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Abstract

The electrical resistivity and A.C. magnetic susceptibility of
several PdCr alloys containing between .05 and 18 at. % Cr and several
PtCr alloys containing between .05 and 21 at. % Cr have been measured
over the temperature range 1.4 to 300K. The incremental resistivities
of the most dilute PdCr and PitCr alloys examined (.05<c<0.3 at. % Cr)
are shown to contain a temperature-dependent contribution which can be
fitted with a high degree of accuracy to an expression of the form
Ap(T)==Ac+Bch.n(T2+62)1/2 (although deviations from Matthiessen's rule
restrict the temperature range over which the fits can be carried out
to T=68K for PdCr and T 245K for Egpr)f These fits yield a single-
impurity characteristic temperature es for Cr impurities of ~43K in Pd
and ~73K in Pt. Similar fits at higher concentrations (5<c=<12 at. %
Cr for PtCr and 4<c<10 at. % Cr for PdCr) show that, while the above
expression for Ap(T) provides a good description of the incremental
resistivity data at "high" temperatures, systematic deviations between
the measured and "predicted" Ap(T) occur at "low" temperatures and
these are attributed to interactions between Cr impurities. For the
PtCr alloys containing between 5 and 12 at. % Cr and for the Pd-4, 5,
and 6 at. % Cr alloys these deviations are such that the measured
values for both Ap(T<©) and d [Ap(T <<6)]/dT are larger than the
"predicted" values. For the Pd-8 and 10 at. % Cr alloys, Ap(T) exhibits

a broad maximum at low temperatures which is characteristic of an



extended magnetic freezing of the impurity moments (although the delay

in the appearance of the maximum until the Cr concentration has reached

8 at. # suggests that the conventional long range RKKY coupling is
relatively ineffective in these systems, with any extended freezing
arising primarily from direct d-d overlap between nearest-neighbour Cr
impurities). Moreover, the data on more concentrated PdCr alloys
containing between 11 and 18 at. % Cr show that the behaviour of PdCr
resembles that of canonical spin glasses : at low temperatures Ap(T) « AT3/2
with A «-1logc over the concentration range investigated, while at higher
temperatures Ao(T) passes through an inflection point (at TINFL) and then
a maximum (at TMAX) above which it decreases with increasing temperature.
There are, however, several quantitative differences between PdCr and
canonical spin glasses : both TMAX and Ap(TMAX)-Ap(O) are typically an
order of magnitude smaller than in canonical spin glasses of comparable
concentration, while the slope of Ap(T) above TMAX is about an order of
magnitude larger than in canonical spin glasses. These differences
probably arise from the fact that canonical spin glasses are "good"
moment systems (TK or 8 << TINFL) whereas PdCr is not (es"QTINFL)' No
maximum is observed in the incremental resistivities of any of the PtCr
alloys examined here. However, both the electrical resistivity and

_ A.C. susceptibility data suggest the occurrence of anomalous behaviour
~above about 17 at. % Cr, which appears to coincide with the onset of an
atomic order-disorder transformation in PtCr : the resistivity o(T)

possesses an inflection point, a "knee" and a high-temperature slope,

dp

arlT>T » which increases abruptly on going from the disordered to

KNEE
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the ordered phase, while the A.C. susceptibility exhibits a maximum as
a function of temperature. From this.and existing static magnetization
and specific heat data, it is inferred that magnetic freezing of the
spin glass type occurs, brought about primarily by direct d-d overlap
between nearest-neighbour Cr impurities, which also serves to stabilize
the moment on the Cr site. Finally, the effect of interactions between
Cr impurities on the electrical resistivity is summarized by plotting
the difference Ap(1.5K) - Ap(4.2K) as a function of the nominal Cr
concentration for both the PdCr and PtCr systems. From these plots it
can be seen that the difference Ap(1.5K) - Ap(4.2K) initially increases
with increasing Cr concentration, passes through a maximum (at ~5 at. %
for PdCr and ~11 at. % for PtCr) and then decreases with a further
increase in Cr content. This type of Behaviour is interpreted in terms
of a competition between (a) moment stabilization at a single impurity
site, and (b) correlations between moments at different impurity sites,
and the peak indicates a critical concentration which separates the

two regimes.
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CHAPTER 1

THEORETICAL CONCEPTS



1.1 Introduction

When atoms with partially filled inner shells (transition metals
or rare earths) are dissolved in small amounts as substitutional
impurities in nonmetallic hosts, they often assume a definite ionic
valence state and exhibit the corresponding Hund's rule magnetic moment
(although crystal field effects may have to be taken into account). In
the case of metallic hosts, however, the presence of the broad conduction
band tends to delocalize the magnetic electrons (i.e., the d electrons
in transition metals or the f electrons in rare earths) and hence to
destroy the atomic moment. Even if transition metal or rare earth
impurities show signs of possessing a well-defined magnetic moment at
high temperatures, they often appear to Tose it when the temperature is
Towered.

0f the theories which set out to solve the problem of local
moment formation in metals from first principles, the most important
are the Friedel model [ 1, 2], the Anderson model [ 3] and the Hirst
model [ 4]. (The Hirst model is perhaps more aptly described as a
moment survival rather than a moment formation model.) In essence, these
theories attempt to answer the following question : Given a single
transition metal or rare earth impurity embedded in an otherwise
nonmagnetic metal, what are the conditions under which the impurity
will be "magnetic" ? Much of the difficulty in solving this problem

lies in the apparently dual character of the d-shell or f-shell



electrons : on the one hand (as in free atoms), these electrons are
responsible for the observed magnetic moments which seem to be well
Tocalized on the impurity sites, while, on the other hand, they also
participate to some degree in the conduction process. The Friedel and
Anderson models rely on the application of the Hartree-Fock one-electron
(or single-particle) approximation, treating the Coulomb and other
intra-ionic interactions, which are responsible for Hund's rules in
atomic d- and f-shells, as weak perturbations, and describing the
electronic states of the impurity's magnetic shell (the d-shell in
transition elements or the f-shell in rare earths) in terms of virtual
bound states (a virtual bound state is a state strongly admixed with
the free electron states of the conduction band and having a finite
energy width). Recently the question Has been raised as to whether
these traditional models are really appropriate to describe existing
systems, since they tend to strongly overemphasize the itinerant
aspects of the problem. The Hirst model (or the configuration-based
approach), on the other hand, leaves the original ionic-type many-
electron states of the impurity untouched, and predicts much more
specifically than does the Friedel-Anderson model the conditions under
which the moment does not survive. According to this model, the ionic
many-electron states can normally only be perturbed and only rarely be
wiped out by interactions with the conduction electrons.

As far as interpreting the experimental data obtained from

measurements of the electric and magnetic properties of dilute "magnetic”



alloys, two theories are currently available which have met with some
success : the s-d model [ 5] and the Tocalized spin fluctuation (LSF)
model [ 6, 7]. In the s-d model, the impurity is assigned a well-defined
spin § which interacts with the conduction electrons through a spin-
dependent potential (the so-called s-d exchange potential) of the form
Hsd==-\Jg-§, where J is the exchange coupling constant and < is the
conduction electron spin. This model provides an explanation for the
phenomenon of the resistivity minimum (known as the "Kondo effect"), as
well as a useful description of the spin polarization around the impurity
and indirect interactions between spins (the so-called RKKY interaction).
Since it starts from the assumption of a static spin (and hence magnetic
moment), the s-d exchange model omits any consideration of the dynamics
of the local moment or, in other words; the time scale over which a
moment exists. This is precisely the aspect of the local moment problem
with which the localized spin fluctuation (LSF) model is concerned.
According to this model, the question of the existence of a magnetic
moment is a matter of time ; i.e., the fundamental question is whether
or not the fluctuations in the spin deﬁsity at the impurity site can be
sufficiently slow that, on the time scale of a given experimental probe,
there appears to be a magnetic moment. However, whether approached from
the point of view of the s-d exchange model, or from the postulate that
virtual bound states of the Friedel-Anderson type, while satisfying

some criterion for being nonmagnetic, are capable of undergoing local

spin fluctuations (in the spirit of the LSF model), it is always



possible to specify approximately some single-impurity characteristic
temperature TS (either the Kondo temperature TK or the LSF temperature

T above which local moment behaviour is detected in various properties,

sf)
and below which the impurities appear to lose their magnetic moments.

The s-d model and the LSF model describe the behaviour of an
isolated impurity dissolved in a metallic host. However, as the
impurity concentration is increased above the dilute (or single-impurity)
Timit, interactions between different impurity spins become important,
even at very low concentrations, with the dominant interaction
mechanism being the long-range, oscillatory RKKY interaction [ 8, 9,
10 ] -- indirect exchange mediated by the conduction electrons. For
"good" moment systems (where the temperature characteristic of the
interactions is greater than any possible single-impurity characteristic
temperature Ts for all cohcentrations of solute above a small fraction
of 1 at. %), these interactions lead, at Tow temperatures, to a
cooperative freezing of the impurity moments in random orientations and
such a disordered ground state is currently described as a spin glass.
For systems where the impurity moments are not well defined (i.e., LSF
systems), the role of interactions appears to be initially to stabilize
(or slow down) the spin fluctuations, with spin glass behaviour being
observed once interactions have driven TS below the spin glass ordering

temperature.



1.2 Friedel Model

The Friedel model [ 1, 2] considers the case of a single first
row transition metal atom dissolved substitutionally in a simple or
noble metal host. For simplicity, the transition impurity is assumed
to possess a single, orbitally nondegenerate atomic d state |d> with
an unperturbed energy E0 which T1ies within the conduction band of the
host, as shown in FIG.1.2-1.

In order to describe the modifications to the atomic d state as
a result of embedding it in the conduction band, Friedel introduced an
s-d covalent admixture interaction, V, between fhe localized d state
and the conduction electron states |k>. The effect of this mixing
interaction is to induce transitions between the localized d state and
the conduction band states. Friedel showed that, as a result of these
mixing transitions, the localized state is shifted in energy from its
unperturbed value E0 and acquires a finite energy width 2A as shown in

FIG.1.2-2, forming what is known as a virtual bound state (VBS). In

terms of the covalent admixture matrix element, <d|V|k> , the energy

shift T and the width 2A of the virtual level are given by [ 2]

<dvik>[* |
and 20 = 21 |<d|V]k>|® N(e) . (1.2-2)

N(e) is the density of states with energy € in the conduction band of
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FIG.1.2-1. An atomic d state, with unperturbed energy EO’
embedded in a free-electron conduction band.
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FIG.1.2-2. The s-d mixing interaction shifts and broadens the
atomic d state, forming a virtual bound state with
a finite energy width 2A.



the host and [<d|V|k>|2 denotes the average value of the admixture
matrix element between the localized state and those conduction electron
states which 1ie on a surface of constant energy € in k-space. Thus
the sharp &-function d Tevel at EO is replaced by a virtual d Tevel,
with width 2A, centered around Ed==EO‘+F.

If A is assumed to be constant, then the density of states of

the virtual level per spin direction, pdc(e), has the following

Lorentzian form [2] :

A . (1.2-3)
d)2 + A2

==

Pesle) = oot

Thus the number of electrons up to energy € in the virtual level with
spin ¢ is given by

€
n(e) = f Pyg(€) de = %-arctan(ﬁi;%¥?i> . (1.2-4)

-0

From Eq.(1.2-4), it follows that an orbitally nondegenerate virtual d
state can accomodate a maximum of one electron per spin orientation.
[ If the virtual state is orbitally degenerate, then an extra factor

of (22+1) must be included in Egs.(1.2-3) and (1.2-4) :

p,.(e) = ,
do T (e- Ed)z + p2



and n(e) = EQL%J—~arctan<ﬁ?—%%7;> . (1.2-6)
d

with 2=2. Thus an orbitally degenerate virtual d state can accomodate
a maximum of (2%+1) electrons per spin orientation.]

The concept of a virtual bound state can also be approached from
the point of view of scattering theory. The transition impurity first
gives up all its s and d valence electrons to the conduction band of
the host. The excess charge +Ze of the impurity over the host creates
a spherically symmetric potential, V(r), which scatters the conduction
electrons. A partial wave analysis [ 11, 12, 13 ] of the scattering
shows that the presence of the impurity gives rise to an extra density

of states in the conduction band which is given by [ 14 ]

ds
] (2ee) dzg(e) : (1.2-7)

SN

AN(e) =

where 62(3) is the 2th partial wave phase shift and the factor 2(28+1)
accounts for spin and orbital degeneracy. Eq.(1.2-7) leads directly
to the Friedel sum rule [ 1, 2], which relates the excess impurity
charge Z to the phase shifts at the Fermi energy :

z:

(E (1.2-8)

ELS

)

%(2%1) 8,



Since the potential V(r) is almost but not quite strong enough to
‘accept a true bound d state, a scattering resonance will occur in the
2=2 partial waves at an energy Er in the conduction band. Near such
a resonance, the §, phase shift increases rapidly from nearly 0 to

nearly m over a narrow energy range, according to the expression [ 2]

§,(e) = arctan<7?—4¥zf> , (1.2-9)
r

as shown in FIG.1.2-3, where 2A is the width of the resonance. From
Egs. (1.2-7) and (1.2-9), the corresponding 2= 2 density of states per

spin direction is given by

20+1 9%(e)  op44 A (1.2-10)

T de i (e - Er)z + A2

PyslE) =

This expression is identical to Eq.(1.2-5) if the resonance energy Er
is identified with the virtual state energy Ed= EO+-P. If A is small
(i.e., if the resonance is sharp), the total electronic charge
attracted by the potential is strongly concentrated in the vicinity of
the impurity, giving rise to a virtual bound state with a narrow spread
in energy around Er‘ The electronic structure of the alloy is thus
equivalent to that obtained previously by mixing a localized d state

with the conduction band.

10.



11.

FIG.1.2-3. (a) The behaviour of the £=2 partial wave
phase shift near a scattering resonance.

(b) The corresponding 2 =2 density of states
due to the scattering resonance.
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If the intra-atomic interactions between the localized d
electrons are neglected, the virtual bound states for both spin
orientations will have the same energy. However, since the electrons
in a virtual level are almost as well localized as in an atom, exchange
and correlation effects, which are responsible for Hund's rules in
atomic d shells, must also be important in virtual d levels,
particularly for a narrow level. When these effects prevail, the
virtual bound state splits into two substates, with opposite spin
directions and different energies, as shown in FIG.1.2-4. As a result,
the spin up and spin down virtual states accomodate unequal numbers of
electrons up to the Fermi level and a magnetic moment results,
localized on the impurity site. Using a simple variational argument[ 2],
Friedel derived a condition for the 1ifting of spin degeneracy, and
hence for the formation of a magnetic moment on the impurity site. If
U is the effective exchange energy for a pair of localized d electrons
of opposite spin then, for an orbitally degenerate, Lorentzian virtual

‘bound state, this condition is given by

(22 + 1) U A
m (E

> 1 R (1.2-11)

or, from Eq.(1.2-4),

Updo(EF) > 1 . (1.2-12)
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FIG.1.2-4. The 1ifting of spin degeneracy and the formation of a
localized magnetic moment for a Lorentzian virtual bound
state. The dotted curves indicate the positions of the

spin-up and spin-down virtual Tevels in the nonmagnetic
case.
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For a given value of U, this condition is more easily satisfied the

closer Ed is to the Fermi Tevel EF' For Ed==EF, the condition (1.2-11)

takes the simple form

U T
E > —(m . (]-2"]3)
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1.3 Anderson Model

In order to put Friedel's ideas on a more quantitative basis,
Anderson proposed the following simple model [ 3] to describe the
electronic structure of a metal containing a sing]eiimpurity atom with
one or more inner-shell orbitals. The essential features of the model
are contained in the Anderson Hamiltonian :

H=H

Hi + H (1.3-1)

cond * mp kd

H is the unperturbed conduction electron Hamiltonian of the pure

cond
host metal :

Heond = 2(3 €k ko (1.3-2)

nkc = Ck6%ko ’

where € is the energy of the free-electron state with wavevector k,
Mo is the occupation number operator for the state with wavevector k
and spin o, and czg and C, oy are the corresponding creation and
annihilation operators.

H. is the full Hamiltonian of the isolated impurity atom (or

imp
jon). In the Anderson model, the impurity is represented by a single



nondegenerate d-shell orbital ¢d which is described by the following

Hamiltonian :

Himp = Eo(ng+

'+nd_) *Ungng . (1.3-3)
E0 is the unperturbed energy of the d orbital on the impurity atom and
Nyt and ng. are the numbers of spin up (+) and spin down (-) localized
d electrons, respectively. The term Und+nd_ in Eq.(1.3-3) represents
the intra-atomic Coulomb repulsion between electrons of opposite spin
in the Tocalized orbital. This term describes the tendency toward the
formation of a magnetic moment on the impurity by reducing the
probability of double occupancy of the localized orbital. U is the

Coulomb correlation integral which is given by

> 2 >
U= f |oq(ry) 2 %7E'l¢d(r2)lz dry dt, . (1.3-4)

According to Eq.(1.3-3), the state with one electron (of either spin
up or down) has the energy EO’ while the state with two electrons (of
opposite spin) has the energy 2E0+lJ. The addition of a second
electron thus introduces the Coulomb repulsion between the two
opposite-spin electrons in the same orbital and increases the energy
of the d state by EO+|J. FIG.1.3-1 shows the unperturbed energies of
the spin up and spin down electrons in the localized d orbital

superimposed on the conduction electron density of states of the host.

16.
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The third term, de, in the Anderson Hamiltonian is a one-
electron term which allows for the mixing of the conduction electron
state k with an electron in one of the localized d levels. Normally,

de is taken to be of the form

de - kX,cr vkd(C:crcdc + C;crckcr) ’ (1.3-5)
where de is the covalent admixture matrix element between the d state
and the conduction electron states, c:O creates a conduction electron
of momentum k and spin o, while Cdo destroys a d state electron of épin
o and the other quantities are their conjugates. The s-d mixing
interaction thus describes the tendency to delocalize the d electrons
and to destroy impurity magnetism.

