will be limited to a model, called

the effective field model, within the context of the MFT. This model, which was

first discussed in detail by Southern (1976), considered the SK-like system de-

scribed by the following Ising Hamiltonian for arbitrary spin ,9

It^l

xlt*1, H)

X(¿,0) o( t-1 T ) T"

M(e,0) c( (-.)B T 1T"

H#
¡70/o)-t

(2.115)

(2.1 1 6)

where h: gþBHo, and each.9; has 25 +l components (i.e, -S <,S¡ ( +,9, and

S :712 in the SK model). In order to calculate the magnetization r¿ and the

order parameter q defined in Eq.(2.63) and Eq.(2.6a), the following exact relation

was used

(2.117)

(2.118)

H--DJ,¡S,S¡-äÐS,
(;i) ¿

<,5¿ >r: (SBrISp(h+ H¡)]lr
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for the thermal average (Roshko and Williams 1984), where B,(r) is the Brillouin

function defined as

The fl : D, J;¡S¡ is the effective RKKY field acting on spin ,S¡ due to all the other

spins. For a Gaussian dist¡ibution of. J;¡ (as in the SK model) the following set

of coupled equations was obtained (Roshko and Williams, 1984, see also Kornik,

1ee0)

B,(,):'#-th (+l ") - 
L*".rh (#)

where .16 and J represent ihe mean value and the widih of the Gaussian {¡
distribution respectively. Notice that Eq.(2.722) and Eq.(2.123) become identical

to Eq.(2.61) and Eq.(2.62) of the SK model for S : 1/2.

The effective-field approach has the dual advantage of not only avoiding the

nonphysical low temperature behavior associated with the replica-trick solutions

of the SK model, but can also be extended directly beyond the,9 :712 case to

include arbitrary spin and finite applied field. However it should be pointed out

that while this approach does not use the replica technique, the possibility still

exists that its solutions may suffer from instabilities analogous to those associated

with replica symmetry breaking in the SK model below the de Almeida-Thouless

line. Furthermore Binder and Young (1986, section IV A and C) have argued that

one important term, called the Onsager reaction field term, should be eæluded in

H; : D¡ J¡¡S¡.

(,e) Aritical behavior in ferromagnets and spin glasses
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As with the SK model, the coupled equationsE,q.(2.722) and Eq.(2.123) along

with the associated expression for the susceptibility can be solved numerically.

This leads to three distinct phases which were recognized in the SK model: a fer-

romagnetic ground state for Ãli > !.25, a spin glass ground state with forfil7 <
1.0 and an intermediate *reentrant" region for 1.0 <Ãli < 1.25. When the ar-

gument of the Brillouin function in Eq.(2.122) and Eq.(2.123) is small, asymptotic

expressions for nz and q can be derived by expanding the Brillouin function and

evaluating the appropriate integrals.

In a ferromagnetic ground state, the asymptotic expression for rn (Roshko and

Williams, 1985) yields asymptotic values of the mean-field critical-point exponents:

^f:7, þ:712, and,á:3 satisfying ? : þ(6 - 1). The zero field susceptibility

X(0, r) for T > 7" is given by

and the scaling equation for the nonlinear susceptibility Xw¡,F can be written as

(Yeung et al., 1987)

where the reduced temperature ú : l(f - T")lT"l. Therefore the leading critical

divergence for a ferromagnetic system occurs in the linear term (even though all

of the higher order te¡ms still diverge), viz, X(0, ¿) - t-1, with 7 : 1 in MFT.

This is not the case for spin glasses where the zero-field susceptibility is continuous

through the spin glass temperature ?sc. This is important from an experimental

point of view, since the non-linear response is typically much weaker, and hence

the corresponding divergence is more difficult to observe than the linear response.

In spin glasses, the order parameter is non-zero. The expansion for both nz

and g can be made (Roshko and Williams, 1985), and the asymptotic expression

xF(',r)=#,

xwnF(h,f) - x(0, t) - xØ,t): ¡-tç (#*)

(2.124)

(2.r25)
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f.or m results in the zero field susceptibility

where t : l(T - Tsc)lTscl and n :Ãli. The zero field susceptibility is finite at

T : Tsc. To leading order, a symmetric divergence was found for the nonlinear

susceptibility Xwt (Roshko and Williams, 1985) in spin glass systems around ?sç

The scaling function for the non-linear susceptibility in spin glasses can be ex-

pressed as (Yeung et al., 1987, Roshko and Williams, 1985)

¡sG(O, i¡ r ^9(^9 + 1)

3(¿+i-?)

Therefore the leading divergence in the susceptibility occurs in the much smaller

nonlinear term in spin glasses.

(B) Corrections to scaling theory in the ferromagnetic phase

We have obtained the asymptotic values for the critical-point exponents (7

:1, þ :712, ó: 3) in the ferromagnetic regime by using an effective-field

model. Table 2.2 shows the comparison between the theoretical predictions of the

critical exponents and the experimental results of some crystaliine ferromagnets

and amorphous ferromagnets. (Kaul, 1985)

As shown in Table 2.2, the experimental results are in general close to the

predictions from a more realistic 3-D Heisenberg model (Le Guillou and Zinn-

Justin, 1980), and quite different from the mean field (or effective field) values.

The amorphous ferromagnets tend to have larger critical exponents than the crys-

talline ferromagnets. As we will show in Chapter IV, the critical exponents of

the bond disordered ferromagnets are even more influenced by the exchange bond

distribution and the magnetic field. (In principle the true critical-point exponents

should be field and temperature independent). The experimental value of the order

xNL * ltl-thr,

xwfc (h,r) : x(0, t) - x@,t) : ¿g' P (#r)

as T - Tsc*.

(2.126)

(2.r27)

(2.128)



parameter exponent B(T) often remains constant below I until reduced temper-

atures between 0.05 < ¿ < 0.1 are reached, below which B(") falls; the exponent

ó(-F/) decreases with increasing field and the susceptibility exponent 7 also shows

a complicated temperature dependence, sometimes with anomølously large ua,Iues.

(Kornik et al., 1990, and reference therein) The effective critical exponents, called

effective Kouvel-Fisher exponents, defined as follows (Kaul, 1985):

with ú: l(7 -7")lT"l, are often used to describe the temperature dependence of

the critical exponents.

T'able 2.2: Comparison of the theoretical and experimental values of the critical
exponents. (Kaul, 1985)

7"(") = (r -r.)x(n#: -olîj#f'
p-(n = (T-7")M-'#:#

Mean-Field-Theory
3-D Heisenberg model

Fe

FelsNiTsBleSil

Co

(a) The exponent B(T)

FezoNiaoPr¿Be

Ni

Just below the Cu¡ie temperature 7", the expansions of the Brillouin function

inÐq.(2.722) and (2.L23) yield (Kornik et al., 1990)

B

0.365+0.003

Fes2Zrs

0.5

0.389+0.005
0.435+0.025

(2.12e)

(2.1 30)

m(o,t) x t'/'(7- r) 
|

where t : l(T - T") lT.l an

an asymptotic value of.7l2

0.378+0.004
0.42+0.02

1.386+0.004

7

0.39+0.02

1.0

0.620+0.003

t.225+0.025
1.333

1.34+0.01
1.35+0.04

á

4.80+0.04
3.0

1.33+0.05

4.35t0.05

r.92+0.02

3.35+0.35

I
(:

d

(1
'1 -

lrt
for

4.58t0.05

- t)' - ,f f'/' | 10.9,(s + 1), ftt'Try1 LæsT¡l

4.49+0.05
4.45+0.07
5.82+0.06

-ilÃ < 1.0. To the leading order, this gives

P. However, there are other noncritical factors
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which produce a temperature dependence in P-g). By using Eq.(2.131), P"(T)

in Eq.(2.130) can be calculated for different 4 and the results are shown in Fig-

ure 2.3-l(a) (Kornik et al., 1990). For a pure ferromagnet (l : 0), the exponent

P-g) decreases monotonically with increasing ú, in agreement with experimen-

tal measurements on both amorphous and crystalline ferromagnets (Kaul, 1985).

For a disordered ferromagnet (0 < ? < 1), as Figure 2.3-1(a) shows, with in-

creasing disorder 4, the decrease of the effective exponent P"g) with increasing

ú is initially suppressed, also in agreement with experimental observations (Kaul,

1985). Moreover, the effective-field model calculations indicate that, when the

disorder becomes quite strong (l à 0.5), B"(T) should initially exhibit a marked

increase with increasing ú, passing through a maximum before decreasing as the

temperature is lowered further. Such an efect has not, as yet, been observed ex-

perimentally. In fact the experimentally observed B-(T) shows a minimum in the

vicinity of ú : 0.1 (Kaul, 1985).

According to Eq.(2.115), the exponent B for T ) T" can also be obtained

through susceptibility measurements. From the complete solution of the coupled

equations (2.122) and (2.123), the susceptibility y(h,ú) can be numerically calcu-

lated as a function of the reduced temperature f in various fixed fields /2. Figure

2.3-2 shows the results for l/ : 0.5 (Kornik et al., 1990). The numerical relations

from the SK model agree exactly with the scaling predictions from Eq.(2.115) and

Eq.(2.116). The dotted line in Figure 2.3-2 of section 2.3-2 represents the cross-over

line, satisfying Eq.(2.115). The efective cross-over exponents i(t) + þ(t) canbe

obtained by calculating the local slope of loglú-l vs log å, from which þçt¡ u "
function of lt-l can then be extracted, since the exponent j(t): 1 in the effective

field model; the results are displayed in Figure 2.3-1(b) (Kornik et al., 1990). A

comparison of Figure 2.3-1(a) and Figure 2.3-1(b) indicates that, while the correc-

tions to scaling induced in the order parameter exponent as a function of reduced

temperature ú and disorder T are generally similar in sign and magnitude above
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Figure 2,3-Lt (a) Effective exponent p' deduced from the temperature dependence

of the spontaneous magnetization below Tr, as a function of reduced temperature

f and diìorder tì.(b) Effective exponentpdeduced from the cross-over exponent

in Figure 2.3-2, plotted as a function of susceptibility peak temperature fm. From

Kornik et al. (1990).
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Figure 2"3-Zz Temperature dependence of the numerical susceptibility X(ht) in
various fixed fields /r, for n = 0.5. The dotted line represents the cross-over bne.
From Kornik et al. (1990).
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and below T" , Lhe corrections found from the behavior along the cross-over line

are larger a'r, a given reduced iemperature, particularly as q approaches unity and

the limit of stability of the ferromagnetic ground state is approached.

(b) The exponent á(å)

This exponent is most often deduced from the field dependence of the mag-

netization along the critical isotherm (T : T") using m(h,t - 0) - ¿tlô (Table

2.1). However, this exponent can also be found from the field dependence of the

susceptibility peak amplitude along the cross-over line, using Eq.(2.116). Figure

2.3-3(a) shows the behavior of the model exponent 6.(å) extracted from the dou-

ble logarithmic plot of the numerical solution lor m(h,Í : 0) as a function of å

by solving the coupled equations (2.122) and (2.123). Figure 2.3-3(b) illustrates

the behavior of the corresponding exponent 6(n), but obtained from the cross-over

line (Kornik et al., 1990)

For the pure ferromagnet(q : 0), both á.(å) and õ14¡ ut" relatively featureless,

simply increasing monotonically with increasing field å. As can be seen from these

figures, weak disorder initially suppresses this increase in á.(å) ana ã(A), so that

the effective exponent remains close to its asymptotic value 3.0 over a wider range

of reduced fields than it does in a pure ferromagnet. For strong disorder, however,

ó-(å) and å(n) aevelop structure, and pass through minima before increasing again

at higher fields, The latter behavior, such as A(lr,rù decreasing with increasing

q and t(lr,ù decreasing with increasing å for large 7, imitates the systematics

of the variation in 6(n,1) reported experimentally from measurements along the

cross-over line on a number of randomly substituted crystalline systems with bond

disorder (Ho et ai., 1981a, 1981b)

Finally, it should be pointed out that the corrections to scaling in õ(n) are not

more pronounced along the cross-over line compared with those found for ó.(h)

along the critical isotherm. This contrasts with the behavior reported tor þQ).

However, comparison of Figures 2.3-3 (a) and (b) reveals that these deviations
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do set in at a lower field along the cross-over line; this complements the behavior

discussed earlier in conneciion with p1f¡ ri.r"" a'r, a given reduced field å, ihe

cross-over line is further removed from the critical point in the (h - t) plane than

is the critical isotherm.

(c) The exponent 7(7)

The effective field model predicts iQ) : f (T) : l, that is, temperature

independent, which is in strong disagreement with experimental observations on

disordered systems. The temperature dependence of 7 has been explained by a

correlated molecular field theory (Kornik et al. 1990, and reference the¡ein). We

will defer our detailed discussion about ,y to Chapter IV.

2.4 Equilibrium and Nonequilibrium Ðynamics in Spin Glasses

Investigation of spin glass dynamic behaviour in the mean-field theory has

been summarized by Binder and Young (1986, Section IV.D) and Fischer and

Hertz (1991, Chapter 5). The SK model appears to have a broad spectrum of

relaxation times, which diverge as y'ú --+ oo beiow the AT line. In this section,

we will discuss the dynamics of spin glasses from other theoretical points of view,

which provide a more physical explanation for nonequilibrium behaviour in spin

glasses, and we show the extent to which predictions of these models agree both

qualitatively and quantitatively with the experimental observations.

2.4.1 Droplet Scaling Theory

The droplet scaling theory was extensively developed by Fishe¡ and Huse for

both ferromagnets (Huse and Fisher, 1987) and spin glasses (1988a, 1988b). The

system they considered contains Ising spins (S, : * 1) with short range nearest-

neighbour interactions. The main feature of their model is clusters or droplets

of coherently flipped spins enclosed by a "domain wall". These droplets only oc-
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cur for temperatures below the ordering temperature. Figure 2.a-7þ) depicts a

droplet of a "down" domain embedded in the "up" magnetized phase in a Ising

ferromagnet, in which oniy a pair (up or down) of equilibrium states can be found.

For Ising spin glasses with finite-range interactions, Fisher and Huse argued that

at any given temperature below ?s6 the spin glass also has only two pure equi-

librium states f and F (1988b) in zero field which are simply related by global

spin reversal, in contrast with the picture of an infinite number of equilibrium

states in the MFT Parisi solution. As shown in Figure 2.4-1(b), a droplet in an

Ising spin glass is a cluster of spins in the F state enclosed by a "domain wall"

outside which the state is f . The macroscopic dynamic properties are determined

by these low-lying excitation-droplets. A schematic picture of the domain walls

present in the ground state of an Ising spin glass is shown in Figure 2.4-2.

(i) Equilibrium Dynamics of Droplet F luctuations in Ttandom Ising Fer-

romagnets

In the droplet theory of Ising ferromagnets (Huse and Fisher, 1987), Fish-

er and Huse argued that the long-time equilibrium dynamics of long-range or-

dered Ising ferromagnets are dominated by the creation and annihilation of long-

lived droplet fluctuations. Two types of disordered ferromagnets are considered:

random-erchønge disorder and random field disorder. One important dynamic

quantity which they computed is the spatial average of the temporal autocorrela-

tion function 4Ð

whe¡e ( . . . )¿ denotes the infinite time average, and ( . . . )" is the configuration

(spatial) average. Clearly the time dependenc e of C (t) in the limit I --' oo will be

mostly affected by those long-lived spins (droplets).

According to Huse and Fisher (1987), the free energy Fo of a droplet fluctu-
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Figure 2.4-l(a)z A droplet fluctuation in an Ising ferromagnet. The droplet (down

domain) surrounded by a domain wall (solid line) is imbedded in the "up" phase. From

Huse and Fisher (1987).

F'igure 2.4-1(b): Schematic picture of a droplet of length scale I in an Ising qpin glass.

Outside the droplet the spins are aligned as in the ground state l, while inside the

droplet the spins are reversed, as in the ground state l. The surface of the droplet is

actually fractal, as vaguely suggested by this drawing. From Fisher and Huse (1988a).
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Figure 2"4-2: Schematic picture of the domain walls present in the ground-state
configuration of an Ising spin glass in a uniform magnetic field. The domain walls
sepamte regions between I and I states. From Fisher and Huse (1988a).
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ation consists of the free energy of the domain wall and the free energy cost of

flipping the interior (spins) of the domain when the system is subject to a random

or uniform field. In order to create or annihilate a droplet, a free energy barrier Bp

has to be surmounted, and the lifetime of the droplet fluctuation zp is activated

according to

Thus for iong times t, only those long-lived droplets with rp ) f contribute sig-

nificantly to C;(t) and the long time dynamics are dominated by røre droplets.

For simplicity Huse and Fisher (1987) considered a roughly circular or spherical

droplet of radius r, which has a free energy .Fp given by

Fn: A¿ord-7

where o is the average surface tension and A¿ is the surface area of a unit circle

or sphere in d dimensions. Huse and Fisher suggested that the activation barrier

B¿¡ is proportional to rd-l,

ro - exp(BnlT)

with / to be defined as a ratio of the actual free energy to the average free energy

of a droplet. Thus the iifetime for a droplet is given by

For a given /, the radius of the long-lived droplets can be obtained using rp N t,

and hence

(2.133)

Bn = b(f)ro-t,

rD - exp (uç¡¡ro-t ¡r) ,

where Íe is a microscopic time. Eq.(2.i36) and Eq.(2.137) indicate that the

lifetimes of the droplets which dominate the long time dynamics of C(t) 
^r.

exponentially rare in Int, and the spatially averaged autocorrelation function be-

comes

(2.134)

,d-'æI!(/nì;

(/ < 1).

(2.135)

C(Ð - f"(r)
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that is, a power-law decay of the autocorrelation at

eøchange system. The exponent ø(?) will depend on

nonuniversal details of the system.

For random-field systems, an extra te¡m due to the random fields acting over

the entire interior of the droplet has to be added in Eq.(2.134), while Eq.(z.135)

and Eq.(2.136) still keep the same form, viz, the radius of the long-lived droplets

varies as a function of lnú. The spatially averaged temporal correlation function

is

@ - exp(-k(lnf)v) (2.139)

where y : (d -2)l@ - 1) and È depends on the details of the distribution of

the random-field free energy, and on the temperature. The decay described in

Eq.(2.139) is slower than that in Eq.(2.138). Notice that Ðq.(2.138) can be in-

cluded in Eq.(2.139) bV setting A = 7" This is not surprising since in both cases,

the relaxation times of the long-lived droplets are exponentiallyrare in lnf. The

exponent g simply reflects the nature of the randomness.

(ii) Ðynamics of Ðroplets in Spin Glasses

Since the properties of droplets in spin glasses have not been directly calcu-

lated, Fisher and Huse (1988a) made the following scaling ansätz for the droplet.

In a d-dimensional lattice, the free energy of a droplet of length scale tr (see

Figure 2.4-1(b)) will scale as

long times for a random-

the temperature ?, and on

The upper bound of the exponent d is shown to be 0 a +, different f¡om the limit

in Ising ferromagnets(Eq.(2.i3a)). Large droplets will have large free energies, and

there is a distribution pt (F¡,) of F7

Ft- Le

pt(F¡,)=Lr*øl#]

r04

(2.140)

(2.14r)



which has weight down to zero energy. The droplets with free energy Fa 1T arc

thermally active droplets which wiii dominate much of the equilibrium dynamics

of spin glasses.

Because of randomness, the large-droplet excitations can have complicated

shapes, and the broad distribution of free energies of the droplets will make their

surfaces fractal (see Figure 2.4-1(b)) with surface area A¿ scaling as

An - Ld"

where the exponent (d - 7) < d" < d.

This simple scaling ansälz can make a variety of predictions for static and

dynamic magnetic properties in finite-range interaction spin glasses; we focus here

only on the dynamics of the magnetization.

(,{) Equilibrium dynamics

As mentioned earlier, the equilibrium behaviour will be dominated by the

creation and annihilation of the thermally active droplets. The natural scaling

ansätz for an energy barrier of a spin glass droplet of scale -L is

where the exponent tþ satisfies 0 < 1þ < (d - 1). The barrier to create a droplet

of length scale .L is just Fz * Bt . Like the droplet free energies, droplet barriers

also have a broad distribution,, Q¡(87), and for large L

a,.(8,,)=h*lhl
where A sets the overali free-energy scale of the barriers.

The characteristic lifetime r¿ is exponential activated

r7 - ¡o¿Bt/T

(2.142)

Bt' - Lú

where rs is a characteristic microscopic time scale for creation and annihilation of

a small droplet on a scale of order one (for instance one spin droplet).
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The spatially averaged autocorrelation function, defined in Eq.(2.132), in the

equilibrium spin glass state is dominated by the thermally active droplets, and has

an extremely slow logarithmic decay

where qEA = ({s,),')" : # Ð, (S,),' is the Edwards-Anderson order parameter.

The equilibrium magnetization will thus decay (Fisher and Huse, 1988b)

m"n(t) - 
u 

^,'-,(lnt¡o/+

(ts) Nonequilibrium dynamics

eø-o,olrlffi]"r, ot,þ<t

According to Fisher and Huse (1988b), nonequilibrium dynamics is character-

ized by the growth of droplets or domains. Consider a thermoremanent magneti-

zation measurement where the sample is cooled from a high temperature in the

paramagnetic phase to a temperature T* l Tss in a finite field f/", and, after a

wait time t- at T^, the field ,F/" is removed. Since there are only a pair of equilibri-

um states f and F, for the spin glass at temperatureT* in zero field, immediately

after the field removal, we can decompose the random spin configuration into do-

mains (or individual spins) which are in either I or F. The system will try to lower

its free energy by decreasing the amount of interface between I and F states, thus

leading to domain growth. A logarithmic growth law was predicted by Fisher and

Huse (1988b), and the characteristic length scale of a domain at time ú is

(2.146)

where A(7), introduced in Eq.(2.144), sets the free-energy scale of the barriers to

be surmounted during the growth of the domain. The growth of domains causes

the nonequilibrium magnetization to decay as

(2.r47)

o-[ffi]"'

mn"n(t)-[ô]"'
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whe¡e À is a nonequilibrium exponent in the range of d,l2 < 
^ 

< d. Since d (

(d - l) 12, so I > 0; the nonequilibrium decay is faster than the equilibrium decay

rn"o given in Eq.(2.1a7). Such a crossover from equilibrium to nonequilibrium

relaxation can be observed in the wait time experiment described above.

During the wait time t-, the domains of length scale

are formed. When the magnetization decay m(t) is measured after the field removal

(l :0), in the early epoch lnú ( lnú-, one will only detect the relaxation which

occurs on much smaller length scales 1,, - lffi)t'r u Æ¿-, and thus observe a

quasiequilibrium relaxation (Eq.(2.Ia7)), whereas in the late epoch inú ) lnt*,

the fa.ster nonequilibrium decay (Eq.(2.1a9)) due to the growth of domains will

be measured. The crossover time (ln r") depends on ú,, as well as on the cooling

field 11". For normally small fields H"rln 7c - lnt-; however for a strong field,

lnr" - i€rr K. lnt* and is independent oTt- (Fisher and Huse, 1988b). (€¡¡ is

called magnetic correlation length, which is inversely proportional to the field 11

(Fisher and Huse, i988a)).

(C) Temperature cycling experiments

Fisher and Huse (1988b) designed a temperature cycling experiment in which

the system is quenched to a temperature ?1 < ?s6r, and after a wait time ú.,1,

the temperature is changed to Tz 1 Tsc, and after a further wait time ts2, re-

laxation is probed. They argued that the two states f(ft) at 7r and l(72) at T2

are indistinguishable within a characteristic length scale ,t67r, called the overlap

length:

R_:R¿_-[ffi]"' (2.150)

where L.Tp = lT, - frl.
At, the end of the wait tirne t-2, we must compare three characteristic length

scal.es: the domain size -R-1 after ú-1, the overlap length L^r* imposed by LT12,
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ancl the domain size R-2 after t-2. The final domain

determined by

The choice oîmin in Eq.(2.152) is because a ne\ry overlap length is forced on the

system when the temperature is changed by LT12. At T2 one must consider the

new state f("r).
An interesting result of Eq.(2.152) is that for a temperature Af12 such that

R- - max(R-2rmin(L67rr, &,t))

then .R- : Larrr. The temperature change then imposes a smaller crossover

length scale tr47r, K R-t, which should cause double crossover in the magnetiza-

tion decay, so that experimentally two inflection points should be observed with

the earlier inflection point corresponding to LTn.

slze .R- after ú-2 should be

(2.152)

R*z K. Lar* K. R-t (2.153)
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2.4,2.4. Mesoscopic Theory of .A.ging in Spin Glasses

The aging in spin glasses has been described in Chapter I as the wait time

dependence of the magnetization (see Figure 1-22). In order to explain aging in

spin glasses, Koper and Hilhorst (1988) devised a theory which postulates that

a spin glass state can be decomposed into a collection of domains, or regions of

correlated spins; the aging can then be explained by the dynamics (growth and

breaking-up) of the domains.

The mesoscopic domain picture postulated by Koper and Hilhorst can be out-

lined as following:

(i) A domain is defined as a region where the spins are co¡related with each other

and the correlation is a function of temperature 7 and field //; the domain is called

^ (T,f/)-domain. The two types of domains, (71,f11) and (Tr,Hr), are nearly

identical up to an overlap length I(Tt-72, Hr- Hr), which is inaersely proportional

to the temperature and field difference A? : l71 - T2l LH : lHt - Hzl, so that

I diverges æ (Tr,Hr) n (Tt,Ht). The two domains (Tt,Ht) and (71,H2) are

distinguishable beyond their overlap length l(T, -Tz,Ht - Hz). One can always

find a (72, H2)-domain in u (7t, //1)-domain and vice versa.

(ii) For a system in equilibrium at (T,H), there exists a single infinite (T,H)-

domain. However, one also finds a distribution of (7r, fft)-domains centered

around I(Ty-T,Ht-fI) in addition to the infinite (T,H) domain. For a nonequi-

librium system, the size s of a (?r, i/r)-domain will vary with time f, and there

will be a size distribution p(s, t;71, H1) at time t for (7r, ÍIr)-domains.

(iii) At the moment when the system is quenched to T* 1 Tsc in a field H", all

domain sizes are zero, and all domains start to grow. However the (?-, f1")-domain

will grow without limit; other (Tr, Ht) t (T*, /í")-domains will grow until they

reach the overlap length l(Tt-T,n,Ht- H"), and then will subsequently break up

into domains of this maximum size. The growth and the break up of domains is

governed by a certain law.
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(iv) The magnetic relaxation within a domain is described by a linear response

relation.

For a reasonably small magnetic field, the linear Ìesponse is valid. The time

dependence of magnetization M (t) to a time-dependent fietd f/(f ) has the general

relation

M(t) - M(0) r Nx"q 
lo' 

ar'G{r,t')H(t') (2.rs4)

where X"q is the equilibrium dc susceptibility in zero field and // is the number

of spins in the sample. The response function G(trl') represents the response at

time ú to a unit change in field f/ at time tt and U(t') is the rate of field change.

If another response function R(t,t') is defined by

R(t,t') - I - G(t,t',) (2.155)

then Eq.(2.i54) can be rewritten as

M(t) : Ny"o (nçt) - l"' dt,R(t,t)HØ) (2.156)

The response function R(t,t') has the properties

( n(t,f) =1(G(t,t):0))
{ lim¿-1,**R(t,ú'):0 (2.157)

I lim¿*- R(t,t - z) = R"o?)

where R*(r) is the equilibrium relaxation function.

In a thermoremanent magnetization measurement, we perform a field jn*p
after a certain wait time t- at a measurement temperature flr.:

ur¡: { !" (t <t-) (\' [u (t>t.) \2'158)

Substituting Eq.(2.158) into Eq.(2.156), we obtain the relaxation of the magneti-

zation

LM(t): Nx"sH"R(t,,t-) (t > t-) (z.rsl)

Koper and Hilhorst made a reasonable assumption that R(t,t') takes the form

R(t,t') : R"o(t - t')F(t,t') (2.i60)
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where R"o(t - ú') is the relaxation function for an infinite domain in equilibrium,

and F(ú, ú') is a cutoff reflecting the f,nite domain size, and describes the deviation

of the response function when the system is out of equilibrium. The function

F(t,t') satisfies

Koper and Hilhorst chose a power law for the equilibrium relaxation ,R"n(t - tt):

where the time constant f6 is generally small, representing a microscopic relaxation

time for a single spin flip, and c is in the range 0.05 to 0.2.

For an equilibrium domain of size s, a plausible choice for F(t,l') is

Í r(r,ú) : r

\ limr-* F(t,t - r) :1 (" fixed)

R"o?): (t * ;)-" = (;)-"

where rn o,(s) is the maximum relaxation time in the relaxation spectrum of a size

s domain, anð. r^o,(s) : fr(å)', *U"te f1 is a microscopic time, z is a constant,

and ¿ is the typical spin spacing.

During the equilibration of a nonequilibrium system after the field f/" is re-

moved, the domain size s will vary with time s : s(f"). The response function

in Eqs.(2.160) and (2.163) is changed into a form F(ú, t',s(t")) for a domain with

F (t, t') - s- (t-t') /'^""(")

size s. The relaxation function for the system R(t,t') is now a weighted sum over

all R(1, tt ,, s(t")) : R.n(t - t")F(t,t', s(t"))z

(2.161)

where f ÍT(t), H(t),"(¿")] is the weight function for an s(ú") domain, which repre-

sents the probability distribution for (?,.t/)-domains of size s. By specifying the

rules for domain growth and break up, and redefining F(t,t',"(¿")), Eq.(2.16a)

can be calculated; and Koper and Hilhorst showed that, for a smøll field |ump

(2.162)

R(t,t') : I n["(¿")] I [rU), H (t),"(¿")] R(t,t',"(¿"))

(2.163)
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(Eq.(2.158)), the magnetization relaxation LM(t) in Eq.(2.159) becomes

¿.M(t- + î) : Ny"ol"(r * 
^f" 

""rl-#^{{r- + ,)'-o" - t.

where f2 is a microscopic time and p is a constant.

The relaxation function Eq.(2.165) shows the specific wait time dependence

of the TRM. As shown in Figure 2.4-3, a plot of A,MlH" as a function of logz

produces an inflection point which corresponds to a maximum in the relaxation

ra.te S(z) - ffi, at r* (Figure 2.4-3(b)) (Koper and Hilhorst, 1988). A crossover

occurs at r^ f¡om the slow power law equilibrium decay to a more rapid nonequi-

librium decay imposed by the function F. This inflection point z* is shown by

Koper and Hilhorst to be wait-time dependent with r,,, = t-, which agrees with

experimental observations.

,_*)]

(2.165)
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Figure 2,4-32 Theoretical curves for (a) the relaxation of the thermoremanent
magnetization AM(t* + ")/H, as a function of time ç (Eq.(2.165)); (b) the
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2.4.3 Fercolation Model for Magnon Relaxation

Very recently, a new model for magnetization relaxation, based on the relax-

ation of quantized excitations (magnons) within finite domains, has been present-

ed by Chamberlin and co-workers (Chamberlin and Haines, 1990; Chamberlin and

Holtzberg, 1991). The salient feature of this model is that it can provide a very

good fit to magnetization relaxation data over about eight decades of observation

time (10-a - 104 sec.).

Chamberlin defined a domain as a dynamically correlated region where all

spins have the same average excitation energy, and then assumed that all spins

(or excitations or magnons) will share a common relaxation rate ø". A domain

D" contains s spins, and there exists a distribution n, for various finite domain

sizes. The probability that a given spin belongs to a domain will be sn". If
all s spins in D" have the same relaxation rate &re, assuming linear response,

the net magnetization relaxation of the system will be the probability sn" times

the probability that this domain D" has not reached the equilibriumstate e-'"t,

summed over all domains (Chamberlin and Haines, 1990).