The complete Hamiltonian for the one-orbital Anderson model is

thus

H = o+ S, +ch
.Ig,ceknk(j gEOndc+Und+nd- +kz’cvkd(ckocdo C4oCkg) - (1.3-6)

Since the Anderson Hamiltonian describes a system of interacting

particles (through the Coulomb term Un it must be treated

¢+"d-)>
within the one-electron Hartree-Fock approximation. In the HF approach,

the interaction term Und+nd_ is replaced by

Unge<ng_> + U<ng_>nge (1.3-7)



19.

so that the one-electron HF Hamiltonians for up and down spins are

given by
o‘ —
Hyr = Heond * g [Eo *U<ny g {l Mo * kg (1.3-8)

When these equations are solved using the Green's function
techniques described by Anderson [ 3], it is shown that, as a result of
the s-d mixing interaction, the sharp spin up and spin down impurity
energy levels of FIG.1.3-1, with unperturbed energies EO and E0+ U
respectively, are shifted and broadened into virtual bound states. The

energies of the virtual states are given by
Edo_= E0+ U<nd_o_> s (].3"9)
while the "width parameter" A of the virtual states is given by

where N(e) is the density of states with energy € in the conduction
band of the host. Moreover, if A is assumed to be a constant,
independent of Edo’ then the density of states of the virtual d level

with spin o has the following Lorentzian form :

A
_ 2 2
(e Edc) + A

PdolE) = % (1.3-11)



FIG.1.3-2 shows the two virtual states (in a typical magnetic case) in
terms of their distributions pdg(g) from Eq.(1.3-11), centered around
their self-consistent energies Edo from Eq.(1.3-9).

The occupation numbers, Nys > of the virtual Tevels at T=0
are given by integrating Eq.(1.3-11) for the density of states up to
the Fermi energy EF :

F E, -E
<ngs> = [ Ddo(E:) de = ]F cot™? <dG—A—F> . (1.3-12)

- Q0

When this expression is combined with Eq.(1.3-9) for the virtual state

energies Edo’ two coupled self-consistent equations are obtained :

1 1By - Ep+U<ny_ >
<Ny > = E-cot < i
(1.3-13)

E, - E- +U<n, >
1 -1{ 0 F d+
<nd_> ECOt < A >

Depending on the relative values of the different parameters EO- EF’
U and A, this system of equations may have a single solution with
SNge> = <Ny_> s in which case the impurity is nonmagnetic, or, in
addition, two symmetrical solutions with <n,, >=# <n, >, in which
case the impurity is magnetic. Eq.(1.3-13) can be solved graphically

by plotting <Nyy> against <Ny using the first equation and vice

versa for the second equation ; the crossing points of these curves

20.



yield the solutions. The "magnetic" behaviour of the impurity can be
conveniently summarized in the "phase" diagram in FIG.1.3-3. For given
values of the Coulomb integral U and the d-state energy relative to the
Fermi energy, EO- EF’ there is a critical value of the level width AC.
For larger values of A the impurity is nonmagnetic while for A <AC the
impurity is magnetic. The equation for the boundary line separating
the magnetic and nonmagnetic regions in FIG.1.3-3 is given by the

instability condition :

d<%+> -
d<nd_> )
UA
or =1 >
™ [(Egq - ER)? + 7]
or Updo(EF) =1 . (1.3-14)

Clearly the most favourable case for magnetism occurs when the virtual

level falls self-consistently at the Fermi energy in which case the

instability condition is given by

>
n
=)

(1.3-15)

The solution of the Anderson model discussed above‘requires the

21.
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application of the Hartree-Fock approximation. Such a decoupled-
fermion approximation is equivalent to saying that a given electron
remains in the localized state for a sufficiently short time that it
does not obtain detailed information on the occupation of other spin
states or orbitals. Since the addition of an electron raises the
energy by an amount of the order of the Coulomb energy U, the
uncertainty principle requires a one-electron lifetime less than fi/U
in order that the Hartree-Fock approximation be valid. Such a lifetime
is indeed provided by the mixing interaction which broadens the
localized d state into a virtual state with an associated one-electron
1ifetime of the order of fi/A. Thus the region of validity of the HF
decoupled-fermion approach is limited to a range of parameters such

that

| =%
=

or U -
Z-< 1 . (1.3-16)

For smaller values of the Tevel width, electron-electron correlations
play an important role and must be taken into account. Thus the HF
approximation is not adequate to describe the physical system when
U/A >> 1. Notice that it s in this 1imit (i.e., small A/U) that the
spin up and spin down electrons become strongly correlated via the
Coulomb interaction to avoid simultaneous occupancy of the localized

level, thereby forming a magnetic moment.

23.
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1.4 The Configuration-Based Approach To Magnetic

Impurities In Metals : The Hirst Model

The Friedel and Anderson models tend to overemphasize the
itinerant aspects of local moment formation, treating the Coulomb
vinteraction and other intra-ionic correlations between local electrons
as weak perturbations. In the configuration-based approach to 3d and
4f qmpurities in metals, the unperturbed impurity states are taken to
be the conventional ionic many-electron states corresponding to well-
defined configurations 3d" or 4fn, with intraconfigurational splitting
into L-S multiplets, crystalline electric field levels, spin-orbit
levels and so on. According to this que], these ionic many-electron
states can normally only be perturbed and can only rarely be wiped out
by interactions with the conduction electrons. The integral occupation
of the impurity's 3d or 4f shell is thus a central feature of the model
and is assumed to be a consequence of intra-ionic Hund's rule
correlations.

In the Hirst model [4 ], a potentially magnetic impurity in a
metal is described by a generalized Anderson Hamiltonian of the form

H=H, +H (1.4-1)

+ .
ion cond Hm1x

Hion describes the localized intra-atomic interactions at the impurity



site and is given by

H. = -1Vn L un(n-1

ion 2 * H

-intra H (].4‘2)

where n is an operator for the total number of 3d (or 4f) electrons.

V is the nuclear potential energy at the impurity site and contributes
a term proportional to n. U is the 3d-3d (or 4f-4f) Coulomb
interaction and yields an energy proportional to the number of pairs of

3d (or 4f) electrons. H symbolizes the intraconfigurational

intra
splitting energies which are responsible for the formation of L-S

multiplets, crystal field levels, spin-orbit levels and so on.

H represents the energy of the non-interacting conduction

cond
electrons of the host and is given by

*
Heond _Izcjekakoakc ’ (1.4-3)

where €y is the energy of a conduction electron with wavevector k and

*
spin o, and a5 and a,, are the corresponding creation and annihilation
operators.

H is a one-electron mixing interaction between the localized

mix
impurity states and the conduction electron states and may be written as

_ * + *
Hoix = Vmix Egg (8 0Cs0 Coo?kic) > (1.4-4)
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where czo and Coo OF€ the creation and annihilation operators for the
3d (or 4f) electrons and & is the orbital angular momentum. A partial-
wave description is used for the conduction electrons and the mixing
interaction conserves orbital angular mdmentum.

The term Hion describes a tendency toward the formation of ionic
many-electron states belonging to definite configurations 3d" and 4f".
The mixing interaction Hmix’ on the other hand, tends to break up the
configurations and mix the 3d (or 4f) electrons into the conduction
band. The basic physics of the impurity problem is contained in a
competition between these two tendencies. A natural measure of the
mixing strength is given by the quantity

A=V |2 N(ED) . (1.4-5)

Qhere N(EF) is the density of conduction-electron states at the Fermi
level, while the Coulomb energy U provides a measure of the strength
of Hion’ For potentially magnetic impurities, U is much larger than A
and the physically appropriate approach is to deal with Hion first,
before considering mixing effects.

The configuration-based ionic energy-level scheme, in the
absence of mixing interactions, is shown in FIG.1.4-1. If the

intraconfigurational splittings are neglected, the energies E(n) of the

various configurations, n, fall on a parabola which is defined by the
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Energy of the configuration E(n)

FIG.1.4-1.

Number of electrons in the shell

Configuration-based energy levels of an jon with stable configuration g in the absence of
mixing interactions. Intraconfigurational splittings are indicated schematically. Eé;g
and Eé;g are ‘the interconfiguration excitation energies when EF= 0 (i.e., when the Fermi
energy is chosen as the zero of one-electron energies).
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first two terms in Eq.(1.4-2) :

E(n) =-%n(n-—1)U - Vn + const (1.4-6)
_]( 2 ‘
"2 n"nmin) U+ const i (1.4-7)
=V, 1 ) . : .
where Noin TR FIG.1.4-1 shows the stable configuration g and, in

addition, the neighbouring configurations n0+1 and n0—1 ,» with
intraconfigurational splitting indicated schematically. The conduction-
electron states, which are occupied up to the Fermi energy, are shown

on the right. Since each ionic energy level represents the total

energy of a many-electron state, a direct comparison with the
conduction-electron levels is physically meaningless. Only differences
between the energies of the impurity levels, not the absolute energies,
can have physical significance. The vertical wavy line in FIG.1.4-1 is
intended to emphasize this point.

If the impurity is initially in the Towest level of the stable
configuration o in FI1G.1.4-1, the minimum interconfiguration
excitation energy needed to reach the configuration n0-1 is obtained
when the 3d (or 4f) electron removed from the impurity is put into the
conduction band at the Fermi energy. If intraconfigurational

splittings are neglected, then the required energy is

eC) B 1) + BT - E(ng) = Ep + V= Ulngs ) > (1.4-8)



where E(no) and E(no—l) are given by Eq.(1.4-6). Similarly, the

minimum energy needed to add a 3d (or 4f) electron is

Eé;g = E(ng+1) - [E(ng) + Eg] = -V +Ung-E . (1.4-9)

In the zero-mixing 1imit, the condition for the configuration o to be

stable is that both of these energies be positive :

(+) (-)
Eaye and ES0 >0 . (1.4-10)

From FIG.1.4-1, it is apparent that the configuration g with

the Towest energy depends on n and hence on V/U. Thus if the

min
binding potential V is decreased, eventually n0-1 becomes the stable
configuration. The point where the two configurations are equally
stable is referred to as CONFIGURATION CROSSOVER and is illustrated in
FIG.1.4-2 (curve b). The value of Noin at the crossover between the
two configurations o and no—1 is given by

n (1.4-11)

N} —

m1.n(a’c configuration crossover) = g

so that crossover occurs when %4=n0— 1.
The conduction electrons interact with the localized electrons

through the mixing term Hmix in Eq.(1.4-4). The effect of the mixing
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interaction is to transfer electrons from the impurity's 3d (or 4f)

shell to the conduction band and back and this results in an ionic

energy level width A = 7 |V |2N(EF) provided that intra-ionic energy

mix
conservation requirements do not interfere with the mixing process. If

the impurity in FIG.1.4-1 is initially in the stable configuration Y
mixing transitions can only occur if the ion is excited from the ground
state E(no) to the next higher state, either E(n0+1) or E(n0-1), and

this happens only if the mixing strength A is larger than the
)

ot (+) (-) (+) (- "
excitation energy, E or E - IFA<EL ¢ and Eoye » the mixing

exc exc
interaction is inoperative, the impurity remains in the stable
configuration Ng» and the intraconfigurational level structure remains
weli-defined. By contrast, if the impurity is initially in the

unstable configuration n0-1 in FIG.1.4-1, it will spontaneously absorb

a conduction electron via the mixing interaction in order to return to
the stable configuration Ng> and the excited state acquires an energy
width A. The lifetime broadening A therefore applies only to those
impurity levels which are energetically unstable relative to levels
belonging to other configurations. This includes all energy levels
belonging to excited configurations but may also apply to the higher
intraconfigurational energy levels of the ground configuration.

Thus, the condition for a particular configuration ny to be

stable in the presence of a finite mixing strength A, is that the

interconfiguration excitation energies, Egig and Eé;g » be not merely
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positive but Targer than the mixing strength A :

(+) (-) . -
Eexc and Eexc > A . (1.4-12)
This ensures that spontaneous mixing transitions are suppressed by

energy-conservation requirements. When a more detailed calculation is
performed, the condition for configurational stability in the presence

of finite mixing becomes :
i N R F N
EeXC > A, with Eexc {:[éexc + Eexc . (1.4-13)

The behaviour of a 3d or 4f impurity in a metal can be
conveniently described by a configurational "phase" diagram, shown in
FIG.1.4-3, obtained by plotting Eq.(1.4-13) in the plane of the binding
potential V and the mixing strength A. The solid curve represents a

plot of A = Eexc so that the equation of the curve is given by

Fore Eoe (2n-1)UV - n(n-1) U2 - v2
A=E =_excoexc _ (2n- - n{n- - (1.4-14)
exc (+) . (=) >
EEXC+EEXC U
2
or %=(2n-1)%-n(n—])-l i (1.4-15)
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FIG.1.4-3. Configurational "phase" diagram for an impurity ion in the plane of the binding potential V and
the mixing strength A. The integers denote the regions of stability of the various configurations.
ICF and VBS denote regions of interconfiguration fluctuations and virtual bound state spin
fluctuations, respectively. The nominal "phase" boundaries symbolize continuous change-over
between the different Timiting types of behaviour.
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where Eqs.(1.4-8) and (1.4-9) (with EF= 0) have been used for Eé:g and
(-)
E

exc Above the curve, A> Eexc , while below the curve, A< Eexc'

For A=0, corresponding to the isolated impurity, each
configuration n is stable over a range of V given by n-1 s%fzn, with
configuration crossover occurring at V=0, U, 2U, .... For finite A,

the configuration stability condition (E A) is most easily

exc”
satisfied for a value of V Tying at the middle of the stability range

%=r1-%- for the configuration n,

in which case Eq.(1.4-13) becomes A~<%—. For a value of V

of the isolated impurity, i.e., when

corresponding to configuration crossover of the isolated ion, the
maximum allowed A approaches zero.

The interior parts of the stable-configuration "phase" in
FIG.1.4-3, where A-<<EexC , correspond to extreme configurational
stability. In these regions, the behaviour of the impurity approaches
that of an isolated ion. Consequently the stabilization of a single
configuration is the condition for local-moment behaviour of an
impurity.

Qutside the regions of configurational stability, it is possible
to distinguish two other types of behaviour. -In the upper part of the
“phase" diagram, where A:>%-, the mixing is so strong as to effectively
break down the configurational energy-level scheme. In this region,
nonmagnetic virtual bound state theory, in the sense of the Anderson

model, is applicable, where the Coulomb and other intra-ionic

interactions are treated as weak perturbations.
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The portions of the "phase" diagram lying between the stable-
configuration "phases" correspond to the INTERCONFIGURATION FLUCTUATION
(ICF) regime. Since these regions are close to the crossover between
two configurations, say n and n-1, there will be spontaneous
fluctuations between the two, driven by the mixing interaction.
However, since the mixing strength A is not large compared to U, the
various ionic configurations remain well-defined, as does the
intraconfigurational level structure on a scale coarser than A. For an
jmpurity in the ICF region, the physically appropriate approach is to
project away all impurity states belonging to configurations other than
nand n-1.

Where do real impurities lie in the configurational "phase"
diagram in FIG.1.4-3 ? For 4f impurities, where A/Uf~10'3, one is very
close to the V axis and FIG.1.4-3 indicates that configuration
stability is by far the most probable, but configuration crossover with
ICF behaviour is also possible. For 3d impurities, it appears that A/U
can sometimes be large enough to put the system into the VBS region,
where practically nonmagnetic behaviour results. This is probably the
case for 3d impurities in such hosts as Al, where the large density of
states is expected to yield a large A. However, cases such as Mn in
noble-metal hosts, where nearly ideal local-moment behaviour is
observed, show that A/U can be sma]]lenough to put a 3d impurity well

into the interior of a stable-configuration "phase".



1.5 The s-d Model

The s-d model starts with the assumption that the impurity
possesses a well-defined magnetic moment (i.e., the impurity is in the
strongly magnetic region of the Anderson model where U/A>>1 or in the
interior of a stable-configuration "phase" in the Hirst model where
Eexc>>»A) and characterizes the impurity by simply assigning it a spin

>
S, which interacts with the conduction electron spins 3 through an

exchange interaction represented by the Hamiltonian

(1.5-1)

where J is the exchange coupling constant. (In the Hirst model,
Eq.(1.5-1) is appropriate for an S-state impurity only. For a non-S-
state impurity, the orbital degrees of freedom of the impurity must be
taken into account and the resulting coupling contains not only an
exchange term of the form nJg-g, but also large terms which couple the
orbital degrees of freedom of the impurity to those of the conduction
electrons [15].) In terms of the conduction electron creation and
annihilation operators c:O and ko * Eq.(1.5-1) may be written as

follows

" _ J * * * *
a = o ka. <Ck+ck'+ - Ck-ck'-> SZ + Ck+Ck,_ S_ + Ck_Ckl+ S+ (1.5-2)
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where N is the total number of lattice points and Si are the raising
and Towering operators for the components of §,

An exchange coupling of the form of Eq.(1.5-1) is contained
implicitly in the Anderson model and arises from the covalent admixture
interaction de between the localized d state and conduction electron
states k. Anderson showed that, in addition to shifting and broadening
the impurity energy levels, the s-d mixing interaction also shifts the
energies of the free-electron states in the conduction band. For the
conduction electron state with wavevector k, spin ¢ and unperturbed
energy €, this energy shift is given by [ 3]

2
_ Wal® (5 -Ego)

ko _ 2 2 ’
(Ek Edc) ta

AE (1.5-3)

where EdO and A are the energy and width, respectively, of the virtual
d Tevel with spin o. If the impurity is magnetic, then the virtual
level for one spin orientation, say spin up, is below the Fermi level
and filled, while the spin-down virtual level is above the Fermi Tevel
and empty. It follows that the energy shift for spin up (o=+)
conduction electrons at the Fermi surface (ek==EF) is positive since
Ed+< EF’ while the energy shift for spin down (o=-) conduction
electrons at the Fermi surface is negative since E, >E.. Thus the

effect of the admixture is to raise the Fermi Tevel for spin up

conduction electrons and lower the Fermi level for spin down conduction

electrons as shown in FIG.1.5-1. In order to equalize the Fermi levels,
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FIG.1.5-1.