Chamberlin assume that a given spin is dynamically correlated to at least one

of its neighbours with random probability p. When p is less than the critical

concentration p" for bond percolation there are only finite domains in the system.
'When p is above p" the system contains an infinite domain (backbone) as well

as domains of finite size. The domain size distribution ns can then be predicted

specifically from percolation theory (Chamberlin and Haines, 1990):

M(t)ct-Ð""".e-uot

where s is the number of spins, 0: -à and { - I are size-scaling exponents, and

C' o lp - p.lr/" with ø = 0.45. For activated relaxation of a quantized system at

174

n" o 
"-e "*p [- (c'")']

(2.166)
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temperature 7, the relaxation rate (the transition rate that spins flip) is

aB x e-68/k,r (2.168)

where 6E is the energy change of the magnon relaxation. Chamberlin and Haines

only consider the relaxation of quantized dispersive excitations, in which the energy

of an individual magnon A is distributed throughout all the s spins in the domain.

Thus an average energy-level spacing per particle is

The magnon energy A only depends on the average interaction between spins, and

is independent of domain size s. For weakly interacting spins (A = 0), the average

energy-level spacing 6E is thus inversely proportional to the size of the domain,

the smaller the domain, the larger the ó8.

Substituting Eq.(2.167)-(2.169) into Eq.(2.166) and converting f" into a inte-

gration leads to

M(t) : m, 
Io* 

u 
10/eexp(- ,z/3) exp (-tr*"-c/") dr Ql70)

where the integration variable ø: C's, M; is proportional to the initial magneti-

zation, ar- is the relaxation rate of the largest domain, and C : C'L.lknT x 6E

is defined as a correlation coefficient which is small for weakly interacting spins or

high temperatures.

Consider a magnetic sample which is cooled in finite field ,Ë1 from the param-

agnetic regime to a given low temperature; the finite field is reduced to zero after

a certain wait time f- and the relaxation starts. Two types of domain relaxation

processes should be identified: the domains aligned with the magnetic field, which

have low initial energy, will increase their energy after H is removed, resulting in

C x 6E ) 0, while antialigned domains will decrease their energy from the ini-

tiaily higher excitation level causingC x 6E < 0. The observed relaxation curve
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may probably contain both relaxation processes, and may possibly be divided into

these two relaxation regimes. Thus it is useful to express Eq.(2.170) as two specif-

ic equations which separately describe the relaxation of aligned (Eq.(2.171)) and

antialigned (Eq.(2.172) ) domains:

M(t) = ¡ø, [* øtoleexp(- *z/3)exp (-ta-e-ct') dr, C > 0 (2.I7I)'Jo ¡ \

M(t) = m, [* øtoleexp(- *z/3)exp (-tu*e-c/') dr, C < 0 (2.172)'Jo ¡\

where both ¿¿- and ø.. are the relaxation rate of the largest domain; however ø-,

corresponding to 6E > 0, represents the fastest relaxation rate, whereas u-,' is the

slowest ¡elaxation rate according to Eq.(2.168) (Note that lóEl(* å) is small in

both cases).

The experimental test for the percolation model was done by Chamberlin and

Haines (1990) on the AuFe system and by Chamberlin and Holtzberg (1991) on a

simple EuS Heisenberg ferromagnet. Figure 2. -a(a) shows the magnetic relaxation

for a concentrated Au-11.9 at.%Fe spin glass at three temperatures above the spin

glass temperature T* - 39 K. The soiid curves are the best fits using Eq.(2.171)

only, which implies the relaxation at higher temperatures ? > 7t is dominated by

"aligned" domains; the insert in Figure 2.a-a@) shows that Eq.(2.171) works better

than the commonly used simple por¡/er (Eq.(1.9)) (solid curves). For temperatures

below T^, the addition of Eq.(2.171) and Eq.(2.172) is required in order to produce

the best fit over eight decades (Figure 2.a-a(b)), which indicates that when the

sample is field cooled to a lower temperature, both aligned and antialigned domains

appear. They also found that increasing the wait time ú- produces a decrease in

C due to domain growth, which confirms the relation C q. 6E x ]. The magnetic

relaxation over 10-a - 102 seconds for a Au-19.8 at.% Fe ferromagnet was best

fitted by Eq.(2.171) plus Eq.(2.172), pius a constant baseline which is necessary

for this strong ferromagnet.

The functionai test on a EuS ferromagnet in Figure 2.4-5 also displays two
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temperature regimes. For higher temperatures ? > Tp - 77 .75 K, Eq.(2.171) itself

provides an excellent fit for the S-shaped curves, while fitting the low temperature

data requires Eq.(2.172) indicating a crossover from aligned to antialigned domains

in the ferromagnet EuS.

Finally, it is worthwhile pointing out that, with mathematical approximations

to Eq.(2.171) and Eq.(2.172), several empiricalfunctions can be obtained (Cham-

berlin and Haines, 1990). For Cu-t ) 1, Eq.(2.171) becomes a simple power law

M(t) - ú-o, whereas for Cu¡t < 1, Eq.(2.172) becomes a stretched-exponential

M(t) - ""n (-rB). Furthermore, because the percolation model is based on gen-

eral geometric considerations, the functions should give excellent agreement with

relaxations in any random system with dispersive excitations (Chamberlin and

Holtzberg, 1991, and reference therein).
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Expeninne¡rtal Á,pparatus and Sample Freparation

3.L AC SQ{JïÐ Susceptometer/Magnetometer

Magnetic phase transitions in disordered magnets often occur at tempera-

tures below 300K, which requires the use of cryogenic techniques to maintain the

samples at low temperatures. Furthermore, since re-entrant ferromagnets or spin

glasses often produce very weak magnetic signals, a state-of-the art, high res-

olution SQUID (Superconducting QUantum Interference Devices) probe, which

provides an extremely sensitive means of detecting changing in magnetic flux, was

used in our investigations. A major portion of my thesis research was devoted

to designing and constructing an AC susceptometer/magnetometer consisting of a

conventional aHe cryostat which operates at temperatures between 1.5K and 300K,

a multi-function SQUID probe and controled electronics, a low level ac impedance

bridge with a discrete selection of measurement frequencies at y : 16, 32,80 or

160 Hz. A detailed description of this system will be given in the following sections.

3.1.1 The aE{e Cryostat

The aHe cryostat basically consists of a vacuum system, and a cryogenic core

immersed in a liquid helium bath. The physical configuration of the cryostat is

shown in Figure 3-1, and the flow diagram of pumping system is summarized

schematically in Figure 3-2. The cryogenic insert contains mainly the sample

chamber and a rf-SQUID (Figure 3-1), both of which will be described next.

To initially cool the cryostat from room temperature to 77K, the helium dewar

is pumped, with a mechanical pump MP2 (Aicatel Model 2033), flushed with N2

gas a few times to reduce the partial pressure of air, and then filled with N2 gas

to slightly over one atmosphere. The vacuum space of the helium dewar is flushed
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(with air) and pumped with the mechanical pump MP1 (Sargent Welch model

1402), flushed with air seve¡al times, and then sealed under a partial vacuum

(7 - 8p). After the sample rod is inserted into the sample chamber (SC), the

mechanical pump MP1 iogether with an oil vapour diffusion pump, are used to

reduce the partial pressure of air in the sample chamber by flushing with N2 gas a

few times. The pressure of the sample chamber \ryas measured with a thermocouple

gauge TCl and an ionization gauge I (Model 270 Gauge Controller, Granille-

Phillips).When the pressure of the SC is about 1 x 10-a Torr, liquid nitrogen

is transferred into the nitrogen dewar and the sample begins to cool. The SC is

pumped continuously until the temperature of the sample reaches 250K, where the

outgassing of the sample (due mostly to the G.B. varnish and Ag paint used to glue

sample to the sample rod) becomes insignificant; then - 200p Nz of exchange gas

is leaked into the SC to speed up the cooling process. It is important to cool the

system slowly towards 77K, since most of the significant contraction of materials

occurs between 300K and 77K. The total cooling time for our cryostat from 300K

to 100K is about 4 hours. As the system cools, the pressure inside the helium

dewar drops below one atmosphere; and more N2 exchange gas must be added to

the dewar to maintain a pressure of one atmosphere. When the temperature of the

sample reaches around 100K, the N2 exchange gas in both the SC and the helium

dewar are replaced by aHe exchange gas via the mechanical pumps MPl and MP2

respectively; and the gas handling system (GHS) (iabeled on Figure 3-2); liquid

helium can then be transferred into the helium dewar in order to cool the sample

to 4.2K

Sample temperatures between 1.5K and 4.2K can be achieved and controiled

by pumping on the 4He bath through a manostat using the pump MPz, since the

boiling point of the helium bath decreases with a reduction in its vapour pressure.

Figure 3-3 shows the detailed structure of the manostat. When both the main

valve and the needle value are open, the helium bath is pumped directly by the
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pump MP2. When the desired temperature is reached, both valves are closed,

trapping a constant reference pressure F""¡ in the reservoir of the manostat. If
the pressure of the helium bath P¡o¿¿ rises above the reference pressure, the latex

¡ubber membrane is pushed open (against the reservoir) and the over pressure in

the helium bath is ¡educed by the pump MP2. If. Ptotn 1 P,.Í, the helium bath is

sealed off from the pump by the latex rubber membrane. Thus constant tempera-

tures below 4.2K are reached by maintaining a constant pressure Ptorn(:Pr"r) via

the manostat.

Although the cryostat is capable of controlling temperatures below 4.2K, a

temperature reservoir with T < 4.2 K does not provide the optimal environment

for operating an rf-SQUID, due partly to the degradation of the critical current

stability below 4.2 K, and partly to vibrations caused by the boiling of the heli-

um bath below 4.2K. The main sources of noise at the SQUID detector are (a)

electromagnetic or radio frequency (RF) interference from external sources which

will be discussed in next section, and (b) mechanical vibrations. The mechani-

cal vibrations from ground are reduced by resting the frame of the cryostat (see

Figure 3-1) in a wooden box filled with sand, which in turn rests on four rubber

feet (approximately 4" bigh and 8" in diameter). The cryostat is isolated from the

vib¡ations caused by the mechanical pumps by means of flexible bellows o¡ rubber

hoses on the pumping lines, as shown in Figures 3-7,3-2 and 3-3.

A more detailed illustration of the operational core of the cryostat insert is

shown in Figure 3-4. A thin walled (I116") aluminum can,4" high and 41" OD and

covered with lead sheet to provide shielding from stray magnetic noise, encloses

the SQUID remote terminal board, sample chamber and pick up coils. The can

is bolted to a brass plate which is suspended by sixlf 4't OD thin wall stainless

steel supporting tubes, approximately 32" long, from the top plate of the cryostat.

Two copper ¡adiation shields are soldered onto the supporting rods to reduce liquid

helium boiling caused by radiation.
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The sample chamber (see Figure 3-5) was machined from a solid rod of E-

merson and Cumming 1266 Stycast epoxy, and glued with 1266 Stycast epoxy to

one end of a one meter length of.3f 4" OD stainless steel tube of thickness 0.020".

The other end of the stainless steel tube was hard soldered onto a brass tube (see

Figure 3-4) on the cryostat top plate, which contains both the pumping part and

an O-ring sealed connector for removing the sample rod. The seal for the sample

rod was a double O-ring seal (see Figure 3-4), which allowed the sample rod to be

moved up and down within the sample space, without breaking the vacuum.

The sample rod essentially consists of 7f 4" OD low thermal conductivity s-

tainless steel tube approximately 1 meter long and of wall thickness 0.010'/, with

a silver sample block attached to one end. Four brass spacers were soldered onto

the stainless steel tube to center the sample rod with respect to the sample space,

and four springs mounted on each spacer provided thermal grounding with the

walls of the sample tube to reduce heat leaks from the room temperature end of

the sample rod into the 4.2K helium bath. As shown in detail in Figure 3-5, the

sample block consists of a 99.99 % pure silver block of high thermal conductivi-

ty, which was soldered to one end of a thin walled 1/8' OD stainless steel tube;

the other end of the tube was connected to the sample rod with a brass screw

arrangement, thus permitting the demounting of the sample block for repairs. A

25f,1 heater was made by winding 36-gauge manganin wire in one noninductive

layer around the large diameter portion (7mm OD) of the silver block. The heater

was then soaked with G.E varnish to ensure good thermal contact with the silver

block and was covered with masking tape. The temperature of the silver block

\ryas measured with a calibrated silicon diode (model DT-470-SD-13 Lake Shore

Cryotronics) which is glued with G.E varnish to a flat surface (purposely machined

to provide good thermal contact) near the bottom of the cylinder, and as close as

possible to the location of a sample. The temperature r¡/as controiled with a Model

520 Cryogenic Temperature Indicator/Controller (Lake Sho''e Cryotronics). The
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magnetic sample is attached with G.E varnish and high-purity silver paint (from

SPI Supplies, West Chester PA) to the end of the 7 f 8" longpin at the bottom of

the Ag block (0.060" OD) (the mechanical strengih is provided by the G.E varnish,

while high-purity silver paint provides good thermal contact between the sample

and the silver pin). The heater and diode are connected by long lengths of #32

gauge copper wires to a vacuum sealed elect¡ical socket at the room temperature

end of the sample rod (Figure 3-4). The copper wi¡es are wrapped around the

stainless steel portion of the sample rod and anchored with G.E. varnish to reduce

any heat leaks or selfheating. It is worthwhile to point out that the heat leak

along the sample rod has a very profound effect on the temperature control. In

fact, tests indicated that without springs on the brass spacers, the heat leak by

itself can \ryarm the sample to well above 77K; thus the springs were an essential

ingredient of the design. The low thermal conductivity stainless steel tube also

plays an important role in decoupling the room temperature end of the sample

rod from its low temperature end.

Temperatures between 15 and 300K can be controlled with extreme long term

temperature stability (+5 mK) when the sample chamber (SC) is pumped down

to - 2 x 10-5 Torr. Temperatures between 1.5 and 4.2K are controlled by the

manosta[, as discussed earlier with sufficient He exchange gas (200¡l or more) inside

the SC. It is quite tricky to control the sample temperature between 4.2 and 75K,

since this requires just the right amount of He exchange gas to counteract the

heat leak along the sample rod from the room temperature end. In this regime,

the temperature of the sample is stabilized by a balance between the cooling

power from the 4.2K helium bath outside the SC and the heating power from the

heater (see Figure 3-a). The pressure inside the SC over this temperature range

is typically less than 1 micron.

In the magnetic relaxation experiments, which in theory require an instanta-

neous t'temperature quench', an appropriate amount (- 50 p) of He exchange gas
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is inserted in the SC to initiate the cooling procedure and then gradually pumped

out as the desired temperature is approached (in order to minimize overshooting).

The final pressure in the SC is determined by the location of the desired measure-

ment temperature 7L with respect to the various temperature ranges discussed

above. If 15 < T^ 125K, it is better to keep a little ext¡a He exchange gas in the

SC, and to pump it out after the ?". is stabilized if the heater current is too high.

The 0.060" diameter Ag pin, to which the sample is attached, is centered in-

side the sample chamber with only 0.045" clearance with the inner wall of the

sample chamber (see Figure 3-5); nevertheless, the sample can still be heated up

to as high as 300K by the heater when the sample chamber is pumped down to

2 x 10-5 Torr (using a Sargent Welch model 1402 mechanical pump and an oil

vapour diffusion pump). Obviously, the degree of coupling between the sample

and the 4.2 K helium bath outside the sample can be controlled by varying the

amount of exchange gas in the sample chamber.

3.1.2 The Magnetization/Susceptibility Measurement System

The magnetometer/susceptometer utilizes a Superconducting QUantum Inter-

ference Device (SQUID) as a sensor for measuring magnetic flux. The first section

summarizes the basic operating principles of the device, followed by a detailed

description of the measurement system used here.

(i) rf-SQUID

The SQUID design is based on the London concept (1950) of fluxoid quantiza-

tion in a superconductor and on Josephson tunneling effects (1962,1965) through

a non-superconducting t'weak link" between two superconductors. The device can

be used to detect magnetic flux with an unprecedented sensitivity approaching 0.1

aW6 (:19-1s W¿), and to measure voltage or current with a resolution limited

only by thermal noise in the source resistance (Lounasmaa,7974). The heart of a
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SQUID probe consists of a toroid of superconducting metal (usually Nb) contain-

ing single or double Josephson junc'uions (oxide layers). There are two types of

SQUID: a dc-biased SQUID with double Josephson junctions in a superconducting

ring, and the more commonly used rf-biased SQUID with a single Josephson junc-

tion mounted on a superconducting ring. The name "Superconducting QUantum

Interference Device" comes from the fact that the quantum interference phenom-

ena can be observed on a macroscopic scale in the SQUID, by analogy to the

optical interference pattern of single or double slits. In the following, we will

briefly describe the operating principles of the rf-SQUID.

As shown in Figure 3-6, an rf-SQUID contains a thick superconducting ring

with a single Josephson junction as a weak link of length 2a. The resistanceless

current in a superconductor below its critical temperature is formed by, according

to the well known BCS theory (Bardeen, Cooper and Schrieffer, 1957a, 1957b),

the motion of pairs of electrons, called Cooper pairs which become attracted to

each other via the interaction with the atoms on the lattice sites, despite their

strong Coulomb repulsion. These Cooper pairs behave as bosons of zero net spin,

mass rn -2m. and charge g: -2le l, and arein asinglemacroscopicquantum

state which can be described by a single valued wave function. The coherence of

the Cooper pair wave function is preserved over laboratory-scale dimensions, so

that their mean-free-path becomes infinite and the electrical resistance becomes

zero. 'We 
now consider the situation where a non-zero external magnetic freld É.,t

is applied to this superconducting ring. For a pure superconducting ring without

a weak link (ø:0), the magnetic fluxoid ó', æ defined by London (1950), can be

expressed as (Lounasmaa, 1974)

where / is the magnetic flux threading through the hole of the superconducting

ring, ps is the density of Cooper electron pairs, and So: hlQ I " l) - 2.068 x
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10-1swb : 2.068 x 10-7 G cm2 is the flux quantum or fluxon . i l" the supercurrent

density circulating only within a thin inner surface (see Figure 3-6) layer of depth

- Àr (Àt is called the London penetration depth, with a typical value of 0.1 pm).

The magnetic field inside ihe bulk of the superconducting ring is zero (Meissner

effect), which is achieved by supercurrents circulating along the inner and outer

surfaces of the ring. Therefore, the path of integration in E i" . ¿t can always be

chosen in such a r¡¡ay fhat f i".it :0 and Eq.(3.1) states that the flux through

the hole of a superconducting ring is quantized in units of óo. For a hole of radius

r = 1 mm, one flux quantum do is equivalent to a change of magnetic field inside

the hole of - 10 /¿G.

In a superconducting ring with a weak link (Figure 3-6), the path integral

f ír.¿t is no longer zeÍo since there will be a finite current i": oî" crossing the

weak link as the Cooper pairs tunnel through the weak link barrier (the Joseph-

son tunnelling effects), where o is the cross-sectional area of the weak link. The

circulating current l" is given by (Lounasmaa,7974)

where ./"(0) : (Z I " I p"h.o f m.À) exp (-2a/À) is the critical cur¡ent which depends

only on the properties of the weak link, such as a, ø, and the characteristic constant

of the oxide barrier À. By taking account of the magnetic flux /¡ passing through

the area of the weak link, Eq(3.2) becomes

r":-r"(o)"'(#)

which has the same form as the optical Fraunhofer diffraction from a single slit.

Since ó¡ K þ, the diffraction pattern from a SQUID (nq.(l.e)) is "modulated" by

the diffraction occuring at the weak link. In the case where there exists an external

applied magnetic fr,elð, É""¿, it is convenient to express the total flux through the

hole in the superconducting ring as

r":-r"(o)W#P"^(T)

(3.2)

ö=ó",t+LJ",
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where þ",¿ denotes the magnetic flux produced by B"rt and .L is the self-

inductance of the ring. By substituting Eq(3.2) into Eq(3.4), we have

Eq(3.5) indicates that the flux / oscillates periodically about the straight line

ó = ó"¿ with a period of one flux quantvm óo, as Figure 3-7 shows. ó : ó",t

when ó : ió",n : 0,7,2,.... The effects of the weak link can be clearly seen in

the following expressron

dó

ó+tr""^(T):ó",t.

In the extreme weakly superconducting limit, 2nLJ. K öo,ó N ö",t, and the

external flux penetrates the hole almost freely. In the strong superconducting limit

2trLJ" Þ óo, # N 0, and the superconducting ring acts as a bulk superconductor

with no flux through the hole. For the operation of a SQUID, the weak link is

adjusted so that 2trLJ" > ó". Figure 3-7 shows the change in $ as a function

of ö",t lor 2rLJ" : öo,3ó",5ó". The flux through the hole increases initially

with increasing ó",t until point P, where dóldó",r: oo is reached. An unstable

situation then arises; the fluxoid $' in Eq.(3.1) increases by one þo and the flux /
through the hole jumps discontinuously from point P to point Q. With a further

increase in ó"*,, / changes from Q to R and a new "transitiont' occurs from R

to S while {' changes by another fluxon d,. When ó",, is decreased, / follows a

different path from S to S', and then jumps to R'; therefore there is hysteresis.

Operationally, it is possible to use the SQUID in a digital fashion, simply

counting the number of flux quanta through the device to determine the unknown

flux 5",¡. By introducing a weak link into a superconducting ring (Figure 3-6), we

are able to measure a fraction of one fluxon /o according to Eq.(3.5). For max-

imum sensitivity a rf-SQUID is, however, inductively coupled to a trC resonant

circuit which is driven at RF frequency (normally 20 MHz). The A.C voltage

734
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across this circuit, which is induced by the change of magnetic flux through the

superconducting toroid, is then amplified and detected. A detailed discussion of

the operating principles of the rf-SQUID can be found in the book by Lounasmaa

(1974, Chapter 7) and the thesis by Kornik (1990).

(ii) Ðetails of the Measurement System

A schematic diagram of the AC SQUID Susceptometer/Magnetometer system

is shown in Figure 3-8 and the pick up coil geometry is shown in detail in Figure

3-5 on a 2:1 scale. The pick up coils (primary and secondary), and the D.C. field

solenoid are all wound on 1266 Stycast clear epoxy formers and designed to fit

concentrically about the bottom of the sample chamber. The use of epoxy avoids

any skin-depth problems associated with metals particularly in an A.C. driving

field.

The pick-up coils (secondary) were wound from 0.006" diameter NbTi super-

conducting wire. Bach coil of the astatic pair (Figure 3-5) consists of 8 turns

wound on a diameter of 0.274" and is separated by 0.625" center-to-center. The

coaxial A.C. field coil (primary) is wound in a single layer on a diameter of 0.41",

with 213 * 5 turns using 0.006" NbTi wire.

The D.C. low field coil is wound from coppe¡ wire on a specially designed epoxy

former which can provide a uniform magnetic field over the volume of the sample

and the astatic pair of pick-up coils. The basic idea was to produce a wider range

of a uniform magnetic field than normally afforded by a solenoid, by adding two

compensating coils at each end of the main solenoid so that the usual rapid drop

off points in the field profile are delayed relative to the centre of the solenoid (see

Figure 3-10(a)). The magnetic field aÌong the central axis produced by a solenoid

shown in Figure 3-9
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Figure 3-9: A solenoid with multilayer windings.

can be calculated using

(Nd")

where C : # : #,1ú is the number of turns per layer, d,, is the diameter of

B(2") = ci[.", ('"o-'(i)) *.o, (tuo-' (#'Ðl rr tl

the wire, zn is the number of layers, and we have made the approximation that the

current 1 is concentrated along the axis of the wire. Using Eq.(3.7), we were able

to generate various total field profiles of the solenoid as a function of the param-

eters -ðy', d.,ffi, the diameter of the solenoid, and the spacer thickness separating

the compensating coils and the main coil (see Figure 3-5). The computer program

for the calculation is given in the Appendix C. The final design of the solenoid con-

sisted of a single layer central portion of 68 turns and two compensating solenoids

consisting of 3 layers of 24 turns per layer, all of which are wound from 32-gauge

(0.008" OD) copper wire on a common diameter (1.7024't) epoxy former. The two

epoxy spacers arc 0.246" wide and separated by 0.849" center-to-center. The cal-

culated and measured magnetic field profiles along the central axis of the solenoid

are displayed in Figure 3-10 (a) and (b) respectively. The location of the pick-up

coils, as well as the approximate size of the sample, are both marked in Figure
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3-10. The magnetic fields at the two members of the astatic pair are almost the

same, so that changes in magnetic flux due to changes in the D.C. static field are

effectively cancelled by the two coils. The field produced by the solenoid is 46

OelA.

The windings of the pick-up coils and the DC solenoid were all saturated

with the 1266 Stycast epoxy to enhance the mechanical rigidity and prevent turn-

jumping. The correct relative positions of the sample, pick-up coils and D.C.

solenoid are set by adjusting the thickness of the spacers A and B (see Figure 3-5).

The long superconducting leads from both the astatic pair secondary and the A.C.

primary coils were twisted tightly, enclosed inside Pb tubing, and connected to the

appropriate terminals on the SQUID ¡emote terminal board. The superconducting

Pb tubing provides good RF and magnetic shielding when the magnetic flux is

transferred from the pick-up coils into the SQUID. A small Teflon box containing

a carbon resistor was designed (although never used) to heat the superconducting

leads momentarily into a normal state to eliminate any large persistent currents

in the superconducting coils, as well as to reduce any vibrations from the lead

tubing.

When the lead can in Figure 3-4 is cooled to 4.2K in the local Earth's field, it
reproducibly traps a field of - 0.3 Oe (down) which can be cancelled at the sample

location by passing the appropriate current .[s through the D.C. copper solenoid.

In order to determine -Ie, we heated the magnetic sample into its paramagnetic

regime and then measured the change in magnetic moment L,M corresponding to

change in temperature LT - 5 * 10K, and varying the current 1 through the

solenoid until AM = 0. The current Is, which backs of the trapped fieid was Is :
0.006505 A.

The D.C. solenoid is connected to two constant current sources (Figure 3-8)

which are connected in parallel, and the current through the solenoid is read

directly across a 1 fl standard temperature insensitive (oil-immersed) resistor
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(Gambrell-Croydon 122231469) with a high precision RACAL-DANA model 5003

digital voltmeter (RACAL-DANA Instruments Inc.). The home-made constant

current source A (see Yeung, 1988) provides a continuously variable current (0

< I < 1 A) and is used for measurements requiring a continuous field s\¡¡eep (such

as magnetic isotherms), while the constant current source B (Model TC-602-CR

Princeton Applied Research) is a discretely variable sources of both current and

voltage, with a maximum capacity of 2 A and extreme stability over extended time

intervals; it is thus essential when measuring isokaps (constant field curves) and

magnetic relaxations.

We have mentioned previously that one of the major sources of interference

in the SQUID system is electromagnetic interference, primarily in the RF band

(- 20 MHz). Since the D.C. solenoid is coupled rather tightly to the pick-up

coils (Figure 3-5), any noise picked up by the D.C. solenoid will be transmitted

directly into the SQUID through the pick-up coils and degrade its operation. By

putting a large capacitor (50 ¡rF, sometimes up to 3 such capacitors are necessary)

in parallel with the D.C. solenoid, we were able to filter out much of the most

significant RF noise, but were still unable to completely remove low frequency

(60H2) interference. In order to achieve the optimal working environment for

the SQUID, all cables connected with the sample rod, the D.C. solenoid and the

SQUID probe were all properly grounded and RF shielded, all leads were tightly

twisted and the superconducting leads from the pick-up coils were enclosed in a

superconducting Pb tube sealed with a Pb screw at the remote terminal board

(see Figure 3-a). The SQUID'probe itself is also protected from RF interference

with a superconducting NbTi shielding. Furthermore, a manganin resistive shunt

is put across the signal coil input to the SQUID to help filter the RF interference.

The SQUID electronic components of the AC SQUID susceptometer/

magnetometer consist of a Multi-Functional Probe (MFP) with RF head, a model

30 SQUID Control Unit, a model BPD Bi-phase detector and a model RBU Preci-
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sion Low-Level A.C. Impedance Bridge Unit, all manufactured by BTi, San Diego.

In the magnetometer configuration, only the RF head and the Control Unit are

used, and the AC primary coil is disconnected from the SQUID to minimize source

of RF noise. The magnetic flux in the astatic pair of pick-up coils, which is caused

by the presence of the sample in the top pick up coil, is coupled directly into the

signal coil in the SQUID probe, and then detected by the SQUID. The voltage out-

put of the Model 30 Control Unit varies linearly with the change in magnetic flux

in the pick-up coils. The output voltage from the Control Unit, which is thus

proportional to the magnetic moment M of the sample, can be measured with a

RACAL-DANA model 5003 digital voltmeter (DVM). In magnetic relaxation ex-

periments, the decay of the sample magnetization (in volts) was collected directly

from the RACAL-DANA 5003 DVM by an IBM PC (Datatrain-286) via an IEEE

interface bus. a computer program for the data-acquisition, as well as the graphic

display of the magnetization M as a function of log l, was written in Quick Basic

4.5 for use with the IEEE interface bus, and is listed in the Appendix C.

In the susceptometer configuration, the Multi-Function Probe, the model BPD

Bi-phase Detector and the model RBU Bridge Unit are used in conjunction with

the RF Head and the Model 30 Control Unit. A simplified circuit diagram is

shown in Figure 3-11. The SQUID is used as a null detector for the Low-Level

A.C. Impedance Bridge Unit which takes advantage of the exceptional sensitivity

of the SQUID to permit measurements of ac resistance(R), self-inductance(L),

and mutual inductance (M) with a resolution of 0.001% at extremely low power

dissipation levels. The balancing mutual inductance, of nominal value ffinom :
7 lrH, is sealed within the Multi-Function Probe, and the configuration of the

unknown impedance Zinlhe susceptometer is shown in the insert in Figure 3-11.

It can be proved (Appendix A) that the mutual inductance between the astatic

pair of pick-up coils (secondary) and the AC coil (primary) when the magnetic

sample is inserted into one member of the astatic pair is proportional to the AC
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susceptibility X¿.c of the sample, i.e.

The real component X'tc is in phase with the AC magnetic field produced by

the primary coil, and the imaginary component X" ¡c is r 12 out of phase (or

in quadrature) with the AC driving field, and represents a frequency-dependent

energy dissipation.

As shown in Figure 3-11, the model RBU Impedance Bridge allows both the

real (m') and the imaginary (rn") parts of the mutual inductance to be measured.

The AC primary coil is driven by a sine wave oscillator through a ratio transformer.

The frequency of the AC field may be selected to be u : 16,32, 80 or 160 Hz, and

the amplitude of the AC field generated by the superconducting primary coil was

calculated to be - 7 mOe. The range DIVIDB/MULTIPLY switch allows the high

sensitivity range of the bridge to be greatly expanded; although the DIVIDE mode

is always usable, maximum sensitivity may necessitate going to the MULTIPLY

mode. Unlike the DC resistance bridge, the AC impedance bridge has to be

balanced in both amplitude and phase. The unbalanced mutual inductance arising

in the pick up coils is balanced by changing the balancing mutual inductor m via

two adjustable ratio transformers o and B which are in phase and in quadrature.

Therefore,

XAC x rn

X'¿,c * iX" ¿," x m' + im"

(3.8)

(3.e)

and

þo*"ø-X"AC.

The FORWARD/REVERSE switch, which reverses

the balancing coil (thus changing the sign of a and

r45

,td6,n'¿ xX¡C

(3.1 1 )

the two leads connected to

p), it sometimes required in

(3.10)



order to achieve phase balancing, (a. balance will only be possible in one position,

which is determined empirically). The t¡ue balancing of the bridge is only achieved

when both the IN-PHASE and the QUADRATURE null-meter on the Bi-Phase

Detector are brought into a null condition by adjusting the real component c and

the imaginary component B simultaneously and independently. The balancing of

a should not affect the balancing of B, and vice versa.

3.1.3 Calibration of the AC SQUID Susceptometer/Magnetometer

We used a paramagnetic oxide Gd203 to calibrate the system. A cylindrical

sample holder was machined out of aluminum, with dimensions 0.56 mm ID x

1 mm OD x 8 mm long, chosen to simulate the volume of a typical magnetic

sample used in this study. This aluminum holder was filled with 4.8 mg of Gd2O3

powder (Aldrich Chemical Co., Wisconsin), and was sealed with an aluminum

cap using Stycast 1266 epoxy. The magnetization was measured at several fixed

temperatures 7 - 4.2,20, 30, 40 K, a static field f1": 10 Oe, by extracting the

sample from the pick-up coils. The magnetic moment of GdzOs for a given field

Il and temperature ? can also be calculated from to the following formula

where the Boltzmann constant kB: 1.38 x 10-16 ergfK, the Curie-Weiss temper-

ature 0 = -13 K, the efective magnetic moment of Gd þ"ÍÍ : (7.70 + 0.04)p¡ and

the number of Gd atoms per gram 1{ : 3.32 x 1021 atoms/gm. Comparison with

the measured values (in Volts) gave the following calibration factor:

À' NP"¡¡'H
tvt:-

3kB(T - 0)

Gd2Os was also used to obtain a calibration factor for the ac susceptibility. In

this case, 71.5 mg of GdzOs powder was sealed into a cylindrical sample holder with

0.080" OD and 0.055" ID, and 0.433" in length, machined from 1266 Stycast epoxy.
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The real part of the AC susceptibility X' was measured

the bridge as described in the previous section, and the

was obtained from Eq.(3.12) as M lH

., - 
Nlt.ÍÍ'

A SuB(T - 0)

with the parameters listed above. The calibration factor

ceptibility a(x ¡') was

I a.u in a:0.035 emuf Oe

3.2 Sample Freparation

Three bond disordered magnetic systems, NiMo, AuFe, CrFe and one canoni-

cal ferromagnet PiLFe, \¡/ere prepared for the current investigation.

(in arbitrary units) with

calculated susceptibility

3.2.L NiMn System

A total of 5 NiMn alloys was prepared, Mn concentrations rangin g frorn 22.0

to 26.9 at%. Table 3.1 summarizes a number of the important parameters related

to sample preparation, shape and heat treatment. All the samples were fabricated

by arc melting appropriate amounts of the X and Y pure elements on the water

cooled copper hearth of a Ti-gettered algon arc furnace using a tungsten electrode.

The 99.99770 pwe Ni foil and 99.99% pure Mn flake (both obtained from Aldrich

Chemical Co., Milwaukee) were melted into solid ingots, which were repeatedly

inverted and remelted (- 7 times) in order to achieve homogeneity. The ingots

were then placed in a Vycor quartz tube, evacuated to 10-5 Torr, and given an

homogenizing anneal at a temperature ?n : 900'C for h: 3 days, and then cooled

slowly to room temperature. The alloys were etched in a solution of dilute nitric

acid (HNO3:H2O : 1:5 in Voiume)in order to eliminate surface contamination. As
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shown in Table 3.1, the true composition of the alloys Chu", which were estimated

from the melting losses, and later confirmed by an EDAX (Energy Dispersion

Analysis of X-ray) concentration analysis, are less than the Cno*i the melting

losses were attributed predominantly to Mn vaporization due to its low boiling

temperature (1962'C, as compared to 2732C for Ni). The large Mn melting losses

introduced considerable difficulty into the preparation procedure for the NiMn

alloys, particularly since the magnetic character may be altered dramatically with

only a little change in Mn composition. Large ingots are always helpful, while

extra pure Mn ivas purposely added in preparing the small ingots.

Table S.1: NiMn alloys

Cno^

(øtTo)

27.0

X+Y
99.997% Ni foil

+
99.99%Mn flake

23.0
99.997% Ni foil

+
99$9% Mn flake

Crru"

(atTo)

25.0

99.997% Ni foil
+

Ni-26.9 atToMn
master alloy

samples

axbxc(mm3)

26.9

23.5

9.90 x0.43 x 0.42

Ni-22.5 at% Mn *
Ni-24.0 at% Mn

master alloy

22.5

23.5

9.45x0.50x0.26(Ä

99.997o Mn flake

+
Ni-22.0 at%oMn

master alloy

m

(^s)

15.9 x 1.00 x 0 .22(B)

24.0

6.00x1.00x1.00(A)
10.2x1.10x0.95(B)

16.0x 2.60 x 0.30(C)

D

(#)
20.7

The ingots were cold rolled into sheets (typical -
ber of strips were spark-cut from the sheet; the final
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22.0

9.70 x0.28 x 0.23

T¿;,

('c)

8.3

10.01x 0.45 x 0.20

25.3

td;o

(d)

40.5

82.7

96.8

23.6

900

0.467

tq

(")

0.278

10.0 x0.45 x 0.19

9.72x0.20x0.18(A
10.0 x 0.30 x0.13(B

4.76

1.3

0.4

3

4.6

900

900

I

8.7

900

900

900

3

3

0.315

I

3

3

3

7.8

900

1

2.6

3.3

20

1

1

900

0.272

.1 I

3

900

0.2 mm thick), and a num-

dimensions of the samples

900

900

1

3

3

3

I
I
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are listed in Table 3.1. The NiMn system undergoes an atomic order-disorder

transformation at about 500"C for Mn compositions - 25 at%, with a strongly

ferromagnetic atomically ordered NisMn phase (T. = 700 K) (see Figure 4.1.I-2;

Hansen, 1958). In order to generate an atomically disordered state, the samples

were encapsuiated in small quartz tubes (x 72 mm long, 10 mm OD) under an

argon atmosphere (160 Torr), the sealed tubes were placed inside a furnace at T¿i,

: 900oC f.or t¿;": 3 days, and then quenched rapidly by fracturing the tubes in

water. The approximate total quenching time úo for each sample is listed in Table

3.1. Table 3.1 also lists the mass of each sample and the calculated demagnetizing

factors D used in the susceptibility data analysis.

8.2.2 AuFe System

Two:!uFe alloys containing nominally 10.0 and 17.0 al% Fe, were prepared

by argon arc-melting as described in the previous section; Table 3.2 lists some

important parameters. Both the 99.99% pure Au wire and the 99.99% pure Fe

wire were obtained from Aldrich Chemical Co., Milwaukee. Total melting losses

indicated that the true concentration Ctrte wãs (at worst) within + 0.3 at% of

the nominal value for the I7.0 al% Fe allo¡ and within + 0.5 at%for the 10.0

atTo Fe alloy. Both ingots were placed in a Vycor quartz tube, evacuated to 10-5

Torr, given a homogenizing anneal for 3 days at T¡: 900oC, and then cooled

slowly to room temperature. The Au-10.0 at % Fe ingot was cold rolled into a

0.85 mm thick plate, and the sample was spark cut (with a copper blade) from

the plate. The Au-17.0 at% Fe ingot was cold rolled into a 0.08 mm thin sheet,

and two samples were cut with scissors. The final dimensions of the samples listed

in Table 3.2 were obtained with the use of sand paper. A solution of Aqua-Regia

(HNO3:HCI : 1:4 in volume) was used to eliminate surface contamination.

These samples were again encapsulated in small quartz tubes under an argon

atmosphere (160 Torr), the sealed tubes were placed inside a furnace at T¿;, -
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900'C for t¿;,: 3 days, and then quenched rapidly by fracturing the tubes in

wate¡. The approximate total elapsed quenching time úo was about 1 second. It is

worthwhiie to point out that the cold working should be minimized after quench-

ing since it could significantly change the original magnetic properties for AuFe

samples (Crane and Claus, 1980). An EDAX analysis was consistent with a high

degree of homogeneity.

Cno^
(at%)

17.0

X+Y
9939% Au wire

+
99.99%Fe wire

T'able 3.2: AuFe alloys

10.0

99.99% Au wire

+
Au-17.0 at% Fe

master alloy

Cbu.
(at%)

3.2.3 CrFe System

A total of 6 CrFe alloys with nominal Fe concentrations 17, 20,2I, 22,23,24

atTo were prepared by arc-melting as described in section 3.2.7. First, a master

alloy containing nominally 24 at% Fe was prepared from 99.99 To pt;l.e Cr flakes

and 99.99 % pure Fe wire (both supplied by Aldrich Chemical Co., Milwaukee).

Melting losses were attributed predominantly to Cr, and indicated that the t¡ue

composition of the master alloy was 24.0 t 0.3 at% Fe. The master alloy was given

an homogenizing anneal at T¡ - 1160'C for ú¿ : 4 days and cooled naturally. The

high annealing temperature and the longer annealing time were required by the

location of the liquid-solid transformation line, which occurs at - 1700oC (as

compared to 1200'C in NiMn). When cold-rolling of the ingot was attempted,

however, the ingot fractured into several pieces. Five small ingots, each weighing

150

samples

øxb x c(mm3)

17.0 10.4x0.80x0.08(A
10.1x0.22x0.08(B)

10.0

m
(*g)

5.16x0.89x0.85

Td;,

ec)

11.6
2.9

L dis

(d)

900

900

tq

(r)

73.9

3

3

900

1

1

3 1



* 2 gm, were obtained by spark-cutting the master alloy ingot, and these ingots

were used to make the 17, 20,21,22,23 atZoFe alloys separately by dilution with

pure Cr. The ingots were etched with a solution of HCi(20 cc) * HNOB(10 cc) *
glycerol(3O cc) * few drops HzOz. An homogenizing anneal at 1160o C for 4 days

was applied to all 5 alloys. Melting losses, which placed the true compositions of

each alloy within (at worst) t 7 at% of their nominal values, were insufficient to

alter the intended magnetic character.

The final sample shapes were obtained by spark cutting and sanding; the di-

mensions are listed in Table 3.3, along with several other relevant parameters.

To generate a disordered magnetic state, the samples \ryere encapsulated in small

quartz tubes under an argon atmosphere (160 Torr), the sealed tubes were placed

inside a furnace at T¿;": 1160oC for t¿;r: 4 days, and then quenched rapidly by

fracturing the tubes in water. The approximate total elapsed quenching time úo

was about 1 second.

Cno*
(at%)

i7.0

X+Y
99.99% Cr *
Cr-24.0 at% Fe

master alloy

22.0

Table 3.3: CrFe alloys

99.99% Cr *
Cr-24.0 at% Fe

master alloy

8"2.4,&n Fd-L.4 atTo Fe Sample

Cbu.
(at%)

A ferromagnetic PdFe alloy containing nominally 1.4 al%oFe was prepared by

arc-melting99.999% pure Pd sponge (Johnson-Mathey, London) and 99.99870 pwe

Fe wire (Aldrich Chemical Co., Milwaukee) both of which h¿'d been pre-melted
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samples

axbx c(mm3)

17.0 7.51x 0.45 x 0.44

22.0 8.37x0.42x0.41

m
(*g)

Td;"

('c)

11.3

tdi"
(d)

i160

7r.4

tq

(")

4

1160

1

4 1



into buttons. The small melting los.s indicated the true composition of the alloy

was 1.4 + 0.3 atTo Fe. The ingot was cold-rolled into a thin sheet of thickness

- 0.2 mm (no homogenizing anneal was done for this button) and a number of

strips were spark-cut from the sheet. A solution of HCI(30cc) + UNOs(10cc) *
H2O(10cc) * a few drops HzOz was used to eliminate surface contamination of

both pure Pd and the Pd-1.4 at% alloy. A needle shaped sample (- 10.0 x 0.2

x 0.05 mm3 and m : 1.2 mg) was sealed in a Vycor quartz tube under argon

atmosphere (160 Torr), annealled for 36 hours at 1000'C and quenched rapidly (-
1 s) in water.
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The primary goal of our experiments is to investigate the magnetic properties

of disordered ferromagnets, particularly those which exhibit a reentrant sequence,

and, through comparison with the behaviour of pure spin glasses, to verify the

existence of orientationally random spin freezing in the reentrant phase. Four sys-

tems, NiMn, AuFe, and Ç¡Fe, and PdFe were chosen for the present investigation,

and emphasis was placed primarily on critical phenomena and magnetic relaxation.

4.1 The NiMn System

We first discuss our measurements of ac susceptibility, static magnetization

and thermoremanent relaxation for disordered NlMn alloys with Mn concentra-

tions from 22.0 to 27.0 at.%.

4.I.'l.. Experimental Magnetic Phase Ðiagram

As mentioned previously, spin frustration is caused by competition between

a ferromagnetic interaction(J > 0) and an antiferromagnetic(J < 0) interaction.

According to Carr (1952) and Sato (1955), both types of inte¡actions are present in

NiMn alìoys: a ferrornagnetic interaction between nearest-neighbour Ni-Ni and Ni-

Mn spins, and ø direct antiferromagnetic interaction between nearest-neighbour

Mn-Mn spins. For small concentrations of Mn, the ferromagnetic interaction is

dominant and NlMn exhibits ferromagnetism. As the Mn composition increases

to about 25 at,.%, there are still no Mn-Mn nearest-neighbors, provided the system

is in the atomically ordered NisMn state as shown in Figure 4.I.7-I. Such a state

is naturally formed when the NiMn system is cooled slowly through the order-

disorde¡ transformation line from 900oC to room temperature, according to its
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Figure 4.1.1-L: FCC structure of orclered strongly ferronragnetic NirMn with Mn

located at the corners of the cell and Ni at the face-centers of the cell.

O Mtt
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phase diagram Figure 4.7.I-2. When the alloy is quenched very rapidly from

900"C to room temperature, atomically disordered NiMn can form, in which an

appreciable fraction of Ni (or Mn) is replaced by Mn (or Ni) randomly at the lattice

sites, and nearest-neighbor Mn-Mn antiferromagnetic interaction is now possible.

Thus a spin glass state can occur in disordered NiMn alloys at low temperature.

Marcinkowski and Brown (1961) studied the NisMn order-disorder transformation

in detail and obtained a lattice constant ø : 3.589 + 0.001,4' in both ordered and

disordered states. The magnetic moment distribution in NiMn was studied by

neutron diffraction. Cable and Child (1974) showed that the individual moments

are 3.5 p1lMn and 0.58 pBlNi at 5 at.% Mn. Both moments decrease with

increasing Mn content, and attain values of 1.1 palMn and 0.3 pBlNifor 20 at.To

Mn.

Unusual magnetic behavior in disordered NiMn alloys was discovered by Kouv-

el et al. ( 1958 and 1959). They found a pronounced maximum at low temperatures

when magnetization was measured as a function of temperature, together with a

displaced magnetic hysteresis loop. These unusual properties were attributed to

the coexistence of ferromagnetism and antiferromagnetism at low temperatures.

After the discovery of spin glass freezing, extensive work on disordered NiMn was

done by Kouvel and co-workers again in order to construct a complete magnetic

phase diagram (Abdul-Razzaqand Kouvel, 1984, 1987; Aitken et al., 1982). Mag-

netization \ryas measured as a function of temperature under both zero field cooled

(solid curves) and field cooled (dashed curves) conditions for Mn concentrations

ranging from 23 1o27 at.%, and these results are summarized in Figure 4.1.I-3.

For Mn concentrations ø ) 24 at.%, the ZFC curves show a typical spin glass

maximum at the spin glass freezing temperature Q and strong irreversibility be-

low Tn. (difference between solid line and dashed line). For the alloys with ø :
23 and 23.5 at.% Mn, the curves in Figure 4.1.1-3 show a temperature indepen-

dent plateau which separates the high temperature paramagnetic region from a
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low temperature t'reentrant" phase with irreversibility. The temperature indepen-

dent piateau is produced 'artificiaily' by the iarge demagnetization factor of their

samples(M-o,: HolD at the plateau, H;: Ho - DM > 0), and such behavior

is often used to signal the occurrence of ferromagnetism (spontaneous magnetiza-

tion). The kink-point temperature extrapolated to zero field ( dotted line in Figure

4.1.1-3 ) gives ?". The temperature at which the ZFC and FC curves separate is

defined to be ?¡n , below which system is suggested to be in the reentrant spin

glass state with remanence, irreversibility, magnetic hysteresis etc.

Based on their measurements, a magnetic phase diagram of NiMn (Figure

4.I.I-4) was const¡ucted by plotting 7", TÍn and ?n as a function of Mn concentra-

tion. The multi-critical point (MCP), z :23.9, occurs at the intersection of the [,
T¡n, and ?n lines. When r 123.9, sequential reentrant behaviour, from paramag-

netism to ferromagnetism to a uferro-spin-glass", is possible and for ø ) 23,9, the

system experiences a typical pure spin glass transition. Notice that the transition

line between the pure SG and mixed FSG states is drawn vertically, in agreement

with the predictions of the vector model (Section 2.2.2). This is based on their

measurements of the spontaneous magnetization as a function internal field f|"r.
According to the vector model, a longitudinal spontaneous magnetization sets in

in the mixed FSG state whereas there is no spontaneous magnetization in the pure

spin gìass state. Kouvel et al. found no spontaneous magnetization for x ) 24

at.%. However the initial slope of lhe M vs H;n¿ plot increases rapidly and appears

to be diverging as r approaches a value just under 24,, very close to the location

of the MCP ( In fact, when ø reaches 23.5, the M vs H;n¡ plot merges tangen-

tialiy with the M axis, giving a finite intercept around 11 emu/g, representing a

spontaneous ferromagnetic moment.) After examining the variation of the sponta-

neous ferromagnetic moment of the 23 and 23.5 af .% samples as the temperature

is further decreased below [, Kouvel et al. suggested that the temperature for

the onset of SG ordering, which perhaps marks the actual GT reentrant transition
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atã muiticriticai poìnt ( 23.9 at'/oMn, 102 K ). Fronr Abdul-Razzq and Kouvel (1987).
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line, probably lies significantly above the temperature T¡n.

NiMn shows displaced magnetic hysteresis loops for both reentrant ferromag-

nets and spin glasses from 22 to 27 at.% Mn (Abdul-Razzaq and Kouvel 1984;

Kouvel and Abdul-R.azzaq 1985; Aitken et al., 1982). Figure 4.1.1-5 shows the

hysteresis loop for Ni-23 al.% Mn, which was obtained after cooling the sample

from above T¡n in both zero field as well as in a field of 0.5 kOe to 4.1 K (Abdul-

Razzaqand Kouvel, 1984). Cooling the sample in a field sufficiently strong to sat-

urate the thermoremanent magnetization(TRM) resulted in a displaced hysteresis

loop which \¡/as asymmetric with respect to the origin such that both remanences

were positive. A ferro-spin-glass domain model was developed which was capable

of reproducing the displaced hysteresis loops (Kouvel et al., 1987; Kouvel and

Abdul-Razzaq, 1985)

4.1.2 Spurious Reentrant Eehavior in Ni76Mn2a: the Effects of Short-

R.ange Order

It was Kouvel's magnetization measurements, and in particular the sharpness

of the demag-limited plateau, (Figure 4.1.1-3) which inspired our intensive study

of the NiMn system. Our investigation begins with NizeMn2a which, according

to the phase diagram in Figure 4.7.1-4, is a spin glass close to the multi-critical

point. Since reentrant systems are also ferromagnetic, the magnetic impurity com-

ponent of their composition is frequently rather high (typically 75 at.% in AuFe,

20 at.% in CrFe, and 20 at.% in NiMn), so that metallurgical influences may have

a profound effect on the magnetic properties. The metallurgical influences are es-

pecially pronounced in the NiMn system since the alloys undergo an order-disorder

transformation to a strongly ferromagnetic Ni3Mn phase as mentioned earlier. In

this section, we show that the presence of short-range atomic order in NiMn can

produce structure in the susceptibility which mimics that usually associated with
*reentrant" systems, even though no long-range ferromagnetic order is apparently
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ptesent, and we suggest an essential criterion which distinguishes such systems

from genuine "reentranttt ones.

An alloy of NiMn containing nominally 25 at.% was prepared following the

procedure described in section 3.2.1 and three samples .4., E and C were fabricat-

ed from the original ingot; the dimensions of the samples are listed in Table 3.1.

In order to control the amount of short range orde¡ present in the samples, each

sample was deliberately quenched at a different rate, ú0, as listed in Table 3.1: (a)

Sample .4. was subjected to a slow quench, (b) Sample E represented an interme-

diate quencå, with a quenching interval of approximately 1 second. (This is also

the lower limit on the quenching interval imposed by the physical proximity of

the furnace and the bath.) (c) Sample C was submitted to a rapid quench. This

quenching process was nominally identical to that of Sample B; however, since

Sample C was thinner and the ratio of its surface area to its volume was larger,

its effective quenching rate was considerably more rapid.

The curves labeled (u), (b), and (c) in Figure 4.7.2-7 show the temperature

dependence of the real part of the complex susceptibility of samples A, B, and

C measured at 2400 Hz in zero static magnetic field, and appropriately corrected

for demagnetizing effects r, X'r,u": X'*"o"1(l - DXt*"o"). Curve (ó') provides a

typical illustration of the effect of a finite static field (f1, : 6.1 Oe) for sample

ts. In each case, the sample was cooled from room temperature to 77K in zero

field, and the susceptibility was measured upon warming. The uncorrected sus-

ceptibilitie" (X'^"o,) were all well below the maximumvalue (D-t) imposed by the

geometry of the samples, and hence the artificial structure normally encountered

lThe demagnetizing factors employed in the current analysis werc D¡ = 4.76 gm-Oe/emu, Dp
= 1.3 gm-Oe/emu, and D6 = 0.4 gm-Oe/emu. A comparison of the uncorrected high frequency
and low frequency data indicated that calculations which approximated these rectangular eamples
by an ellipsoidal geometry overestimated the value of the demagnetizing factor, in agreement
with the data tabulated by Bozorth (Bozorth, 1951). Although a suitable ¡eduction has been
iucorporated into the values listed above, it should be emphasized that, since the measured
susceptibilities are all so small, the data in Figure 4.1.2-7 are ¡elatively insensitive to the details
of these modifications.
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in demagnetization-limited measurements of the susceptibility was avoided.

Tt is clear from Figure 4.7.2-7 that the magnetic response of the system is in-

fluenced significantly by the effective rate at which the quench is done. Curves (ø)

and (ô), which represent a slow and intermediate quench, exhibit several superficial

features which are highly suggestive of reentrant behaviour: there are apparently

two well-defined "transitions', an upper utransition" at Tu and a lower utransi-

tion" at ?¿, separated by a plateau with a very weak temperature dependence.

A comparison of these curves shows that a reduction in quenching rate enhances

the magnetic response at all temperatures and shifts the upper "transition" to

higher temperatures (from TuB - 160 K to T¡¡A : 180 K), white the lower "tran-

sition" (Tt, = 94 K) suffe¡s no apparent displacement in temperature. Moreover,

as curve (ó') shows, the superposition of a static magnetic field quenches the high

temperature knee (in much the the same way as the Hopkinson peak in a fer-

romagnet is suppressed by the application of a static field) and reveals further

structure in the vicinity of both " transitions". The structure associated with the

lower "transition" is clearly visible in curve (ó') as a single distinct peak, while

the structure in the neighbourhood of the upper "transition" is considerably more

subtle and difficult to resolve. The insert in Figure 4.7.2-I shows the position of

an extremely weak convexity in two of the higher field isokaps ( a term suggested

by Professor B.R. Coles to denote a curve of constant field.) for sample B, which

becomes more distinct and appears to shift upward in temperature with increasing

field. By contrast, the rapid quenching process alters the magnetic state of the

system dramatically (curve (c)): the upper (transition" vanishes completely and

the system is transformed into a spin glass with a freezing temperatureTs1: 90K

(defined by the susceptibility cusp) which is approximately at the same location

as the temperaturc T7 of the former "reentrant' transition. Thus the behavior

of. Ni76Mn2a closely resembles that observed in Aus6Fe1a, which, as will be dis-

cussed in section 4.2.1 (Figure 4.2.I-4), can also be converted from a reentrant
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ferromagnet to a spin glass by changing the annealing temperature (Crane and

Claus, 1981).

In order to gain further insight into the nature of the magnetically ordered

states associated with the apparently reentrant version of the system, the suscep-

tibility of sample E was remeasured at a much slower frequency with the SQUID

susceptomete¡ described in Chapter III. Figure 4.I.2-2 shows the real part of the

true complex susceptibility, in various static applied magnetic fields f/. between

0.3 Oe and 20 Oe, plotted as a function of tempe¡ature. With the exception of the

0.3 Oe data, which was measured after cooling the sample to 4.2 K in the trapped

field of the lead container, an identical experimental technique was employed to

extract each isokap: the sample was heated to 180 K in the paramagnetic regime

to remove any remanence, cooled in zero field to 20 K where both the a.c. field

and the static magnetic field were applied, and then warmed incrementally in these

fields. For purposes of comparison, the susceptibility of the same sample measured

at 2400 Hz has been reproduced in this figure as the solid cu¡ve

The trapped-field data appear to confirm the existence of sequential utran-

sitions": there is a high temperature knee at Tu = 155 K and a prominent low

temperature maximum at T¡ - 94 K, separated by a region of somewhat weake¡

temperature dependence. While the high temperature behavior is essentially unaf-

fected by the change in excitation frequency, there is a noticeable loss of magnetic

response for temperatures below 170 K associated with the higher frequency mea-

surement, particularly in the vicinity of the lower "transition", thus establishing

the existence of a substantial ir¡eversible component in the magnetic susceptibil-

ity. There is, however, no detectable shift in the temperatu¡e T7 at which the

iower utransition" occurs. As before, the superposition of a static magnetic field

reveals the presence of a single distinct peak in the neighbourhood of the lower
(transition', reminiscent of that observed at a udirectn paramagnetic-spin glass

transition, which is systematically suppressed in both amplitude and temperature

165



6' ? E o) = E o X

1.
0

o\

r(
K

)
F

ig
ur

e 
4.

L.
2'

22
 T

em
pe

ra
tu

re
 d

ep
en

de
nc

e 
of

 th
e 

tr
ue

 s
us

ce
pt

ib
ili

ty
 o

f 
sa

m
pl

e 
B

 m
ea

su
re

d 
ar

 1
6 

H
z(

do
ts

) 
in

 t
he

 f
ol

lo
w

in
g

st
at

ic
 m

ag
ne

tic
 f

ie
ld

s 
(in

 o
rd

er
 o

f 
de

cr
ea

si
ng

 p
ea

k 
am

pl
itu

de
)i 

H
^ 
: 

0.
3,

 4
.5

, 
6.

3,
9.

6,
 I0

.4
, 

12
.3

, 
14

.6
, 

16
.4

,2
0.

6 
O

e.
T

he
 s

ol
id

 c
ur

ve
 r

ep
ro

du
ce

s 
th

e 
ze

ro
-f

ie
ld

 s
us

ce
pt

ib
ili

ty
 o

f 
th

e 
sa

m
e 

sa
m

pl
e 

m
ea

su
re

d,
at

24
00

H
z.

oê
 

Æ
eo

@
96

@
-"

"
60

 
@

.0
2

T
U I I I ol
 

0
ta

e @

tt

\

10
0

20
0



with increasing field. These low frequency measurements also continue to exhibit

the weak structure observed in the vicinity of the upper "transition" at 2400 Hz.

The ar¡ows in the insert in Figure 4.1.2-2 mark the location of an extremely weak

shoulder in both the 10 Oe and 20 Oe isokaps; although the anomaly remains

broad and extremely difficult to resolve, there is sufficient definition to confirm

the high frequency systematics: the shoulde¡ is suppressed and appears to shift

upward in temperature with increasing field.

Figure 4.1.2-3 shows a selection of representative, demagnetization-corrected

magnetic isotherms for Sample B, measured with the SQUID susceptometer at

a variety of temperatures between 67.5 K and 140 K, and plotted as a function

of the internal field f1¡ - Ho - DM. All the isotherms were obtained after first

zero field cooling the sample from the paramagnetic regime (T > 170K) to the

desired temperature and then sweeping the static applied field f/, incrementally

from 0.3 Oe to 40 Oe (corresponding to an internal field range 0 < ,t/i <30 Oe)

in approximately 50 steps. At all the temperatures shown here, the shape of the

isotherms, particularly at low fields, is influenced to a greater or lesser extent by

the presence of an irreversible, time dependent component in the magnetic re-

sponse. Consequentl¡ for temperatures T < 86 K, the leading field dependence is

roughly linear rather than quadratic as expected on the basis of general symmetry

arguments, while, for temperatures between 88 K and 115 K, the isotherms are

characterized by an anomalous upward curvature at low fields (Ht < I Oe). The

details of this anomaly are shown in the inserts in Figure 4.1.2-3 on a magnified

scale; the anomaly develops around 88 K, achieves its maximum amplitude at g4

K (which is also the temperature Tt of the peak in the trapped field isokap in

Figure 4.7.2-2), and then gradually dissipates. (A similar anomalous structure is

also observed in FeZr in the neighbourhood of the reentrant transition (Ma 1990).)

At temperatures above I20 K, the shape of the isotherms becomes progressively

less anomalous and the initial curvature gradually assumes its "natural" quadratic
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Figure 4.L.2-32 (a) Magnetic isotherms for sample B measured at 1,6Hz and plotted
as a function of internal field for the following temperatures (in order of increasing
vertical intercept): T = 67.5,10.0,72.5,75.0,77.5,80.0,82.0,84.0,86.0,88.0' 92.0

K. The insert shows the low-fielcl behaviour of the top four isotherms on an

expanded scale. (b) Magnetic isotherms as a function of internal field for sample

B measured at 16 Hz for the following temperatures (in order of decreasing vertical
intercept): T = 94,106, LL5, 125,140 K. The insert shows the low-field behaviour
of the top four isotherms on an expandecl scale.
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form as the paramagnetic regime is approached.

The zero field susceptibility of samples ,4, and B measured at 2400 Hz (curves

(a) and (b) in Figure 4.7.2-7) exhibits a temperature-dependent structure which

conforms to the universally accepted image of a ureentrant' system which under-

goes sequential phase transitions. The measurements performed at low frequencies

support the interpretation of "multiple transitions" (see the trapped field isokaps

in Figure 4.7.2-2), although they also indicate that time dependent effects play a

significant role in shaping the reentrant profile at 2400 Hz. 2 However, the nature

of the magnetically ordered states associated with the two transitions is far from

obvious. As mentioned earlier, the peaks which are generated in the vicinity of the

lower "transition" by the application of successively larger static magnetic fields

(see Figure 4.1.2-2) are not only superficially reminiscent of those observed in both

upure" spin glasses as well as in other reentrant systems, but also display system-

atics which are quantitatively consistent. In particular, a double-logarithmic plot

of the peak heights y(H",Tpø¿,x) as a function of applied field fI. does not yield

simple power law behaviour, but instead exhibits the same continuous curvature

as analogous plots in the spin glass phase of the PdMn system (the latter have

been modelled successfully using numerical simulations based on a simple mean

theory (Roshko, Williams and Gash, 1984)).