=04 (€)

Shift of the spin-up and spin-down conduction
electron Fermi levels due to the mixing interaction
between the localized and Fermi surface electrons.
The solid lines represent the energy levels before
Fermi surface-Tlocal electron admixture.
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spin-up conduction electrons "flow" into spin-down states, resulting in

a conduction electron spin polarization which is antiparallel to the

impurity spin. It is as though an antiferromagnetic exchange coupling

(J<0) existed between the impurity spin and the conduction electron
spins. The above arguments were placed on a sound mathematical basis
by Schrieffer and Wolff, who applied a canonical transformation to the
Anderson Hamiltonian to eliminate the mixing interaction de to first
order. Schrieffer and Wolff showed that when U/A>>1, the Anderson
Hamiltonian transforms into an effective exchange interaction of the

> > .
form -JeffS-s with
= 2 - -1 - - -1
Jeff lvkd[ [}EO EF) + (EF ,EO u) ] (1.5-4)

for conduction electrons at the Fermi surface. The transformation is
valid only when the virtual levels are not coincident with the Fermi
surface, i.e., when EF— E0>A and EO+U- EF>A . Since EO< EF and
EO+lJ> EF for a magnetic impurity in the Anderson model, both terms in
Eq.(1.5-4) are negative and Jeff<()' Thus the exchange coupling which

arises from covalent admixture is antiferromagnetic.

Covalent admixture can also give rise to an effective exchange
coupling between the impurity spin and the conduction electron spins
in the Hirst model. Within a stable configuration "phase", where
A-<Eexc, direct admixture between the jonic energy levels and the
conduction electron states is forbidden by energy conservation
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restrictions. However, there remain higher-order mixing processes in
which the impurity reaches another energy level in the stable
configuration via virtual transitions to excited (or unstable)
configurations.‘ When these are treated by a generalized Schrieffer-

Wolff transformation, the result is an effective antiferromagnetic

coupling between the 3d impurity and the conduction electrons of the
form of Eq.(7.5-1) but with an effective coupling strength given by

J = Vil <0 (1.5-5)
eff E ’

exc
were e = [T [ (1.5

When conventional first order perturbation theory is used to
calculate the conduction electron scattering amplitude induced by the
s-d exchange interaction in Eq.(1.5-1), it is found that the
contribution to the electrical resistivity due to exchange scattering

is temperature-independent and is given by [ 16 ]

(1)

= 2 -
Peg =aCIZS(S+1) (1.5-7)

where ¢ is the impurity concentration and a==3nm/8e2ﬁEF is a constant.

However, when the perturbation calculation is extended up to the second
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Born approximation [ 17 ], the presence of second order spin-flip

scattering processes, such as those shown in FIG.1.5-2, Teads to an
exchange scattering amplitude which is singular at the Fermi surface
and hence to a term in the resistivity which varies logarithmically

with temperature as follows :
(1) kBT
P oo °sd 1+ IN(Ep) &n | 5~ ; (1.5-8)

where N(EF) is the density of states in the conduction band at the
Fermi energy and D is a constant equal to the conduction electron
bandwidth. For temperatures such that kBT'<D, Kn(kBT/D) is negative
and becomes increasingly more negative as the temperature decreases.
If J is also negative (corresponding to an antiferromagnetic exchange
coupling between the impurity spin and the conduction electron spins
such as that induced by covalent admixture), then pKONDO increases as
the temperature tends to zero. When this is combined with the other
contributions to the resistivity due to phonon and ordinary potential

scattering, which increase with increasing temperature, the result is

a resistivity minimum as shown in FIG.1.5-3 and this is referred to as

the KONDO EFFECT.

For J<0, the Kondo resistivity in Eq.(1.5-8) diverges
logarithmically as T approaches zero, indicating a breakdown in simple
perturbation theory at low temperatures. An estimate of the

temperature at which this breakdown occurs can be obtained by setting
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FIG.1.5-2.
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Some typical spin-flip scattering processes : In (a), a conduction electron in the state kK with
spin up (4) interacts with the magnetic impurity via the s-d exchange interaction and is
scattered to the state 3 of opposite spin (+), while the z-component of the spin of the impurity,
denoted by Ms’ flips up to the state MS+1. Then the conduction electron, now in the state a¢,
interacts with the same Tocal moment again and is scattered into the state K't, while the
z-component of the impurity spin returns to its initial value Ms' In (b) the same final state is
achieved by reversing the order of the scattering. First, a conduction electron in the state a¢
is scattered into the state k'+ and M flips down to M -1. Then an electron in k+ is scattered
into the empty state q+ and the z- component of the 1mpur1ty spin returns to the initial value M
The final result is the same : no electron in kt , one in k' +, and none in q¢

A
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FIG.1.5-3. The formation of‘a resistivity minimum (the Kondo
effect) for an antiferromagnetic exchange coupling
(J<0).
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the second term in Eq.(1.5-8) equal to the first term (for lower
temperatures the second term becomes larger than the first term and the

perturbation series fails to converge). For J<0 this gives

kgT
1= -]J| N(EF).Kn.<—TT—> , (1.5-9)

and this defines the KONDO TEMPERATURE TK :

D 1
T, = —exp |- . (1.5-10)
e [ 9] N(EFJ

It is the characteristic temperature which designates the Tower bound
of applicability of a perturbation-type calculation.
If the impurity is described by the Hirst model, then the

appropriate form for the Kondo temperature, TK, can be obtained by

replacing J by |V . |“/E_  and N(E;) by a/mlv . |* in Eq.(1.5-10).
This gives
D TE
T = Eé exp <; Aexc> . (1.5-11)

Thus TK is small in the center of a stable-configuration "phase",
where Eexc>>A" and increases as one moves from the interior toward
the boundary of the stable-configuration "phase" where Eexc==A.

When more sophisticated techniques based on many-body



perturbation theory [ 18 ], double time Green's functions [19], or
dispersion theory [ 20, 21 ] were applied to the s-d Hamiltonian in an
attempt to remove the Kondo divergence and to gain some insight into
the behaviour of the exchange-coupled impurity-conduction electron spin
system for T'<TK’ it was found that below the Kondo temperature the
system undergoes a gradual transition to a nonmagnetic ground state,
with the effective magnetic moment of the system becoming progressively
weaker with decreasing temperature and eventually vanishing at T=0.
However the true nature of the ground state was only recently revealed
by Wilson [ 22 ], who made use of "scaling theory" [ 23] to achieve the
exact zero temperature solution. Wilson's approach was based on the
following physical observations :

1. The characteristic temperature TK determines the energy scale
for the Kondo problem.

2. The high energy cut-off (D) cannot be important for the
dynamics of the Kondo problem.

The first observation allows a separation of energy and
temperature regimes. At low temperatures (more precisely, for'T<<'TK),
the local moment and conduction electrons (the "Kondo system") are
locked into the ground state. Thermal fluctuations are insufficient
to excite the system. The Kondo energy, kBTK’ is thus a measure of the
"binding energy" for the system. For'T>>'TK, the system unlocks, and
the simple high-temperature perturbation theory leading to Eq.(1.5-8)

suffices.
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The second observation allows one to obtain the character of the -

condensed state. If TK is in fact a fixed measure of the energy scale,
it should be possible to change the bandwidth D and not affect the
character of the low energy (<<kBTK) excitations of the system. Since,
at low temperatures, the only important electronic states cover the
region of width D'==kBT‘o<D, this means that, with some reservations,
it is possible to eliminate the rest of the states provided that the
interaction is renormalized : J-J'. The question then is what will
happen to J' when D'+ 0.

The Kondo temperature TK is given by the following expression

(for J of arbitrary sign) :

kT '
1= JN(EF)£n< BD K> . (1.5-12)

If D»>D+ 48D, then TK will remain the same only if J-J+8J where from

Eq.(1.5-12),

.| |sg . (1.5-13)
D1 a2 n(Eg)

Thus if 6D <0, which is equivalent to narrowing the bandwidth and
lowering the temperature, then 6J<0. But for antfiferromagnetic
exchange, J is negative, so that as D>0, J»>-=. This is the ground

state of the Kondo problem for antiferromagnetic exchange. For
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ferromagnetic exchange (J>0), &8J remains <0 as D diminishes, and
therefore J+0 is the ground state. |

Thus for antiferromagnetic exchange, the ground state of the
system (J--») must be a nonmagnetic singlet with completely correlated
localized moment and conduction electron spins. Because the energy
scale has been preserved throughout this process, at T'<<Tk this state
can never be broken by energy conserving transitions (i.e., the spin-
f1ip scattering rate must vanish). For the ferromagnetic case (J-0),
the Tocal spin and conduction electrons are not locked together at aill.
There are spatial correlations but no pairing, and the Tocal moment of
the "complex" 1is fully developed.

The Tow temperature antiferromagnetic Kondo problem thus reduces

to an estimate of the response of the electron gas to the bound singlet.

Recently, Nozieres [ 24 ] suggested a simple physical model with which
it appears that finite temperature properties can be calculated rather
directly. Nozieres pointed out that, while the nonmagnetic singlet
ground state (at J--=) cannot be broken with finite energy
excitations, virtual excitations into 0 or 2 electron states (i.e.,
triplet states) become possible at finite temperatures where J is also
finite. Under such circumstances, one has an essentially nonmagnetic
impurity, but with fluctuations at the impurity site giving rise to a

temporary magnetic moment. Using Fermi Tiquid theory [ 257, Nozieres
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found the following form for the resistivity for'T<<'TK :

2 2
p(T<<Ty) = p(O)[ - %GT() J , (1.5-14)

where p(0) is the zero temperature resistivity (i.e., the unitarity

Timit).
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1.6 The Localized Spin Fluctuation Model

The concept of localized spin fluctuations (LSF) was first

proposed by Lederer and Mills [ 6] in order to describe the time-
dependent fluctuations in the magnetization at the site of a nearly
magnetic transition metal impurity dissolved in a paramagnetic host.
The electrical resistivity due to the scattering of conduction
electrons from the LSF can exhibit two types of behaviour depending on
the affinity between the impurity and host : if the impurity and host
have similar electronic structure (e.g. a Ni impurity in a Pd host) the
resistivity is an increasing function of temperature, whereas if the
impurity and host have a different e]egtronic structure (e.g. a
transition impurity in a noble metal host) the resistivity decreases
with increasing temperature.

For isoelectronic alloys, such as RhFe, IrFe, PtFe, and PdNi,
where the host and impurity have similar electronic structure,
potential scattering effects and the associated Friedel bound state can
be neglected. A simple physical picture of localized spin fluctuations
in these alloys was provided by Lederer and Mills [ 6]. When a
spatially uniform, static magnetic field is appliied to a pure
paramagnetic metal, a spin polarization is induced in the conduction
electron gas. If the effect of interactions bétween the electrons is
ignored, theﬁ the response of the conduction e1eétron spins to the

applied magnetic field is given by the Pauli paramagnetic



susceptibility [ 26 ]

X, = o N(Ep) , (1.6-1)

where N(EF) is the density of states in the conduction band at the
Fermi level. MWhen the Coulomb interactions between the conduction
electrons are taken into account, then a simple Hartree-Fock (HF)
theory [ 27 ] shows that the spin susceptibility of the metal is larger

than the Pauli free-electron susceptibility by the factor
[1-UN(ER)T

X
P

X 4
S [1-UNEL)]

s (1.6-2)

where U is the intra-atomic Coulomb interaction between two electrons

in the same unit cell and [1 -UN(EF)]-1

is called the "exchange
enhancement" factor. In transition metals the presence of a narrow d
band, which crosses the Fermi surface and has a high density of states
at the Fermi energy EF’ can lead to a significant exchange enhancement
of the spin susceptibility. If UN(EF)> 1, the susceptibility diverges
and the system is unstable with respect to the ferromagnetic state.

For Pd, LIN(EF)= 0.9[ 28] and the repulsive intra-atomic Coulomb

interactions are so strong that the d band is near the threshold of

magnetic instability.
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Now suppose that a single transition metal impurity is added to
the host matrix described above. It is convenient to assume that the
electrons move in a band of the tight binding form ; the d bands of
transition metals have the character of tight binding bands, so that
this discussion is particularly appropriate to transition metal hosts.
In this case, the intra-atomic Coulomb interaction UI between two
electrons in the impurity cell will differ from the value UO approbriate
to the host. If U;>U

I"70°
spin polarization in the impurity cell which is larger than that induced

then a uniform magnetic field will induce a

in the host matrix, because the exchange enhancement effect is larger
for electrons in the impurity cell. In fact, if the host is
paramagnetic and if UI exceeds a certain critical value U§C), then
Hartree-Fock (HF) theory predicts that‘the paramagnetic state becomes
locally unstable [ 3], and a magnetic moment forms on the impurity site.
The discussion up to this point has been confined to the
enhancement of the spin moment near the impurity cell induced by a
static external field. However, this enhanced static response implies
that the intrinsic fluctuations in spin density in the conduction
electron gas of a paramagnetic host will have an amplitude in the
vicinity of the impurity cell which is large compared to their

amplitude in the host matrix far from the impurity. These Tocally

enhanced spin density fluctuations are termed localized spin

fluctuations (LSF) and lead to a striking temperature-dependent

contribution from electron-electron scattering to the electrical
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resistivity of the alloy.

If the exchange enhancement in the host matrix is appreciable

and if UI<:U0, then the Coulomb interactions lead to a local suppression

of the response of the host matrix’to an applied magnetic field, and
the enhanced spin fluctuations characteristic of the host will be
suppressed near the impurity.

The exchange-enhanced fluctuations in magnetization (or spin

density) at the site of a nonmagnetic transition metal impurity have

a finite Tifetime Tor called the spin fluctuation lifetime. The
electric and magnetic properties of an impurity undergoing spin
fluctuations are a consequence of the finite lifetime of the LSF. At
low temperatures, when the conduction electron thermal lifetime

Tiherm™ ﬁ/kBT is Tonger than the spin fluctuation lifetime T the

sf’
conduction electrons "see" the fluctuations in magnetization at the
impurity site and the impurity will appear to be nonmagnetic. However,
when the thermal energy k;T is larger than ﬁT;; so that the

conduction electron thermal 1ifetime is shorter than the spin
fluctuation 1ifetime, the conduction electron, as a probe, does not

have time to see that the magnetization on the impurity site is
fluctuating before losing memory of its own spin through thermal
fluctuations. In this region, the spin fluctuation is indistinguishable
from a genuine spin and the resistivity displays the Jogarithmic

temperature dependence characteristic of the scattering of conduction

electrons by a well-defined local moment. The transition from
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nonmagnetic to magnetic behaviour is smooth and occurs near the spin

fluctuation temperature Tsf which is the temperature at which the
conduction electron thermal l1ifetime is equal to the spin fluctuation

Tifetime :

(1.6-3)

The spin fluctuation temperature Tsf is thus the analog of the Kondo
temperature TK in the s-d model.

Lederer and Mills [ 6 ] showed that at sufficiently low
temperatures (T'<<Tsf), the scattering of conduction electrons from
enhanced spin density fluctuations (LSF) at the site of a nearly
magnetic transition metal impurity leads to a large concentration-
dependent contribution to the electrical resistivity which increases
as T2 with increasing temperature. Kaiser and Doniach [ 7] extended
the calculation of Lederer and Mills to higher temperatures and
obtained a universal curve for the spin fluctuation resistivity in
which the temperature dependence changes gradually from T2 to T at
temperatures of the order of 0.25 of the characteristic temperature
TSf (kBTsf is the energy of the peak in the localized spin fluctuation
excitation spectrum). At higher temperatures the model predicts a
significant decrease with temperature in the local exchange enhancement
leading to a reduction of the scattering below the Tinear law.

Recently, Rivier and Zlatic [ 29 ] developed a formalism which is



capable of yielding an expression for the spin fluctuation resistivity
which is valid at all temperatures. The expression obtained by Rivier

and Zlatic is

| T T o
_ T 1,1 'sf 1 sf
pges(T) = A|1- {1+w<i—f> +¢<§+§ﬁ*>- v (1 *om T‘)} (1.6-4)

where ¥ is the digamma function. The resistivity in Eq.(1.6-4) is a
universal function of T/TSf and is plotted in FIG.1.6-1 as a function
of the reduced ’cemper‘atuv‘e»x-1 =2ﬂ'T/TSf. The knee occurring around
x l=2m (i.e., at the spin fluctuation temperature 1'=Tsf) separates
the nonmagnetic and magnetic regimes. The resistivity exhibits four

distinct temperature dependences :

(i) At very low temperatures, the resistivity increases as

1.2 2
pzsf_ﬁqr(T/Tsf)'

(ii) At temperatures of the order of 0.9 (Tsf/Zﬂ) the resistivity
becomes linear : pzsf='y(T-6) where y=1.12/Tsf and 6 =O.67'Tsf.

(iii) Above the spin fluctuation temperature TSf the resistivity
is logarithmic, pgsf=C+B£n(T/Tsf) where B=0.24 and C=0.68, which
is characteristic of the scattering of conduction electrons by a target
having an internal structure (here : up and down).

(iv) Finally, as T+« the resistivity approaches the unitarity
limit as pgsf=1 -(Tsf/T).

When a transition metal impurity is placed in a simple or noble
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5 T=T 10

A plot of Eq.(1.6-4) for the LSF resistivity in isoelectronic
alloys as a function of the reduced temperature x : = 2nT/TSf.
The vertical dotted line indicates the spin fluctuation
temperature and the beginning of the logarithmic region.
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metal host the effect of potential scattering can no longer be
neglected. Under these circumstances, the electrostatic potential at
the impurity site is strong enough to produce a virtual bound d state
(or scattering resonance) in the conduction band of the host and the
Friedel-Anderson model provides an appropriate description of the
system. A simple physical picture of localized spin fluctuations in
the Friedel-Anderson model was first provided by Rivier and
Zuckermann [ 30, 31 ] and Caplin and Rizzuto [ 32]. Consider a Friedel-
Anderson nonmagnetic virtual bound state (i.e., U de(EF)< 1). In its
ground state it contains an equal number of localized spin-up and spin-
down electrons, but excitations with an unequal number become of Tower
and Tower energy as U de(EF) approaches unity (the Friedel-Anderson
condition for the impurity to become mégnetic). ‘If the excitation has
an energy ¢ above that of the ground state, then it follows from the
uncertainty principle that the Tifetime, Tog™ fi/e, of the excitation
(and its associated magnetic moment) becomes longer and longer as one
approaches the Hartree-Fock condition for the appearance of a static
local moment. In fact, a more rigorous treatment [ 30 ] shows that,
for a single nondegenerate virtual d state of energy Ed and width A,
the lifetime Tos of these "magnetic" excitations (i.e., the spin
fluctuation lifetime) is given by

mpg(ER)

= . (1.6-5)
1-U pd(EF)

Tof
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Thus when Upd(EF)= 1, the Tifetime t_. becomes infinite and a static
local moment appears. FIG.1.6-2 shows a plot of the spin fluctuation
lifetime Tof [ Eq.(1.6-5) ] for the case of a virtual level at the Fermi
energy (Ed= EF) where pd(EF) =1/mA. Localized spin fluctuations in
the Anderson model are thus a consequence of the dynamics of a
nonmagnetic virtual bound state which is fluctuating between its
nonmagnetic ground state and a magnetic excited state at a rate T;;.