The lowe¡ "transition" thus possesses considerable spin glass character and

may be tentatively associated with the onset of a low temperature "reentrant'

spin glass phase. This identification is supported by two further observations:

(a) While critical behaviour does not appear to manifest itself directly in the

susceptibiliiy (double logarithmic plots, such as the one referred to above, do not

2It should be pointed out that this interpretation would become even more compelling had
the measurements been performed under demagnetization-limited conditions, eince the zero field
susceptibility then acquires an artificial temperature independent plateau. While such mea-
surements are routinely accepted as evidence for the reentrant character of a system, and the
temperatures at which the plateau terminates are identical with the critical temperatures, they
tend to exaggerate the reentrant features and may even disguise the true nature of the magnetic
state.
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yield weil-defined critical exponents), there is anomalous structure in the nonlinear

components of the susceptibility (specifically in the initial slope of the isotherms

shown in the inserts in Figure 4.1.2-3) which suggests a potentially critical diver-

gence in the amplitude of the leading field dependent term as ? --+ 7¿ from above

and below. Nonlinear critical singularities are also a characte¡istic of the direct

paramagnetic-spin glass transition both above and below Ts6 (Zastre, Roshko, and

Williams 1985). However, in the present instance, the leading field dependence

in the vicinity of. Tt is clearly much faster than the usual I1¡2 dependence and

the low field structure of the isotherms is too complicated to permit a meaningful

quantitative critical analysis. (b) The similarity between the reentrant transition

temperaturc (T¡,: 94 K), and the ordering temperature of the spin glass (Tto :
90 K) which is formed when the system is subjected to an extremely rapid quench,

suggests that the essential ingredients of the exchange bond distribution which are

necessary for the formation of the spin glass must also be present to a substantial

degree in the t'reentrant" version of the system.

The upper transition is far more difficult to characterize. Its location with

respect to the lower spin glass transition ("¿) ir certainly typical of the para-

magnetic to ferromagnetic transition in the normal reentrant sequence, and the

accompanying structure observed in the isokaps (see the inserts in Figures 4.I.2-1,

and 4.7.2-2) is vaguely reminiscent of the critical peaks associated with a direct

paramagnetic-ferromagnetic transition. (This structure does not appear to be an

artifact of the experimental method since it is present in two sets of data which

were acquired independently using different measurement techniques.) However,

ferromagnetic critical peaks are well defined entities, with a field dependent am-

plitude X(H¿,T^.,) and temperature T*""(H¿) which obey critical power laws of

the form x(H;,T^o,) o ¡|'Q/s)-r (nq.(Z.tt6) and I T^",(H¡) - T. læ ¡7'h+6)-t,

(Eq.(2.115)) while the structure observed here, aithough exhibiting similar sys-

tematics, clearly lacks sufficient resolution to establish the existence of critical
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behaviour unequivocally. These features lead us to conclude that there is no gen-

uine long-range ferromagnetism present in this system, and consequently that the

upper transition (7y) does not represent a cooperative thermodynamic phase tran-

sition from a paramagnetic phase to a ferromagnetic phase. Neve¡theless, there

is undoubtly evidence fo¡ incipient ferromagnetism, probably due to regions of

the atomically ordered NisMn phase which were not completely removed by the

quenching process, on a scale which is however, insufficient to support the for-

mation of well defined critical peaks. Thus the transition (Ty) is most likely a

cluster glass (or superparamagnetic) transition, although the weak shoulder -like

structure implies that the clusters may be close to ferromagnetic percolation on a

large scale.

fn summary: we have shown that the presence of short range order can pro-

duce anomalies in the temperature dependence of the susceptibility which mimic

those observed in critically reentrant systems and thus may lead to a misdiagnosis

of the magnetic state of the system. More importantly, the present investigation

illustrates the necessity for a comprehensive asymptotic ( low field and low re-

duced temperature ) critical analysis in order to properly establish the magnetic

character of the two transitions in a potentially reentrant system. As an essential

ingredient of such an analysis, one would expect to observe well-defined critical

peaks in the vicinity of the upper transition, with a set of critical exponents which

would be sensitive to the details of the exchange bond distribution, and hence to

the degree of short-range order in the material. In fact, the presence of critical

peaks, in itself, would serve as. a valuable criterion for a preliminary identification

of a critically ferromagnetic upper transition. In the present instance, this criterion

is clearly not satisfied, in spite of the suggestive structure of the zero field suscep-

tibility. In the neighbourhood of the lower transition, the critical analysis must

focus on the nonlinear components of the susceptibility in o¡der to establish the

spin glass character of the reentrant phase. The system investigated here exhibits
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all the symptoms of a reentrant transition at Tt :94 K into a spin glass phase,

including an anomalously rapid temperature dependence in the leading nonlinear

term near ?¿, although time effects (probably related to the relaxation of large

ferromagnetic clusters) preclude a proper critical analysis.

4.L.3 T'he Ferromagnetic Critical Á.nalysis of ,& Genuinely Reentrant

Ni775Mn2z.s Alloy

An alloy of NiMn containing nominally 23 at.% Mn was prepared by arc melt-

ing as discussed in section 3.2.1 of chapter III. Two samples \¡rere assembled from

the quenched strips, each consisting of a bundle of parallel strips with contigu-

ous surfaces electrically insulated from each other with masking tape. Sample A,

comprised 3 strips with average dimensions and a calculated demagnetizingfactor

listed in Table 3.1. This sample was used to investigate the response of the sys-

tem in relatively small static fields (H" S 200Oe). Sample Eì contained 4 strips

with average dimensions and average demagnetizingfactor also given in Table 3.1.

This larger sample r¡¡as reserved exclusively for the ferro-magnetic critical anal-

ysis, which required an enhanced signal amplitude, particularly at higher fields

(H" > 200 Oe).

Figure 4.1.3-1 shows the temperature dependence of the real part of the true

complex susceptibility of sample ,4., measured in seve¡al static magnetic fields

H" S 43 Oe, and appropriately corrected for demagnetizing effects. With the

exception of the solid curve in part (a) of this figure, which represents the zero field

response of the system at 2400 Hz measured with the phase-locked magnetometer,

all of the data in Figure 4.1.3-1 were acquired with the SQUID susceptometer, at an

excitation frequency of 16 Hz. An identical experimental procedure was employed

to obtain each isokap: the sample was first heated to a refe¡ence temperature Tp

= 250 K in the paramagnetic regime to eliminate any remanence, then cooled in

zero net field to T : I5 K where both the a.c. field and the static magnetic field
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Figure 4.1.3-1: (a) The ternperature dependence of the real part of the true

,ui."ptiUif iW *rO,'' t in varioús shtic nragnetic fielcls H" at excitation frequencies of

onr"ga : 16llz (disäete clata points) andl :2400 Hz (solid curve). (b) Details of

some of the 16 Hz isokaps in part (a) on a magnified verticai scaie. Each isokap is

identified by the value óf the static f,relcl f1", ancl the vertical a¡rows indicate the

location of some of the structure.
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were applied, and the susceptibility was subsequently measured upon warming.

The susceptibility in zero siaiic field exhibits features which are suggestive

of reentrant behaviour with sequential transitions. There is a distinct principal

(Hopkinson) maximurn at T¡¡ : I65K and a more difuse knee at Tx : 60K,

which separate the magnetic response into three regimes, tentatively designat-

ed as follows: a "paramagnetic phase" f.or T ) Tn, a "ferromagnetic phase" for

Tx <T <Tn, and a'(reentrant phase" forT < Tx. A comparisonof thezerofield

data at 16 Hz and 2400 Hz shows that, while there is a noticeable loss of response

associated with the higher excitation frequency, indicating the presence of a broad

spectrum of relaxation times in the susceptibility below 190 K, the values of the

two "characteristic" temperatures ?¡¡ and Ty are essentially unaffected by the

change in excitation frequency. It shouid be pointed out here that the demagne-

tizing factors of the samples employed in the present investigation are sufficiently

small that ihe artificial temperature independent plateau normally encountered

in demagnetization limited measurements of the magnetization and susceptibility

has been avoided. While such structure is routinely accepted as evidence for a

divergence in the true susceptibility and hence for a spontaneous magnetization

(and, in fact, has been used to establish the location of the magnetic phase bound-

aries of the NiMn system, Abdul-Razzaq and Kouvel, 1987), the data in Figure

4.1.3-1 show that true susceptibility is finite everywhere, and furthermore, that the

reentrant "transition" in NjMn becomes a considerably more subtle effect when

the influence of sample geometry is minimized.

The superposition of a static magnetic field collinear with the alternating field

suppresses the principal Hopkinson maximum, and reveals multiple structure in

the isokaps. Figure 4.i.3-1(b) illustrates the details of this structure on a magni-

fied, vertical scale. The structure consists of three peaks, (observed for the first

time in NiMn ) one which emanates from the vicinity of the Hopkinson maxi-

mum, and two at lower temperatures which appear to be correlated with the onset
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of the reentrant phase. The high temperature peak in Figure 4.1.3-1(b) (which

is really only a shoulder in trIo = 20.3 Oe) displays a systematic suppression in

amplitude and upward shift in temperature with increasing static field which are

typical of ferromagnetic critical peaks, and provides some preliminary justification

for regarding the upper transition as one from paramagnetism to long-range fer-

romagnetism. The two *reentrant' peaks are similarly suppressed in amplitude,

but are shifted downward in temperature; the extent to which these peaks may

also be a manifestation of critical behaviour is discussed later.

Figure a.1.3-2(a) shows the details of the field and temperature dependence

of the high temperature ferromagnetic peak, in fifteen static magnetic fields 11"

between 40 Oe and 704 Oe. The measurements were performed on sample E,

using the phase-locked magnetometer, and an excitation frequency of 2400 Hzs.

For purposes of comparison, Figure 4.1.3-2(b) shows a set of ferromagnetic critical

peaks generated numerically within the reentrant phase of a mean, efective field

model (Eq.(2.122) and (2.123)) using a Gaussian exchange bond distribution with a

first moment to second moment ratio of T li : 1.I and an impurity spin S : 512,

for several reduced applied fields h = gp,sH"lkeT" between 0.0002 and 0.003.

(For a system of finite size, h + H; - Ho - DM : the internal field). Based on

the ferromagnetic scaling theory discussed in section 2.3 in chapter II, the model

peak heights ¡(å, f-) and reduced peak temperatures ú- obey simple power law

dependences as a function of reduced field å.:

t* o< ¡h+g)-l
X(h,t,,) o( hQ/6)-r

where t,n : l(T* - T")lT"l is the reduced peak temperature, and the critical

3The magnetometer cryostat was designed to accept the bulkier samples which could not
be accommodated within the working volume of the SQUID susceptometer, and which we¡e
necessary to achieve sufficient sensitivity to perform an accurate critical analysis. However,
a comparison of the data obtained at the two excitatiou frequencies showed that static fields
H") 40Oe were sufficient to essentially quench the time dependent ccrmponent of the magnetic
tesponse in the vicinity of the ferromagnetic transition. Consequently the critical structure, and
the associated critical analysis, are essentially frequency independent.
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exponents .y, þ, and 6 are related through the Widom equality ^l : P(6 - 1).

Such power laws have been confirmed numerically (Roshko and Williams, 1984),

although the model necessarily yields mean field values for the exponents (7 :
7, þ :712,6: 3) which are not typical of real systems.

The first step in the experimentai critical analysis was to establish the val-

ue of the fer¡omagnetic Curie temperature 7., and since no rigorous criterion

exists which correlates 7" with any particular feature of the zero field suscep-

tibility in Figure 4.1.3-1(a), an indirect approach was necessary. According to

Eq.(2.115), the critical peak temperature Tn" a T" as h -+ 0, and Figure 4.1.3-3

shows a plot of the peak temperatures T* aß a function of internal field ¡/r+É)-1,

assuming a 3-D Heisenberg value (Le Guillou and Zinn-Justin 1980) for the ex-

ponent (l + 0)-t : 0.57. At each peak temperature, the magnetization was

evaluated by integrating the measured susceptibility with respect to the applied

fre\d, M : I{"X',n.o"(T*,H")dH", and the internal field was then determined

from the relation H; : Ho - DM. The straight line in Figure 4.1.3-3 represents a

fit to the asymptotic low field data, and the extrapolation to H;: 0 gives a value

of T" : 166.6 + 7.5K, which lies just above the Hopkinson maximum.

In order to determine the critical exponent 7, which describes the temper-

ature dependence of the zero field susceptibility, through X'(H, = 0,f) x t-1

(Eq.(2.117)), a double logarithmic plot of ¡'(0, ú) as a function of reduced temper-

ature ú was constructed, using the value of I obtained above. As shown in Figure

4.1.3-4(a), this plot exhibits continuous curvature for all temperatures ? > 7",

with a local slope which increases monotonically as a function of temperature.

The straight line in this figure, which represents the mean field Curie-Weiss be-

haviour fory - 1, has been included in order to emphasizethe anomalous charac-

teristics of the zero field susceptibility in this system which unlike other strongly

disordered ferromagnets, shows no tendency to approach the mean field regime
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T,.,,,(K

Figure 4.L.3-32 A plot of the experimental ferromagnetic critical peak temperatures

f,lÐ as a function 
-of 

H){l+ ø, where f/¡ is the internal fielcl. The extrapolation of the

't'uigtÌtlinethroughthelowfieldclatatoHi:0yieldstlreCurietemperaturef.

Tc = 166.6 t 1.5 K

* l*P'-t(Ou 
o '57 
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for ? Þ 7". This latter behaviour, when translated into the language of an

effective Kouvel-Fisher exponent (Kaul 1985)

t" þ) =- 
â l1{'(o' ¿)

ôlnt

means that 7* assumes values which are so high (,y. - 10) that it can no longer

be regarded as a legitimate critical exponent (at least at temperatures well above

7"). Anomalously high values for the exponent 7* have also been recorded in the

PdMn (Ho et al., 1981b) and FeZr (Reisser et al., 1988) systems, and appear to

be a characteristic of extensive exchange bond disorder. While such effects are

also expected to occur in the present system, which lies reasonably close to the

multicritical point where i = Ã, the situation here is undoubtedly complicated

further by the tendency to form localized regions of the atomically ordered NisMn

phase, which must contribute at least in part to the anomalous behaviour of ¡'(0, ú)

(although the preparation techniques employed in the present investigation should

produce optimal conditions with a minimum of short range order). Nevertheless,

as the insert in Figure a.l.3-a(a) shows, the Kouvel-Fisher analysis does yield

reasonable values for 7.(ú) for reduced temperatures f < 0.15 and furthermore,

the exponent assumes its 3-D Heisenberg value 7* : 1.38 at t = 0.116 (f : 186

K) which coincides with the inflection point in the zero field susceptibility.

According to Eq.(2.116), the field dependence of the critical peak amplitude

is governed exclusively by the exponent á, and Figure 4.1.3-4(b) shows a double

logarithmic plot of the critical peak heights yt(H¡,T^) æ a function of internal

field fl. The plot reveals two regimes corresponding to different values of á*: an

asymptotic low field regime (H, < 40 Oe) with 6i¡ : 5.0 + 0.3, which agrees with

4while it may be tempting to dismiss it as a pathological property of this particular sample,
perhaps related to an excessive degree ofshort range order generated by a flaw in the preparation
procedure, it should be pointed out that it is a consistent, reproducible feature of all samples
of a similar geometry obtained from the same ingot, using a technique clesigned to minimize
the fo¡mation of atomicallyordered NieMn islands. It is also not an artifact of the experimen-
tal measurement technique, since it is also a characteristic of zero field SQUID measurements
performed independently at the lower excitation frequency of 16 Hz.
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the 3-D Heisenberg model prediction of 6 = 4.8 within experimental error, and

a high field regim. (H; > 40 Oe) with 6i¡¡ :2.8 * 0.1, which is essentially the

mean field prediction ó : 3. The existence of two regimes is a feature of other

bond disordered systems (Ho et al. 1981a,b), and thevariation of ó* with internal

field is consistent with numerical calculations based on the effective field Ising

model. According to our discussion in section 2.3.3 (Figure 2.3-3), the effective

exponent á* should decrease with increasing field for large values of 7 : i lT
which corresponds to large exchange bond disorder.

The reentrant transition is accompanied by a double-peaked structure in the

susceptibility (see Figure a.1.3-1); both components are suppressed in amplitude

and shifted downward in temperature by the application of successively higher

static magnetic fields. Each isokap in Figure 4.1.3-1(b) is also characterized by a

temperature interval, commencing below the low temperature peak and terminat-

ing roughly midway between the minimum and the higher temperature peaks, over

which the magnetic response is time-dependent and irreversible: when the tem-

perature is increased incrementally and then stabilized, the magnetization (which

can be monitored simultaneously with the susceptibility in the SQUID system)

continues to relax upward while the susceptibility relaxes downward. The higher

temperature (reversible) peak is quite broad and asymmetric and, for a given field,

has an amplitude which is considerably larger than that of the corresponding fer-

romagnetic critical peak; this component is typical of all reentrant systems while,

as mentioned earlier, the low temperature (irreversible) peak is not universal. The

behaviour of the low temperature peak is illustrated in detail in Figure 4.1.3-5, in

a variety of static magnetic fields and at both excitation frequencies. The system-

atics of the two sets of data a¡e qualitatively similar, although there is clearly a

substantial reduction in response associated with the higher excitation frequency,

which reflects the presence of a broad spectrum of relaxation times.

The multiple reentrant structure in the susceptibility is reminiscent of the t-
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\¡/o reentrant phase boundaries predicted by vector spin models of isotropic bond

disordered ferromagnets discussed in section 2.2.2. Guided by the theoretical

predications about the field dependence of the GT and AT critical temperatures

?cr(0) - Tcr(H") - Hoz (Eq.(z.at)) and ?¿7(0) - Ter(Hø) - l!o2/s (Eq.(2.83)),

the temperatures of the two peaks were plotted as a function of applied field f/.
and extrapolated Lo Ho : 0, yielding Tpu = 86 * 2 K for the upper peak and

TpL :46 + lK for the lower peak, and then double-logarithmic plots of reduced

peak temperature tp: I-Tp(H")lfp(Q) versus Howerethen constructed. While

the upper peak displ ayed no simple power-law dependence, the field dependence

of lower peak temperature measured at an excitation frequency of t.l : 2400 Hz

was well described by H"ú with r/ : 0.58 + 0.10 (see the insert in Figure 4.1.3-5),

which agrees, within the experimentai error, with both the AT exponent tþ : 213

and with Monte Carlo calculations tþuc = 0.55 - 0.7 (Bhatt and Young, 1985).

Numerical simulations (Kornik et al., 1989), based on the mean field Ising

model in connection with the ferromagnetic critical analysis, have shown that

the reentrant ferromagnetic-spin glass phase boundary is characterized by critical

singularities in the nonlinear components of the susceptibility, both above and

below the reentrant transition temperature. The direct paramagnetic-spin glass

transition is also distinguished by similar nonlinear singularities (see Figure 1-9),

and hence evidence for critical behaviour in the vicinity of the reentrant phase

boundary of Ni77.5MrL22.s wãs sought in the leading field dependent terms in the

susceptibility. Figure a.1.3-6(a) shows a set of representative demagnetization-

corrected susceptibility isotherms measured at a : 76 Hz for various temperatures

between 46 and 160 K, plotted as a function of internal field over the range 0 (
H¡ 125Oe. The gradual increase in the low field curvature of these isotherms as

the temperature increases suggests a corresponding enhancement in the nonlinear

components of the susceptibility, and a plot of these isotherms as a function of flz
is indeed characterized by an initial slope ø2(?) which increases with increasing

782



a q E o) f E I
F

¡
oo (}

J

T
( 

K
)

F
ig

ur
e 

4.
1.

3-
5:

 A
 c

om
pa

ris
on

 o
f 

th
e 

fie
ld

 a
nd

 t
em

pe
ra

tu
re

 d
ep

en
de

nc
e 

of
 th

e 
lo

w
es

t-
te

m
pe

ra
tu

re
 

co
m

po
ne

nt
 o

f 
th

e

tr
ip

le
-p

ea
ke

d 
st

ru
ct

ur
e 

in
 f

ig
.+

.1
.3

-1
(b

) 
at

 t
he

 tw
o 

ex
ci

ta
tio

n 
fr

eq
ue

nc
ie

s 
c¿

 =
 1

6H
z 

an
d 

c¿
 :2

40
0 

H
z,

 i
n 

va
¡io

us
 s

ta
tic

m
åg

ne
tic

 f
ie

ld
s 

.F
/"

. 
T

he
 in

se
rt

 is
 a

 d
ou

bl
e-

lo
ga

rit
hm

ic
 p

lo
t 

of
 th

e 
re

du
ce

d 
pe

ak
 t

em
pe

ra
tu

re
 a

t 
24

00
 H

z 
as

 a
 f

un
ct

io
n 

of
ap

pl
ie

d 
st

at
ic

 f
ie

ld
 Ë

/"
, 

an
d 

th
e 

st
ra

ig
ht

 li
ne

 y
ie

ld
s 

th
e 

ex
po

ne
nt

 f.

18
.1

 O
e



temperature, while its range of validity along the field axis continuously decreases

(see Figure 4.i.3-6(b)). Moreover, as the insert in Figure 4.1.3-6(b) shows, the

initial slope (which represents the amplitude of the leading quadratic term in the

nonlinear susceptibility) does indeed exhibit an anomalous peak, as expected, at

? - 60 K, which is also the temperature Tx of. the reentrant knee in the zero field

susceptibility (see Figure a.l.3-1(a)). A similar anomaly has also been observed in

a reentrant (PdFe)Mn alloy (see Figure 1-10) (the variation in a2(t) with reduced

temperature ú in (MFe)Un is comparable to that observed here, to within a

factor ol 2), and the model simulations indicate that, in both instances, it is the

longitudinal manifestation of the transverse nonlinear critical singularity.

The preceding analysis of the low field response of Ni77.sMn22.5 shows a system

which is predominantly a soft ferromagnet at "high' temperatures (60K < T <

170K), with a Curie temperatureT" - 166.6+1.5 K, which undergoes a transition,

below about 60 K, to a highly irreversible state with spin glass characteristics. The

effective exponent 6o, obtained from the field dependence of the ferromagnetic crit-

ical peak heights, exhibits an asymptotic low field value (6* t r : 5.0 + 0.3) which

is consistent with a 3-D Heisenberg picture, while, at higher fields, a crossover

occurs to a (mean field) regime characterized by a much lower value of the expo-

nent (6*¡¡¡ :2.8 + 0.1). While similar behaviour has been observed in a number

of other ferromagnetic systems with nominally ¡eentrant characteristics, including

&lMo (Ho et al. 1981b), PdNi (Wang et al., 1990), and (PdNi)Mn (Hall et al.,

1984), where it appears to be correlated with the width of the exchange bond

distribution, becoming more pronounced as the tricritical point is approached, it

is not typical of ali reentrant systems. In particular, AuFe (Kleiman et al., 1982),

FeZr (Saito et a1., 1986), and (PdFe)Mn (Kunkel and Williams, 1988) can be de-

scribed quite adequately (over a comparable range of fields) by only a single value

of 6*. Neve¡theless, as discussed in section 2.3.3 double logarithrnic plots for cal-

culated susceptibility peak heights X(h,t^) versus reduced field å display a similar
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systematic variation of 6* with field å. As Figure 2.3-3 shows, the true value of the

model critical exponent (6 : 3.0) is observed only in the asymptotic limit h -+ 0

; as ä increases, the plots exhibit curvature, with a local slope which indicates

a progressively decreasing value of ó*, and this effect becomes more pronounced

as f,lJ - 1* and the disorder increases. (The model predicts a curvature of

opposite sign for a pure ferromagnet with i lT:0 ).

The behaviour of the zero field susceptibility in Figure 4.1.3- (a) is unusual.

While values of the Kouvel-Fisher exponent 7* as high as - 3 have been observed

in other reentrant systems (Ho et al. 1981b) close to the tricritical point, this

behaviour is typically accompanied by a maximum in the temperature dependence

of 7- (Saito et al., 1986) (or equivalently, by an inflection point in log¡'(0, f ) versus

log ú) so that, at higher reduced temperatures, the exponent shows a tendency to

approach its mean field value 1 : 7. Nevertheless, in spite of the anomalous high

temperature (7 > 7:) properties of ¡'(0,f) and ?.(¿) (\¡¡hich raises some doubts

concerning the eligibility of 7o as a proper critical exponent in this regime), 7o

does assume its 3-D Heisenberg value (Z : 1.38) at a temperature close to the

inflection point in the zero field susceptibility, which coincidentally also marks the

onset of noncritical processes (such as domain formation) which effectively disguise

the existence of a spontaneous magnetization and suppress the critical divergence

of the susceptibility. (In fact, it is the proximity of the domain-related Hopkinson

maximum which accounts for the abrupt flattening of the temperature dependence

of 7* as ú -+ 0 below the inflection point.)

The low field dynamic response in the neighbourhood of the reentrant tran-

sition reveals some rather intriguing multiple structure which appears to support

the sequential transition hypothesis. Numerical simulations based on a mean field

Sherrington-Kirkpatrick-like Ising model (Kornik et al., 1989) with a single criti-

cally reentrant F-SG phase boundary, show that the reentrant transition is accom-

panied by a susceptibility peak within the reentrant SG phase with the same sys-
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tematic suppression in amplitude and shift to lower temperatures with increasing

field which is observed in the experimental peaks. This similarity in systematics,

coupled with the observation that the upper and lower peaks are distinguishable

on the basis of weak ve¡sus strong irreversibility, respectively, and with the AT-

like exponent which describes the field dependence of the lower peak temperature,

provide compelling evidence that the two ¡eentrant susceptibility peaks are mani-

festations of the two orthogonal spin freezing processes permitted for Heisenberg

spin systems: (a) a critical spin glass ordering of the transverse spin components

along a GT line coincident with the location of the upper peak, and (b) the onset

of strong longitudinal irreversibility along an AT line defined by the position of

the lower peak.

Further evidence in favour of genuine critical behaviour at the reentrant tran-

sition is provided by the anomaly observed in the temperature dependence of the

leading nonlinear term in the susceptibility isotherms in the vicinity of the reen-

trant knee T7ç - 60 (see insert in Figure 4.1.3-6(b)) 5. For 'pure' spin glasses,

in which the order parameter couples directly to the nonlinear components of

the magnetic response, nonlinear anomalies are the primary source of evidence

for critical behaviour. If the reentrant transition is indeed a genuine cooperative

effect with elements of spin glass order, it should exhibit similar nonlinear char-

acteristics. As discussed in section 2.3.3, this expectation is indeed confirmed by

numerical calculations performed in the vicinity of the reentrant phase boundary

of an SK-like Ising model, which predicts a critically divergent anomaly in the non-

linear susceptibility both above and below the reentrant temperature (Eq.(2.I27)).

Moreover, Katori and Suzuki (1985) have predicted that the longitudinal suscepti-

bility in vector spin systems should exhibit a complementary nonlinear anomaly in
54. temperature.dependent nonlinear susceptibility also precludes thermally activated block-

ing processes a.s the primary mechanism for the formation of the reentrant phase, eince su-
perparamagnetic system are typically characterized by a temperature-independent nonlinear
susceptibility (Fiorani et aÌ.,1986)
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response to transverse spin freezing. The structure in Figure 4.1.3-6(b) supports

ihis hypothesis, and its nonsingular nature is consistent with the weak coupling

anticipated between the transverse order parameter and the non-conjugate longi-

tudinal field.

4.L,4 The Reentrant Instability tsoundaries in a Reentrant Ni7sMn22

,4'lloy

In this section, we present measurements of the real and imaginary components

of the complex frequency-dependent susceptibility of a good reentrant ferromagnet

Ni7sMn22, as a function of field and temperature. We show the triple-peaked

structure in the temperature dependence of the a.c. susceptibility in fixed static

field, and we attempt to correlate the low temperature components of the multiple-

peaked structure with the GT and AT instability boundaries.

Figure 4.I.4-7, and 4.1.4-2 shows the temperature dependence of the real part

of the true complex susceptibility, measured in several static magnetic fields H" S

43 Oe, and appropriately corrected for demagnetizing effects. All of the data

were acquired with the SQUID susceptometer, at an excitation frequency of 16

Hz. To obtain each isokap, the sample was first heated to a reference temperature

Tn - 250K in the paramagnetic regime to eliminate any remanence, then cooled

in zero net field to T : 4.2 K where both the a.c. field and the static magnetic

field were applied; the susceptibility was subsequently measured upon warming.

The susceptibility in zero static field (Figure 4.L4-1) has a distinct principal

(Hopkinson) maximum at Tn - 775K and a rnore diffuse knee at T¡ç : 52K.

The superposition of a static magnetic field collinear with the alternating field

suppresses the principal Hopkinson maximum, and reveals the usual triple-peølced

structure in the isokaps. Figure 4.7.4-2 illustrates the details of this structure.

The imaginary component ¡" of the complex susceptibility is plotted in Figure

4.7.4-3 and 4.7.4-4 as a function of temperature, for the same set of static fields as
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in Figure 4.7.4-7 and 4.7.4-2. The reêntrant structure in ¡'is closely accompanied

by a complementary structure in the absorption (or loss) signal ¡", although, for

a given value of the applied field i/", the two peaks io X" are shifted toward each

other in temperature relative to the locations of their counterparts in ¡'. Fur-

ther comparison of Figure 4.1.4-2 and 4.1.4-4 also reveals quantitative differences

in shape and definition between the two sets of peaks: the higher temperature

peak is considerably more symmetric irt X", while the lower temperature peak is

resolvable in weaker applied fields io X'. No counterpart in X" v¡as observed within

experimental error for the highest temperature ferromagnetic peak in X'.

Further evidence for irreversibility in the reentrant phase is provided by com-

paring the magnetic response under field-cooled and zero-field-cooled conditions.

Figure 4.7.4-5 shows the temperature dependence of the ¡eal and imaginary com-

ponents of the susceptibility measured in a static field fI. : 35 Oe after cooling

in zero field (solid curve) and in the measuring field (dashed curve). For temper-

atures below approximately 35 K, both ¡' and y" are extremely sensitive to the

cooling field, and, in particular, when the system is cooled in the measuring field,

the lowest temperature peak is completely quenched. By contrast, field cooling

has only a weak effect on the remaining structural features.

Figure 4.1.4-6 summarizes the field dependence of the various reentrant sus-

ceptibility peaks in Figures 4.1.4-I to 4.1.4-4. As discussed previously, in vector

models of bond disordered systems, spin-glass ordering of the transverse spin com-

ponents occurs at the Gabay- Toulouse (GT) line, followed by longitudinal spin

freezing and the onset of strong irreversibility at the de Almeida-Thouless (AT)

line. For "pure' spin glasses, with a symmetric bond distribution (the ratio of

the mean value Ã to the dispersion 7 isÃli : 0), the field dependence of the

GT transition line is given by Ts7(0) - Tcr(H") - Ho' while, for the AT tran-

sition line, Ta7(0) - Tn(H") - Ho2/3. In the ferromagnetic regim" (fi. > i),
the GT and AT lines are associated with the formation of the reentrant phase,
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which is essentially a canted ferromagnet with transverse spin-glass freezing and

a longitudinal spontaneous magnetization. The behaviour of the reentrant crit-

ical line Tcr(H") was investigated theoretically (Dubiel et al., 1987) within the

ferromagnetic regime of a mean-field reentrant isotropic vector model; the calcu-

lations showed that, close to the critical point (õ > 7), the ferromagnetic state

is strongly distorted and the critical temperatureT6T varies linearly as a function

of external field: Tcr(0) - Tcr(H") - Ho.

Guided by these theoretical predictions, double logarithmic plots of reduced

peak temperature as a function of applied field were constructed (with suitable

choices for the zero-field "critical" temperatures) for each of the reentrant peaks

in Figure 4.1.4-6. The high-temperature peak in ¡' (open circles) obeys no simple

power law. By contrast, the high-temperature peak in ¡" (open squares) varies

linearly with applied field (solid straight line), as predicted for the reentrant GT

line near the tricritical point. While there is insufficient data to reliably estab-

lish power law behaviour for the low-temperature peak in ¡"(solid squares), the

low-temperature peak in ¡' (solid squares) is well described by a power law with

an exponent reminiscent of the AT line, and the associated solid curve in Figure

4.7.4-6 represents a plot of T^(H") - ?i^(0)(1 - C H|\ with ún - 0.66 + 0.05,

f,"(0) : 41.5 K, and C:0.039 +0.002. This analysis thus establishes a corre-

lation between the structure observed in the complex dynamic susceptibility and

the critical phase boundaries in the vector model phase diagram, with the high-

temperature peak io X" a manifestation of the reentrant GT critical line, and the

low-temperature peak in ¡' the signature of the AT line. This identification is

further reinforced by the comparison of the FC and ZFC data in Figure 4.7.4-5,

which demonst¡ates that, like the GT and AT lines, the upper and lower peak-

s are also differentiated on the basis of weak and strong irreversibility, respectively.
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4.L.5 The Critical Analysis of Nearly T'ricritical Ni76.aMn2s.6,

In this section, we present measurements of the low frequency complex dy-

namic susceptibility (both real and imaginary components) of a reentrant NiMn

ferromagnet located very close to the multicritical point (r," = 24 at.% Mn), as a

function of both temperaturc (+,.2K < T < 170K) and magnetic field (0 S ¡1, S

a6 Oe).

Figure 4.1.5-1 summarizes the temperature dependence of the real part ¡' of

the complex dynamic susceptibility, measured at an excitation frequency a.r = 16

Hz and appropriately corrected for demagnetizing effects, in a variety of represen-

tative static biasing fields between Ho - 0 Oe and Ho - 45.0 Oe. Each isofield

was obtained by following an identical experimental procedure: the sample lvas

cooled in zero magnetic field from a temperature ? - 170 K (well within the

paramagnetic regime) to T : 4.2 K, where both the excitation field and the static

field were applied to the sample, and the susceptibility was then measured upon

incremental warming. The magnetic response in zero static biasing field (Figure

a.1.5-1(a)) consists of a single, relatively sharp peak, superficially reminiscent of

that observed in typical spin glass systems. However, this resemblance is deceptive

and, as Figure 4.1.5-1(b) shows, the magnetic response in finite static biasing fields

exhibits triple-peaked structure characteristic of reentrant ferromagnetism, with

all the attendant systematics described earlier. Some elements of the structure as-

sociated with the dynamic response (Figure 4.1.5-1(b)) are particularly sensitive

to the cooling conditions, and this is illustrated in Figure 4.1.5-2, which shows

the differential susceptibility at 16 Hz measured upon warming in a static biasing

freld Ho:)5 Oe, after cooling in various static fields f1" between 0 ( H" 125 Oe.

For temperatures below approximately 55K, the presence of the cooling field in-

hibits the dynamic response, systematically suppressing and ultimately quenching

the lowest temperature peak while the higher temperature peaks are not afected

by different cooling fields. Figure 4.1.5-3 summarizes the variation of the three
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peak temperatures Ç with internal field l*. A rough extrapolation of these three

curves to H¡: 0 (dashed lines in Figure 4.1.5-3) indicated that the system pos-

sesses three distinct "characteristic" temperatures, consistent with three sequential

utransitionsn.

Figures 4.7.5-4 and 4.1.5-5 show the imaginary component y" of. the complex

dynamic susceptibility plotted as a function of temperature, for the same set of

static biasing fields as in Figure 4.1.5-1(a) and (b). In cont¡ast to Figure 4.1.5-1(a),

the imaginary part of the ac susceptibility y" in zero field shows (Figure 4.I.5-4) a

triple-peaked structure: the highest temperature peak occurs around 130 K, close

to the high temperature knee (- i30 K) in Figure 4.1.5-1(a), corresponding to

the ferromagnetic transition, and the lowest temperature peak at 68 K correlates

with the onset of the reentrant phase (although nothing unusual can be seen in

X' (Figure 4.1.5-1(a)) at this temperature). The very weak maximum around

100 K is situated at the temperature of the principle maximum in Figure 4.7.5-

1(u). A comparison of Figure 4.1.5-5 and Figure 4.1.5-1(b) shows that with the

application of a finite field, the two lower temperature peaks in ¡' are accompanied

by a complementary dual-peaked structure in the absorption (or loss) signal ¡/',
with similar field dependent and time dependent systematics, while the highest

temperature peak io X', attributed to ferromagnetic critical fluctuations, has no

apparent counterpart in ytt.

While several features of the magnetic response in Figures 4.1.5-1 through

4.1.5-5 are consistent with a picture of reentrant ferromagnetism, the extreme

proximity of the system to the multicritical point, and the attendant breadth of

the exchange bond distribution, are expected to yield anomalous ferromagnetic

critical properties. Following the same analytical techniques as those described

in detail in section 4.1.3, a preliminaryestimatefor T" was obtained by plotting

the critical peak temperatures Ç as a function of H.t/h+p), and extrapolating to

T, - T" as H; --+ 0, assuming a 3-D Heisenberg value of (7 * þ)-' :0.57; this
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estimate was subsequently refined until a linear double logarithmic plot of reduced

peak temperature úo verses I/i was achieved. The result is shown in Figure 4.1.5-6.

The analysis yielded a critical temperature T" - (104 + 2) K (just below the prin-

cipal maximum in the zero field susceptibility), and an inverse crossover exponent

(1 + P)-t :0.47 + 0.07, which is lower than the 3-D Heisenberg prediction. This

latter behaviour is consistent with numerical Ising model simulations (Kornik et

al., 1990), which show that, as the system approaches the tricritical point and

the ratio TllJ (the mean value to the width of the exchange bond distribution)

approaches unity (the limit of stability of the ferromagnetic ground state), the size

of the critical region in the h-t plane becomes vanishingly small and essentially

inaccessible experimentally, so that, even in relatively small laboratory fields, the

corrections to scaling are significant and reduce the effective expone"t (f + Ð-t
below its true asymptotic critical value.

The behaviour of the critical exponent 6, which governs the internal field

dependence of the critical peak amplitudes, also reflects the proximity of the mul-

ticritical point. Figure a.1.5-7(a) shows a double logarithmic plot of the critical

peak heights y'(H;,,7) as a function of internal field /4. The plot reveals two dis-

tinct regimes corresponding to different values of 6: an asymptotic low field regime

(H, < 15 Oe) with á¿¡ : 5.6 + 0.3, as before reminiscent of the 3-D Heisenberg

prediction of 6:4.8 (Le Guillou and Zinn-Justin, 1980), and a high field regime

(Hr^, > 15 Oe) with 6rr :2.9 + 0.1, which is essentialiy the mean field prediction

6:3.

The temperature dependence of the zero field susceptibility above 4 is de-

scribed by the exponent 7, according to ¡/(0,¿ > 0) - ¿t (Eq.(2.717)),, and Figure

4.1.5-7(b) shows a double logarithmic plot of ¡'(0,¿ > 0) as a function of reduced

temperature f with T" : 704 K. The two straight lines in this figure represent

the mean field Curie-Weiss prediction,'y:7, for purposes of comparison, While

several features of this plot, particularly the inflection point, which translates into
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a distinct maximum in the temperature dependence of the effective Kouvel-Fisher

exponent 7* near t = 0.5, and the asyrnptotic approach to the mean field limit for

7 2, 7., are typical of bond disordered ferromagnets, and are successfully replicat-

ed by correlated molecular field models (Fãhnle, 1987), the curvature is unusually

pronounced in the present system, leading once again to values of the effective

exponent as high as 7* - 10 in the neighbourhood of the inflection point. Such

efects are expected to be particularly dramatic in the present system, which lies

extremely close to the multicritical point. Nevertheless, an inspection of the insert

in Figure 4.1.5-7(b), which shows the behaviour of the effective exponent over a

restricted reduced temperature interval (¿ < 0.4), reveals that 7* does assume its

3-D Heisenberg value 7o : 1.38 (Le Guillou and Zinn-Justin, 1980) at a reduced

temperature t : 0.27 (dashed lines in the insert), close to the inflection point in

the zero field susceptibility (see Figure 4.1.5-1(a)), below which noncritical pro-

cesses (such as domain formation) dominate the magnetic response and suppress

the critical singularity in X'(0, ¿ > 0).

4.L.6 Thermoremanent Relaxation in Two ttPuret' Spin Glasses:

N i76M n2a and l{i73. tM nza.g

In the preceding analysis, we have concentrated on the critical analysis of both

the ferromagnetic and spin-glass transitions in reentrant NiMn using complex dy-

namic susceptibility measurements. While the analysis exploits the systematics

of the highest temperature component of the triple-peaked structure (see Figures

4.1.3-1, 4.1.4-2 and 4.1.5-1(b)) to establish the presence of ferromagnetic criti-

cal fluctuations, the two lower temperature peaks suggest that the ferromagnetic

phase is not the stable ground state, but subsequently evolves into a spin glass-like

phase with strong irreversibility. Although we have provided some evidence (based

primarily on the field dependence of the two ureentrant' peak temperatures) for

a possible correspondence between the ureentrant" susceptibiiity peaks and the
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Gabay-Toulouse (GT) and de Almeida-Thouless (AT) instability lines which char-

acterize vector spin models of bond disordered ferromagnets, the correlation is

difficult to justify rigorously since these models are currently incapable of replicat-

ing the dual reentrant structure observed in the susceptibility, and consequently

we turned our attention to thermoremanent relaxation effects as a possible mech-

anism for gaining further insight into the nature of the spin configuration within

the reentrant phase and its relationship to that in the ferromagnetic and "pure'

spin glasses phases.

(a) Ni76Mn2a

The NizaMn2a alloy is located close to the multicritical point ("." = 24 at.To)

and, as discussed in section 4.7.2, is a concentrated cluster spin glass, with no

evidence of ferromagnetic critical peaks and with susceptibility isofields consisting

of a single peak which is systematically suppressed in amplitude and shifted down-

ward in temperature with increasing field. Figure 4.1.6-1 shows the tempe¡ature

dependence of the static magnetization measured under boih field cooled (FC)

and zero fieìd cooled (ZFC) conditions, in a static applied freld /1" : 1.0 Oe. The

sample exhibits a typical spin glass peak at Tsc :85 K, and below about 85 K,

the FC and ZFC curves diverge and time effects become appreciable.

The decay of the thermoremanent magnetization was measured at a variety

of temperatures fl,, between 56 < T^ < 76 K. Figure 4.t.6-2 shows all the "low"

temperature thermoremanent relaxation isotherms, plotted on a logarithmic time

scale. Each isotherm \ryas obtained by following an identical experimental pro-

cedure: the sample \ryas first warmed to a reference temperature ?p : 140 K,

well within the paramagnetic regime, in order to eliminate any remanent magne-

tization, then cooled in a static field fI" : 1.0 Oe to a predetermined measuring

temperature T* within the ordered phase (the cooling time ú" was essentially inde-

pendent of. T^, and consistently between t" : 975 t a5 s) and, after a wait time t-
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:60 s had elapsed at constant temperatrreT,n, the field was abruptly removed,

and the decay of the thermoremanent magnetization was recorded over nearly four

decades of observation time 4 s( ú < 104 s. The sample was then warmed in zero

field to the reference temperature T¡ in order to establish the zero of magnetiza-

tion. The most prominent feature of the relaxation curves in Figure 4.1.6-2(a),

when viewed on a logarithmic time scale, is the inflection point (vertical arrows),

which propagates from longer to shorter observation times with increasing tem-

perature, leading to a gradual and systematic change in curvature from concave

down at low temperatures to concave up at high temperatures. (The locations of

the inflection points t¡n¡¡ inFigure a.I.6-2(a) were established by plotting the local

slope of the isotherms, or relaxation rate, ^9(f) 
: -ôMnlôlnt, on a logarithmic

time scale, thus generating well-defined maxima centered at log t;^¡t.) In order

to generate the most suitable functional description of the relaxation isotherms in

Figure 4.L6-2(a),the data were compared with some of the more common theoret-

ical representations of spin glass relaxation, individually and in combination; the

simplest formulation which was capable of accurately reproducing all the struc-

tural features of the experimental data, over the entire observational time window,

consisted of the superposition of a stretched exponential and a constant term,

and the solid curves in Figure a.l.6-2(a) are the best fits to Eq.(a.1). Figure 4.7.6-

2(b) shows that double logarithmic plots of -dldt|n(Mn- M")l as a function of ú

yield excellent straight lines, as expected, and Table 4.1-1 summarizes the values

of the various best fit parameters. For purposes of comparison, the total aging

time úon" : t- * f" and t;n¡¡ ate also listed in the table. The time independent

component of the remanence Mo is an essential ingredient, and large in compari-

son with pure spin glasses (Nordblad e! al., 1986; Chamberiin, 1984), accounting

for approximately 75-95% of the magnitude of the total signal, and decreases

277

M n(t) - Mo I Mlexp[-(t I ù'-"), (4.1)



monotonically with increasing temperature. The large value of. Mo is a further

indication that the Ni76Mn2a is a concentrated spin glass. The exponent n ex-

hibiis canonical spin glass behavior (Hoogerbeets et aI.,1986) , approaching unity

as T + ?s6r, and the characteristic time r (which locates the inflection point in

the stretched exponential , and hence the maximum in the relaxation rate) agrees

with ú¡,o¡¡, within experimental error. The uncertainties in t;n¡¡ reflect the scatter

in the numerical derivative of the raw data. A comparison of the wait time l- with

t¿n¡¡ for each isotherm, shows that the inflection point does not coincide with f.,,

contrary to other studies (see Figures 1-22 and 1-23 in chapter I). Such behavior

is probably caused by the large cooling intervals (?p - T^ - 100K) imposed in

our experiments, and correspondingly long cooling times ú". A detailed discussion

will be given in the next section.

Table 4.1-1: Ni76Mn2a Spin Glass Parameters for Eq.(4.1)

T(K)
Ð0

58

t- (s)

60

60

62

60

t- * t" (s)

64

60

66

60

1050

68

60

1050

70

60

108C

60

1050

t"inf I

The stretched exponential representation fails to describe the relaxation for

higher temperatures between 72 1 T* S 76K. In this region, double logarithmic

plots of -dl dtlln(Mp- M,)l as a function of l, (M, :0) still yield straight lines, but

with an nonphysical value of the slope n > 1, which corresponds to an increasing

TRM. However, the superposition of a simple power-law and a constant term,

5000+2000

60

1080

2500Èi000

(.)

1050

1800+500

1050

1000+400

1080

600t400

2551+226
T (')

350+200

1917+53

100+50

1666+61
12i3+38

<3

0.69+0.01

736+31

n

0.70+0.01

370+6

0.74+0.01

74+3

0.76+0.01

2.2+0.4

Mo

0.79+0.01

1.74+0.01
emu

0.82+0.01

1.66+0.01

0.87+0.01

s)

1.56+0.01

0.91+0.01

1.46+0.01
1.35+0.01

Mn(t) - Mo * Mú-* ,

2r2

1.24+0.01
1.10+0.01
0.96+0.01

(4.2)



provided a good description of these high temperature data, as shown by the solid

lines in Figure 4.1.6-3(a), over 4 decades of observation time. Double logarithmic

plots of -dMRldt versus ú yield excellent straight lines, as shown in Figure 4.1.6-

3(b). Table 4.1-2 lists the best fit values of the parameter M,, which decreases

with increasing temperature, and rn, which is weakly temperature dependent.

Table 4.L-22 Ni76Mn2a Spin Glass Parameters for Eq.(4.2)

T(K)

A significant feature of all the relaxation isotherms at low temperatures (?- <

72 K) is their dependence on the wait time t- lor which the system is held at con-

stant temperature prior to changing the field. As a typical illustration of this

nonequilibrium character, Figure 4.1.6-4(a) shows a comparison of four relaxation

curves, all measured at the same temperature T*: 66 K, but for different wait

times ú- : 60 s, 360 s, 900, and 1800 s; the age dependent behavior of the relax-

ation is readily apparent in this figure as a shift in the location of the inflection

point, or the maximum in the relaxation rate .9(t) = -}Mplôlnf shown in Figure

4.1.6-4(b), towards longer observation times with increasing wait time. Similar

behavior was found at, T* :68 K (Figure 4.1.6-5) and T^ : 70 K (Figure 4.1.6-6).

Although strong aging effects were observed at low temperatures, no wait time

dependence \¡¡as found at temperatures higher than 72 K, as illustrated in Figure

4.1.6-3 where the open circles show the relaxation at T^: 76 K with f- : 7200 s.

This is consistent with the fact that the high temperature data can be modelled

by a simple power law indicative of thermal equilibrium, as pointed out in chapter

213

72

74

t-(s)

lo

60

76

60

100

0.08+0.01

60

7200

m

0.10+0.01

60

0.10+0.01
0.09*0.01

M,(emu/g)

0.15+0.01

0.61+0.0i
0.60+0.01
0.53*0.01
0.48*0.01
0.09+0.01
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I. It is also consistent with the fact that the NizaMnza is a concentrated spin glass

with short-range ferromagnetic clusters present in the system. In the next section,

we show that the simple power-law Eq.(a.2) is also an app¡opriate function for

describing the relaxation in the high temperatu¡e ferromagnetic regime. Howev-

er, vector models of spin glasses suggest that it may also represent the weakly

irreve¡sible behaviour expected between the GT and AT lines.

Attempts to apply the analytical representation in Eq(a.l) to the TRM curves

for longer wait times ¿- > 60 s revealed that the superposition of the stretched

exponential and a constant was only able to describe the data over a limited

range; there were systematic deviations at short observation times, with the range

of validity becoming progressively narrower for longer and longer wait times ú.,.

Such behavior is consistent with previous investigations (Nordblad et a1.,1987b),

which suggest that the applicability of the stretched exponential is restricted to

experimental time intervals in the immediate vicinity of the effective experimental

age of the system, where the relaxation rate is dominated by the influence of the

aging process, but it is incompatible with the short time(f ( f,,) equilibrium

response, which is expected to be a weak power law decay (Nordblad et al., 1987b;

see also chapter I). Guided by these suggestions, the superposition of a constant

and the product of a stretched exponential and a power law

was applied to the longer wait time relaxation curves. The function, shown by

the solid line in Figures 4.7.6-4,4.1.6-5 and 4.1.6-6 for t- ) 60s, and for T^ -
66, 68, and 70 K, represents the data over the entire observation time window.

The best fit parameters are listed in Table 4.1-3, and reveal weakly temperature

dependent exponents m (- 0.05) and n(- 0.7), while z no longer coincides with

the location of the inflection points in the relaxation isotherms, as expected. The

theoretical justification for Eq.(4.3) can be linked to the mesoscopic picture of
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growth and fragmentation of spin glasses domains which was discussed in section

2.a.2 (Eq.(z.165)).

Table 4.L-3: Ni76Mn2a Spin Glass Parameters for Eq.(4.3)

r@)
66

66

¿. (r)

66

360

68

900

f. * t" (s)

68

1800

70

1800

1350

7200

1860

7200

2790

(b) Ni7s¡Mn263

To complete the characterization of the pure spin glass relaxation, we measured

the relaxation isotherms in Ni7s1Mn26.e which lies well above the multicritical

point ("," = 24.0 at.%) and hence should be a good spin glass, according to the

magnetic phase diagram in Figure 4.7.1-4. Figure 4.1.6-7 shows a typical spin

glass cusp at Tsc: 78 K in the ZFC magnetization, and a significant difference

below 7sç between the FC and ZFC curves, due to strong irreversibility. The

magnetization in NizsrMnz6.e is also substantially reduced compared with the

magnetization of Ni76Mn2a. The decay of the thermoremanent magnetization

was measured at temperatures 50 1T* < 75 K in a cooling field H":5 Oe, and

the relaxation isotherms \¡/ere acquired by a technique similar to that described

earlier, with a reference temperature Tp : 100 K. Figure 4.1.6-8 shows these

isotherms for a wait time ú- : 60 s, plotted on a logarithmic time scale, together

with the fits using the stretched exponential function Eq.(4.1) (solid curves). Table

4.1-4 lists the best fit parameters of Eq.(a.1), which are typical of spin glasses. In

contrast to the concent¡ated NizaMn2a spin glass, the value of. Mo is comparable

to the total decay of the relaxation, and approaches zero within the uncertainty,

2r9

ti"rr (s)

2760

700+300

8160

1000t300

8130

2000+1000

800+300

2000+1000

r (s)

1500+181

150+100

4100+60

5384+80

3651+80

0.02+0.01

8437+124

m

0.05*0.01

9058+331

0.06+0.01

0.04+0.01

0.77+0.01

0.05+0.01

n

0.67+0.01

0.09*0.01

0.62+0.01

M"(emuls)

0.74+0.01

0.70+0.01

1.25+0.01

0.63*0.01

1.28+0.01

1.29+0.01

1.14+0.01

1.15+0.01

1.07+0.01
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at temperatures close to ?s6. However, as before, a similar discrepancy exists

between t¡n¡¡ and úon" due to the large cooling intervals from Tp to T*(- 35 K),

and long cooling times l" - 15 min.

T'able 4.!-4: Nizs:Mnzo.g Spin Glass Parameters for Eq.(4.1)

T(K)
50

55

t- (s)

60

60

oÐ

60

t- { t" (s)

70

60

72.5

60

960

tÐ

60

900

60

840

4.L.7 Thermoremanent R.elaxation in a Ni76.aMn23.6 Reentrant Ferro-

magnet

Having established a quantitative picture of pure spin glass relaxation in \!Mn,
v¡e nov/ turn our attention to a reentrant NiMn ferromagnet. In this section, we

present a detailed study of the relaxation of the low field thermoremanent magne-

tization, over four decades of observation time (1 r < ¿ < 104 s); the temperature

interval includes portions of both the ferromagnetic and reentrant phases in the

Ni76.aMn23.6 alloy located very close to the multicritical point ("* : 24 at.% M-

n). We show that, within the limitations of an analysis based on the approximate

stretched exponential representation, the reentrant phase in Ni76.aMn23.6 and the

spin glass phase in NizeMn2a show essentially identical relaxation dynamics.

The sample used for this investigation has already been characterized by the

ac susceptibility measurements presented in section 4.7.5. In order to perform the

magnetization measurements, two needle shaped samples .4. and ts, with dimen-

sions listed in Table 3.1 were used. We also found that re-annealing an old sample

which had been allowed to age at room temperature yielded unpredictable and in-

2?2

60

ti"r¡ (s)

840

5000+2000

810

2500+1000

870

1800+500

780

1000+400

r (s)

600t400

1491+51

350+200

7258+29

100+50

655+6
690+11

0.66+0.01

259+9

n

0.66+0.01

215+26

0.65+0.01

106+18

0.74+0.01

Mo(to-3 emu/g)

0.75+0.01
0.87t0.02

1.03+0.02

0.86*0.02

0.61+0.0i
0.57+0.01
0.27+0.01
0.14+0.01
0.05+0.03
0.02+0.01



consistent magnetic behaviour, and consequently, the two needles used here were

fabricated directly from the cold rolled sheet which had never been annealled.

The onset of strong irreversibility within the reentrant phase can be seen in

the temperature dependence of the FC and ZFC static magnetization. Figure

4.1.7-L shows the difference between the ZFC (open circles) and FC data (solid

circles) due to the time-dependent component, as measured in a field of 0.5 Oe ; for

purposes of comparison, the susceptibility isofield measured in a static biasing field

Ho : 25 Oe (Figure 4.1.5-2) has also been reproduced in this figure (triangles).

In the FC static magnetization, the two phases are clearly distinguishable by

their temperature dependence, which is plateau-like in the fe¡romagnetic regime

(60 < ? < 95K), and concave downward in the reentrant phase (" S 60K).

In the ZFC magnetization, the crossover is visible as a weak shoulder below the

principal maximum, near 60K. The vertical arrows mark the three characteristic

temperatures which identify the extrapolated location of the three susceptibility

peaks (Figure 4.1.5-3) in the limit of zero internal field (the dashed lines indicate

the correspondence); the crossover from weak to strong irreversibility is readily

apparent in Mpç as a change in curvature near 60K, which coincides with the

lowest characteristic temperature.

Figure a.l.7-2(a) shows a sequence of twelve low field thermoremanent relax-

ation isotherms of sample Á, obtained over a temperature interval 40K < T < 95K

which spans both the reentrant and ferromagnetic phases. All the relaxation

isotherms were measured in a cooling field 11" : 1 Oe, for a wait time f- = 60 s

and a reference temperature Tp: 170 K, well within the paramagnetic regime.

The relaxation curves in Figure a.1.7-2(a) show the similar gradual and systematic

change in curvature as those of Ni76Mnua, with the data at intermediate tempera-

tures exhibiting an inflection point. Although the latter structure is rather subtle

when viewed from the perspective of Figure 4.7.7-2(a), it is readily apparent in the

derivative of the relaxation curves, and Figure 4.1.7-2(b) shows the numerically cal-
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culated relaxation rate 
^9(ú) of some of the isotherms in Figure 4.7.7-2(a), plotted

on a logarithmic time scale. In this representation, the inflection point translates

into a maximum in the relaxation rate, and a comparison of the various isotherms

suggests that the maximum propagates with increasing temperature from long to

short times like the crest of a vr'ave, passing rapidly through the experimental time

window at temperatures near T*:55K.
Since much of this behaviour is at least qualitatively reminiscent of spin glass

relaxation as described in the previous section, the analysis of the reentrant da-

ta focused initially on those functional forms which were employed previously to

characterize the thermoremanent decay in the pure spin glass phase. Two distinct

relaxation regimes were identified: (a) For temperatures T* S 60K (i.e. within

the reentrant phase), the data are accurately described over the entire experimen-

tal time window by Eq.(a.1), the superposition of a stretched exponential and a

constant term. The quality of the fits is shown by the exceilent straight lines in

Figure 4.1.7-3(a), which shows double logarithmic plots o1*dldt$n(Mn(t) - lulol

as a function of time ú, and Table 4.1-5 summarizes the values of the best fit param-

eters as well as other relevant parameters. As for the Ni76Mn2a sample, the time

independent component of the remanence (ffi) is large, accounting for approxi-

mately 90-9570 of the magnitude of the total signal, and decreases monotonically

with increasing temperature, thus resembling the behaviour of a ferromagnetic

spontaneous magnetization. By contrast, the temperature dependence and mag-

nitude of the exponent n and the characteristic time z are both typical of pure spin

glasses (Nordblad et al., 1986; Chamberlin, 1984) and, in particular, the variation

of r with temperature is consistent with the experimental systematics described

in the previous paragraph, viz, a picture in which a fixed observation time window

samples different portions of a stretched exponential curve as the characteristic

time r passes through the windo*. (b) For temperatures 65K < T* 19511 (i.e.

within the fe¡¡omagnetic phase), the stretched exponential description fails, and
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the functional form of the relaxation changes to Eq.(4.2), the superposition of a

simple power law and a constant term. As shown by the straight lines in Figure

4.1.7-3(b), double logarithmic plots of -dMpldf versus Í, this function provides

an excellent description over three decades of observation time, with a weakly

temperature dependent exponent zn (see Table 4.1-6 for a list of the best fit values

of the parameters Ms and m). Both the functional form of the decay and the

magnitude of the exponent are symptomatic of relaxation at thermal equilibrium

(Nordblad et aI.,1987b).

Table 4.L-5: Ni76.aMn23.5 (Sample A) Reentrant Phase Parameters for Eq.(4.1)

T(K)
40

45

t-(s)

50

60

55

60

t-

60

60

+

60

t"
1i 10

(')

60

1050

Table 4.L-6: Ni76.aMn23.6 (Sample ,4.) Ferromagnetic Phase Parameters for Eq.(a.2)

1080

1020

t;nÍt
8020+2110

1080

5000*1440

(')

2220+300
477+40

¡ (s)

3906+730

2.4LI

4316+136
2437+59

T(K)

539*6

bb

0.64+0.01

3.8+0.7

n

70

0.64+0.01

t-

As mentioned in the previous section, the decay of the thermoremanent mag-

netization in pure spin glasses is sensitive to the wait time f.,, and the wait time

dependence of the TRM decay for this reentrant system was specifically examined

228,

tÐ

0.68+0.01

s)

60

0.81+0.01

80

M,(emu/g)

60

0.92+0.01

85

5.52+0.01

60

0.05t0.01

90

m

5.39+0.01

60

0.06+0.01

95

60

5.08+0.01

0.05+0.01

4.56t0.01

60

0.05+0.01

M,(emu/g)

3.80+0.01

60

0.13+0.01

3.37+0.01

0.11+0.01

2.65+0.01

0.12+0.01

1.93+0.02
1.33*0.02
1.67+0.01
1.40+0.01
1.15+0.01



in sample B at six temperatures, three in each ordered phase. An identical proce-

dure to that described earlier was employed here to acquire the decay at various

wait times f-, and Figure 4.1.7-4 shows the thermoremanent relaxations, all for

a wait time ú- : 60 s, plotted on a logarithmic time scale. The functional forms

which are compatible with the new relaxation isotherms confirm our aforemen-

tioned conclusions: (a) the reentrant isotherms (top 3 curves) are all accurately

described, over the entire experimental time window, by Eq.(4.1) with parameters

typical of spin glasses (see Table a.l-7); (b) the ferromagnetic isotherms (bottom

3 curves) behave as simple power laws Eq.(4.2), with a weakly temperature de-

pendent exponent rn (see Table 4.1-8). Figure 4.1.7-5 shows double logarithmic

plots of -dldtlln(Mp- M")), for the reentrant isotherms, and -dMpf dt,for lhe

ferromagnetic isotherms, as a function of ú.

As observed in the pure NiMn spin glasses, the decay in the reentrant phase

exhibits a significant wait time dependence, as illustrated in Figure 4.1.7-6 and

4.1.7-7 for T^ : 55 and 60 K respectively, while no apparent wait time effects

were observed in the ferromagnetic relaxation isotherms, as shown in Figure 4.1.7-

8, indicaiing that aging processes, which dominate the decay in the reentrant phase

and are responsible for the stretched exponential time dependence, are essentially

absent within the ferromagnetic phase. This conclusion is consistent with the

behaviour of the dynamic susceptibility in Figure 4.7.5-2, which exhibits virtually

no sensitivity to the cooling conditions for temperatures T^ ) 65K (field cooling

is expected to produce a state which is considerably closer to thermal equilibrium

than that generated by zero field cooling). I" contrast to the Ni,76Mn2a spin glass,

the pure stretched-exponential plus a constant (eq.(+.i)) is capable of describing

the relaxation isotherms of Niza.qMnz3.6 for wait times t- > 60 s in the reentrant

phase over the entire observation time window, as shown by the solid curves in

Figure 4.7.7-4,4.1.7-6 and 4.1.7-7. Table 4.1-7 summarizes the best fit parameters;

both the exponent n and Mo show typical spin glass values, and r agrees with t;n¡¡
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within experimental error.