As in isoelectronic alloys, the electric and magnetic properties
of an impurity undergoing spin fluctuations in the sense of the Anderson
model are determined by the time scale of the LSF. When the LSF are
fast compared with thermal fluctuations (i.e., when Teg< ﬁ/kBT), the
impurity appears to be nonmagnetic and contributes an enhanced
temperature-independent Pauli susceptibi]ity. However when the spin
fluctuation 1ifetime is longer than the thermal lifetime (i.e., when
Tog> ﬁ/kBT), the temporary magnetic moment may have sufficient time
to equilibrate in an applied magnetic field or to flip the spin of a
conduction electron and so will contribute a Curie susceptibility and a
logarithmic resistivity. An impurity in the “slow LSF" regime
therefore appears to be magnetic.

Rivier and Zlatic [ 33 ] calculated the resistivity due to the
scattering of conduction electrons by a virtual bound state undergoing
spin fluctuations and obtained the following expression for the LSF

resistivity «

2aT . \7} 2aT oT -!
= sf sf sf -
Ppee(T) = [1-2n2 - <—-—T—-—> +2¢<—T——>-2¢< . > (1.6-6)
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FIG.1.6-2.

TA
1 2 3 4 5 T

A plot of the spin fluctuation 1ifetime T p @S Q function of wA/U for the case of a
virtual level at the Fermi energy (Ed= EF)' The dashed curve is the result of

Eq.(1.6-5), which predicts an infinite lifetime when U/mA > | (the magnetic HF Timit).

The solid curve for mA/U<1 is a schematic representation of the "true" behaviour
of Tog N this region.
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where ¢ is the digamma functjon and a_1==2ﬂUpd(EF). This expression is
plotted in FIG.1.6-3 as a function of the reduced temperature
x']'=2nUpd(EF)T/TSf. The resistivity decreases with increasing
temperature. Four different temperature dependences can be
distinguished :

(i) At very Tow temperatures (1'<<Tsf), the resistivity varies as

Poer=1-a(T/T )%, with a=(rUp (E)/v2)>.

(ii) As the temperature increases, the resistivity becomes linear :

pzsf=°‘[ 1- B(T/Tsf) ] where a=1.0742 and B=7rUpd(EF)/2.831.

(iii)Above the LSF temperature Tsf » the resistivity exhibits the
logarithmic dependence characteristic of magnetic impurities:
pzsf':A-BZVlT.

(iv) Finally, for T+« , the resistivity tends to zero as Ts /T.

f
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A plot of Eq.(1.6-6) for the LSF resistivity in non-isoelectronic
alloys as a function of the reduced temperature

x 1 =2ﬂUpd(EF)T/TSf . The vertical dotted Tine marks the spin
fluctuation temperature Tsf , above which the resistivity is
logarithmic.



61-

1.7 Interactions Between Impurities Via Conduction

Electron Spin Polarization

The s-d exchange interaction, -ng-g, between a magnetic
impurity and the conduction electrons induces a spin polarization in
the conduction electron gas and this, in turn, leads to an indirect
coupling between the magnetic moments on different impurity atoms.
This indirect interaction between magnetic impurities via conduction
electron spin polarization is referred to as the Ruderman-Kittel-
Kasuya-Yosida (RKKY) interaction [8, 9, 107.

An expression for the spin polarization induced in the
conduction electron gas by a magnetic impurity can be obtained by

>

assuming a 8-function exchange interaction between the impurity spin S

and the conduction electron spins 31 of the form

8(7.) , (1.7-1)

where the impurity spin is assumed to be Tocated at r=0 and J is the
exchange coupling constant (J can be either positive or negative).
Each conduction electron thus experiences an effective magnetic field
due to the impurity spin which is given by

> - J =z -
r

HEff( ) =+ _g—%s 5(}") . (].7-2)



The response of the conduction electron gas to this effective field can
be obtained by making use of the following expression [ 34 ] for the

>
spin polarization $(¥) due to an arbitrary static magnetic field H(r) :

(F) = =— T H@) x(3) exp(id-F) . (1.7-3)

)

gu
B3

In this expression, X(a) is the wavevector-dependent susceptibility of

the conduction electron gas, while ﬁ(a) is the Fourier transform of

> >

H(r). Since the Fourier transform of Heff is

-

>y J 7
Hope(a) = + E@S ; (1.7-4)

it follows from Eq.(1.7-3) that the spin polarization induced by ﬁe

ff
is given by
>, > > > g
s{r) = —— 11 x(q) exp(iger) | - S ) (1.7-5)
9Hg | 3

Thus $(¥) is proportional to the Fourier transform of x(a).
For a free, non-interacting electron gas, the susceptibility
x(q) is given by [35]

.

Xo(@) = 2uf N(E) U(a/2kp) (1.7-6)
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where N(EF) is the conduction electron density of states at the Fermi

energy, and U(x) is the Lindhard function :

Ulx) = %'{} * ]é;xz Knl} fil:} : (1.7-7)

When the free-electron value for X(a) is substituted into Eq.(1.7-5)
and the sum over q evaluated by converting it into an integral [ 36 ],
the result for the free-electron spin polarization is

R cosZkFr sinZkFr >

5 - oA i .3 (1.7-8)

iy () (2ker)® (2Kpr)"

where A is a constant depending on the Fermi energy EF’ the Fermi
wavevector kF and the number of lattice points per unit volume in the
crystal. Eq.(1.7-8) 1is known as the RKKY spin polarization and is
plotted in FIG.1.7-1 (curve 1) as a function of the distance r from the
impurity. From FIG.1.7-1 and Eq.(1.7-8), it can be seen that the RKKY
spin polarization has the following characteristic features : (a) Most
of the spin polarization is confined to a small region in the vicinity
of the impurity atom. Moreover, the sign of the spin polarization in
this region depends upon the sign of the exchange coupling constant J.
Thus, for J>0, the spin polarization is parallel to the impurity spin
(resulting in a so-called "giant moment" when exchange enhancement
effects are taken into account), while for J<0, the spin polarization

is antiparallel to the impurity spin. (b) For large values of r, the



- >
3(F) = g DHE@) x(@) exp(i3-7)
B >
q
@ %@ = 2uf N(EL) Ulas2k,)
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FIG.1.7-1. The spin polarization around a §-function magnetic

field probe for (:) a noninteracting electron gas,

and (:) an interacting electron gas with VN(EF) =0.9.
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spin polarization oscillates with a period (ZkF)"l and the amplitude of
the oscillations decreases rapidly as 1/r3.

The free-electron RKKY spin polarization in Eq.(1.7-8) is
appropriate for simple metal hosts where the conduction electrons are
essentially noninteracting. However, in transition metal hosts 1ike Pd
and Pt, where the d electrons which contribute to the conduction
process are confined to a narrow band, the effect of Coulomb
interactions between the conduction electrons must be taken into
account and the free electron susceptibility Xo(q) must be replaced by
the susceptibility of an interacting electron gas. If the Coulomb
interactions are assumed to be &-functions of strength V localized on
the lattice sites, then the susceptibility of an interacting electron

gas is given by [35] :

N(E-) U(q/2k;)
x(a) = 2u3 - ; = () ., (1.7-9)
1- N(EF) vu(q/ZkF) 1- N(EF) VU(Q/ZkF)

where U(x) is the Lindhard function defined in Eq.(1.7-7). As a result
of the exchange enhancement factor n=[1- N(EF)V U(q/ZkF)]-l, the
susceptibility of the host in the presence of electron-electron
interactions is enhanced over its free electron value xo(q) for all q.
However the enhancement is much greater for small g as shown in
FIG.1.7-2.

From Eq.(1.7-5), it follows that the spin polarization induced



FIG.1.7-2.

10 |=~

0.5 1 1.5

q/ 2k

The normalized g-dependent susceptibility of an electron gas.

The solid curve represents the free-electron susceptibility
XO(q); the dashed curve represents the interacting-electron-
gas susceptibility for the case V N(EF)= 0.9. Note that the
enhancement is g-dependent, being largest at Tow g.
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in an interacting electron gas by a magnetic impurity is given simply
by the Fourier transform of the exchange enhanced susceptibility x(q)
in Eq.(1.7-9). Since the effect of exchange enhancement is to "build
up" the Tow g region so that x(q) Tooks more and more peaked at low g
as N(EF)V increases, the result is a longer and longer range for 3(r)
in r-space as the condition for ferromagnetic instability in the host
[N(EF) V=1] 1is approached. The exchange enhancement thus pushes out
the first zero of the RKKY oscillations and increases their amplitude
as shown in FIG.1.7-1 (curve 2). However, at sufficiently large
distances from the impurity the spin polarization is again oscillatory.
If the finite range of the Coulomb interaction is also taken into
account, then the V appearing in Eq.(1.7-9) becomes effectively
q-dependent. This causes an even more rapid rise in x(q) with
decreasing q and accordingly contributes to make the range of the spin
polarization even longer.

The conduction electron spin polarization provides a mechanism
for the indirect coupling of the magnetic moments on two magnetic
impurities. Consider a magnetic impurity with spin gi occupying the
lattice site Ei in a metal. As a result of the s-d exchange
interaction, the conduction electrons develop an oscillatory spin
polarization ?(??-Ei), given by Eq.(1.7-8), in the vicinity of the

>

impurity. If there is another magnetic impurity with spin gj at Rj, it

interacts with this induced spin polarization via the s-d exchange

-
interaction, —tJ§j°§(?-Ei)6(?-Rj), leading to an indirect coupling
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between the localized spins of the form
-> ->
J(R;.)S. - S. R (1.7-10)

with an indirect exchange coupling constant J(Rij) given by

éosZk R: . sin 2k R. .
I(Ry;) = AJ? i Fij (1.7-1)
3 4
(2keR; ) (2keR; )
> >
where Rij =|R1-Rj]. This exchange-type interaction is known as the

RKKY interaction. From Eq.(1.7-11), it can be seen that the strength

of the interaction falls off as 1/R$ for large values of Rij and that

J
the sign of the coupling constant J oscillates with a period (ZkF)'l.
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1.8 Interactions Between Impurities Via Covalent Admixture

Interactions between impurities can also arise from s-d and d-d
covalent admixture. These interactions can be studied by generalizing
the Anderson model to treat the problem of two similar impurity atoms,
each possessing a single nondegenerate d orbital, dissolved in a metal.

The generalized Anderson Hamiltonian has the following form :

H=1 &M g Eg(Mg + Nog) + Ulnyuny_ + nyn, )

V.o (e * * *
I Vik(epeCio * Cigtio) * g V12(e1C00 + Coulyy) - (1.8-1)

The first term represents the energy of the free electrons in the
conduction band ; € and Neo are the energy and occupation number
operator for the conduction electron state with wavevector k and spin
o. The second and third terms constitute thé Hamiltonian for the
unperturbed atomic d orbitals on the two impurities ; E0 is the
unperturbed energy of the atomic d states (labelled 1 and 2) in the
absence of mixing interactions, U is the Coulomb repulsion between
opposite spin electrons in the same d orbital, and Nis is the
occupation number operator for the ith d orbital with spin o. The
fourth term describes the mixing between each localized d state and
the free eledtron states in the conduction band ; Vik is the covalent

admixture matrix element between the conduction electron state k and



. ' . * * .
the ith d orbital, and CkO'(Cko) and CiO'(C ) are the creation

io
(annihilation) operators for the conduction electron state ko and the
atomic d orbital io, respectively. The last term represents the direct
covalent admixture between the two d orbitals, and V]2 is the transfer
integral (or admixture matrix element) between the two d states.

From Eq.(1.8-1), it follows that interactions between impurities
arising from covalent admixture can have one of two forms : (a) an
indirect coupling, mediated by the conduction electrons, arising from
the s-d mixing between each d orbital and the free electron states of .
the conduction band (the fourth term in Eq.(1.8-1)), or (b) a direct

coupling, between nearest-neighbour impurities, due to the direct

overlap of the two d orbitals (the fifth term in Eq.(1.8-1)).

(a) Indirect coupling via s-d admixture

When the impurities are far enough apart so that the two d

orbitals are non-overlapping, the last term in Eq.(1.8-1) can be

neglected. Under these conditions, the impurities interact indirectly

via the s-d mixing term (the fourth term) in Eq.(1.8-1). This

indirect interaction is referred to as double-resonance coupling and
can be visualized simply as follows. |

Consider two impurities, each with a single nondegenerate d
orbital and separated by a distance R. For isolated, noninteractingv

impurities the effect of the s-d mixing term in Eq.(1.8-1) is to
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broaden each atomic d state into a virtual d state, with an energy Edo

and a density of states pdo(e) which are given by

=E.+U<n >+T (1.8-2)

Edc 0 -0 ?

1 A
2 2
(e - Edc) + A

and pdc(e) = (1.8-3)

I and A are the energy shift and width of the virtual d state,
respectively, and are related to the admixture matrix element
V1k=‘<klvld1> between the atomic d state Idi > and the conduction
electron states |k> by

|<k|V]d, >|2

Pi - iAi =3 . (1.8-4)
k e+is-sk

If a conduction electron with wavevector k and spin o, described
by the plane wave |k>==exp(i?-?), is scattered by the electrostatic
potential due to the first impurity, then, for large values of r, the

wavefunction of the scattered electron is given by [ 37 ]

wg,z exp(4k-7) + gégéékfl-exp(ia?) sina? , (1.8-5)
r

/1.
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where 6? is the 2=2 partial wave phase shift due to the first impurity
(all the other phase shifts for which £#2 have been neglected). This
electron is then scattered by the electrostatic potential due to the
second impurity and the problem can be treated exactly as in the
original single-impurity Anderson model. In particular, in the
vicinity of the second impurity, the conduction electron states are
mixed with the localized d state |d2> . However, since the conduction
electrons are no Tonger described by simple plane waves, the admixture

matrix element <k!V|d2> must be replaced by [ 38 ]

N .
<ypIv]dg> = <k|V]d,> [exp(/;Té-R) + QXRLUR) o5 :69) sin esﬂ (1.8-6)

where < kIVId2 > is the admixture matrix element between a plane wave
state | k> and the localized d state |d2> . When Eq.(1.8-6) for
<yp|V|d3> 1is substituted into Eq.(1.8-4) in place of <k|V[d,> , the
following expression is obtained for the effective energy shift Pé and
width Aé for the virtual d state on the second impurity :

expl 4 (2kR + 89)7

, cor L . . O 1
Iy - iy =T, - ihy - B, siné, R (1.8-7)

(kR)?

where Iy and A, are the energy shift and width for the isolated second
impurity. Thus the presence of the first impurity (via the phase

shift 6?) modifies the effective energy shift Fé and width Aé of the
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virtual d state on the second impurity. This, in turn, leads to a
change in the number of localized d electrons on the second impurity
and consequently an indirect coupling between the two impurities.

The problem of double-resonance coupling between impurities has
been treated formally, with the use of Green's functions, by
Blandin [39] and Caroli [40]. For two nondegenerate virtual d states
separated by a distance R, the following expression is obtained for the

interaction energy due to double-resonance coupling, for large values

of R :
E cos(2kR + 67 + §9)
E; i (R) = = T sined sinel P12 : (1.8-8)
m il g (kFR)3

where 87 and 82 are the phase shifts produced by an isolated impurity
1 2

and kF is the Fermi wavevector.

(b) Direct coupling via d-d covalent admixture

When the impurities are nearest-neighbours, the interactions will
be dominated by direct d-d covalent admixture between the two localized
d orbitals (the last term in Eq.(1.8-1)) and ]V121 >> IV]kI and |V, |.
The effect of d-d covalent admixture between two impurity atoms on the
populations, Mo and Nog s of the virtual d states and on the magnitude

of the Tocalized moments has been studied in detail, in the Hartree-



Fock approximation, by Moriya [ 41 ] and Alexander and Anderson [ 42 ],
using the Green's function formalism described by Anderson in the
solution of the single-impurity problem [ 3]. 1In particular, when both
impurities are magnetic, and if V12/U << 1, then a calculation of the
interaction energy due to d-d covalent admixture shows that the
localized moments can be aligned either parallel or antiparallel to
each other and the sign of the magnetic coupling is determined by the
following simple rules :

(a) Atoms with nearly half-filled d shells (1ike Cr or Mn) have

a tendency to couple antiferromagnetically.

(b) As the number of d electrons increases (Fe and Co), there is

an increasing tendency towards ferromagnetic coupling.

The theory is also applicable to the case where one of the
impurity atoms is initially nonmagnetic. Under these conditions, the
covalent admixture between the two impurity atoms induces a spin
polarization in the originally nonmagnetic atom and, for small values
of VIZ/U’ the following qualitative conclusions are obtained as to the
sign of the induced moment :

(a) Atoms with nearly half-filled d shells have a tendency to be
polarized antiparallel to the neighbouring atomic moment, while atoms
with nearly filled d shells have a preference for paraliel spin
polarization.”