Table 4.L-72 Ni76.aMn2e.e (Sample B) Reent¡ant Phase Parameters for Eq.(4.1)

T(I()
50

55

t-(s )

55

60

55

60

60

t", * t. (s)

7200

60

21600

60

1110

60

1020

7200

8130

36000

22620

Table 4.L-8: Ni76.aMn2a.o (Sample B) Ferromagnetic Phase Paramete¡s for Eq.(4.2)

h"n (s)

3000+1500

1050

8220

600*300

36960

>10.
>10{
<4

20*15

r (sl
2041*67

(1.354*0.42)x 10"

40*30

G03+15

(1.03*1.05)x 10"

0.32+0.2r

T(K)

The preceding analysis of thermoremanent relaxation dynamics in sections

4.1.6 and 4.1.7 offers novel and compelling evidence for the equivalence of the reen-

trant and spin glass phases: under comparable experimental conditions, the ther-

moremanent decay in both phases is dominated by nonequilibrium, age-dependent

processes, and describable by â common relaxation function (for f- > 60 s), which

has been linked, theoretically, to a mesoscopic picture of growth and fragmenta-

tion of spin glass domains (section 2.4.2). Nevertheless, some specific features of

the current study require further comment: (i) While the locations of the inflec-

tion points in the NiMn relaxation isotherms in Figures a.l.6-2(a) (Ni76Mn2a spin

glass) and 4.7.7-2(a) (reentrant ferromagnet) are approximately coincident with
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20+9

85

0.68*0.02
n

32Xl4

0.8i*0.02

85

t-(s)

0.85Í0.01

90

0.86+0.01

60

M^(emu/s)

90

7200

0.92*0.01

5.59*0.01

95

0.92+0.0i

0.08+0.01

60

5.16*0.01

0.94t0.01

7200

m

4.72*0.04

0.06+0.01

4.48+0.13

0.0910.01

60

4.61+0.01

0.06+0.01

M,(emu/g)

4.45*0.03

0.08*0.01

4.30t0.07

2.33+0.01
2.08+0.01
2.08*0.02
1.90+0.03
1.82+0.01



the effective experimental age of the system, tos": t- *t" - 103 s, in accordance

with theoretical expectations (section 2.4.7), they also clearly exhibit a systematic,

temperature dependent shift towards progressively longer observation iimes as the

measurement temperature T* is decreased. (A similar trend is clearly apparent

in some of the authoritative relaxation studies, by Lundgren and co-workers, on

CuMn, by Nordblad et al.(1987b), who show that t;n¡¡ varies monotonically from

t;út 1Í- at high temperatures to t;nÍt ) ú- at low temperatures.) This ability

to discriminate, experimentally, between the various isotherms on the basis of the

age of the system (tr*¡t), in spite of the constraints imposedon the current exper-

imental procedure by the comparatively large cooling intervals Tn - T^ - 100K

and correspondingly long cooling times t" -15 m (far removed from the ideal

"temperature quench"), which effectively suppress the temperature dependence of

1", simply indicates that the system is essentially in equilibrium over a significant

portion of the cooling interval, and that the aging process does not commence un-

til the system has been cooled through some effective refe¡ence temperature ?¿*

which lies well below Tp (lor the spin glass, the onset of nonequilibrium behaviour

occurs just below the principal maximumin M(T), while for the reentrant ferro-

magnet, the absence of nonequilibrium effects throughout the ferromagnetic phase

suggests that 7n. is located close to the ferromagnetic-reentrant phase boundary).

Furthermore, from the tendency for t;n¡¡ to eventually exceed all of the obvious

experimental time constants, at the lower measurement temperatures, it is evident

that slow cooling rates accelerate the aging process so that, while f- remains an

appropriate measure of the evolution of the system at constant temperature fi (in

f.acl, t-: 60 s represents a lower bound on all of the experimentally observable in-

flection points, as expected), the parameter ú" (or, more accurately, t"' , if properly

reckoned from the instant the system passes through ?p. until it reaches ?-) con-

siderably underestimates the influence of the cooling process. (A comparable trend

deveiops in some of the CuMn relaxation data of Nordblad et al. (1986) at the
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lowest measurement temperature, T* - 27 K, where longer cooling times t" - 200

s also yield ú¡,,¡¡ > (t-*ú"),even for comparatively long wait times ¿- - 10¿"). (ii)

A "pure" stretched exponential is insufficient to provide a complete description

of the NiMn relaxation isotherms in eithe¡ the reentrant or spin glass phases, but

must be supplemented by a time-independent term which decreases with increasing

temperature T^. This constant component is also an ingredient of other empir-

ical representations of remanent relaxation in systems such as CuMn (Nordblad

et aI.,1986) and AuFe (Chamberlin and Haines, 1990), where it exhibits similar

temperature dependent systematics (Nordblad et aI.,1986). While the presence of

this component in the reentrant NiMn ferromagnet is certainly consistent with vec-

tor models (section 2.2.2) which predict a longitudinal ferromagnetic spontaneous

magnetization to coexist with transverse spin glass freezing within the ¡eentrant

phase, its physical significance in the "pure' spin glass phase is less transparent.

However, the sharp theoretical phase boundary which separates the ferromagnetic

regime (* # 0,q * 0) from the spin glass regime (m - 0,q * 0) in zero field (sec-

tion2.2.2 and Toulouse,1980), must vanish in finite field (Toulouse, 1980), so that

the distinction between the ferromagnetic and spin glass phases is blurred, and

the crossover becomes a more gradual, continuous process; consequently, it is not

surprising if finite field measurements on a concent¡ated spin glass like Ni76Mn2a,

with its extreme proximity to the multicritical point and with a substantial fer-

romagnetic bias to its bond distribution, exhibit some features in common with

its ferromagnetic neighbors (even though its critical properties are distinctly not

ferromagnetic).

It is also instructive to compare the viscous properties of the reentrant NiMn

ferromagnet described above, with a recent study by Chamberlin and Haines

(1990) of thermoremanent relaxation in the Auy-,Fe" system (see section2.4.3.).

Although the AuFe study did not explicitly include reentrant ferromagnets, a

number of intriguing similarities nevertheless emerge from this comparison: (u)
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the existence of two distinct relaxation regimes is also a characteristic of AuFe

alloys within the cluster glass region of the magnetic phase diagram (ø = 0.12):

for temperatures aboae the maximum in the ZFC magnetization (which defines the

transition temperatureTsç), the relaxation curves are concave up and represented

by a relaxation function which reduces to a simple po\4/er law Mp(t) - t-o in the

limit of long observation times, while, below Ts6, lhe curvature of the data is

inverted, necessitating the introduction of a further relaxation function which re-

duces to the Kohlrausch-Williams-Watts stretched exponential Ma(t) - enp(-tg)

in a similar limit. Thus the validity of the "power lawn and "stretched exponen-

tial" descriptions of the reentrant NiMn data is a consequence of the compara-

tively more "restricted' experimental time window (1 . < ú < 10as) employed

in the current investigation, while the absence of a well-defined inflection point

(which is known to be a nonequilibrium manifestation of aging) below ?cc in the

AuFe study, is related to the relatively long cooling times employed in this study

(t"ÍÍ - 103s), which yield a response closer to true thermal equilibrium. (b) With-

in the ferromagnetic phase of the AuFe system, the relaxation exhibited several

complex featu¡es which required not only the superposition of the two relaxation

functions mentioned above, but also the introduction of a constant base line, in

order to achieve a satisfactory description of these more concentrated samples.

This time independent component of the remanence is also an essential ingredi-

ent of the cu¡rent analysis in NiMn, (see Tables 4.1-1 to 4.1-8 for values of the

parameter M.), particularly in the reentrant phase, and supports the hypothesis

that the reentrant phase is a hybrid of two ordered spin configurations: longitu-

dinal fe¡romagnetism, which generates the large static remanence, and spin glass

freezing, which is responsible for the stretched exponential thermoremanent decay

with its age-dependent characteristics. However for a spin glass y'{i73 rMnzs.s the

magnitude of the remanent constant Mo is comparable to the size of the decay

and eventually approaches zero.
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4.2 The AuFe System

4.2.1 Introduction

The AuFe system is perhaps the most extensively investigated disordered sys-

tem. Transition temperatures obtained from experiments by Cannella and My-

dosh (1972), Coles et al. (1978) and Sarkissian (1981) have been compiled into

the magnetic phase diagram shown in Figure 4.2.1-I. At very low Fe concentra-

tions the alloy behaves as an isolated impurity system with a Kondo temperature

of about 0.3 K. The concentration range 0.5-8 at % Fe corresponds to archety-

pal spin glass behaviour at low temperatures due to the freezing of good local Fe

moments which are coupled through the RKKY interaction (section 2.1.1). As

the Fe concentration is increased above 8 at.%, ferromagnetically coupled clusters

of Fe moments appear and form a cluster glass (CG) at low temperatures, with

superparamagnetism at high temperatures. At a critical percolation composition

Cp:15.7 t0.5 at'.% Fe (Sarkissian, 1981), an infinite ferromagnetic cluster can be

found and long-range ferromagnetism occurs. It should be emphasized that, even

after the percolation concentration 15.7 at To Fe is exceeded, a significant fraction

of the iron moments will still not be in the infinite cluster, yielding the possibility

of coexisting long-ranged ferromagnetism and cluster glass behaviour between 16

and 28 at % Fe, and hence potentially reentrant behaviour. Above 28 at To Fe,

there is only long range ferromagnetism.

There are significant uncertainties concerning the magnetic phase diagram due

to the extreme sensitivity of the magnetic properties to the metallurgical state of

the system. In order to produce a random ,{uFe system one has to water quench

the alloy from high temperature. Various heat treatments can change the de-

gree of atomic Fe clustering dramatically, thereby affecting the magnetic ordering

temperature. Crane and Claus (1980, 1981) have studied the effects of annealing
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Figure 4.2.X-1: Magnetic phase diagram of AuFe. The various regimes are
paramagnetic (p), ferromagnetic (f), spin glass (sg), cluster glass (cg) and quasi-critical
(f). From Sarkissian (1981).

16

C (ot % Fe)

foco - -.
.' A--o_

MÐ



temperature on the magnetic ordering temperature and spontaneous magnetiza-

tion for Au-14 and 15 at.ToFe samples. Figure 4.2.7-2 shows the ac susceptibility

measured as a function of temperature for a Au-15 at.% Fe sample which was

annealed at various temperatures 7,a. In the state quenched from the lowest an-

nealing temperaturc200oC, the interaction between large ferromagnetic clusters

causes the sample to order ferromagnetically at a high temperature T" - 108 K.

lncreasing the annealing temperature reduces the degree of atomic clustering. The

sample becomes more and more random with fewer and fewer ferromagnetic clus-

ters. At Te:480oC,, the Curie temperature is reduced to T.:60 K. When the

annealing temperature is increased further above 535oC, the magnetic ordering

temperature increases again. Crane and Claus concluded that the highest degree

of disorder in Au-15 at.% Fe sample is obtained by quenching from 550oC, and

that quenching from a higher temperature produces an inhomogeneous state and

should be avoided. They pointed out that the reversal of this trend for T¡ > 550 C

is due to a vacancy-enhanced diffusion during the quenching process (Crane and

Ciaus, 1980). The annealing temperature is so high that one is no longer able to

quench-in a high temperature equilibrium state. Significant diffusion takes place

during the quenching process and one ends up with a quenched-in state with a

larger degree of clustering than that obtained from 550"C.

Similar metallurgical behaviour has been found in Au-14 at To Fe. According

to Figure 4.2.7-3, quenching from higher temperature can reduce the magnetic or-

dering temperature d¡amatically and also suppress the height of the susceptibility

maximum. In fact, quenching from above about 300'C can change the system

from a ferromagnet into a spin'glass. Strong evidence for such a transformation as

a function of annealing temperature is shown in Figure 4.2.7-4, which shows the

inverse susceptibility and spontaneous magnetization as a function of temperature

for various quenched states (Crane and Claus, 1981). In the states quenched from

28I'C and 287"C, the susceptibility diverges at Ts1-gL 5 K and 58 K respective-

241



o.B

? 0.6

0.4

2OO .¡./ ¡

./'.1'.

27s /' ./

, /a ¿.À'-gÞk'-'

32O /
4ß!Po.2
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l11 and a spontaneous magnetization develops (solid squares) which indicates the

onset of ferromagnetism. Below a second critical temperature Tç2: 51 K and 54

K for 281"C and 287'C respectively, the spontaneous magnetization disappears,

corresponding to a transition into a spin-glass-like state. When the sample was

annealed at 300'C and 311'C the susceptibility remain finite at all temperatures.

The broad minimum in 7ly probably indicates a direct transition from paramag-

netic to spin glass state. Ferromagnetism is absent in these two states.

Extensive studies of the dynamic response of AuFe in the critical concentration

regime 8 ( c < 28 at.% Fe have been conducted by Sarkissian (1981). Sarkissian

measured the real component of the ac susceptibility X'@) as a function of field,

temperature, freguency and amplitude of the ac driving field. All specimens were

subjected to an homogenizing annealing at 900'C for three days, followed by water

quenching.

The ac susceptibility was measured in zero dc biasing field as a function of

temperature using an excitation frequency of 340 Hz, and very small (about 10-6

RMS Oe) alternating fields. These results are shown in Figure 4.2.I-5, and 4.2.1-6

for alloys above and below the critical percolation concentration Cp: 75.7 + 0.5

at.% Fe. In alloys close to and above Co, with an infinite cluster, the transition

to a ferromagnetic state shows a very sharp peak at 4. This peak is extremely

sensitive to the amplitude of the ac field. As the alternating field was increased,

the peak was suppressed and shifted to lower temperatures. Another distinct

characteristic of lhe y'(u) curves for c )16 at ToFe alloys at lower temperatures

is the rapid drop, creating a very marked shoulder, which is attributed to the

freezing of the finite clusters. Below the critical concentration 16.0 at % Fe the

temperature dependence of X'@) only shows a rounded maximum (Figure 4.2.7-

6). Absence of the sharp peak at high temperatures indicates that finite clusters

dominate the magnetic response. With Fe concentrations below about 70 at.%, the

nearest-neighbour ferromagnetic Fe-Fe coupling becomes impossible. The domi-

2M



fa
f
E
@)
s,

9ir

TA * 3qC 30O 3,87

Figure 4"2"n-42 o @ inverse susceptibility, scale on left, @ spontaneous magnetization,
scale on right for a Au-14 at% Fe sample quenched from various annealing
temperatures. From Crane and Claus (1981).

55 60
T'(K)

@
t
EI
ú

?Á5



I gl

= 0.8EU

3
x

i
17 0 

""e

Figune 4.2"1-5: ac susceptibility x/ as a function of temperature for AuFe alloys close
to the percolation concentration. F¡om Sarkassian (1981).

?/+6

r
B

ß"/.8"
o

BI
B



0.5

tgt

f

3

I

0.1

0?

0.1

Figure 4"2"1-62 ac susceptibility as a function of temperature for AuFe alloys below
the percolation concentration. From Sarkassian (1981).

10 20 Ð /.0 50 ó0 70 80 90

r (K)

2Å7



nant RKKY interaction between isolated Fe moments causes a typical spin glass

cusp at a freezing-temperature Ts6. The cusp becomes rounded with the ap-

plication of magnetic field. Critical behaviour in a spin glass Au-0.97 at.% Fe

was examined by Chikazawa et al. (1983). The temperature dependence of the

nonlinear susceptibility y2(t) shows a sharp peak near Tse : 8.9 K.

In a finite dc biasing field, there is considerable structure in the susceptibil-

ity versus temperature measurements. Figure  .2.1-7(a) shows the temperature

dependence of the susceptibility y'(a) in different steady fields for a Au-15 at.To

Fe alloy (Kleiman et al., 1982). Three distinct peaks are present in non-zero dc

fields: the highest temperature peaks were recognized as ferromagnetic critical

peaks, with the peak temperature increasing and peak amplitude decreasing as

the steady field is increased. The lower temperature peaks are also suppressed in

amplitude, but shifted downward in temperature exhibiting a reentrant spin glass

behaviour.

Critical analyses have been performed by Maartense and Williams (1978), who

measured the ac susceptibility of a reentrant ferromagnet Au-22 at.% Fe at an ex-

citation frequency f :2400 Hz,, as a function of both applied field and thermal

history. High temperature critical point exponent analysis yielded the exponents

1 :7.51 and ó : 3.6 for quenched thin samples. Aging for 1500h at room tem-

perature increases the Curie temperature by - 70K, while, aging between 100 and

300"C causes 4 to fall again (by - 50 K). Both 7 and the magnetic moment of

F" (p"¡¡) were unchanged by such heat treatment, but 6 increased to 3.9. This

behaviour was ascribed to the occu¡rence of short-range order, rather than the

formation of large magnetic clusters. An analysis of the ferromagnetic component

of the triple-peaked structure of the Au-15 at.ToFe sample, shown in Figure 4.2-

7(a) yielded a simple power-law dependence for y(h,,f-) vs h;*¿ (8q.2.116) with

6 : 3.4 * 0.15. Howevet, the double logarithmic plot of ¡(0, T > T") against

reduced temperature showed considerable curvature, similar to that found in Ni-
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23.6 at %Mn (section 4.7.5), due to the absence of long range ferromagnetic order.

An analogous set of scaling equations (8q.2.128) was applied to the intermediate

peak, but no scaling-like relationship was found. Strong aging affects were also

found in this sample. Figure 4.2.1-7(b) shows the ac susceptibility measured on

a sample aged at room temperature for 190 hours. Aging causes these peaks to

become considerably broader, and demands a much higher field to resolve them,

indicating enhancements of short range order (increasing the number of nearest

neighbour Fe impurities). The zero field susceptibility in the aged sample is gen-

erally reduced in magnitude compared with the quenched specimen, but the weak

temperature independent "plateau" is broadened.

4.2.2 [,ow Field Thermoremanent Relaxation in a Fure Spin Glass:

AussFels

In cont¡ast to NiMn, the critical properties of the ferromagnetic and spin glass

transitions in AuFe have been the subject of considerable attention in the litera-

ture, and may be regarded as well established; however, with the exception of the

early work by Guy (i978), the viscous properties of AuFe have received surprising-

ly little attention, particularly within the reentrant ferromagnetic configuration.

Consequently, the current investigation focused exclusively on measurements of

the thermoremanent relaxation, and exploited the results of the earlier critical in-

vestigations only to aid in choosing appropriate concentrations as good candidates

for spin glass and reentrant ferromagnetic behaviour.

In this section we present TRM relaxation measurements in a AussFels upure"

spin glass. The sample preparation was described in section 3.2.2, and the dimen-

sions of the sample are listed in Table 3.2. An EDAX analysis was consistent with

a high degree of homogeneity.

Figure 4.2.2-1 shows the temperature dependence of the low field static mag-

netization of the AussFels sample, measured in Ho : 5 Oe under both FC and
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ZFC conditions. The spin glass exhibits the canonical cusp-like structure at Tsc

- 32 K, indicative of random spin freezing, and the gradual bifurcation of the

Mpç and Mzrc curves below Tsc symptomatic of irreversibility. The decay of

the thermoremanent magnetization was measured over four decades of observation

time (6 s< f ( 104 s), and Figure 4.2.2-2 summarizesthe features of this decay at

various measurement temperatures ?, between 18 and 30 K for t- : 60 s. Each

relaxation isotherm in Figure 4.2.2-2 was obtained by following an identical proce-

dure to that described in section 4.7.6, with an applied cooling field of fI" : 5.0 Oe

and a reference temperature of 7¡ : 50 K (The cooling procedure was again very

reproducible and yielded cooling times consistently close to t":500 s). On a log-

arithmic time scale, the relaxation isotherms exhibit well defined inflection points

(marked by arrows) for the isotherms with ?* < 28 K, and all are well described

by the superposition of a stretched exponential and a constant term as shown by

the solid curves. The best fit parameters are listed in Table 4.2-1, along with a

number of other relevant experimental parameters. The inflection point f¡,.¡¡ was

established from the maximum in a plot of the relaxation rate ^9(ú) 
: -ïMnl7lnt

as a function of log ú, and as shown in Figure 4.2.2-2, exhibits a systematic shift

vvith %, so that, at high temperatures (?", > 24K), a discrepancy develops be-

tween t;n¡¡ and the efective age ton" : t- * ú" of the system, which is probably a

manifestation of limitations imposed by the finite cooling rate. The magnitude of

the exponent n is typical of canonical spin glasses, and exhibits a slight increase

with measurement temperature for T*lTsa > 0.8.

The nonequilibrium age-dependent behaviour \ryas examined in detail at a rep-

resentative temperatrreT^ - 22K, and the wait time dependence of the isotherms

is shown in Figure a.2.2-3(a). The inflection points coincide, within experimental

error (see Table 4.2-2), with the effective age of the system, so that t;nf t ! t- * t.,
and, as before,this age dependent behavior translates into a maximum in the

relaxation rate ^9(l) at, t* : t¡nÍt : t- * f 
" 

which propagates towards longer ob-
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Ha = 5.0 OeAu-10.0 at% Fe
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cooled (ZFC) static magnetization of the Au-10.0 at% Fe spin glass measured in an
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servation times with increasing f,,, as shown in Figure 4.2.2-3(b). Attempts to

fit these curves to the pure stretched exponential in Eq.(a.1) revealed that this

representation was inadequate for large wait times t- > 60 s, and only provided a

good description over a limited time inte¡val which became progressively narrower

as the wait time increased, so that systematic deviations developed at short times.

However, the product of the stretched exponential and simple power law Eq.(a.3)

was able to provide a complete description (solid lines in Figure a.2.2-3(a)) of the

isotherms ove¡ the entire observation time interval, and the best fit parameters

are listed in Table 4.2-2.

T'able 4.2-L: AusoPeß Spin Glass Parameters for Eq.(4.1)

T(K)
18

20

t- (s)

22

60

24

60

t- * t" (s)

26

60

28

60

540

60

510

60

510

t;"1 (s)

570

500*200

780

500+200

630

300+i00

Table 4.2-22 AunPerc Spin Glass Parameters for Eq.(4.3)

T(i()

290*100

l ls
730t20

350t100

22

630+20

,,

250*100

t-(s )

22

440t10

240

22

1200

290+6

t- { t, (s)

0.68*0.01

1800

330+10

n

0.71+0.01

3600

180*10

720

0.67+0.01

A fascinating feature of our current investigation of AuFe is our observation

of the memory behaviour of the spin glass relaxation, which was first observed

in a canonical Cu-5.0 at.% Mn spin glass by Lundgren et al. (1986a, see Figure
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1680

0.70t0.01

M,(10-r emu/g)

2280

0.72+0.01

4050

t¡' ft
600+200

0.73+0.01

3.26t0.02

2000t500

(s)

2000*500

2.31+0.02

4000+1000

1.91+0.02
1.39+0.01

T

993t50
ls)

0.93t0.02

2664+27
2592+.42

0.60+0.01

4866+116

0.02t0.01
ltl

0.05+0.01
0.06t0.01
0.05+0.01

0.61+0.01
n

0.45t0.01
0.40*0.01
0.41+0.01

M^í1O-'e¡¡ru/s)
1.91+0.01
2.04*0.01
2.22+0.0r
2.17*0.0i
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Figure 4"2.2-32 (a) The decay of the thermoremanent magnetization M* at a typical measurement temperature 7- : 22 K
for wait times f* : 60, 240, 1200, 1800, 3600 s. The solid curves for /* > 60 s are the best frrts to Eq.(4.3). (b) The
numerically calculated relaxation rate S(t) for four of the five relaxation curves in (a), plotted on a logarithmic scale.
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L-26). The existence of macroscopically long relaxation times in any spin glass

ultimately implies that the decay of the thermoremanent magnetization depends

on the history of the sample and should thus display a memory for past events.

The fundamental principles governing the memory function which controls the re-

laxation of the magnetization are based on linear response theory. According to

the detailed investigations on the field dependence of the remanent magnetiza-

tion in a Cu-5.0% Mn spin glass, by Nordblad et al. (1987a), at low fields (< 10

Oe) the isothermal remanent magnetization (IRM) Mr** has a linear field depen-

dence regardless of wait time and observation time, whereas the thermoremanent

magnetizalion M7p¡a has a nonlinear field dependence. In ZFC magnetization

measurement, in which the sample is cooled in zero field to a measurement tem-

perature fl'. (below ?s6) after which a small external field is applied, the change

of the magnetization may be expressed (Lundgren et al., 1986a) as

according linear response theory, where p(t-,t) is called the response function,

which depends on the wait time t- at T^ dre to the age dependence of spin

glasses. In an isothermal remanent magnetization measurement, the sample is

similarly cooled in zero field to T*,, where a small field pulse is applied after

an initial wait time ús1 and removed after a wait time t112, ã..s shown in Figure

a.2.2-aþ). The validity of the linear response of the relaxation implies that the

principle of superposition applies (Lundgren et al., 1986a; and reference therein),

and thus the relaxation of the IRM can be written as a sum of responses caused by

a positive field change at t-1and a negative field change at t-2 (Figure 4.2.2-4(b)),

viz

Mvnu(t-,,t) : h.p(t¡,t * (t-z - ú-r)) - h.p(t*r,t). (4.5)

The memory of the field change experienced by the system may not be erased by

a subsequent field reversal. The duration of the field pulse is t-2 - t-t and t is
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Mzrc(t-,t) : h.p(t.,t) (4.4)



(a) F{a

(b) F{a

+[x

Figure 4.2.2-4: (a) Field pulse in isothermal-remanent magnetization (IRM)
measurements. (b) Equivalent scheme for the field cycling in IRM measurements based
on the principle of superposition. From Lundgren et al. (1986a).

E{a

+[n

tr¡gure 4"2"TSz The sequence of field pulses used !o test the memory function M- A)
of Eq.(4.6). The /*;'s refer to the wait times at constant temperature prior to the i-th
field change. By definition, r equals zÊro at /*0. From Lundgren et al. (1986a).
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defined to be zero at the final change of the field. For an arbitra¡y sequence of step

changes of the field, the above equation can be generalized following the theme of

superposition, and the memory funclioq M^" can be generally written as

where Aå; is the field change at the wait time ú-¡ and where ali the t*; are negatiue.

For the sequence of field changes shown in Figure 4.2.2-5, Eq.(a.6) becomes

M*.*(t) : hp(t-t,t * (t-a- ú-t)) - 2hp(t*r,t * (t-n - t-r))

*2hp(t-z,t * (t-n - ¿-r)) - hp(t-4,t) (4.7)

Guided by the above discussion, we conducted the memory behaviour experi-

ments on AussPels at T^ :22K. As a first step, we measured the IRM relaxation

in order to define to the response function, according to Eq.(4.4). The sample was

cooled in zero field from Tp - 50 K to 22 K, and after a wait time ú- : 60 s, a

field of Ho - 5 Oe was applied and the relaxation of the IRM was recorded over

the time interval 2 s1 t < 3000 s. After recording, the sample was warmed in I/"

: 5 Oe to ? : 60 K in the paramagnetic regime, and the field was then removed

in order to establish the true zero of the relaxation. The result is shown in Figure

4.2.2-6. From our earlier experience in fitting TRM relaxation data, we are able

to accurately represent M2ps(t) by the following function (solid curve in Figure

4.2.2-6):

Mzec(-60, ¿) : hp(-60,t) :9.248 - 2.087Ero (-( ' )1-0'631) . (4.8)u_¿.vu,"_r\ 
\SOg.¿g) ).

Having established the response function for the wait time t- : 60 s, we then

measured the memory behavior at T* - 22 K, and the results are illustrated in

Figure 4.2.2-7 to 4.2.2-10 for various pulse sequences. The sample 1ryas first cooled

in zero field from the reference temperature 7p : 50 K to T* : 22 K (¿" - 480t),

and, after a initial wait time tut:60 s, subjected to the sequence of field reversals
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M*" (t): É A,h;p(t*;,t + (t-*- úu)) ,

i=1

(4.6)



depicted above each figure; the relaxation was then recorded after the field was

finally turned off at tus z 0. The observed remanent magnetization reflects the

sequence of field reversals experienced in the past, and the principle features can

be reproduced numerically by employing Eq.(a.7). Due to a lack of knowledge

concerning the response functions for all the different wait times t-¿(i: 7,2,3, 4),

we made the reasonable approximation in Bq.(4.7) that:

p(t*;,ú) ry p(-60, ú), for all i : 7,2,3,4,

so Eq.(4.7) simply reduces to

M,." (t) : Mzrc (-60, t - t-t) - 2'\Mzrc (-60, t - t.z)

+2.0MzF'c (-60, t - t-s) - Mzpc (-60, ¿) (4.10)

The solid curves in Figure 4.2.2-7 to 4.2.2-10 are the calculated memory functions

using Eq.(4.10), and presented on an absolute scale . The astonishing resemblance

between the solid curves and the oscillating remanent magnetization (ORM) (e-

specially in Figure 4.2.2-8), recorded in zero appliedfield, support the validity of

the principle of superposition, as well as the linear response assumption. The

memory function M*"^ simply reflects the historical events in the past, and the

memory of the field pulses may not be erased. It is worthwhile to point out that

no adjustable parameters are required to calculate the memory function for the

sequence of pulses with n-4 in this experiment (If n is an odd number, so there are

an odd number of terms in Eq.(a.7), the true zero in Mzrc has to be well defined

in order for M^"* to represent the ORM correctly. In latter case, the constant

term in Eq.(a.7) may become an adjustable parameter.) The discrepancy between

the solid curves and the observed ORM may be attributed to the approximation

in Eq.(a.e).

For purposes of completeness, we also tested the droplet model developed by

Fisher and Huse (section 2.4.1). According to our discussion in section 2.4.7, if

2s9
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Figure 4"2"2-62 The relaxation of the isothermal remanent magnetization (IRM) at a
measurement temperature 7. = 22 K. The sample was cooled in znro field to ã and
after a wait úme 1o : @ s, a field of Hu: 5 G was applied.
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Flgure 4"2"2-72 The memory effect: the time dependence of the thermoremanent
magnetization M^^ after the sample was cooled in zero field to the measurement
temperature T^ : 22 K and then subjected to the sequence of field pulses shown above
the figure.
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Figure 4.2"?-.Ez Same as Figure 4.2.2-7, but for a different sequence of field pulses.
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Fågure 4"2"2-92 Same as Figure 4.2.2-7, but for a different sequence of field pulses.
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a spin glass is subjected to an ideal quench from infinite temperature to a tem-

perature T 1 Tsc in zero magnetic field, then, after a time ú- has elapsed, the

system will consist of domains of typical linear dimension L(t-) within which

the spin configuration is

states f and f characteristic of the temperature ?. Two temporal relaxation

regimes are distinguishable: an "early epoch" (lnt < lnf-) when relaxation oc-

curs on length scales L < L(t.) through activated equilibrium droplet fluctu-

ations, and the equilibrium magnetization zn"n(f) decays as m"o(t) - (Int)-e/'l'

(Eq.(2.1a7)), and a "late epoch" (Int Þ /nl-) where the dynamics are a conse-

quence of activated nonequilibrium domain growth and the decay is governed by

a nonequilibrium exponent 
^ 

> 0 which leads to a more rapid logarithmic power

Law, mn.o(t) - (Int)-t/+ (Eq.(2.149)). Thermoremanent relaxation measurements

allow both regimes to be observed in the same experiment, and, on a logarithmic

time scale, the relaxation curves should exhibit a crossover between the two lim-

iting relaxation regimes. A double logarithmic plot oî. M7p¡a vs. In t is shown

in Figure 4.2.2-11 for all relaxation isotherms with T* < 30 K, and the results

are qualitatively in agreement with the predictions of the Fisher-Huse model. The

negative slope of the curves changes from a low value @ -glrþ) to a highe¡ value

(o -^lrþ), with increasing /n f, which agrees with À ) d. However, the curvature

is continuously changing, and there is no extended temperature interval which cor-

responds to well defined linear behaviour, so that the above conclusions are valid

only asymptotically at best.

4.2.3 TRM Relaxation in a Reentrant Ferromagnetismz AussFelT

Having established the characte¡istics of TRM relaxation in a pure AuFe spin

glass, \rye now turn our attention to relaxation in a reentrant ferromagnet.

An alloy of ,{gFe containing nominally 77 at.% Fe was prepared by arc melting

as described in section3.2.2, total melting losses indicated that the true concentra-
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tion was (at worst) within X0.3 at.% of the nominal value. Two samples A and ts

specified in Table 3.2 were prepared from the cold rolled sheet. An EDAX analysis

was consistent with a high degree of homogeneity and negligible clustering.

Figure 4.2.3-l shows the temperature dependence of the low field static FC and

ZFC magnetizations in 11" - 0.5 Oe. The reentrant ferromagnet exhibits multiple

structure (identified by the vertical arrov/s in Figure 4.2.3-1) consistent with the

dynamic measurements described in section 4.2.7, and thus with the formation of

a ferromagnetically ordered state below about 7i ^r 100 K, which subsequently

collapses near T âr 40 K into a low temperature reentrant phase, within which the

temperature dependence of the FC and ZFC magnetization mimic those in the

pure spin glass phase.

The characterization of the thermoremanent relaxation in the reentrant

AussFelT ferromagnet proceeded by adapting the experimental and analytical

techniques developed for the AussFerc spin glass. The tendency for residual relax-

ation effects to persist well above the peak in the ZFC magnetization (see Figure

4.2.3-1) necessitated the choice of a comparatively high reference temperature T¡ :
140 K for establishing the zero level of magnetization, so that, as usual, the reen-

trant study was severely constrained by the anomalously large cooling intervals

Tn-T* (-100 K for the reentrant phase) and correspondingly long cooling times

ú" (typically -1000 s), which, as before, allowed the cooling process to assume a

dominant role in defining the age of the system. Figures 4.2.3-2 and 4.2.3-3 sum-

rnarize the thermo¡emanent decay for a sequence of representative measurement

temperatures fl". spanning virtually the entire ordered phase (15K 1 T^ < 115

K), for a wait time f., : 60 s. The low temperature isotherms in Figure 4.2.3-2

were obtained from sample A, with a cooling field //" : 2 Oe, while the uhigh"

temperature isotherms in Figure 4.2.3-3 were obtained from sample E with a cool-

ing field H.: 4 Oe. The necessity to introduce a second needle-shaped sample(ts)

arose when oscillations developed in the relaxation isotherms of sample -A for tem-
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peratures T* ) 25 K, which were traced to temperature instabilities due to its

width (- 1 mm). While the structure of these isotherms (particularly at the lower

temperatures) is much broader and considerably more subtle than that associated

with "pure" spin glass relaxation (undoubtedly a consequence of the comparative-

ly slow cooling rates), there is nevertheless an unmistakable, progressive change

in curvature throughout both figures, similar to that observed in reentrant NiMn,

from concave down to concave up with increasing measurement temperature ?,,..

Furthermore, quantitative analysis of the isotherms revealed that, as with NiMn,

two distinct types of relaxation behaviour are possible, corresponding to two dis-

iinct temperature regimes each of which coincides with one of the two ordered

phases which characterize the reentrant sequence. The isotherms in Figure 4.2.3-2

and 4.2.3-3 have been grouped accordingly in order to reflect this dichotomy. (a)

Figure 4.2.3-2 presents the low temperature reentrant regime \rrith % < 30 K,

where the isotherms all possess inflection points (marked by the arrows) and ex-

hibit a wait time dependence indicative of nonequilibrium processes. These curves

are describable analytically by the superposition of a pure stretched exponential

and a constant term as in Eq.(a.1). (b) Figure 4.2.3-3 shows the high temper-

ature (ferromagnetic) regime with T* >30 K, where aging effects are negligible

and where the decay is incompatible with a stretched exponential representation,

but is consistent with a weak power-law dependence (Eq.(+.2)) symptomatic of

relaxation from a fully equilibrated field cooled state. Figure 4.2.3-4 shows the

wait-time dependence for selected isotherms in each of the two relaxation regimes,

and Tables 4.2-3 and 4.2-4list all the relevant experimentalparameters, including

the best fit values of the constants Mo,fl, r, and zn in Eq.(4.1) and (4.2).

Based on a comparison with the relaxation dynamics of a pure spin glass, as

defined by Figure 4.2.2-2 and Table 4.2-7, the magnitude and variation of the

stretched exponential parameters n and z in Table 4.2-3 are completely consistent

with orientationally ¡andom spin freezing within the low temperature reentran-
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Fñgure 4"2.3-Zz Decay of the thermoremanent magnetization MR at several
representative temperatures Z- within the reentrant phase of the Au-17.0 at% Fe
ferromagnet, for a wait time /* : 60 s. The vertical arrows mark the locations of the
inflection points. Solid curves are the best fits to Eq.(4.1).
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t regime and thus support the conclusions of the NiMn study. Moreover, the

constraints imposed on the experimental cooling rates by the necessity to cool

the system over relatively large temperature intervals Tn - T,n are responsible

for systematic discrepancies similar to those observed in NiMn. The experimen-

tal cooling technique is unable to distinguish between cooling intervals differing

bv 
^("n 

- T*)lT^ - 0.1, the nominal experimental age t- * t. of the system

is essentially independent of measurement temperature fi within the reentrant

phase. However, the location of the inflection point tinÍt : r (see vertical arrows in

Figures 4.2.3-2 and, 4.2.3-4(a)), and hence the true age of the system, exhibits an

inve¡se correlation with 7t, shifting frorn t;n¡¡ ) t- * t" to t¡n¡¡ 1 t- * ú" with in-

creasing measurement temperature. This behaviour is entirely consistent with the

absence of aging observed throughout the ferromagnetic phase (Figure 4.2.3-4(b)),

and, as in NiMn, merely confirms that the system is continuously in equilibrium

throughout the initial portion of the cooling interval. Thus aging processes do

not commence until the system has been cooled through some effective reference

temperature Tfi which lies well below ?p but close to the ferromagnetic-reentrant

phase boundary.

A test of the Fisher-Huse model similar to that performed for AussF€1s was

also attempted for the reentrant AusFelT alloy. The relaxation isotherms in the

low temperature reentrant phase in Figure 4.2.3-5 again exhibit an increase in

negative slope from short times to long times, which qualitatively agrees with the

model. The relaxation isotherms in the high temperature ferromagnetic phase in

Figure 4.2.3-6 are clearly not unique straight lines as would be expected for a

system relaxing from equilibrium, but rather exhibit similar curvature to those in

Figure 4.2.3-5. Nevertheless the double logarithmic plot of M vs. /n ú for the

highest temperatureT^: 115 K isotherm does yield a good straight line, which

indicates the possibility of yet a third relaxation regime above f which perhaps

represents the utrue" ferromagnetic equilibrium relaxation.

nz
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Füganne 4.2.3-4: An illustration of the influence of the wait time t* on (a): the relaxation isotherms within the reentrant
phase. The vertical arrows mark the locations of the inflection points, and the zero magnetization levels of the relaxation
curves have been shifted by arbitrary amounts for clarity of presentation, so that only the scale of the relaxation has been
indicated in the lower left of the hgure. Solid curves are the best fits to Eq.(4.1) (b): the relaxation isotherms within the
ferromagnet phase. As in figure (a) only the scale of the relaxation has been indicated. Solid curves are the best fits to
Eq.(4.2).
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Table 4"2-32 Au$Fen Reentrant Phase Parameters for Eq.(4.1)

T(I()
15

17.5

t.(s)

20

60

20

60

t- * ü. (s)

2L.5

60

22.5

7200

22.5

000

60

23.0

900

60

23.0

960

7200

8220

23.5

t¡"lr (s)
3500+1000

60

1200

7200

3000+1000

1260

2000+1000

60

6250

On the basis of both Monte Carlo simulations (Ogielski, 1985) and critical

fractal-cluster model calculations (Lundgren et aI.,1986b), to be characterized the

zero field equilibrium (t- : oo) relaxation in spin glasses is expected to be char-

acterized by a slow power law decay below Tsc. This expectation is supported

by both static and dynamic measurements of the relaxation rate .9 in various

canonical spin glass systems (Lundgren et a1.,1986b). According to our discussion

in section 2.4.1, a weak power decay is also predicted for random ferromagnets

from the droplet scaling theory. The long-time behaviour of the spatially averaged

temporal autocorrelation function Eq.(2.132) is dominated by droplet excitation-

s with anomalously long relaxation times which, in random ferromagnets, are

exponentially ¡are in ln ú, yielding a power-law decay Eq.(2.138)

Cç-t¡ - f'(r)'

Moreover, Fisher and Huse (1987) have pointed out that the region of validity of

the predicted asymptotic equilibrium decay Eq.(2.138) expands to include progres-

sively sho¡ter observation times as the bond diso¡der becomes more extreme, so

that nearly tricritical ferromagnets should represent the best experimental candi-

n6

1160

>104
1500+600

8220

1200+300

2900*200

1200

lts

4000+1000

2500+200

1000+1000

(1.9*0.7)x 10t
2300+300

>1.04

1800f400

<10

0.7?+0.01

1000+70

n

4800*600

0.83+0.0i
0.88+0.01

(5.4*0.3)x 10"

900+100

0.87t0.01

M"(emu/g)

0.91+0.01

7.0+2.0

5.96+0.01

0.92+0.01

5.84f0.01

0.89+0.0i

5.73+0.01

0.93t0.0i

5.49*0.05

0.89*0.01

5.64+0.02

0.96+0.01

5.59+0.03
5.41+0.04
5.56*0.02
5.53+0.06
5.36*0.05



dates for assessing the applicabiliiy of Eq.(2.138). Since these are precisely the

conditions which favour reentrant ferromagnetism, it follows that the behaviour

of the relaxation isotherms within the ferromagnetic phase of both the reentrant

AussFelT and reentrant Ni76.aMn23.6 alloys (viz., a weak power law decay with an

exponent m - .04 - .08, and negligible wait time effects) may be interpreted as

direct confirmation of the theoretical predictions.

Table 4.2-4: AuæFe17 Ferromagnetic Phase Parameters for Eq.(4.2)

T(K)
40

45

t-(s)

50

60

Ðð

60

60

60

0.05+0.01

60

m

60

0.05+0.01

65

60

0.04+0.01

70

7200

0.04+0.01

M,(emu/g)

70

60

0.04+0.01

75

3.38+0.01

60

0.04+0.01

80

3.28+0.01

7200

4.S The CrFe System

4.3.X. Introduction

0.06+0.01

80

2.94+0.03

60

0.06+0.01

85

2.91*0.02

60

0.04+0.01

90

2.76+0.02

7200

Pure chromium is considered a typical itinerant antiferromagnet with a Néel

[emperature ?N of about 313 K. The antiferromagnetic phase of chromium and its

alloys has been satisfactorily explained in terms of the existence of a spin density

wave (SDW) within the itinerant electron system (Antonoff, 1977). The spin den-

sity wave state may be recognized as a new type of ground state of the conduction
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electron gas. This state has the property that the expectation

conduction electron spin density operator, relative to an axis

,varies with position ,Ë as follows (Overhauser, 1959):

.í: ätr/äcor (q-. ã)

where ó is a dimensionless amplitude and y'/ is the number of atoms per unit

volume. This static spin density \¡¡ave allows the total charge density of the gas

to remain spatially uniform. Such a collective excited state may be visualized

as the sum of two spin density lryaves, one of electrons with spins parallel to e*

and the other with antiparailel spins, which are equal in magnitude but out of

phase. Paramagnetic solute spins will interact with a spin density wave through

the ordinary s-d exchange interaction. A solute spin S]. at lattice site r3] will

experience an effective field .d; defined by the interaction Hamiltonian between

the paramagnetic solute spin .ír' and the conduction electron spin density wave s-

at É,¡

value of the total

of quantization e'

and

where J"¿ is the exchange interaction between the spin ^9¡ of solute atoms and s

conduction electrons. A given solute spin will be polarized up or down depend-

ing on its location relative to the phase of the spin density wave. A long-range

coherence of the solute spins occurs below a critical temperature, which causes

antiferromagnetism. It should be appreciated that the wave vector g- will gener-

ally be incommensurate with reciprocal lattice vectors. In fact pure chromium is

recognized as an incommensurate antiferromagnet below the Néel temperature.

-QrFe has been investigated extensively by Burke and Rainford and their co-

workers (Burke and Rainford, 1978; Burke and Rainford, 1983; Burke et al., 1g8B;

Palumbo et al., 1983; Shapiro et al., 1981). Most of the previous studies involved

n8

H"ÍÍ : -J"oS¡ ' ôy'Íe-cos (í' R) : -9¡ ' Ii¡

Iio = -J"¿bNëcos (q-' di)

(4.11)

(4.12)

(4.13)



neutron scattering, and a detailed phase diagram (Figure 4.3.1-1) was assembled

by Burke et al. (1983), based on neutron scattering and low-field magnetization

(Figure 4.3.1-1). Adding Fe to antiferromagnetic Cr results in a decrease of ?.¡y,

and the addition of more than 2-3 at.To Fe is sufficient to change the system

from incommensurate (I) to commensurate (C) antiferromagnetic order (Burke

and Rainford, 1978). This anomalous behaviour is thought to be due to the

interaction between the antiferromagnetic spin density wave and local Fe moments,

which coexist with the SDW. However, no consensus has yet been reached about

the most basic aspects of this process, in particular, the nature of the Fe moment,

the strength of the interaction and the magnetic defect surrounding an Fe atom

in Cr (Burke and Rainford, 1983, and references therein).
'When the Fe concentration is increased further (C > 7%), the magnetic prop-

erties become complicated by ferromagnetically nearest-neighbour Fe-Fe interac-

tions. Neutron diffuse scattering experiments show clustering effects in the alloys

with Fe concentration above 2.4 at.%. At Fe concentration of I4.2 at.% the linear

dimension of the clusters (correiated assemblies of Fe moments) is about 6.3 A"

and the clusters contain about 110 atoms, and coexist with the SDW (Burke and

Rainford, 1983, and references therein). Magnetization measurements indicate a

spin-glass-like transition connected with a lreezing of ferromagnetic clusters at

very low temperatures. According to the phase diagram (Figure 4.3.1-1), anti-

ferromagnetic order disappears at a critical concentration C¡. :16.0+ 0.5 at.%

(Burke and Rainford, 1978), and there is no region of overlapping ferromagnetism

and antiferromagnetism. For Fe concentrations in the range 10-16 at.To, the sys-

tem can experience a sequential transition from paramagnet to antiferromagnet to

a spin-glass-like state in which the superparamagnetic blocking of ferromagnetic

clusters occurs.

The ferromagnetic critical concentration Cp is Cp - 19.0* 0.5 at.% (Figure

4.3.1-1), above which long range ferromagnetic order sets in. Complex magnetic

n9
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properties were observed in the hatched region for 19.0 ( c ( 25.0 at.%, where a

possible reentrant (sequential) transition is expected. Spin-glass behaviour occurs

in the narro\ry concentration range between 16 and 79 at.% Fe where long-range

order cannot be supported. Figure 4.3.7-2 shows the a.c susceptibility of a spin

glass Cr-l7.5 at.% Fe and nearly multicritical ¡eentrant ferromagnet Cr-19.5 at.%

Fe (Burke et al., 1983). Both curves show a sharp asymmetric peak at 30 K,

indicating the onset of spin glass freezing. Closer examination of the Ig.5 ar.%

Fe data reveals a slight shoulder between 40 and 60 K which is absent in the 17.5

a.l.% Fe curve. The "kink" temperature (- 44 K) appears to correlate well with

the Curie temperature T. - 45 K from neutron scattering results.

Figure 4.3.1-3 shows both zero field cooled (ZFC) and field cooled (FC) mag-

netization of the spin glass Cr-17.5 at.To Fe. The ZFC magnetization shows a

somewhat rounded peak at 24K, anà the separation between the FC and ZFC data

below the peak temperature is due to a time dependent component in the magne-

tization. The isothermal remanent magnetization (IRM) increases logarithmically

as shown in the insert in Fig 4.3.1-3. It should be noted that the approximate ad-

dition of the thermoremanent (TRM) and ZFC magnetizations produces a nearly

constant FC magnetization below the peak temperature and the TRM disappears

above the peak temperature. Hysteresis loops obtained after field cooling also

show a displacement with respect to the hysteresis of. zero field cooled loops. The

low field magnetization as a function temperature for three reentrant ferromagnets

with c:19.9, 20.8 and 25.0 at.%Fe is shown in Figure 4.3.7-4. The magnetiza-

tion increases rapidly with decreasing temperature until the demagnetizing limit

is reached at the "kink point' temperatures (arrows). The magnetization remains

at the demagnetization limit (,FI./D) as the temperature is decreased further, and

then drops quickly, heralding the onset of a low temperature spin glass like phase.

Palumbo et al. (1983) have studied the TRM and IRM relaxation of various

Ç¡Fe alloys. While these studies exploited the viscous properties of the remanent
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magnetization to establish the locations of the de Almeida-Thouless instability

boundaries T,qr(H) in the various regimes of the magnetic phase diagram, the re-

laxation measurements were confined to very short observation times ¿ <300 s, and

hence the temporal perspective was far too narror¡¡ to permit an appreciation of the

structural complexities which characterize the decay, or to formulate an unambigu-

ous functional representation for the decay, which was indistinguishably consistent

with both a power law or a logarithmic time dependence. In the following two

subsections, we present detailed measurements of the low field thermoremanent re-

laxation in the spin glass and reentrant ferromagnetic configurations of CrFe over

a broad experimental time window and we show that the TRM relaxation within

the pure spin glass phase exhibits nonequilibrium, age-dependent behaviour, simi-

lar to that in NiMn and AuFe, and that the reentrant ferromagnetic configuration

is accompanied by a crossover from equilibrium dynamics at high temperatures

to nonequilibrium dynamics at low temperatures. 'We 
also present temperature

cycling experiments, done for the first time in the CrFe system, which provide ex-

perimental support for the droplet scaling theory of Fisher and Huse (section 2.4.1)

4.3.2 T,ow Field Thermoremanent R.elaxation in the Spin Glass CrssFelT

An alloy of CrFe containing nominally 17.0 at.% Fe was prepared by arc melt-

ing, (melting losses, which placed the true compositions within I I at.% of the

nominal values, were insufficient to alter the intended magnetic character) and a

rod shaped sample with rectangular cross section (dimensions given in Tabie 3.3)

was spark cut from the ingot.

Figure 4.3.2-1, shows the temperature dependence of the low field static FC

and ZFC magnetizations of the Crs3Fe17 spin glass measured in Ho - 1.84 Oe.

While the data in Figure 4.3.2-l exhibits the single peaked structure characteristic

of a spin glass and the usual bifurcation of the FC and ZFC curves below ?sç

symptomatic of irreversibility, there are some subtle difference in shape which

28s



2A

Cr - 17 .O at% Fe

^.t*%"@-o
@8

@
og

Efã ^-I \,, -oã C

o ooPe e@@)
ø

@€f

@

-e
ø8

@

15

U')
3
Eo

(?)

I

P10 @

@

@

@

6

@

ZFC

Ha : 1.84 0e

5

0

F'åg{xre 4"3"2-X.: The temperature dependence of the field cooled (FC) and zero field
cooled (ZFC) static magnetization of the Cr-17.0 at% Fe spin glass measured in a¡l
applied field H^: 1.84 Oe.

10 40 50

T(K)

286



distinguish this CrFe spin glass from the canonical AugoFerc spin glass (Figure

4.2.2-l). In particular, the peak is ino¡e rounded and asymmetric (in agreement

with the ea¡lier work by Burke et ai.(i983)), and the FC and ZFC curves coalesce

well below the peak.

The TRM relaxation was recorded over 6 s ( ú < 104 s after cooling the sample

in a field H": 4.6 Oe from ?n = 30 K, with typical cooling times t" = 300 s. Figure

4.3.2-2 shows the relaxation isotherms at various temperature T* below Ts6, f.or

a wait time ú- = 60 s. On a logarithmic time scale, the relaxation isotherms in

Figure 4.3.2-2 show systematic changes in curvature similar to that observed in

NiMn (Figure 4.1.6-2) and AuFe (Figure a.2.2-2(a)) spin glasses, with perhaps

the most clearly defined inflection points, which, as before, shift monotonically

with increasing measurement temperature from t;nÍt ) t- * t" to t;n¡¿ 1 t- * t".
The solid lines in Figure 4.3.2-2 are the best fits using the superposition of a pure

stretched exponential and a constant (Eq.(a.1)), and the best fit parameters are

listed in Table 4.3-i, along with ú¡,,y¡ which is estimated from plots of the relaxation

rate ^9(t) as a function of log ú. The constant term Mo decreases with increasing

temperature, and the exponent n has typical spin glass values.

Table 4.3-L: Cr$Fen Spin Glass Parameters for Eq.(4.1)

T(r()
A'
6

t..,( s )

7

60

8

60

t,,, * t" (s)

I

60

10

60

240

60

360

60

The age dependent nonequilibrium behaviour in the spin glass state is vividly

illustrated in Figure 4.3.2-3. Figure a.3.2-3(a) shows the relaxation isotherms at
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t;"fl (s)

300
420

>104
>4000

560

1100+300
220*100

(4.33*4.99)x 105

100+20

r (s)

<2

4590+189
1226*10
294*20
89*i

4.7*0.5

0.86+0.01
n

0.77+0.01
0.73*0.0i
0.73*0.0i

M.(1O-"emu/s)

0.72*0.0t
0.s0*0.01

15.93t1.13
11.48+0.08
7.65*0.04
3.62*0.03
1.68*0.03
0.35+0.01
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one typical measurement temperature T* - 8 K for a series of wait times ú,,

ranging from I minute to 3 hours, and the propagation of the inflection point

towards longer observation times with increasing ú- is clearly apparent in Figure

4.3.2-3(b), which plots the relaxation rate .9(ú) as a function of log l. Guided by

our experience in analyzing the ,Aue¡Fe1s spin glass data, we have successfully fit

the relaxation isotherms over the entire experimental time window (solid curves

in Figure a.3.2-3(a)) to a function consisting of the product of a por¡/er law and a

st¡etched exponential superinposed on a constant term Eq.(4.3). BV contrast, the

pure stretched exponential fit (Eq.(a.1)) is valid only over a limited time interval

which excludes progressingly more short time data as ú- increases. The theoretical

justification of Eq.(4.3) is, as before, provided by the mesoscopic domain model of

Koper and Hilhorst (section 2.4.2), which shows that it is a consequence of probing

two timescales simultaneously: intradomain dynamics and domain growth. Table

4.3-2 summarizes the best fit values of the parameters Mo, rn) n) and r. The

inflection points ú¡,,1¡ coincide with the efective age of the system t.l t".

Table 4.3-22 CrssFeú Spin Glass Parameters for Eq.(4.3)

T(I()
8
8

t-(s)

8

300

I

900

t- * [. (s)

8

1800

3000
10800

000
1230
2LO0

Our current investigation of the spin glass CræFe17 also included temperature

cycling experiments which provide fascinating evidence for the existence of the

overlap length introduced in the droplet scaling theory and the mesoscopic

domain theo¡y discussed in sections 2.4.1 and 2.4.2 respectively. Experiments of

this type, which probe the influence of temperature variations, including temperature shifts,

?;90

h-r¡ (sl

3900

550*150

11160

i200+300
2200+000
3600+600

>10"

r (s)

1220+30
2210*r0
3400+50

13.0S10.42) x 104

5?S0+60

0.04+0.01
m

0.06+0.0r
0.05+0.01
0.00+0.01
0.04*0.01

0.60*0.01
l¡

0.52+0.01
0.52*0.0r
0.49*0.01

M"(10-r emu/g)

0.60+0.01

4.16*0.05
4.55*0.03
4.11*0.04
4.20+0.03
1.73+0.32



temperature cycling, and temperature fluctuations, on the aging process were first

conducted on the spin glass Cu-10 at,.To Mn (Figure 1-27) by Sandlund et al.(1988)

and Lundgren (1988) (see also Nordblad et al.,1987c), and the results were in quali-

tative agreement with the physical picture described in these two theories. Accord-

ing to the discussion in section 2.4.7, two important features of the non-equilibrium

dynamics of spin glasses discussed within these theories are: (a) the aging process

involving the non-equilibrium growth of domains, within which equilibrium spin

glass order exists; and (b) the overlap length,lar, which determines the maximum

length scale below which the spin correlations corresponding to ? and 7 * A? do-

mains a¡e indistinguishable. The overlap length decreases rapidly with increasing

values of AT according to Eq.(2.151)

Izrr - (LT7-zt<a"*zd) x llLT.

At a constant temperature 7, the domains of correlated spins grow without limit,

and the characteristic size of a domain .R¿- increases with age (or wait time f- at

?) of the system according to Eq.(2.150)

Rt- - lTrot-f'/ú
Lzcl

A cross-over occurs at Int - lnt- from quasi-equilibrium relaxation within domains

at short time scales (lnt K. Int.) to non-equilib¡ium dynamics attributed to the

growth of domains at long time scales (lnt Þ lnt-). If a temperature shift A?

is imposed on the system after a wait time ú- at constant temperature ?, a new

domain corresponding to the temperature ? + AT starts to grow and the relevant

size of this domain at ?*A? is equal to min(R-,,167) according to Eq.(2.152). In

a temperature cycling experiment the temperature is immediately reduced back

to ? after reaching T + LT, and twodifferent domains with sizes 167 and R",

may coexist in the system provided that /az S R- (R-, < 167 in Eq.(2.152) since

the¡e is no wait time after the tempe¡ature is reduced back to ?). Experimentally
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another "crossover" (or inflection point in M7p¡a vs. log ú), corresponding to I6y,

may appear in the magnetization relaxation curves at short times (Int <Int*).
The temperature cycling experiment was performed at a measuring tempera-

ture fl', : 8 K using the following procedure: The sample was cooled in a field I/"

: 4.6 Oe from Tn :30 K to T^ - 8 K. After a long wait time ú- : 10800 s (3

hours) at T^, a positive temperature cycling T* è T^+ LT è T^ was performed

(this typically lasts for about 100 s, with essentially no extra wait time permitted

at T* + AT), and when T* was recovered the applied field was abruptly removed

and the decay of the magnetization was recorded over 4 decades(l s ( t < 104

s). The duration of the temperature cycling was thus negligible compared to the

wait time. When the recording was complete, the sample was r¡/armed to the high

temperature paramagnetic regime to establish the true zero of the decay.

Figure 4.3.2-4 shows these relaxation isotherms for A? :*0.5, +0.8, +0.85,

+0.9, and +1.0 K, and the very subtle multiple structure in these

isotherms becomes apparent when the local slope, or relaxation rate ^9(f), is plot-

ted as function of log ú in Figure a.3.2-5(a). For small values of AT (- *0.S

K), the overlap length is large and the relaxation rate curve is only weakly af-

fected, as compared with the undisturbed curve LT : 0.0 K, with only a weak

shoulder at short times. When AT is large enough (AT - 0.8, 0.85, 0.9) to guar-

antee lar 1&--ror*, some domains will fracture into smaller domains, whereas

other domains remain intact. The relevant domain size at 7,, + AT is 142", and

the domain growth continues from that scale. When T* is recovered after the

temperature cycling, the coexistence of the two domain sizes 161 and Æ¿- thus

results in two maxima (inflection points in Figure 4.3.2-4), corresponding to the t-

wo crossovers from quasiequilib¡ium to non-equilibrium relaxation, at about l;,,¡¡1

- 200 s and tinÍr' : 104 s respectively for the relaxation rate curves in Figure

4.3.2-5(a). For a large value of AT(- 1.0 K), the overlap length is so small that

only one maximum, corresponding to la7 is found at short times within the obser-
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vation time window. The decrease in the peak amplitude with decreasing AT in

Figure a3.2-5(a) indicates that there exists a threshold value of AT below which

the peak at earlier times disappears. This threshold value A[ corresponds to the

value of AT at which the overlap length equals the domain size, i.e. /aa : &..
Within the regime of AT < 

^4, 
the growing domains Rt- are unaffected by the

temperature cycling and the relaxation curves should be identical to the relaxation

curve for .R1. (t. :10800 s) (or LT :0). The threshold value 47, is temperature

dependent (Sandlund et al., 1988), and is less than 0.5 K for T* - 8 K (see Figure

+.3.2-5(a)) in this experiment. The experimental relaxation rate curves ,9(f) for

the temperature cycling experiments in Figure 4.3.2-5(a) can also be decomposed

by using the two undisturbed relaxation rate curves ^9r(f) and S2(t):

where ^91(t) is the relaxation rate atT^1or t- - 0 r, and .9r(ú) is the relaxation rate

al T* lor t-: 10800 s. The parameter fr is a factor which represents the fraction

of the domain with at t- : 0 s in the system. In this experiment we represent

St(¿) bV the measured relaxation ¡ate curve at t. : 60 s in Figure 4.3.2-3(b),

and both ^9r(ú) and ^92(ú) are accurately represented by a 5th order polynomial

function. With suitable choices of fr the shape of the experimental relaxation rate

curves can be reproduced, as shown in Figure 4.3.2-5(b).

Figure 4.3.2-6 shows double logarithmic plots ol M7p¡,¡ vs ln f for all the

isotherms in o¡der to test the validity of the Fisher-Huse predictions. The results

are very similar to those in the AussFel6 spin glass (See Figure 4.2.2-17), with

the slope increasing from a small negative value to a higher negative value with

increasing time, thus agreeing qualitatively with the model.

4.S.3 T'he [,ow F'ield Thermoremanent Relaxation in a R.eentrant Ferro-

magnet: Cr7sFe22
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An alloy of erFe containing nominally 22.0 at.% Fe was prepared by arc melt-

ing, (as before, melting losses, which placed the true compositions within t I at.%

of the nominal values, were insufficient to alter the intended magnetic character)

and a rod shaped sample with rectangular cross section, of dimensions specified in

Table 3.3, was spark cut from the ingot.

Figure 4.3.3-1 shows the temperature dependence of the low field static FC

and ZFC magnetization measured in fI. = 0.51 Oe. The multiple structure

(marked by the vertical arrows) in Figure 4.3.3-1 is consistent with a paramagnetic-

ferromagnetic t¡ansition at T":80 K, followed by a reentrant collapse below about

Tx = 30 K, with evidence of irreversibility (Mpç > Mzrc) throughout both or-

dered phases (i.e. for all T < T.).

The characterization of the relaxation dynamics in the CrzeFezz ferromag-

net employed virtually identical experimental and analytical procedures to those

described previously, and essentially supported the conclusions reached in the pre-

ceding studies of reentrant NiMn and AuFe. The principal features of the ther-

moremanent decay are illustrated in Figure 4.3.3-2 for a sequence of representa-

tive measurement temperatures ?, spanning the entire ordered phase, with all

isotherms corresponding to an identical cooling field ,t1" : 0.46 Oe, and to a wait

time of t- : 60 s. While the structure of these isotherms is much broader and con-

siderably more subtle than that associated with the upuren spin glass relaxation in

Figure 4.3.2-2, there is nevertheless a clear, systematic change in curvature from

concave-down to concave-up with increasing temperature, with inflection points

visible in some of the intermediate isotherms (vertical arro\rys in Figure 4.3.3-2(a)),

which translate into distinct maxima in the relaxation rate ,9(f ), as shown for the

isotherm T^ - 20 K. Furthermore, as in reentrant NiMn and AuFe, quantitative

analysis reveals the presence of two distinct types of dynamic behaviour, which

occupy two distinct thermal regimes. (u) A low temperature regime T^ <35 K

(the isotherms in Figure a.3.3-2(a)) where the thermoremar:.ent decay is sensitive
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to the age of the system and where all the isotherms are accurately described

by the superposition of a pure stretched exponential and a constant (Bq.(4.1))

with parameters typical of pure spin glasses. (b) A high temperature regime

40K < 7," S 8311 (the isotherms in Figure 4.3.3-2(b)) where aging effects are

negligible and where the decay is incompatible with the stretched exponential rep-

resentation but is consistent with a weak power law dependence of the form given

in Eq.(a.2). The solid curves in Figure 4.3.3-2 iilustrate the quality of the fits in

the two relaxation regimes, and Tables 4.3-3 and 4.3-4 summarize the values of

some of the best fit parameters in Eq(a.1) and (4.2) respectively.

Table 4.3-3: cr76Fe22 Reentra't Phase Parameters for Eq.(4.1)

T(I()
4.2

15

t,,'( s )

77

60

20

60

20

t,,, * t" (s)

60

27

60

22

810

7200

,t

780

60

23

720

60

ot

810

ti"l (s)

7200

5000+2000

24

7800

60

26

840

i0800

>1400

30

930

>8000

60

700+500

7890

4000*3000

60

810

60

i 1520

500+400

Evidence for the nonequilibrium age-dependent character of the reentrant

phase is shown in Figures 4.3.3-3 and 4.3.3-4. Figure 4.3.3-3 shows the relax-

ation isotherms at three temperatures below TK :30 K for different wait times

ú-. Although the change in structure is extremely subtle in this perspective due

to the very gentle curvature of the isotherms, the aging effect is readily apparent

in Figure 4.3.3-4 where the relaxation rate ^9(t) is plotted as a function of log ú.
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1732*.625
i.05*0.45)x 104
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>7000
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1020

469+22
3707*1818

>E000
20*i0

290+18

0.74t0.01

10t7

472+.704

n

0.91+0.0i

7839+7386

<2

(0.87*1.12)x 104

0.92*0.01

171+10

0.88*0.0i

M,(10-remu/g)

0.90+0.01
0.92*0.01

20+5

404+7

0.92*0.01

10*2
0.7+0.4

348*2

0.93*0.01
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0.93*0.01

302+1

0.97t0.01
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243+6

0.93+0.01
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The inflection points, or equivalently the maxima in ^9(ú), move towards longer

observation times with increasing f,,.