(b) As for the magnetic atom, one with a nearly half-filled d
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shell has a tendency to polarize neighbouring atoms antiparallel, while
one with a nearly filled d shell has a tendency to induce a parallel

spin polarization in a neighbouring nonmagnetic atom.
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1.9 Spin Glasses : The Cluster Relaxation Model

A spin glass is a nonmagnetic metal containing a small
concentration of magnetic impurities located at random and exhibits no
long range magnetic order at any temperature, in spite of having its
impurity spins frozen in random orijentations at low temperatures. The
impurity spins interact via the RKKY coupling mechanism, i.e., a long
ranged, oscillatory, indirect exchange interaction mediated by the
conduction electrons. The absence of long range magnetic order is a
consequence of the randomness in the positions of the spins together
with the oscillatory nature of their interaction.

In order to exhibit spin glass behaviour in its simplest form,
an alloy system must satisfy two important requirements : (a) the
impurities should have a high solubility in the host (at Teast up to
10 at. %), and (b) the Kondo temperature of the system should be low
(TK<<1K), so that one has "good" magnetic moments and no complications
are encountered with the weakening of the local moments at low
temperatures. Of the systems consisting of 3d transition metals
dissolved as impurities in the noble metal hosts copper, silver, and
gold, there seem to be fivevhighly favourable combinations which
satisfy the above two requirements. These are AuFe, AuCr, AuMn, AgMn,
and CuMn, and the spin glass regime occurs roughly between 0.5 and
10 at. % impurity.

Systematic studies of the electric and magnetic properties of



these five archetypal noble metal host - 3d transition impurity sp%n
glasses show that the following features are characteristic of all
five systems : (a) The magnetic susceptibility measured in a small
alternating field exhibits a sharp peak (or cusp) at the "freezing"
temperature T0 [ 43], as shown in FIG.1.9-1. However, the application
of a static external field of a few hundred Oersteds wipes out the
cusp, replacing it by a broad maximum. (b) The static susceptibility
(i.e., the magnetization in a constant field) may have a different
behaviour depénding on the experimental conditions. The
magnetization, measured after cooling to T<TO in zero field, is
reversible (i.e., no after effect and no remanent magnetization) as
long as the measuring field H is smaller than a critical value Hc’ and

the corresponding reversible susceptibility, defined by the slope

M(H
H

has a thermal behaviour [ 44, 457 which is identical to that of the

Ho0 of the magnetization measured in a field H smaller than Hc’

susceptibility measured in an alternating field (i.e., sharp cusp).
When the measuring field H is higher than Hc’ and for T<<T0, the
magnetization loses its reversibility [ 46, 47, 48 ] and an isothermal
remanent magnetization (I.R.M.) is observed when the field is
suppressed. The corresponding susceptibility, obtained by taking
M(H)/H on a first magnetization curve with H >Hc’ exhibits a broad
maximum as a function of temperature. Cooling the sample to T<:T0 in
an external field He results in a thermoremanent magnetization (T.R.M.)

and a displaced hysteresis loop [ 49]. Both the I.R.M. and the T.R.M.
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decay with characteristic relaxation times Ti(C,H,T). (c) The
behaviour of the "magnetic" component of the electrical resistivity [ 50 ]
is illustrated schematically in FIG.1.9-2. The resistivity has a

large residual contribution, Ap(0), due to the "disorder" scattering
from the randomly frozen spin glass matrix. As the temperature is
increased, the resistivity initially increases as A(c)Tg/z, with A(c)
decreasing weakly with increasing concentration, i.e., A(c) =-£uc or
c'l/s. At higher temperatures, the temperature dependence changes
from T3/2 to T, and the resistivity passes through an inflection point
and then a maximum at temperature Tm’ above which it falls off with
increasing temperature. In AuFe, there appears to be a good
correlation between the temperature of the maximum in d(Ap)/dT (i.e.,
the temperature of the inflection point in Ap(T)) and the temperature
of the cusp in the A.C. susceptibility [51]. However, this
relationship breaks down for AuMn and AuCr. Rivier and Adkins [ 52 ]
have suggested that the initial T3/2 temperature dependence is a
consequence of conduction electron scattering from the elementary
excitations of a spin glass. Since a spin glass is characterized by a
lack of well-defined long range order, any spin flip excitation on an
impurity site is unable to propagate like a magnon, but dies away with
some diffusion constant A. Starting from such an assumption, Rivier
and Adkins have shown that the resistivity increases initially as
(T/A)3/2. The negative slope of Ap(T) above the maximum is probably

due to single-impurity Kondo scattering since, at these temperatures,
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the impurity spins are essentially noninteracting.

The magnetic properties of spin glasses can be interpreted in
terms of a simple, physical model [ 53] which requires two basic
assumptions : the presence of large, independent, strongly internally
coupled magnetic clusters and an anisotropy barrier to the coherent
rotation of the cluster moments. It is assumed, as usual, that the
impurity spins interact via the long range oscillatory RKKY exchange

interaction which has the form

>
H=- 75 J(R,.)S.-S. (1.9-1)
<1-ZJ-> 1377177
Acos(ZkFR)
where J(R) = — s kFR > 1. (1.9-2)
(2kFR)

At any given temperature T, a magnetic cluster is defined as a group
of spins which are linked by exchange bonds (i.e., by RKKY exchange
interactions) with magnitudes greater'than the thermal energy kT.

Thus all the spins in a cluster are completely aligned by their
internal fields and each cluster is free to rotate as a rigid body in
response to an applied magnetic field. An equiva]ént geometrical
picture of magnetic clusters can be obtained by replacing supra-thermal
exchange bonds by bonds whose spatial length is Tess than a "thermal

cutoff length" Rc’ such that the internal field from a spin at this



distance is down to thermal values :

SIJR )| ~—BS  — 7, (1.9-3)

c 3
(ZkFRC)

The clusters are thus temperature dependent : as T is reduced, the
maximum allowed bond length RC increases and the clusters grow in size.
By analogy with the properties of normal superparamagnetic
g is
associated with each of these clusters, above which the cluster

particles discussed by Néel [ 541, a blocking temperature T

behaves superparamagnetically and below which the cluster magnetization
is frozen. In the Superparamagnetic state, each cluster has only two
stable orientations determined by the minima in the anisotropy energy
density and separated by an energy barrier EA. Transitions between
these two states require thermal activation over the energy barrier EA

and occur at the rate

1/t = Cexp(-EA/kT) , for EA >> kT, (1.9-4)

with C=10°-10""secT [ 55]. Hhen the relaxation time t of the
cluster becomes longer than the measuring time T the cluster moment
appears to be frozen and the corresponding blocking temperature TB is
given by

EA(T = kTB.Cn(CTm) . (1.9-5)

g)
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Thus, in a typical static magnetization experiment where the
measurement is performed over a finite time interval Ty all those
clusters with relaxation times T<T, respond with the full D.C.
susceptibility, whereas those with T3>Tm are blocked and contribute
nothing. An equivalent approach, appropriate for A.C. measurements at
frequency w, is to give all clusters for which wr <1 the full D.C.
susceptibility and to ignore the rest. If a significant fraction of
the spin system evolves into magnetic clusters with about the same
amount of anisotropy energy EA, and hence approximately the same
relaxation times T, their simultaneous freezing will cause a sizeable
perturbation to the susceptibility which measures their dynamical
response, resulting in a peak in the low-field A.C. susceptibility.
Because of the exponential variation of the relaxation time t with the
inverse temperature 1/T and the anisotropy energy EA’ which is itself
strongly temperature dependent, this freezing occurs over a narrow
temperature interval such that on a linear scale it appears to be
sharp. The rounding off of the cusp, which is produced by the
application of an additional moderate steady field, is consistent
with the above relaxation picture, since the presence of a static
magnetic field introduces asymmetry in the relaxation times of
superparamagnetic particles causing a broadening of the distribution
of blocking temperatures, even among a collection of 1dent1ca]‘»~l
superparamagnetic particles [ 56 ]. t

The relaxation model also predicts a time-dependent remanent



magnetization : when the exciting field H is removed, the clusters
begin to relax over their anisotropy energy barriers and the

magnetization decays logarithmically with time [45] :

M(t) = M(0) - Sint. (1.9-6)
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CHAPTER 2

EXPERIMENTAL METHODS



2.1 Measurement of Electrical Resistivity

This section begins with a brief, general description of the
method and equipment used to obtain temperature-dependent resistivities
for the various alloys.

The alloys were prepared by melting together appropriate amounts
of the pure elements in an argon arc furnace and then formed into long,
thin strips approximately 10 cm. long, 0.2 cm. wide and, typically,

.01 cm. in thickness. Small cross-sectional area-to-length ratios
(form factors) were used in order to obtain reasonably high resistance
values (between ~10"° and ]Ofl ohms). Sets of up to six alloys, of
differing percentage composition, were mounted in a 6-sample holder,
and the resistances of the samples were measured using a standard four-
probe technique [1].

Since resistivity as a function of temperature was being
measured, a means of varying and controlling the temperature was
necessary. Below 4.2K temperatures were obtained by pumping on a
liquid helium bath, and stabilized with a manostat in the pumping Tine.
0i1 and mercury manometers were used tb determine the precise
temperatures. Above 4.2K, a heater in a feedback circuit was used to
obtain and regulate the temperatures, and precise measurements were
made with a nonlinear gas thermometer.

A more detailed discussion of the equipment now follows.
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2.1.1 The Vacuum System

FIG.2.1-1 shows a flow diagram of the vacuum system. The main
pump, for refrigerating the heljum bath and hence the samples, was an
Edwards High Vacuum Ltd. Speedivac ES 330 with a pumping capacity of
about 330 Titers per minute. A Speedivac vapour diffusion pump, backed
by a Speedivac ES 100 mechanical pump, was used to control the pressure
in the inner and outer vacuum cans, and to evacuate the reference side
of the manometers. The pressure monitoring system was composed of a
Pirani gauge for use in the range 760 mm. to 1072 mm. Hg, and a Penning
gauge for pressures down to 1077 mm. Hg. |

The inner vacuum can (IVC) was machined from 2%ﬁldiameter solid
brass stock and was attached to the gas thermometer bulb using 12
symmetrically located #2-32 bolts and an indium O-ring seal. Details
of this construction are shown in FIG.2.1-2. The IVC was suspended
from the top plate of the outer vacuum can (OVC) by two low thermal
conductivity stainless steel tubes. The outer vacuum can was attached
to the OVC top plate with Wood's metal. The entire vacuum can assembly
was suspended from the cryostat top plate by three stainless steel
tubes, each about 2%—f@et Tong. One of these tubes served as a guide
for inserting the He" transfer tube when filling the He dewar, one was
a vacuum line to the OVC, and the third was a vacuum 1line tg the IVC as
well as a chénne1 for the hook-up wires to the samples.

The hook-up wires consisted of twenty-two # 38 enamelled copper
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wires bound in a Systoflex insulating sheath. These were connected to
various points on the mounting block (12 to voltage contacts, 2 current
supply wires, 3 to the temperature sensing carbon resistor, 2 for the
heater coil, and 3 spare). The wires were passed through one of the
stainless steel columns to the cryostat top plate, where they were fed
through a brass "lead-through" capable of accepting up to 22 wires.
Silicone seal was used to seal the wires to the lead-through, and
Stycast epoxy cement provided a vacuum tight connection between the
lead-through and a machined brass mount. Details of the top plate

assembly are shown in FIG.2.1-3.

2.1.2 The Sample Block

The sample mounting block was machined from oxygen-free high
thermal conductivity (OFHC) pure copper stock in approximately the
dimensions shown in FIG.2.1-4. The upper end of the block terminates
in about a %}I1ength of %JI N.C. threads for fitting to the bottom of
the gas thermometer bulb. Slots were machined in the block for the
knife-edge sample supports and heaters, and a hole was drilled through
the center of the block in order to accomodate the temperature sensing
carbon resistor.

The block was designed to accept up to six samples, each of'

these to be ﬁounted on a pair of knife-edge supports located near

opposite ends of the block, about 8 cm. apart. These supports were
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electrically insulated from the block with strips of newsprint paper,
and fastened in place with generous amounts of General Electric (G.E.)
No. 7031 varnish. The varnish provided reasonably good thermal contact
between the knife-edge supports and the sample block.

Four #2-32 bolts, a Mylar insulating strip, and a thin brass
yoke held the ends of the samples in good electrical and thermal
contact with the knife-edge supports. Wires soldered to the base of
each knife-edge support provided the voltage tap-off connections. The
samples were connected in series by soldering copper shunts between
consecutive ends, and the end-points of the series were connected to
the current supply leads.

Two heater coils were wound around the copper sample block, one
for active use, the second as a standby. Each heater was formed from
20 feet of 0.036 " diameter enamelled Cupron wire having a room
temperature resistancé of about 500 ohms. Since Cupron has a very low
temperature coefficient of resistance this value changes very little,
even at low temperatures.

For temperaturé sensing, an Ai]en—Brad]ey carbon resistor (100 @
nominal value) was fitted into the hole in the center of the sample
block, and fastened in place with G.E. varnish to ensure good thermal
contact. The temperature dependence of the resistance is roughly
logarithmic,/increasing with decreasing temperature as shown in
FIG.2.1-5, and this calibration curve was used to select approximate

temperature points. The actual temperatures were obtained more
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precisely by other means.

2.1.3 Electronics

F1G.2.1-6 outlines in block diagram form the electronic system
used to determine the resistance of the samples at a particular
temperature. A Guildline constant current source (model 9770 B),
stable to 1 part in 10° » was used to supply a highly stable current
to the series connected samples. A Guildline low-thermal selector
switch (model 9145 A10) applied the voltage drop from across a
particular sample to a Tinsley Diesselhorst thermoelectric-free
potentiometer (type 3589R). The potentiometer, in combination with a
Tinsley photocell galvanometer amplifier (type M.S.2 45 E), was used
to measure both the sample voltage and current. (The potentiometer-
galvanometer combination was capable of measuring potential differences
as small as 1078 volts.) The current through the samples was
determined by measuring the voltage that it produced across an 0.1 Q
Guildline standard resistor (model 9200) connected in series with the
specimens. A Tinsley thermoelectric-free reversing switch (type 4092)
allowed voltage measurements to be taken in both the "forward" and
“reverse" directions, thus eliminating thermal emf's in the

potentiometer circuit (i.e., external to the cryostat).
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2.1.4 A.C. Bridge Circuit

The temperature of the samples was controlled using an A.C.
phase-sensitive Wheatstone Bridge (see FIG.2.1-7). The Allen-Bradley
resistor, in thermal contact with the mounting block, formed one branch
of the sensitive bridge circuit. A resistance box (RB) in another arm
of the bridge, together with the temperature-vs-resistance curve in
FIG.2.1-5, was used to "dial" an approximate temperature. The output
of the bridge was fed into a phase-sensitive detector which supplied a
D.C. feedback current to the heater to achieve temperature regulation
to within 0.5%.

The feedback current from the bridge was sufficient to obtain
regulated temperatures up to about 25K. Above this point, a Heathkit
IP-27 power supply was connected in series with the output of the
detector, thus permitting temperatures up to room temperature to be

achieved.

2.1.5 The Manostat

FIG.2.1-8 illustrates the construction of the manostat, which
was a flexible-membrane aneroid type [2]. It was used to achieve high
temperature stability below 4.2K by controlling the vapour pressure
above the liquid helium bath. Pressure control was achieved via the

motion of a thin (~0.01") Tlatex rubber membrane which responds to the



1KQ

1KQ

Allen-Bradley
temperature sensing
carbon resistor

phase sensitive
detector and
amplifier

<«———heater

Heathkit
IP - 27

FIG.2.1-7 A.C. Bridge Circuit.

“101



102.

AL

to vacuum to helium

pump bath | “‘\\\
latex rubber /f

membrane retaining
plate

reservoir

needle
valve—%

hard solder

o

= y

FIG.2.1-8 Manostat Construction (drawn to scale).




103.

differential between the bath pressure and the reference pressure in the
reservoir. If the reference pressure exceeds that of the bath, the
inlet is sealed and remains so until the differential is reversed, at
which time the membrane is forced back, opening the inlet and allowing
enough vapour to escape to restore the bath pressure to the reference
level.

The reservoir was constructed from a machined brass cylinder
which was hard-soldered to a solid disc at one end and to a perforated

retaining plate at the other. This plate had 177 holes drilled

i
> 16
through it to permit fast response to small pressure differentials and
to protect against membrane rupture in case of large or sudden pressure
changes. The inlet and outlet ports were similarly perforated to

protect the membrane.

2.1.6 The Manometer System

The temperature df the samples below 4.2K was monitored with a
system of manometers connected to the helium bath as shown in F1G.2.1-9.
The system was composed of two manometers, one with mercury for use
over the pressure range ~3 cm. to 85 cm. Hg and one with o0il for use
below this range, and measured temperatures to better than 5
millidegrees. Apiezon B Tow vapour pressure oil was used and a
comparison of/oil and mercury pressures in the range 1 cm. to 3 cm. Hg

showed that the 01l had a density of 0.06350 times that of mercury.
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The measured pressures were converted into temperatures using helium

vapour pressure tables (Ref. 2, page 367).

2.1.7 The Gas Thermometer

Temperatures above 4.2K were measured with a non-linear gas

thermometer. This device is composed of a machined brass gas bulb, in

thermal contact with the sample mounting block, connected to a series
1500 Wallace and Tiernan (W & T) pressure gauge via 0.032" 0.D.
stainless steel tubing. 'The tubing, of wall thickness 0.004 ", runs
unbroken from the gas bulb to the W & T gauge. However, for the sake
of discussion, it is convenient to divide the tubing into two portions
as shown in FIG.2.1-10. L] (= 28.7") Ais the length of the tubing
inside the cryostat, while L2 (= 109 ") is the portion outside the
cryostat which remains essentially at room temperature.

The nonlinearity of the gas thermometer was due mainly to the
dead space volume consisting of the length L2 of stainless steel tubing,
gauge fittings, and the pressure-dependent internal volume of the gauge.
Other contributions to nonlinearity were the thermal gradient along L]
between the samples and room temperature, thermal contraction of the
gas bulb, and the non-ideality of the He" gas due mainly to Van der
Waals-type interatomic interactions.