Table 4.3-42 CrzeFezz Ferromagnetic Phase Parameters For Eq.(4.2)

T(K)
40

40

t-(s)

The test of the Fisher-Huse model, a double logarithmic plot of. M7p¡a vs ln

l, is shown in Figure 4.3.3-5(a) and 4.3.3-5(b) for the reentrant phase and the

ferromagnetic phase respectively. The behaviour in the low temperature reentrant

phase is very similar to that in the pure spin glass phase of. CræFe17 (Figure

4.3.2-6), the slope increasing with increasing ln ú. The isotherms in the high

temperature ferromagnetic phase also show curvature similar to that observed in

the ferromagnetic state in reentrant AussFelT (see Figure 4.2.3-6); however, no

straight line is observed lor CrzaFe22 êyêÍt at the highest temperatureT* - 83 K,

above ?" (It is possible that this temperature is not high enough).

The preceding analysis shows that the reentrant ferromagnetic configuration

of $!Mn, AuFe and CrFe is characterized by a temperature driven crossover from

equilibrium to nonequilibrium dynamics, and indicates that the two relaxation

regimes are correlated with the two sequential ordered phases, with the equi-

librium behaviour essentially confined to the high temperature ferromagnetically

ordered state, and with the onset of nonequilibrium effects coinciding with the

ferromagnetic collapse and the formation of the low temperature reentrant phase.

Furthe¡more, the similarity between the reentrant and pure spin glass phases, with
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respect to their nonequilibrium properties as well as to the functional description

of the thermoremanent relaxation, provides compelling evidence for orientation-

ally random spin freezing within the reentrant state. The magnitude of the time

independent component Mo of the remanence in the reentrant phase accounts for

approximately 90-95% of the total signal. Coupled with its tendency to decrease

with increasing temperature, this behaviour lends support to the Gabay-Toulouse

picture (section 2.2.2) of the reentrant state as a mixed phase in which a ferromag-

netic longitudinal spontaneous magnetization coexists with transverse spin glass

freezing.

4.4 Thermoremanent R.elaxation in a Canonical Ferromagnet: Fd-l.4

at.Vo Fe

As mentioned in section 2.7.7, Pd based alloys (such as PdFe, PdCo, and

PdMn) are characterized by "giant moments". The strong exchange interaction

between 4d conduction electrons in Pd enhances the paramagnetic susceptibility

of the Pd host, and the presence of localized magnetic impurities, such as Fe, Mn,

and Co, in the Pd matrix polarizes of the itinerant 4d conduction electrons sur-

rounding each impurity atom which is consequently of large amplitude and long

range. The interaction between these "giant moments' yields long-range ferromag-

netism at quite low magnetic impurity concentrations. In the PdFe system, the

percolation limit for ferromagnetism is about 0.1 at.To Fe, according to the mag-

netization measurements by Chouteau and Tournier (1971). The ferromagnetic

state begins to weaken below 0.7 at.% Fe, until, below approximately 100-ppm

Fe, the system becomes a spin glass, and exhibits the typical spin glass cusp in

the low frequency ac susceptibility measured as a function of temperature. (Pe-

ters et al., 1984). Extensive studies have been conducted on the PdFe system,

including static magnetization (Crangle, 1960), electrical resistivity (Coles et al.,

1965), specific heat (Veal and Rayne, 1964), Mõssbaue¡ effect (Craig et al., 1965)
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and a.c. susceptibility (Wang, 1990). Figure 4.4-1 summarizes the results of these

measurements (Mydosh et al., 1968)-

In the current work, we focus on the magnetic relaxation behaviour, in order

to provide a comparison between reentrant ferromagnets and a canonical ferro-

magnet. For this purpose, an alloy of Pd-1.4 at.% Fe was chosen, based on the

detailed critical analyses performed by Wang (1990) which describe this particular

concentration as a uperfect' ferromagnet with a Curie temperature T" : 55.6 + 0.1

K, and critical indices á : 4.0 * 0.1, (l + Ð-' : 0.54 t 0.02, and 7 : 1.36 + 0.05.

For higher and lower Fe concentrations, the exponents are decidedly less canonical

(Wang, 1990).

The temperature dependence of the static FC and ZFC magnetizations of the

Pd-l.4 at.ToFe sample, measured in Ho:5.0 Oe, is shown in Figure 4.4-2. Unlike

the reentrant ferromagnets studied earlier, the Pd-l .4 at.% Fe system shows a

very sharp transition in the vicinity of T" = 52.3 K (identified by the location of

inflection point in the paramagnetic portion of the curve), and no indication of a

further sudden drop-off at low temperatures. The bifurcation of the FC and ZFC

magnetization data below about 52 K indicates the presence of irreve¡sibilit¡ and

consequently of viscous behaviour.

The relaxation of the TRM was measured between 3 s < t < 7200 s after

cooling the sample in a static field 11" : 5.0 Oe from a reference temperatureTp -
60 K, with typical cooling times t. = 750 s. The relaxation is plotted as a function

of log ú at several measurement temperatures T* S 51 K, and for a wait time l- :
60 s, in Figure 4.4-3. The relaxation data are clearly quite noisy, particularly when

compared with the data for the other reentrant ferromagnets described earlier.

This is due to the fact that the amplitude of the decay is very weak and, is

comparable to the size of the background decay (see Figure B in Appendix B). As

a result, the smoothing capacitor C in Figure 3-8 was not used for data acquisition

in order not to distort the curve, and hence this sample was subjected to mo¡e RF
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Figure 4"&'1,2 Variation of the magnetic-ordering temperature f with Fe concentration
in PdFe. The inset shows the concentration range below 1 at% Fe on a magnif,red scale.

From Mydosh et at. (1968).
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noise during the data acquisition process. (The noise may also be related to the

Barkhausen effect which is magnetic noise due to jerky, discontinuous domain wall

jumps.) The relaxation isotherms in Figure 4.4-3 arc clearly not purely logarithmic

functions of ú, although there is some evidence, in the "low" temperature isotherms

T^ 1 40 K, of straight line behaviour for 30 s( ¿ <104 S, with deviation at

short observation times. This logarithmic component seems to disappear at higher

temperatures (T* >45 K). Guided by the experience in NiMn, AuFe and Ç¡Fe as

well as by the theoretical predictions (section 2.4), we were able to describe all

the relaxation data by the superposition of a constant and a simple power-law

(Eq.(a.3)), and the solid lines in Figure 4.3-3 show the quality of the fits with

the best fit parameters listed in Table 4.4-7. The constant term Mo decreases

with increasing temperature, while the exponent m tends to increase from rn -
0.03 to m : 0.57 at higher temperatures. (as compared with rn - 0.05 for

reentrant ferromagnets). This power-law behaviour in PdFe provides compelling

evidence to support our interpretation that the high temperature, age-independent

relaxation isotherms observed in all the reentrant systems investigated here are a

symptom of ferromagnetic ordering, particularly in view of recent studies (Luo et

a1., 1990) which claim that the stretched-exponential is a fundamental component

of the equilibrium ¡elaxation of all spin glasses, and not merely a consequence of

nonequilibrium aging effects.

309



137.5

136.0

't29.8

122.4

101.4

T
T
Í

T
T

T

ï

I

cr)

=Ë
(D

Ât
'o

E
Þ

85.2

64.5

45.0

44.8

12.7

12.5

7.8

7.6

Figune 4"&32 De¿ay of the thermoremanent magnetization M^ at several temperatures
7. below 7., all, for a wait úme f* : 60 s. Solid curves are the best fits to the simple
power law function Eq.(a.3).

25

35

40

45

48
50.5
51

310



Table 4.4-12 Pd-1.4 at.% Fe Ferromagnetic Parameters for Eq.(a.2)

T(K)
4.2

15

t-(s)

20

60

25

60

35

0.03+0.01

60

40

m

60

0.05+0.01

45

60

0.01+0.01

48

60

0.01+0.01

50.5

Mo(emu/g

60

0.02*0.01

51

1.350+0.003

0.07+0.01

60

1.335+0.003

60

0.18+0.01

1.169+0.010

0.18+0.01

60

0.963+0.003

0.31+0.01

0.929+0.006

0.57+0.02

0.826+0.003
0.63110.001
0.438+0.001
0.121*0.001
0.075+0.001
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Measurements of the frequency dependent susceptibility, the static magneti-

zation and the relaxation of the thermoremanent magnetization have been used to

study the behaviour of several glassy magnetic systems (NiMo, AuFe, Q¡Fe) close

to, and on both the spin glass and ferromagnetic sides of, the multicritical point

in the magnetic phase diagram.

On the spin glass side, the most striking feature is the nonequilibrium nature

of the frozen state: the relaxation isotherms exhibit an inflection point on a loga-

rithmic time scale, which depends on the wait time which is allowed to elapse at

constant temperature before the system is probed by removing the field, and which

propagates towards longer observation times with increasing system age. For short

wait times (t- S 60s), the behaviour is well-described by the superposition of a

constant and a stretched exponential:

Ma(t) - Mo* Mlerpl-(tlùt-"1

Chapter V

Conclusi.orls

while for longer wait times (t* > 60 s), it is necessary to introduce an additional

po'r¡/er law factor in order to account for the gradual emergence of the equilibrium

decay for observation times ú ( ú-:

Temperature cycling experiments yield multiple structure in the relaxation rate

which confirms the instability of the spin glass state to arbitrarily small changes

in temperature, as measured by the overlap length scale /47, and thus help to

establish the validity of the mesoscopic domain picture of Fisher and Huse. The

observation of the memory effect, in which a sequence of field reversals induces

3t2

Mn(t) - Mo * Mú-* enpf-(t I r)1-")



oscillations in the thermoremanent decay, indicates the presence of extremely long

relaxation times in spin glasses and proves the applicability of the linear response

principle.

On the ferromagnetic side, where the system exhibits so-called reentrant be-

haviour, me¿Ìsurements of the a.c. susceptibility yield ferromagnetic critical peaks

in the vicinity of the paramagnetic-ferromagnetic phase boundary. However, anal-

ysis of the critical exponent behaviour is consistent with extensive bond disorder,

and yields values for ón and 7* which are far from canonical. At low temperatures,

near the reentrant transition, the a.c. susceptibility exhibits a dual-peaked struc-

ture and evidence of strong irreversibilit¡ particularly in the lower-temperature

peak. While a weak non-divergent anomaly is observed in the coefficient of the

leading term in the nonlinear susceptibility, there is insufficient evidence to cate-

gorically confirm the existence of critical behaviour at this transition. Nevertheless,

a distinct crossover is observed on the relaxation dynamics, from equilibrium be-

haviour within the high temperature, ferromagnetically ordered phase, described

by a weak power law:

Mnu)-MotMfi-*

to nonequilibrium, age-dependent behaviour within the low temperature, reentrant

phase, indicating that there is significant orientational disorder in the frozen spin

configuration, and supporting the hypothesis of a collapse of the ferromagnetic

state into a spin glass-like phase.
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Appendix A:

The mutual inductance between the secondary astatic pick-up coil and the

primary A.C. field coil can be calculated by considering the total magnetic flux

(Þ through the pick-up coil (see Fig.3-8), which includes the contribution from

both the applied magnetic field H. and the magnetization of the sample M", i.e;

Õ : CrHo*CzM,

: Cr(Hoc + h,sc) * Cz(M"D' + M"n"),

where Cr and C2are constants related to the pick-up coil geometry. M"DC and

M,o" are the magnetizations produced by the D.C. freld Hoc and the A.C.

freld Hrc respectively. At each experimental point, both the D.C. field and the

temperature are fixed, thus Af/¿ c : LM"DO : 0. For a change of A.C driving

fr.eld A,h¡ç, the change of the mutual inductance becomes

AÕ: CtA,h¡c*C2L,M,AC.

Therefore the mutual inductance between the primay A.C coil and the secondary

pick-up coil m is given by

n'L :

:

^ÕLh*
C, + CrL-f 'o'

/\h¡c
Ct * CzX¿.c
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,&ppendix ts:

In order to measure the background decay, we put one capacitor, which is

usually required to filter out RF noise, across the DC solenoid (Fig.3-8) and

withdrew the sampie from the pick-up coil. After turning off the fieid from 5

Oe to zero, the background relaxation (mostly induced by ihis capacitor) was

recorded over 10 minutes. As shown in Figure B, the capacitive background

decay approaches zero after 200 seconds. The solid line in this figure represents

the best fit to a 6få order polynomial described as expression

M : Ax6 * Brs * Cxa I Dx3 i Exz -f Fr * G

where x: Lognt, and the coeficients are

A

C

E

G

The background correction is required when the decay from the sample is

small (usually for spin glass samples, such as Au-10.0 at% Fe). The subtraction

of the background decay from the total decay can be made using the equation

above. If the size of the decay from the sample is comparable to the magnitude

of the background decay, the capacitor is removed from the circuit.

-2.60693 x 10-2,

-7.2260I x 10-1,

-2.36408 x 10-1,

6.574732 x 10-1.

B :2.233994 x 10-1

D : 1.000000

F: -8.74544 x 10-1
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AppexadËx C;

ct**r**tttrtttt!ttt+ût+¡úrrrtr*ttùttat¡tr¡allttrúrtltiltûûûrtûtttt*attttttt.tr¡attû*ttttt¡tttr¡tattrr

C FORTRON PROGRAM TO CALCUI.ATE (BASED ON EO.(3.7)) FIELD PROFILE OF THE DC
C SOLENOID WHICH CONSISTS OF 3 COAXIAL SOLENOIDS, ALL WOUND WTIÏJ A FORMER OF
C RADIUS AO, WIRE OF DIAMETER DW, AND WTTH CURRENT II.THE COIL DIMENSIONS ARE
C GTVEN IN TERMS OF DÏV.
C NTOT = TOTAI LENGTII OF TIIE SoLENOID IN TERMS oF Dw.
C NIYC = # OF I-AYERS ON CENTRE SOLENOID.
C NYE = # OF l-p'YERS ON END SOLENOIDS.
C t\rXE = # OF TURNS ON END SOLENOIDS.
C NXS = SPACE BETWEEN ADJACENT SOLENOIDS IN TERMS OF DW.
C CALCUI.-A,TES PROFILE FROM ZSTARTTO ZEND FOR ZN POINTS.
C USE MKS UNITS. FIELD IS IN GAUSS. ORIGIN IS AT LEFT END OF THE FIRST SOLENOID.
c* t t I t t û r ¡ | a t t a t * t t * t a r û ¡ û t t t t ¡ t a t a r ¡ * r ¡ t ¡ r r + t t t t û * t a r a r r ¡ ¡ ! t ¡ a a t r a ¡ a r t * r ¡ t * t * r ¡ * ! a * r + Û * ¡ r ! * * t t * + ! * ! t

C
INTEGER NTOT,I.IY C,NXE,NYEJ,ZN,NXC
REAL ND{S

REAL CONV,MU,LÂO,DW,II,ZSTART,ZEND,CA,ZZ,ZZZ,BBB,XE,XC,XS
REAL Zo(3oo),BZ(3,300)
MU=1.2578-6
COI\¡V=1.0E+4

crr*rr*r*****¡**r*¡rrrr+*airr-soLENoID DATArrr..rr.trr¡r¡¡¡¡¡r¡**¡rt*rrr¡ir¡trtr
c

II = 1.0

A0= 1.400E-2
Dw=2.032F4
NTOT=189
NYC=1
NXE=24
NYE=3
NXS=31.0

crûrr.****r¡r**r**r¡¡.*T"PROFILE RANGE DATA.r......*ù*û¡rq¡*r+rr::rr....rr!rrr*
ZSTART = -0.22* 2.54* 1E-02
ZEND =4.385E-02
ZN = 100

cûr¡+**¡******r***r*'r*¡r*'DEFINTE CoNSTANTS. r***r**s
C=CONV'MU-II/(2-Dw)
L=NTOT'DW
XE=NXE'DW
NXC=NTOT-2-(NXE+ND(S)
XC=NXC'DW
XS=NXS*DW
A=A0-Dw/2

Crr**'i"CAI CUIá,TE FIELD PROFILE FOR LEFI,CENTER+{ND RIGFIT SOLENOIDS'***r"***"
C

zz = (ZEND -7ST ARÐ / ( ZN- 1 )
ZZZ=ZSTANI-ZZ
DO 10 J=1,Z'N
ZZZ=ZZZ+ZZ
7ß(I)=ZZZ

CONTINUE10

c
DO 20 J=1,Z'N

zzz=zß(J)
BZ(i,J) = BB(NYEA"XE,ZZZ,D*)" C

ZZZ=7n(Ð-Q-xBXeXC)
BZ1(2Ð = BB(NY C A,xc,ZZZ,Dw)" c

ZZZ=Zn(Ð-(L-xE)
BZ(3,J) = BB(NYE A,XE,ZZZ,DW)" C

BBB = BZ(1 Ð + B.42 J) + 843,1)
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wRrTE(6, - 
)20(Ð,BBB,BZ(1,J),BZ(2,J),BZ(3,J)

20 CONTINUE
STOP
END

cÊ * ¡ t t * * * ¡ ¡ * r r I * ¡ û r ¡ r r * * + + r * r * r * * * * r * r t t t r r ¡ r * ! û * r t ! s r ! t t t t * û * t * t * t t t ! * * t t t r * t * r r r r t r ù r ú t I r a û r r r r a r ú *

c
REAL FUNCïON BB(M¡,0,L,z,DW)
INTEGER MJ
REAL AO,L,Z,DW¡,,ALPH1 êLPH2
BB=0.0
DO 40 J=1,M
A=40+J.DW
ALPH1=ATAN2(A,Z)
ALPH2=ATAN2(A,(Lz))
BB = BB + COS(ALPHI) + COS(ALPH2)

40 CONÏNUE
RETURN
END

'PROG RAM: Data_Acquisition_in_Magnetic_Relaxation_Measurements
tr¡*t*rr**t**r;*****tt***trrt*r+¡.ttt.+r***rrr**********t**r¡*¡*rltt**t*rt**trr***t¡r***¡**********r**

'File : reco¡d.bas

'Description : Used with Hewlett-Packa¡d Inte¡face Bus(HPIB) to record voltages f¡om DVM (RACAL-DANA
' 5003) as a function of time. The HPJB Command Library for Quick Basic 4.5 has to be

' preloaded. M(v) as a function of log t is displayed on the screen while the data is recorded. The
' program will shift all RESETs and RF interferences to make a smoother curve.

'Author : Wenxin Ruan

'C¡eared : April 25, 1991
r**ttr.*¡t***¡*r**t*r*rttttrt*r¡lù*r***trr*¡***r**trrr¡!|*t¡rttrtû**r¡*¡r.rrr***.arrrrr**¡r*r**trr****

lfime axis scales are: 1-10-100--1000--10000-100000 seconds

'#1 file'. ¡aw data file.
'#2 file: data file after smoothing.
'VSTEP : output voltage step between two consecutive points while recording data.

'JSTEP : criterion for justifying RF inteference o¡ RESET.
'DELTA : The voltage change in o¡der for DVM to recognize the magnetic is turned off. Make a good guess!

'data fornrat in #1 and #2 files:

'Begin_Program
DECI-ARE SUB TNTTTALTZE (rsi&, DvM&)
DECI¿,RE SUB D\¡I\4SE.TUP (DVM&)
DECT"A.RE SUB TAKEREADINGS (DVM&)

'Copyright Hewlett-Packard Co., 1986, 1989

last Update : Aug.20,7992

rrû¡¡û*!rr*¡**tûrrrrrrrrr*r****rrrarrMain*a***ú.r..û.¡. t*¡.ttt*tr¡

REM $INCLUDE:,QBSETUP,
cArL IMïIALIZE(ISC&, DVM&)
cArL DVMSETUP(DVM&)
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CALL TAKEREAD INGS(DVM&)
END

r3ttl**¡***r¡r*rr¡¡.r¡...*rr g DvM*frra.r¡ûûrrû{¡.!rrrû*û.rr****r
suB INITTALIZE (ISC&, Dvtvf&) STATIC
STIARED PCIB.ER& PCIB.BASERR NOERR
'"INPLJ"I "Ente¡ Select Code: ', ISC&

ISC& = 7

'INPUT "Enter bus address of VOLTMETER: ", DVM&
DVM& = 26

D\ 4& = ISC& o lffi + D\¡l\.{&
CALL TORESE-rGSC&)
IF PCIB.ERR < > NOERR THEN ERROR PCIB.BASERR
CALL TOTTMEOUT(rSC&, s!)
IF PCIB.ERR < > NOERR THEN ERROR PCIB.BASERR
CAIL TOCLEAR(DVM&)
IF PCIB.ERR < > NOERR THEN ERROR PCIB.BASERR
CALL TOCLEAR(rSC&)
IF PCIB.ERR < > NOERR THEN ERROR PCIB.BASERR
CAIL TOREMOTE(DVM&)
IF PCIB.ERR < > NOERR THEnv ERROR PCIB.BASERR
CAIL IOREMOT(ISCS¿)
IF PCIB.ERR < > NOERR THEN ERROR PCIB.BASERR

END SUB

tûÛt¡tt**r*rt¡*¡¡t¡rrrrrr.*rrr*****rrsgt DVM+r********rr!*rr*****r****r*¡r*¡r.*r
suB DVMSE-|UP (DvM&) STATTC
SFIARED PCIB.ERR, PCIB.BASERR, NOERR

CODES1S = ^22'11 F!'
Cl,S : LOCATE 25, 1:

PRINT"R0=AUTO R3=.1V R4=1V R5=10V R6=100V R7=1000v"
INPUT'Select Voltage Range for DVM setting
CODES$ = CODESI$ + CoDES2S
CAIL TOOUTPUTS(DVÌVÍ &, CODES$, LEN(CODES$))
IF PCIB.ERR < > NOERR THEN ERROR PCIB.BASERR

END SUB

r ¡ * 1 r. Recold Magnetization. r r r * r. r r. r r $ r. ¡ r ¡ * * * * t ¡ ¡ ¡ ¡ ¡

SUB TAKEREADINGS (DVM&) STATIC
SFIARED PCIB.ER& PCIB.BASERR NOERR

TIME$ = "06:45:00"
VSTEPI = .0001: JSTEP = .05

CI-S
INPUT "Store ¡aw data in file ? ', RAWDATA$
OPEN'A", #1, RAWDATA$
PRINT : INPUT'Sto¡e snroothed data in file ? ", SMDATA$
OPEN "A", #2, SMDATA$
PRINT:
PRINT : PRINT'Readings are formatted as: Time (s) Magnetization(V)"
PRINT : PRINT "Input parameter for plotting....?"
PRINT: INPUT "CYMIN,YMAX & # OF DVISIONS)"; YMIN!, YMAX!, NDVTY&
XMIN! = 0l: XMAX = 5!: NDVIX& = 5

Cl.S : LOCATE 25, 1.: PRINT'Press END to exit"
PRINT : PRINT "P¡ess any key to begin reading..."

'EX-IT>
KG$ = INKEY$
IF KG$ = CHR$(0) + "O" THEN 2000: 'EXIT,press END

'Start sampling"*""n
1m X$ = INKEY$: IF X$ = '" THEN 1000

TZEROI! = TIMER
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'Define display window
Cl,S : LOCATE 25, 1: PRINT "Press END to stop readings and save data": LOCATE 1, 1
Cl.S: SCREEN 11

wrNDow (xMrN!, yMrN!)-(XMAX!, YMAX!)
LrNE (XMrN!, yMrN!)-(xMAX!, YMAX), , B
DELTAX! = (XMAX!- XMIN!) / NDVIX&
DELTAY! = CYMAX! -YMIN!)/NDVIY&

'Draw X ticks....
FORI = lTONDVIX&-1
LINE (XMIN! + I " DELTAX!, YMIN!)-(XMIN + I'DËLTAX!, YMIN! + DEL'rAyt /20)
NEXT I

'Draw Y scale....

FORI = ITONDVTY&-1
LINE (XMIN!, YMIN! + I' DELTAY!)-(XMIN + DELTAX! / 30, YMIN! + I - DELTAY!)
NEXT I

LOCATE 28, 1: PRINT YMIN!
LOCATE 1, 1: PRINT "+'; YMAX!
LOCATE 14, 3: PRINT'M(V)"
LOCATE 1, 33: PRINT'M(v) 

"s 
t¡e(Ð'; SPC(20); SMDATA$

LOCATE 3, 1: PRINT 1; SPC(10); 10; SPC(11); 100; SPC(10); lffi; SPC(10); 10000
LOCATE 27, 5: PRINT "press END to stop reâding and save data....n

'Define time zero'¡¡¡*
DO
CALL IOENTER(DVñí&, READTNG !)
INITIAL! = READING!
SUM! = 0!
FORS=1TO1
CALL IOENTER(DVM&, READING !)
SUM! =SUM! +READING!

NEXT S

AVRD! =SUM! /1!
DELTAI = ABS(INIIIAL! - READING!)

IF DELTA! < .3 THEN 1030 EISE 1500: 'Turning off field
1030 PRINT #1, USING "#######.###"; -CTIMER - TZERO1!); SPC(S); AVRD!

coMl.ocTl! = LoG(ABSCTIMER - TZERoI!)) / Loc(10!)
PSET (COMLOGTI !, AVRD!)

,EXIT>

KG$ = INKEY$
IF KG$ = CHR$(O) + 'O" THEN 2000: 'EXIT,press END

LOOP

Turn off field*****t=0.0 s

'Reco¡d data as much as possible before 10 sec.!

1500 TZERO2! = TIMER
DO
CALL TOENTER(DVM&, READING !)
REALT! = ABSCIIMER - TZERO2!)
IF REAL.T! > = .95 AND REAL.T! < = 1! THEN
CoMLocT! = LOG(REAL.T!) / Loc(10!)
LINE (COMLOGT!, YMrN!)-(COMLOGT!, YMAX!)

END IF
IF REAL.T > 10! THEN 1600 ET-SE 1520

1520 PzuNT #1, USING '#######.###'; REAL.T!; SPC(S); READING!
PRINT #2, USING "#######.###'; REAL.T!; SPC(5); READING!
IF REAL.T! > = .1 T1IEN
coMLocT! = LoG(REAL.T!) / Loc(10!)
PSE-r (COMLOGT!, READTNG ! )

END IF
,EX-TT>

KGS = INI(EYS
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IF KG$ = CHR$(O) + "O" THEN 2OOO: 
,EXIT,press END

LOOP

'Press RFS¡1'"+*'"
1600 CALL IOENTER(DVI\,f &, READINGI!)

PRINT #1, USING '#######.###"; TIMER -TZEROZ!; SPC(S); READINGI!
PRINT #2, USING "#######.###"; TIMER -TZF.RO2|' SPC(5); READINGI!
CoMLocT! = LoG(ABSCfiMER - TzERo2!)) / Loc(10!)
PSET (COMLOGT!, READTNGT!)
LINE (COMLOGT!, yMrN!)-(COMLOcT!, YMAX!)
II&=1:U&=1

DO
'EXIT>

KG$ = INKEY$
IF KG$ = CHR$(0) + 'O'THEN 2000: 'EXIT,press END

CALL IOENTER(DVIV&, READING1 !)
REAI.TI! = ABS(fiMER - TZERo2!)
DELTA.q'! = READINGI! -READINGI!

'EX-IT>
1650 KG$ = INKEY$

IF KG$ = CHR$(O) + "O" THEN 2000: 'EX-tT,press END

'Saveing data.....
IF II& = U& * 1000 TIIEN
CLOSE #1,: CLOSE #2
OPEN'4", #1, RAWDATA$: OPEN "A", #2, SMDATA$
U&=U&+1

END IF
CALL IOENTER(DVM&, READING2!)
REAL.Tz! = ABSCflMER - TZERo2!)
DELTA.B! = READING1! -READING2!

'Draw x scale to indicate time zone....
IF REALT2! > = 9.97 AND REAL.T2! < = 10! THEN

XSCALE! = LOG(REALT2!) / Loc(10!)
LINE (XSCALE!, YMrN!)-(XSCALE!, YMAX!)

EISEIF REALT2! > = 98! AND REAL.T2I < = 1@! TFIEN
xScALE! = LoG(REAL.T2!) / Loc(10!)
LINE (XSCALE!, YMrN!)-(XSCALE!, YMAX!)

EISEIF REAL.T2! > = 990! AND REAL.T2! < = 1000! THEN
LrNE (XSCALE!, YMrN!)-(XSCALE!, YMAX!)
xScALE! = LoG(REAL.T2!) / Loc(10!)

ETSEIF REAL.T2! > = 72t01 AND REAL.T2! < = 7240! THEN
XSCALE! = LoG(REAL.T2!) / Loc(10!)
LINE (XSCALE!, YMrN!)-(XSCALE!, YMAX !)

ETSEIF REAL.T2! > = 99ffi! AND REAL.T2! < = 10000! THEN
XSCALE! = LOG(REAL.T2!) / Loc(10!)
LINE (XSCALE!, YMrN!)-(XSCALET, YMAX|)

END IF
'Re-adjust recording step! Too small of VSTEP will cause huge data files!!!

IF REAI.T2! > = 30! AND REAI.TZ! < = 100! THEN
VSTEP! = .001

EI-SEIF REAI.T2! > 1001 AND REAL.T2! < = 1ffi0! THEN
VSTEP! =.@4

ET^SEIF REAL.T2! > IOOO! THEN
VSTEP! = .ffi6

END IF

'If no RF attack!!!
IFABS(DELTAA!) < JSTEP! AND ABS(DELTA.B!) < JSTEP! TTIEN

IF ABS(DELTAA!) > = VSTEP! THEN
PRINT #1, USING "#######.###'; REAL.TI!; SPC(5); READING1!
PRINT #2, USING "#######.###'; REAL.TI!; SPC(S); READING1!
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COMLoGT! = LoG(REAL.T1!) / Loc(10!)
PSET (COMLOGT!, READTNGI!)
READINGI! = READING1!
II&=II&+1

END IF
'One RF attack!!!

Er-SErF ABS(DELTA.BT) < JSTEP! THEN
IF ABS(DELTA.B!) > = VSTEP! THEN

SHIFf.R2! = READING2! + DELTA*{!
PRINT #1, USING "#######.###"; REALTz!; SPC(S); READING2!
PRINT #2, USING "#######.###"; REAL.T2!; SPC(5); SHIF-[.R2!
coMLocT! = LoG(REAL.T2!) / Loc(10!)
PSET (COMLOGT!, SHTFI.R2!)
READING1! = READING2!
II&=II&+1
GOTO 1650

ET^SE

GOTO 1650

END IF
Another RF attack!!!

EI-SE
DELTA3,! = DELTA.A! + DELTA.B! - 5' VSTEP!
READINGIl = READING2!
PRINT #1, USING ^#######.###"; REAL.T2!; SPc(s); READING2!
II&=II&+1
GOTO 1650

END IF
1900 LOOP
'finish recording**' * *

2000 PRINT #1, USING '#######.###";999t; SPC(S); READING2!
PRINT #2, USING' # # # # # # #.# # #" ; 999t ; SPC(S); READING2 !

PRINT "Saving data...';
CLOSE #1
CLOSE #2
PRINT "Done."
PRINT: PRINT: PRINT

END SUB

'End_Program.
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