The room temperature gas bulb volume, calculated from

measurements of its dimensions, is 1.497 ins. Its volume at 77K,
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computed using a table of thermal contractions (Ref. 2, page 377), is
1.481 in3 and at helium temperature (4.2K) is 1.480 ina, illustrating
that the thermal variance of the volume is essentially "frozen out"
beTow 77K. The calculated volume of the cryostat tube L] is
VL1= 0.0130 1n3 at room temperature, dropping by only 1% at 77K.

The internal dead space of the W & T gauge was assumed to vary
Tinearly with pressure, thus giving for the total dead space volume of

the gas thermometer,
V(P) =V, + aP R ' (2.1-1)

where VO is the pressure-independent portion of the volume, which
includes VL2 » and a is the gauge constant (actually VO==VO(T), but
room temperature variations were small and changes in VO entirely

negligible). The constants VO and o were computed by solving the ideal

gas law
Pivi
Z T— = constant , (2.1-2)
i i
PV Pv PV P(V,+aP)
or B . LT Lz 0 = constant , (2.1-3)
T T TR TR

at the two fixed temperatures TR (room temperature) and TN (77K) for

several sets of values of PR (the pressure at room temperature) and PN



(the pressure at 77K). Averaged values from the above analysis gave
VO= 1.18 in® and 0.=0.00115 in’ per inch HZO pressure.

The pressures measured on the W & T gauge were converted into
the corresponding temperatures as follows. First the non-ideality of
the He' gas was taken into account by replacing the ideal gas law,

PV=RT, by a virial expansion of the form [ 3] :

PV =A+BP
AT
%
- 27375 T BP
AT
% 273.158 P i
'273.15<+ A, T) : (2.1-4)

where AO==O.999488 for helium gas, and the virial coefficient B is a

function of temperature. Thus the equation of state becomes :

PV Ao
273.15BP\ _ 273.15 ~ Constant R (2.1-5)
T <] + —-4____.i> .
A T
0
and Eq.(2.1-2) is replaced by
) 273.758. P = constant . (2.1-6)
Tt (e 1
i A, T,
0 i
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Letting P be the measured pressure when the sample temperature is T,
and assuming a linear temperature gradient from T to TR along the

cryostat tubing L], then Eq.(2.1-6) becomes

PV To+C\ PV [1+8(T-T,)] P(V, + aP)
L1, (R™ ), "B 0~ 0 =k, (2.1-7)
Tp-T T+C 273.15B P 273.158B,, p ? )
R T(1+—5+—= R
Ao T LS iy vt
0 R
where C:=§Q§%%Uiﬁii » B is the average value of the virial coefficient B
0

along L] between T and TR’ and B is the thermal expansion coefficient
of the gas thermometer bulb. The‘constant k was determined by
evaluating Eq.(2.1-7) at the filling temperature T0 (either 4.2K or
273.15K) and the filling pressure PO'
The temperature T was computed using successive approximations.

- As a first approximation, Eq.(2.1-7) was replaced by

PV, L PV Pl *aP) k
T T 273.758, p ’
R LI R >
R A Ty
o 'R

giving, as a first estimate for the temperature,

==l - - : (2.1-8)
nOWP TR <]+27.3..15 B p >
(14— RE



Next, correction was made for the neglect of the "£n" factor in

Eq.(2.1-7) using this first estimate for T :

\
PVL] n TR+C +PJB . P(VO+OLP) o
To- T T,F¢) T, 273158, p ’
RiMV"—— 7
0 R

and an improved temperature value was obtained :

L B PN 0 TRTCY Yo * F (2.1-9)
T VolP T, =T T,+C 273.15B, p ? ’
2 B R 11 1 R
RV — 1
0 R
= =1 TR
where B =B 5 . Finally, the thermal contraction of the gas

bulb and the neglect of the virial coefficient B were accounted for

using this second estimate for T :

PV, o[ RFCY PVl +8(T,-Tp)] . Wy *+aP) o
T -7 T, +C 273.15B P 273.158, p ’
R™ 2 2 Ty (1455 —= = R
3 A T,) To(l+ —— =
0 2 R AO TR

= =(To*Tq
where B =B 5 and B-= B(TZ)’ giving the final value for the

temperature :

273.158P>

14+273.158 P

< Ao To)lk ¥
P

T +C V. + ap
L, (R i 0
_ - T-F¢C 273,158, p
3 Vgl 1+8(T,-T))] R™ 12 2 TR<H___R_ >

l

._.‘
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FIG.2.1-11 i1lustrates the deviation from linearity of the gas

thermometer for the case TO==4.2K and PO==4.2.
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2.2 Measurement of A.C. Susceptibility

The A.C. susceptibility of the samples was measured using a
phase-locked magnetometer designed by I. Maartense [47. A block
diagram of the electronics is shown in FIG.2.2-1. The system consists
of two sensing coils, L] and L2, each of which forms part of a resonant
LC circuit. (The resonant circuits are labelled 1 and 2 in FIG.2.2-1).
Resonator 1 is allowed to oscillate at its natural frequency, W= ;q:ﬁf,
and forms part of an oscillator which is used to drive resonator 2.

The signals from the oscillator and from the output of resonator 2 are
compared in a phase detector which is sensitive to signal phase, but
not amplitude. The phase detector converts the phase difference
between the two signals into an equivaTent D.C. voltage which is used
to control the resonant frequency (wz) of resonator 2 by means of a
voltage-dependent reactance element. If the LC products of the two
resonators are identical (i.e., if 0y =u?), then the output signals
from the oscillator and resonator 2 will be in phase and the output
from the phase detector is zero. If a-samp1e with a permeability is
now inserted into the coil of resonator 2, thus changing the effective
LC product (and hence the resonant frequency) of the resonator, the
two signals will be out of phase and the magnetic susceptibility of
the sample is proportional to the corresponding correction voltage
required on the control reactance in order to make the effective LC

product (and thus the resonant frequency) of resonator 2 equal to that
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of resonator 1. The output of the magnetometer was fed into an X-Y
recorder which was used to plot the susceptibility of the sample as a
function of thermocouple voltage. The "zero set" in FIG.2.2-1 consists
of another voltage-variable reactance which can be used to adjust the
resonant frequency of resonator 1 (and hence the frequency of the
oscillator). This may be necessary if the natural frequencies of the
two LC circuits (without a sample in L2) are initially so mismatched
that the phase detector is incapable of supplying the correction
voltage required to make W, equal to Wy -

FIG.2.2-2 shows the arrangement of the sensing coils, the
external field coil and the sample probe in the cryostat. The sensing
coils each consisted of 4000 turns of 35 gauge enamelled copper wire
wound on a nylon coil former (of approximately the dimensions shown in
FIG.2.2-2) and had measured inductances of 205 mh and 202 mh. The
external field coil in FIG.2.2-2 was used to apply static magnetic
fields to the sample and consisted of 3500 turns of 22 gauge enamelled
copper wire wound on a brass férmer. The magnetic field along the
axis of the field coil was calculated to be 250 Qe. per ampere of
current in the windings. Both the sensing coils and the field coil
were immersed in a liquid nitrogen bath in order to (a) eliminate any
instability of the sensing coils due to temperature drift and
(b) provide a heat sink for the Joule heating from the field coil.

The sample was suspended inside a bundle of fine copper wires

which was anchored to the bottom of a machined copper block with soft
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the Sample Probe in the A.C. Susceptibility Cryostat.
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solder to ensure good thermal contact. A heater coil of nichrome wire
(13.2 /ft and .010" 1in diameter), wound around the copper block was
used to vary the temperature of the sample. The resistance of the
heater coil was 50 Q at room temperature. The temperature of the
sample was measured with a Au-.03 at. % Fe-vs-chrome] P thermocouple

which was embedded in the copper bundle close to the sample. The
background signal (primarily due to the copper bundle) was monitored by

extracting the sample from the sensing coil at regular intervals.
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2.3 Sample Preparation and X-ray Diffraction Measurements

The PdCr and PtCr alloys used in the present investigation were
prepared from 99.999 % pure Pd wire, 99.9995 ¢ pure Pt wire, and
99.999 % pure Cr beads, all supplied by Johnson Matthey and Co.(London).
The alloys were prepared in the form of 5 gm. buttons by melting
together appropriate amounts of the pure metals on the water-cooled copper
hearth of an argon arc furnace using a tungsten electrode. Each alloy
was inverted and remelted several times to ensure homogeneity. Melting
losses were negligibly small. The buttons were cold-rolled into sheets
with thicknesses varying from 0.005 cm. (for the very dilute alloys) to
0.025 cm. (for the more concentrated alloys), and resistivity samples
in the form of long, thin strips approximately 0.2 cm. wide and 10 cm.
long were cut from these sheets. (For the A.C. susceptibility
measurements, these strips were folded into a multiple-hairpin shape
with contacting surfaces electrically insulated from each other). The
specimens were etched to remove surface contamination, washed and then

annealed for 24 hours at 650 °C in a vacuum of 10°° Torr (with the

exception of a set of five PtCr alloys which required a special heat
treatment).

The form factors (cross-sectional area to length ratios) of the
samples were determined to within + 0.5 using a method described by
Loram, Whall -and Ford [5]. The knife-edge sample supports (voltage

contacts) leave impressions on the samples and the distance (£)



between these marks was measured accurately with a travelling
microscope. The density (D) of the samples was computed using the
following expression :

_ 4
D= —— (A1x] + A2x2) R (2.3-1)

Na3

where N is Avogadro's number, A] and A2 are the atomic weights of the
elements used, Xy and X, are the corresponding fractional atomic
compositions, and "a" is the concentration-dependent lattice constant
of the alloy. The factor 4 indicates that there are four atoms per
unit cell in an FCC lattice. Values for the lattice parameters were
obtained from lattice spacing data tabulated in W.B.Pearson's "Handbook
of Lattice Spacings and Structures of Metals and Alloys" [6].

From the density and an accurate measurement of the mass (M),
the volume of the sample (V=M/D) was determined. The travelling
microscope was used to find the total length (L) of the specimen which,
together with the volume, yielded the average cross-sectional area
(A=V/L). The ratio of the cross-sectional area to the inter-knife-
edge distance (£) yielded the required form factor for the specimen
(F=A/2). This method allows the form factor of each specimen to be
determined to within + 0.5%, even if there is significant irregularity
in the cross-sectional area of the specimen. The resistivities (p) of

the samples were then obtained using the following expression :

b = R(_%) , (2.3-2)
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where R is the measured resistance of the sampie.

FIG.2.3-1 shows a phase diagram [ 7] for PtCr, from which it can
be seen that the PtCr system undergoes an atomic order-disorder phase
transition at around 18 or 19 at. % Cr. In Sec. 3.5, the effect of

atomic order on the electrical resistivity and A.C. susceptibility of

five PtCr alloys containing 17, 18, 19, 20, and 21 at. % Cr is examined.

For each concentration, two resistivity samples were prepared, as

described above, and these were subjected to different heat treatments :

one of the samples was annealed, in the usual way, at 650 °C for 24
hours in a vacuum of 10~6 Torr and then slowly cooled, while the other
sample was sealed in a vycor tube under a fraction of an atmosphere
(~120 mm. Hg) of Argon gas, annealed at 1170 °C for a period of ~30
minutes, and then quenched rapidly in water. According to the phase
diagram in FIG.2.3-1, the "annealing" and "quenching" procedures

produce samples which are atomically ordered and disordered,

respectively.

The thermal treatments were checked with X-ray diffraction
measurements. The measurements were_pérformed on a rotating crystal
camera using Cu radiation and a Ni filter. (This camera is useful for
polycrystalline samples, and yields diffraction patterns similar to
those of powders.) Each sample was mounted on the goniometer head so
that one of its Tong edges was coincident with the rotation axis of
the camera and was thus in the path of the incident X-ray beam. The

motion of the specimen consisted of an oscillation about this axis
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with an amplitude of 16°. Exposure times were about 8 hours.

FIGS.2.3-2 and 2.3-3 show the results of such X-ray measurements
for both the annealed and quenched Pt-21 at. % Cr samples. The
quenched sample shows the diffraction pattern characteristic of an FCC
lattice, with no evidence of superlattice 1ines, indicating an

atomically disordered structure. (This result was also obtained for

the quenched 17, 18, 19, and 20 at. % Cr samples.) However,
superlattice lines are clearly visible in the diffraction pattern of

the annealed sample, suggesting an atomically ordered arrangement of

Cr impurities. These superlattice lines are also present in the
diffraction patterns of the annealed Pt-19 and 20 at. % Cr samples and
their intensity becomes progressively weaker with decreasing Cr
concentration. No superlattice lines were observed in the diffraction
patterns of the annealed Pt-17 and 18 at. % Cr samples ; however, the
electrical resistivity and A.C. susceptibility data presented in

Sec. 3.5 suggests that the annealed 18 at. % Cr sample also possesses

some degree of atomic order, although it may be of a short-range nature.
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F1G.2.3-2. The diffraction pattern of the DISORDERED (or quenched)
Pt-21 at. % Cr sample.



FIG.2.3-2
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FIG.2.3-3. The diffraction pattern of the ORDERED (or annealed)
Pt-21 at. % Cr sample.



FIG.2.3-3




References

1. A. D. C. Grassie, G. A. Swallow, Gwyn w111iams, and J. W. Loram,
Phys. Rev. B3, 4154 (1971).

2. G. K. White, "Experimental Techniques in Low Temperature Physics"
(Oxford Press, 2nd edition, 1968), page 244.

3. W. H. Keesom, "Helium" (Elsevier, Amsterdam, 1942), pp. 30-1.

4. 1. Maartense, Rev. Sci. Inst. 41, 657 (1970).

5. J. W. Loram, T. E. Whall, and P. J. Ford, Phys. Rev. B2, 857 (1970).

6. W. B. Pearson, "A Handbook of Lattice Spacings and Structures of
Metals and Alloys" (Pergamon Press, New York, 1958), pp. 556 and 557.

7. M. Hansen, "Constitution of Binary Alloys" (McGraw-Hill, New York,

1958), page 553.

126.



CHAPTER 3

RESULTS and  DISCUSSION



3.1 Introduction

The electric and magnetic properties of dilute alloys consisting
of first row transition elements (Ti, V, Cr, Mn, Fe, Co, and Ni)

dissolved as substitutional impurities in the noble metal hosts (Cu, Ag,

and Au) exhibit a wide variety of anomalous behaviour. In the dilute
(or isolated impurity) Timit, a substantial portion of the experimental
data can be explained in terms of the effect of an exchange interaction,
Hsd= —Jlg-g', between the conduction electron spins, g, and a well-
defined localized impurity spin, g, where J is the exchange coupling
constant. When the conduction electron scattering amplitude induced

by such an interaction is calculated beyond the first Born

approximation [ 1], using conventional perturbation theory, the
following expression for the incremental (or impurity) resistivity,

Ap(T), is obtained :

po(T) = 3% onT  , for T > T s (3.1-1)

where TK is the Kondo temperature, i.e., the temperature below which
simple perturbation theory is no longer valid. For J<0, this
expression reproduces the observed logarithmic increase of Ap(T) with

decreasing temperature. The Kondo temperature TK is -given by

keT, = Dexp | - ———| (3.1-2)
T [ lJIN(EF)J
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where D and N(EF) are, respectively, the conduction electron bandwidth

and the density of states at the Fermi level E Below T,, the

F* K?
impurity undergoes a gradual transition to a nonmagnetic ground state,
with the incremental resistivity at very Tow temperatures (T'<<TK)

having the form

Bp(T<<Ty) = 8o(0) [1-(T/T )T . (3.1-3)

Estimates of the Kondo temperature, T,, for the 3d-shell transition

K>
series as impurities in noble metal hosts reveals a systematic
variation of TK with the position of the impurity in the periodic
table [ 2], as shown in FIG.3.1-1. Above the solid curve, which
represents a prediction based on a simb1e s-d model [ 2], the
impurities are magnetic, while below it they are nonmagnetic.

The interaction Hsd also induces a long-range oscillating spin
density polarization in the conduction electron gas -- the RKKY spin
polarization [ 3] -- which provides an indirect coupling mechanism
between impurities as their concentration (c) is increased above the
isolated impurity regime. At high temperatures, when the thermal
eneragy, kBT, is larger than the interaction energy, the randomly
distributed impurity spins behave paramagnetically and contribute a
"magnetic” component to the electrical resistivity which increases as

ZnT with decreasing temperature. However, as the thermal energy

approaches the average RKKY coupling energy, the presence of the
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interactions leads to a reduction in the number of inelastic spin-flip
scattering events, and hence a suppression of the logarithmic increase in
Ap(T) with decreasing temperature, eventually resulting in a resistivity
maximum at a temperature TMAX » as shown in FIG.3.1-2. Reducing the
temperature even further results in a collective freezing of the impurity
spins, accompanied by a sharp peak in the A.C. susceptibility at a
temperature T0 » as shown in FIG.3.1-2. The nature of the ground state
into which these magnetic impurities order as the temperature is reduced
in this intermediate concentration regime, is still the subject of
considerable speculation. However, the oscillatory sign of the RKKY
coupling suggests that the spins become locked into random orientations
below the freezing temperature T0 » and the term "spin glass" [4] is
currently used to describe such a ground state.

The behaviour of these same first row transition impurities in
hosts such as Pd and Pt shows no such uniformity. In these hosts, in
the isolated impurity 1imit, the incremental resistivity is Kondo-Tlike
(Ap(T) increasing with decreasing temperature) only for impurities from
the first part of the first transition series (Ti, V, and Cr), with
those impurities from the latter part of the series (Mn, Fe, Co, and
Ni) inducing a temperature dependence in Ap(T) of the opposite sign.
Loram, White, and Grassie [ 5] have suggested that a unified description
of, at Teast, the electrical properties of such Pd- and Pt- based
alloys can be/achieved via the localized spin fluctuation (LSF) model,

with the incremental resistivity, Ap(T), represented by an expression
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of the form

]
%

Ap(T) = Ac + Bc £n(T2 +6%) , (3.1-4)

where 6 is to be identified with the LSF temperature (i.e.,
6==ﬁ/kBTsf). This function was chosen because it closely resembles the
universal curves predicted by Kaiser and Doniach [ 6] and Rivier and
Zlatic [ 7], varying as £nT at high temperatures (T >>6) and as 72 at
Tow temperatures (T<<#9) :

1

Bp(T<<8) = Ac + Bc Lnd + »Bc (T/8)? i (3.1-5)

Moreover, when the LSF model is phenomenologically modified to include
potential scattering of arbitrary strength [ 5], it is found that the
sign of the coefficient B (and hence of the temperature coefficient

d [Ap(T)]/dT) 1is related to the effective valence difference AZ

between the host and impurity, and to the impurity spin S,via

. 2f 7S mAZ
B « sin <2—§I—1>cos <2—,:+—1> . (3.1-6)

where 28 +1 accounts for the orbital degeneracy of the impurity state
under consideration. B is thus positive for Mn, Fe, Co, and Ni
impurities in Pd and Pt (2=2, AZ<5/2) and negative for Ti, V, and Cr
in Pd and Pt (8=2, AZ>5/2).
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It is interesting to note that an expression of the form of
Eq.(3.7-4) has also been predicted from Kondo theory when interactions
between impurities and impurity-spin-lattice-relaxation processes are
included [ 8]. In this case the coefficient B is given by

B = gi—ﬁl%i—@—) 3¥s(5+1) : (3.1-7)
F| 2te EF
where z is the number of s conduction electrons (with effective mass
m*) per atom, EF is the Fermi energy, and (N/V) is the number of atoms
per unit volume. Thus a change in the sign of the temperature
coefficient, d [Ap(T)]/dT, requires a change in the sign of the
exchange coupling constant J. '

As the transition impurity concentration is increased above the
single-impurity 1imit, interaction effects occur, but once again the
situation in Pd- and Pt- based alloys is more complicated than in nob]é

metal hosts. For a system of fluctuating impurity spins, the effect

of interactions at low temperatures (T<6) will be twofold :

(a) When kBT ~ interaction energy, the interactions tend to slow
down or stabilize the spin fluctuations at individual impurity sites,
resulting in an increase in the spin fluctuation lifetime, Te g and
a decrease 1Q the spin fluctuation temperature, TSf or 6 (=ﬁ/kBTsf).
According to Eq.(3.1-5), this leads to an increase in the magnitude of

the low temperature T2 coefficient, Bc/282,,over its isolated impurity



value, so that the values for both ¢ P ap(T<8) and
¢! (dIZAp(T)]/dT)T_*0 in the presence of "stabilizing" interactions

are larger than the corresponding "single-impurity" values.

(b) As the concentration increases, the interactions begin to
induce correlations between fluctuating spins at different impurity
sites, and eventually lead to a cooperative freezing of the impurity
moments below a temperature TO. As in noble-metal-based alloys, this
freezing is reflected in a decrease in the low temperature incremental

resistivity due to the removal of spin-flip scattering events.

The behaviour of the system for a particular impurity
concentration ¢ is determined by the competition between these two
interaction effects and can be convehient]y summarized by the "phase"
diagram in FIG.3.1-3. In this figure, the curve labelled "o"
represents the behaviour of the single-impurity characteristic
temperature 8 (or Tsf)’ which decreases with increasing concentration
due to the stabilization of the spin fluctuations (effect (a) above).

The curve labelled "TO" illustrates the behaviour of the freezing

temperature, TO’ for a system of well-defined impurity spins (6-0),
and increases with increasing concentration. The concentration at
which the two curves cross, i.e., where 6 =Tb, is denoted by ¢*. In
the single-impurity (c-+0) 1imit, the response of the system is
determined séle]y by the single-impurity characteristic temperature 6,

above which the impurity exhibits paramagnetic behaviour, and below
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which it becomes progressively less magnetic. For impurity
concentrations c<c*, where 6 >Tb, the behaviour of the system is
dominated by the dynamics of the spin fluctuations, so that the To—vs-c
curve is shown as a broken line in this region. At higher
concentrations, where ¢ >c” and T0:>e, the correlations between
impurities, which are responsible for the cooperative freezing of the
impurity moments (effect (b) above), are sufficiently strong to overcome
the dynamics of the spin fluctuations. For these concentrations, the
system behaves paramagnetically at high temperatures (T‘>>Tb). However,
when the temperature is reduced below the To-vs-c curve, the system
freezes into a spin-glass or ferromagnetic ground state and the
corresponding behaviour is dominated by the collective excitations from
this ground state. In this region the 0 values are of minor importance,
so that the 6-vs-c curve is shown as a dashed line.

The consequences of these interaction effects for the electrical
resistivity have been outlined previously by Coles et al [ 9, 10].

Briefly, the behaviour sketched for 6 and T, as a function of ¢ implies

0

that the djfference Ip(T])-p(T2)| with, say, T, =1.5K and T, =4.2K,

1 2
should initially increase as ¢ is increased from the single-impurity
1imit, peak at concentrations around c*, where the effects of magnetic
ordering begin to play an important role, and then decrease at higher
concentrations, where magnetic freezing leads to the removal of spin-

flip scattering processes. Such behaviour has already been observed

in systems like PdNi and RhFe (see FIG.3.1-4), and the peak in
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IP(T1)"D(T2)| indicates a critical concentration for magnetic order.

In the present investigation, the electrical resistivity and
A.C. susceptibility of a series of PdCr alloys, containing between .05
and 18 at. % Cr, and PtCr alloys, containing between .05 and 21 at. % Cr,
are examined over the temperature range 1.4 to 300K in order to study
the way in which interactions between Cr impurities modify the single-
impurity behaviour as the Cr concentration is increased from the dilute
(or isolated impurity) limit, as well as to determine whether the
magnetically ordered ground state resulting from these interactions is

similar to that occurring in spin glasses.
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3.2 The Behaviour of PtCr and PdCr in the Dilute Limit

In this section, the electrical resistivity of several PdCr and
PtCr alloys containing .05, 0.1, 0.2, and 0.3 at. % Cr 1is examined.
For these concentrations, the Cr impurities are expected to be
essentially noninteracting, so that the temperature-dependence of the
incremental (or impurity) resistivity, Ap(T), should be characteristic

of the scattering processes occurring at a single impurity site.

3.2.1 General Features

In FIGS.3.2—1Vand 3.2-2, the measured alloy resistivitieg, p(T)?
for both the PdCr and PtCr alloys are plotted as a function of
temperature from 1.4 to 300K. For all the alloys examined, the
resistivity increases monotonically with increasing temperature and
exhibits no anomalous features, aside from a slower-than-linear
temperature dependence above about 150K. This departure from the
linear temperature dependence expected from electron-phonon scattering
at high temperatures, indicates the presence of a temperature-dependent
contribution to p(T) from the Cr impurities. In FIGS.3.2-3 and 3.2-4,

=PaLovr{™) = Pyost(T)s
for all the PdCr and PtCr alloys, are plotted against temperature in

the incremental (or impurity) resistivities, Ap(T)

order to permit a more detailed examination of the temperature-

dependent contribution from electron-impurity scattering. From these
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FIG.3.2-1. The measured resistivities p(T) (in uyQcm.) of the Pd-.05, 0.1,
0.2, and 0.3 at. % Cr alloys plotted against temperature T
(in K) between 1.4 and 300K.
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0.1, 0.2, and 0.3 at. % Cr alloys plotted against temperature

T (in K) between 1.4 and 300K.
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4

to 300K. The solid curves are fits of the data above 68K to

Eq.(3.2-4), while the dashed curves are extensions of these
fits to Tower temperatures.
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Eq.(3.2-4), while the dashed curves are extensions of these
fits to lower temperatures.



figures, the residual incremental resistivity, Ap(T=0), can be
extracted and these values are plotted in FIG.3.2-5 as a function of
the nominal Cr concentration. This figure shows that, for Cr
concentrations ¢<0.3 at. %, Ap(T=0) varies linearly with the nominal

Cr concentration in both the PdCr and PtCr systems, with

Ap(T=0) = 3.75+.20 uQcm./at. % Cr , for PdCr, (3.2-1)

a3}
=
o
>
je)
L
-—
1
(]
el
i

4,26 +.15 uQ cm./at. % Cr , for PtCr. (3.2-2)

These values are in good agreement with those obtained by Star et
al [11] for PdCr and PtCr alloys of comparable concentration.

The incremental resistivities in FIGS.3.2-3 and 3.2-4 contain two
temperature-dependent contributions. The first contribution decreases
monotonically with increasing temperature, resulting in a negative slope,
d [Ap(T)]/dT <0, at low and high temperatures. The second contribution
increases with increasing temperature and, in combination with the first,
results in a Tocal maximum in Ap(T) between 30K and 40K. This type of
behaviour closely resembles that observed in dilute nonmagnetic
alloys [ 12 ], where it is attributed to a breakdown in Matthiessen's
rule. In its most general form, Matthiessen's rule states that the
electrical resistivity of a metal containing impurities is given, at any
temperature T, by the expression
(T) , (3.2-3)

(T) (T)

= +
°aLLOY Puost' T PIMpURITY
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FIG.3.2-5. Ap(T=0) (in pQcm.) plotted against the nominal Cr
concentration ¢ (in at. %) for both the PdCr and PtCr alloys
containing between .05 and 0.3 at. % Cr.



here T) is the measured resistivity of the alloy, T) is
Pacoy' ™ Y Y5 PuosrtT)
the resistivity of the pure host (and is due primarily to electron-

phonon scattering), and (T) =np(T) is that due to the

P IMPURTTY
impurities (which may or may not be temperature dependent). Basically,
Eq.(3.2-3) assumes that the electron-phonon and electron-impurity
scattering processes are independent of each other, and that a single
(isotropic) relaxation time can characterize each type of scattering.
Departures from Matthiessen's rule occur, (a) when the phonon spectrum
of the host is modified by the addition of the impurities, (b) when the
Fermi surface (or, more generally, the electronic band structure) of
the host metal is altered by the presence of the impurities or,

(c) when the relaxation times for phonon and impurity scattering have
different anisotropies. At the low concentrations examined here, the
presence of the impurities is not expected to alter the phonon spectrum
or the band structure of the host, so that any deviations from
Matthiessen's rule probably arise from the different anisotropies for
electron-phonon and electron-impurity scattering. Recent
investigations [ 13, ]4] of Matthiessen's rule deviations, defined by

A(T) = T) - -
=00 0v{ ™~ Post(M = P lupurry
alloys of comparable concentration to those examined here(i.e.,

(T), in various Pd and Pt based

c<1 at. %), show that A(T) is negligible at low temperatures and then
increases rapjd]y with increasing temperature, finally levelling off

at a temperature-independent plateau, for temperatures T>60K. Clearly,

a Matthiessen's rule deviation of this form can account for the local

147.



maximum observed in the incremental resistivities in FIGS.3.2-3 and

3.2-4.

3.2.2 High Temperature Fits

Following the discussion in Sec.3.1, an attempt was made to fit
the incremental resistivities in FIGS.3.2-3 and 3.2-4 to an expression
of the form |

1

2. 2%
Ap(T) = Ac + Bcn(T +67) R (3.2-4)
using a least-squares fitting procedure. The fitting procedure was

based on an evaluation of

X g[A(T) Cae(ry). 12V (3.2-5)
N5 29000 1 mens picmc] ’ '

where N is the number of experimental pointé (1abelled i) included in
the fit. The best fit was taken as the minimum in Eq.(3.2-5) and
denoted rmsd (root-mean-square deviation). For the very dilute alloys
examined here, the fit to Eq.(3.2-4) was carried out over a restricted
temperature range, T=68K for PdCr and T =45K for E;pf, where the
contribution to Ap(T) from Matthiessen's rule breakdown was expected

to have reached its temperature-independent (high-temperature) plateau.
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TABLE 3.2-1. Best-fit parameters for Eq.(3.2-4)

(a) PdCr
ALLOY RANGE OF FIT  RMSD OVER THIS RANGE 6 A B
(at. % Cr) (K) (10 *uQ cm. /point-at. % Cr)  (K) (uQcm./at. % cr) (uQcm./at. % Cr)
.05 68 - 300 6.67 43.5 7.24 - 0.95
0.1 68 - 300 5.35 45.0 8.19 -1.12
0.2 68 - 300 5.95 43.0 7.61 - 0.89
0.3 68 - 300 6.16 4.0 8.03 - 0.99
(b) PtCr
ALLOY RANGE OF FIT  RMSD OVER THIS RANGE §) A B
(at. % Cr) (K) (10'3u9cm./point—at.% Ccr) (K) (uwQcm./at. % Cr) (uQcm./at.% Cr)
.05 45 - 300 1.78 73 17.18 - 2.82
0.1 45 - 300 1.43 71.5 14.93 - 2.44
0.2 45 - 300 : 1.34 74 13.22 - 1.97
0.3 45 - 300 0.90 72.5 11.61 - 1.65

ol




The curves drawn in FIGS.3.2-3 and 3.2-4 are the incremental
resistivities computed from Eq.(3.2-4) using the "best-fit" parameters
Tisted in Table 3.2-1. The solid curves in these figures relate to the
temperature range actually covered in the fitting scheme (see

Table 3.2-1), while the dashed portions of the curves are extensions of
the computed fits to lower temperatures, where the situation is
complicated by the Matthiessen's rule deviations, previously described.
Clearly, an expression of the form of Eq.(3.2-4) provides an excellent
description of the experimental data, with the point-by-point deviation
of the computed fit from the measured value being, typically, better
than 7x 10" " uQcm./at. % Cr for PdCr and 2x10—3u9cm./at. % Cr for
PtCr.

An inspection of the "best-fit" parameters in Table 3.2-1
reveals that, over the concentration range investigated here, the best-
fit values for the parameters A and B are concentration-independent for
PdCr, but decrease (in magnitude) with increasing Cr concentration for
PtCr. However, the best-fit values for é are concentration-independent
in both systems, giving a single-impurity (c-0) characteristic

temperature 6 of ~43K for PdCr and ~73K for PtCr.

3.2.3 Low Temperature Ii Term

At very low temperatures (T<<#6), Eq.(3.2-4) predicts a T form

for the incremental resistivity Ap(T) (see Eq.(3.1-5)), the coefficient
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of which is given by

T?-coeff. = 25 . (3.2-6)

In FIGS.3.2-6 and 3.2-7, the measured incremental resistivities, Ap(T),
of all the PdCr and PtCr alloys are plotted against T2 up to about
T=6K. These figures show that, at Tow temperatures, the incremental
resistivities of both the PdCr and PtCr alloys contain a term
proportional to T2, Table 3.2-2 lists the "measured" Tz-coefficienfs
obtained from these plots, as well as the "predicted" T?-coefficients
computed from Eq.(3.2-6), using the "best-fit" values for the
parameters B and 6 deduced from the "high-temperature" fits (see

Table 3.2-1).

An inspection of Table 3.2-2 shows that the measured and
predicted T?-coefficients are in reasonably good agreement for the PtCr
alloys, but not for the PdCr alloys. A possible source of this
discrepancy lies in the procedure used to extract the measured T2—
coefficients from the experimental data. The resistivity of both pure
Pd and pure Pt contains a large, positive T? term at low temperatures
[ 15, 16 ] which arises from conduction electron-paramagnon scattering
(i.e., the scattering of s conduction electrons from enhanced spin-
density fluctuations in the d band). Thus the resistivities of the
PdCr and E;pr/a]]oys examined here contain contributions from two T°

terms : the first contribution arises from the scattering of conduction
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FIG.3.2-6. The incremental resistivities Ap(T) of the Pd-.05, 0.1, 0.2,

and 0.3 at. % Cr alloys plotted against the square of the
temperature up to about T =6K.
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TABLE 3.2-2. List of T?- coefficients

154.

(a) PdCr
2 2 2 _Bc
ALLOY T* - COEFF. FROM Ap-vs-T PREDICTED T - COEFF. ==
PLOTS 26
(at. % Cr) (ue cm. /K?) (uQ cm. /K?)
.05 -0.93x10°° -1.26x107°
0.1 -2.65x107° -2.76x107°
0.2 -6.15x107° -4.82x10°°
0.3 -1.20x 107" -7.65x107°
(b) PtCr
2 2 2 _Bc
ALLOY T“ - COEFF. FROM Ap-vs-T PREDICTED T2 - COEFF. = 2%
PLOTS 262
(at. % Cr) (ue cm./Kz) (ue cm./Kz)
.05 -1.38x10°° . -1.32x10°°
0.1 -1.75x10°° -2.38x107°
0.2 -3.78x107° -3.60x 1075

0.3 -4.60x10°° -4.68x107°




electrons from LSF and is associated specifically with the presence of
the Cr impurities, while the second contribution is the T term of the
host, discussed above. The Tz-coefficient due to the impurities (i.e.,
from contribution one, above) was obtained from the experimental data
by subtracting the resistivity of the pure host from the resistivity of
the alloy, and then plotting the result (i.e., Ap(T)) as a function of
T2. This procedure is equivalent to subtracting the T2 term of the
pure host from the % term of the alloy. However, this method clearly
neglects any changes in the T2 term of the host due to alloying, and
this could account for any discrepancies between the "measured" and
“predicted" values for the impurity T2—coefficient. The data in

Table 3.2-2 suggests that the T2 term of pure Pd is more sensitive to

alloying than that of pure Pt.

3.2.4 Discussion

The incremental resistivity, Ap(T), of several dilute PdCr and
PtCr alloys containing between .05 and 0.3 at. % Cr has been shown to
contain a temperature-dependent contribution which can be fitted, at
"high" temperatures (T 268K for PdCr and T=45K for PtCr), to an
expression of the form Ap(T)==AC'+BC,€n(T24-62)%, with the single-
impurity characteristic temperature 6 for Cr impurities estimated at

~43K in Pd and ~73K in Pt. In addition, the measured incremental

resistivities for all the alloys exhibit a limiting, low-temperature
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T2 dependence, which is consistent with the Tow-temperature expansion
of the above expression, i.e., Ap(T <<#8) a(T/e)z.

With the above estimates for the single-impurity characteristic
temperature 6, the corresponding characteristic energies, kBe
(~4x10"° eV for PdCr and ~6x10 2 eV for PtCr), are orders of magnitude
smaller than even the most conservative estimates of the width of a
virtual bound state for 3d impurities (A=0.5eV for 3d impurities).
Moreover, as shown in FIG.3.2-8, the single-impurity characteristic
temperature 6 for first row transition impurities in Pd and Pt varies
with the position of the impurity in the periodic table [ 17 ] in much

the same way as the Kondo temperature, T,, for these same impurities in

K?
noble metal hosts (see FIG.3.1-1), being Tow at the center of the
series (Mn) and high near the ends (Tiland Ni).

Both the variation and magnitude for 6 suggest that an
interpretation of single-impurity behaviour in terms of the
configuration-based model of Hirst [ 18, 19 ] is more appropriate than

one based on the virtual bound state (VBS) description of Friedel and

Anderson :

1. In terms of the traditional Friedel-Anderson VBS approach, it
is difficult to understand how energy differences, kBe, as small as
]O-Sev can be resolved at the impurity site, against such a broad
single-particle "uncertainty" A. This, however, is precisely the
strong point of a configuration-based approach, since it rules out, on

energy conservation grounds, first order impurity-conduction electron
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mixing processes (which would presumably mask such structure) in those
situations where the interconfigurational energy differences, Eexc’ are

substantially larger than the potential impurity energy level width, A.

2. Recalling that the single-impurity characteristic temperature
is given by TK='TFexp(-ﬂEexc/A) in the Hirst model, then the data in
FIG.3.2-8 implies large values for the ratio EeXC/A near the center of
the diagram (Mn, Fe), with the ratio presumably decreasing towards
either end (Ti, Ni). A significant reduction in the EeXC/A ratio can
lead to either interconfiguration fluctuation (ICF) behaviour or
localized spin fluctuation (LSF) behaviour. However, the high value for
6 for Ni and Ti, coupled with the expectation that 3d-4d covalent
admixture should be rather large in Pd and Pt hosts, suggests the
applicability of an LSF approach for these impurities, with the mixing
strength A (=-nIVMIX’2 N(EF)) being sufficiently strong to cause
admixture between several many-electron states at the impurity site.
Impurities near the center of the series (Mn, Fe, and Co), on the other
hand, with a very low value of 8, are probably best described in terms
of a single many-electron configuratfon, which is stable (at least in
first order) against admixture with the conduction electron states.

Cr impurities appear to lie between these two extremes, having a
single-impurity characteristic temperature 6 estimated at ~43K in Pd
and ~73K in Pt. Consequently, it is uncertain whether Cr impurities
should be deskribed as (a) having a well-defined spin (i.e.,

configurationally stable) with a high Kondo temperature TK’ or
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(b) configurationally unstable but with a comparatively low LSF

temperature, Tsf’
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3.3 Interaction Effects and the Onset of Magnetic Order

In this section, the electrical resistivity of five PdCr alloys
containing 4, 5, 6, 8, and 10 at. % Cr and five PtCr alloys containing
5, 6, 8, 10, and 12 at. % Cr is examined over the temperature range

1.4 to 300K.

3.3.1 General Features of the Resistivity

In FIG.3.3-1, the measured resistivities, p(T), of the five PdCr
alloys containing between 4 and 10 at. % Cr are plotted as a function of
temperature T from 1.4 to 300K. The data for the 4, 5, and 6 at. % Cr
alloys possess well-defined resistivity.minima [ 20, 21, 227 occurring
at approximately TMIN=65, 70, and 75K, respectively. Furthermore, the
data on these three less-concentrated PdCr alloys do not display, in an
obvious manner, the effects of impurity-impurity interactions (via a
resistivity maximum at low temperatures). This contrasts with the
behaviour of the 8 and 10 at. % Cr alloys. The data on the 8 at. % Cr
sample possesses a resistivity minimum at a temperature TMINz 75-80K.
Below this minimum, po(T) initially increases with decreasing temperature,
but then flattens considerably as the temperature is further reduced.
The resistivity of the Pd- 10 at. % Cr alloy clearly demonstrates the

enset of magnetic ordering via a broad maximum centered around TMAXzZOK,

below a rather weak local minimum at TMIN:SSK.
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F1G.3.3-1. The measured resistivities p(T) of the five PdCr alloys

containing between 4 and 10 at. % Cr plotted against

temperature between 1.4 and 300K.
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FI1G.3.3-2. The measured resistivities p(T) of the five PtCr alloys

containing between 5 and 12 at. % Cr plotted against
temperature between 1.4 and 300K.
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TABLE 3.3-1. Estimates for TMIN and TMAX
(a) PdCr
ALLOY TMIN TMAX
(at. % Cr) (K) (K)
4 65 + 3 NO MAXIMUM
5 70 + 3 NO MAXIMUM
6 75 + 3 NO MAXIMUM
8 75 - 80* = 3 4+ 0.75
10 55% + 3 20 = 1
* local, not absolute, minima
(b) Ptcr
ALLOY TMIN TMAX
(at. % Cr) (K) . (K)
5 40 + 3 NO
6 50 + 3 MAXIMUM
8 58 = 3 IN
10 63 + 3 THESE
12 49 + 3 ALLOYS
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In FIG.3.3-2, the measured resistivities, o(T), of the five PtCr
alloys containing between 5 and 12 at. % Cr are plotted as a function of
temperature from 1.4 to 300K. A1l of the PtCr alloys possess a well-
defined resistivity minimum, with the temperature, TMIN’ at which the
minimum occurs initially increasing with increasing Cr concentration,
from 40K for Pt-5 at. % Cr to 63K for Pt-10 at. % Cr, and then decreasing
to 49K in the Pt-12 at. % Cr alloy, as can be seen from Table 3.3-1. One
striking difference between the observed behaviour of the PdCr and PtCr
systems concerns the onset of magnetic order. In PdCr, magnetic ordering
occurs for a Cr concentration c=8 at. %, whereas, in PtCr, such effects
are clearly absent above 1.4K, even in the 12 at. % Cr alloy. This point

will be discussed in more detail later.

3.3.2 Incremental Resistivity --- High Temperatures

In FIGS.3.3-3, 3.3-4, and 3.3-5, the incremental resistivities,
Ap(T) =pALLOY(T)- th(T)’ of the five PtCr alloys are plotted against
temperature from 1.4 to 300K. Since an expression of the form

1
%

Ap(T) = Ac + Bc £n(T2+02) (3.3-1)
was shown, in Section 3.2, to accurately reproduce the observed
incremental resistivities of the very dilute PtCr alloys containing

between .05 and 0.3 at. % Cr, a similar fit was attempted on the more
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FIG.3.3-3.

The incremental resistivities Ap(T) of the Pt-5 and 6 at. %
Cr alloys plotted against temperature from 1.4 to 300K. The
solid curves are fits of the data to Eq.(3.3-1) over the
entire temperature range.
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FIG.3.3-4. The incremental resistivities Ap(T) of the Pt-8 and 10 at. ¢
Cr alloys plotted against temperature from 1.4 to 300K. The
solid curves are fits of the data to Eq.(3.3-1) over the
entire temperature range.
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The incremental resistivity Ap(T) of the Pt-12 at. % Cr
alloy plotted against temperature from 1.4 to 300K :

(a) The solid curve is a fit to Eq.(3.3-1) over the entire
temperature range; (b) The solid curve is a fit of the data
above 54K to Eq.(3.3-1), while the dashed curve is an
extension of this fit to Tower temperatures.
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concentrated PtCr data presented here.

First, an attempt was made to fit the experimental data to Eq.(3.3-1)
over the entire temperature range from 1.4 to 300K, using the least-squares
fitting procedure previously described in Sec.3.2. The solid curves in
FIGS.3.3-3, 3.3-4, and 3.3-5(a) represent the calculated incremental

%
)

resistivities, Ap(T)==Ac-+Bc.€n(T2-+62 » obtained from this fitting
procedure using the "best-fit" parameters A, B, and 6 listed in Table 3.3-2.
For the 5 and 6 at. % Cr alloys shown in FIG.3.3-3, Eq.(3.3-1) provides

a good fit to the experimental data at temperatures above 30K; below this
temperature, however, systematic deviations from the calculated curves
begin to appear. These deviations become more pronounced, and begin at
higher temperatures, in the 8 and 10 at. % Cr alloys shown in FIG.3.3-4.
Moreover, for the alloys containing 10 énd 12 at. % Cr (see FIG.3.3-5(a)),
there is also disagreement around room temperature. Consequently, it was
decided to fit Eq.(3.3-1) to the experimental data over a restricted
temperature range, namely 6 <T<300K. The corresponding calculated Ap(T)
curves are shown in FIGS.3.3-5(b), 3.3-6, and 3.3-7, and the associated
"best-fit" parameters are listed in Table 3.3-3. These curves provide a
substantially better fit to the experimental data over the appropriate
temperature range than do those discussed above. In FIGS.3.3-5(b), 3.3-6,
and 3.3-7, the solid curves relate to the temperature range actually
covered in the fitting scheme (i.e., 54-300K), while the dashed portions

are extensions of these curves to lower temperatures. An inspection of

Table 3.3-3 reveals that the parameters A, B, and 6 are not concentration



TABLE 3.3-2.

PtCr

Best-fit parameters for Eq.(3.3-1)

ALLOY RANGE OF FIT RMS DEVIATION ) A B
OVER THIS RANGE
(at. % Cr) (K) (10'”u9cm./point-at.% Cr) (K) (uRcm./at. % Cr) (uQcm./at.% Cr)

5 1.4 - 300 3.0 50 7.15 - 0.61
6 1.4 - 300 3.8 50 7.04 - 0.59
8 1.4 - 300 6.1 52 6.71 - 0.54
10 1.4 - 300 6.9 56 6.31 - 0.46
12 1.4 - 300 4.8 67 5.76 - 0.42

‘691
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F1IG.3.3-6. The incremental resistivities Ap(T) of the Pt-5 and 6 at. ¥

Cr alloys plotted against temperature from 1.4 to 300K.

The solid curves are fits of the data above 54K to
Eq.(3.3-1), while the dashed curves are extensions of these
fits to Tower temperatures.
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The incremental resistivities Ap(T) of the Pt-8 and 10 at. %
Cr alloys plotted against temperature from 1.4 to 300K. The
solid curves are fits of the data above 54K to Eq.(3.3-1),
while the dashed curves are extensions of these fits to
lower temperatures.
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TABLE 3.3-3. Best-fit parameters for Eq.(3.3-1) : Restricted fitting range

PtCr
ALLOY RANGE OF FIT RMS DEVIATION 3] A B
OVER THIS RANGE
(at. % Cr) (K) (10”*uq cm. /point-at. % Cr) (K) (uwQcm./at. % Cr) (uQcm./at.% Cr)
5 54 - 300 5.1 : 52.5 7.19 - 0.62
6 54 - 300 4.7 56 7.16 - 0.61
8 54 - 300 6.2 60 6.87 - 0.57
10 54 - 300 6.0 73 6.61 - 0.52
12 54 - 300 4.9 85 6.06 - 0.47
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independent; the "best-fit" values for A and |B| decrease slightly with
increasing Cr concentration, while the "best-fit" values for the
characteristic temperature 6 increase with increasing Cr content.
(T) -p_ (T), of the

PALLOY Pd
five PdCr alloys containing between 4 and 10 at. % Cr are plotted against

The incremental resistivities, Ap(T) =

temperature from 1.4 to 300K in FIGS.3.3-8 and 3.3-9. Following the
procedure used in fitting the PtCr data, it was decided to fit the PdCr
incremental resistivity data to Eq.(3.3-1) over a restricted temperature
range as well. The solid curves in FIG.3.3-8 correspond to a least-squares
fit of the incremental resistivities of the 4, 5, and 6 at. % Cr alloys to
Eq.(3.3-1) above 20K, while the solid curves in FIG.3.3-9 represent a
least-squares fit of the experimental data for the 8 and 10 at. % Cr alloys
at temperatures above 28K and 40K, respectively, where the effects of
magnetic ordering should have 1little influence (i.e., for temperatures
T'zZTMAX). Table 3.3-4 contains a comprehensive list of the "best-fit"
parameters A, B, and 6. In PdCr, as in PtCr, the characteristic
témperature 6 increases with increasing Cr concentration, while |B]
decreases with increasing Cr content. .The coefficient A, on the other
hand, initially decreases with 1ncreasiﬁg Cr concentration, reaching a
minimum at around 6 at. % Cr, and then increasing with the further

| addition of Cr.
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curves are fits of the data above 20K to Eq.(3.3-1), while the

30F
! PdCr
28,
26F
<
25T
\
= \
é 23 -5,
= - 6 at.% Cr
SO
N
- ‘.
|18F %
5 at. % Cr
lof
|4F
i 4 at.% Cr
12T
] | i | i | ] | | ] | 1 | i
) 100 200 300
T(K)
F1G.3.3-8. The incremental resistivities Ap(T) of the Pd-4, 5, and 6 at. % Cr
alloys plotted against temperature from 1.4 to 300K. The solid

dashed curves are extensions of these fits to lower temperatures.
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PdCr

10 at.% Cr

8 at.% Cr
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The incremental resistivities Ap(T) of the Pd-8 and 10 at. %
Cr alloys plotted against temperature from 1.4 to 300K. The
solid curves are fits of the data above 28K and 40K,
respectively, to Eq.(3.3-1), while the dashed curves are
extensions of these fits to Tower temperatures.
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TABLE 3.3-4. Best-fit parameters for Eq.(3.3-1) : Restricted fitting range

PdCr
ALLOY RANGE OF FIT RMS DEVIATION 0 A B
OVER THIS RANGE
(at. % Cr) (K) (107 %0 cm. /point-at. % Cr) (K) (wQcm./at.% Cr) (uQcm./at.% Cr)
4 20 - 300 1.24 _ 25.4 6.76 - 0.67
5 20 - 300 1.12 28.2 6.71 - 0.64
6 20 - 300 0.95 33.4 6.58 - 0.62
8 28 - 300 0.60 57.7 6.64 - 0.61
10 40-300 0.34 80.4 6.68 - 0.60

‘9L1
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3.3.3 Incremental Resistivity --- Low Temperatures

It is apparent from the above discussion that, while Eq.(3.3-1)
provides a good description of the incremental resistivity data in both
the PdCr and PtCr systems at "high" temperatures, systematic deviations
between the measured and predicted Ap(T) begin to appear at low
temperatures (for the Cr concentrations examined here). At low
temperatures (T <<6), Eq.(3.3-1) predicts a T2 form for the incremental

resistivity Ap(T<<6) :

ro(T<<8) = Ac + Bclno + (Bc/20%) T2 , (3.3-2)

and hence a temperature coefficient d [Ap(T << 8)]/dT which varies Tinearly

with temperature for T<<o0 :

d [Ap(T<<8)]
dT

= (Be/o®)T . (3.3-3)

Such a T2 term was indeed observed in the very dilute PdCr and PtCr alloys
(containing between .05 and 0.3 at. % Cr) examined in Sec.3.2. However,

in the more concentrated alloys examined here, the presence of interactions
between impurities modifies the low-temperature single-impurity behaviour
in such a way ‘that, for all five PtCr alloys and for the PdCr alloys

containing 4, 5, and 6 at. % Cr, the measured values for both Ap(T < 6)
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and d [Ap(T<<6)]/dT are significantly larger than the corresponding
values predicted by Eqs.(3.3-1) and (3.3-3) using the “"best-fit"
parameters from the high-temperature data. In order to illustrate this
point, the measured and calculated Tow-temperature incremental
resistivities for the five PtCr alloys containing between 5 and 12 at. %
Cr and the three PdCr alloys containing 4, 5, and 6 at. % Cr are plotted
against T? n FIGS.3.3-10, 3.3-11, and 3.3-12. Table 3.3-5 1ists the
MEAS " [ ap(1 'SK)]CALC} and

Ap(1.5K) - Ap(4.2K), extracted from the Tow-temperature incremental

values of two parameters, {:[Ap(].5K)]

resistivity data. From these figures, the differences between the
observed and predicted low-temperature behaviour are clearly visible, -
with the measured values for the incremental resistivity, Ap(T <6), and
the low-temperature slope, d [Ap(T<<©)]/dT, being larger than the
predicted values. As discussed in Sec.3.1, this type of behaviour can
be attributed to the dominance of the resistivity by single-site
scattering events, with interactions between impurities stabilizing the
spin fluctuations at individual impurity sites. Moreover, an inspection

of the tabulated values for Ap(1.5K) - Ap(4.2K) and {:[Ap(1.5K)]MEAS -

[Ap(].SK)]CALC:} shows that the magnitude of the Tow-temperature slope,
as well as the difference between the measured and predicted values for
Ap(T<8), initially increases with increasing Cr concentration, passes
through a maximum (at around 10 at. % Cr in PtCr and 5 at. % Cr in PdCr),
and then decreases with the further addition of Cr. As pointed out in

Sec.3.1, such a decrease signals the onset of correlations between

fluctuating spins at different impurity sites, indicating a trend
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TABLE 3.3-5

(a) PtCr

ALLOY Ap(1.5K - [An(1.5K Ap(1.5K) - Ap(4. 2K
{[ o(1.507, - [( )]CALC} o(1.5K) - Ap(4. 2K)
(at. % Cr) (pQ cm.) (uQ cm.)
5 0.079 .0218
6 0.224 .0290
8 0.342 0435
10 0.606 .0633
12 0.510 0550
(b) Pdor
ALLOY [20(1.5K)] - [Ap(1.5K ro(1.5K) - Ap(4. 2K)
{ MERg ~ LoP )]CALC
(at. % Cr) (R cm.) (pQ cm.)
4 1.295 +.390
5 1.588 +.419
6 1.365 +.337
8 0.413 - .040
10 - 0.646 - .078
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towards a magnetic ordering of the impurity spins. (In fact, for the
Pd-8 and 10 at. % Cr alloys, Ap(1.5K) - Ap(4.2K) is negative, indicating
the presence of a maximum in the corresponding incremental resistivities
due to the gradual freeéing out of spin-flip scattering events. This
point will be discussed in more detail later.)

Such stabilization and correlation effects require the thermal
energy kBT to be of the order of the interaction energy. An estimate
of the magnitude of the interaction energy for Cr impurities in Pd and
Pt can be obtained from the double-resonance coupling model of
Caroli [ 23] and Blandin [ 24 ]. Double-resonance coupling between two
impurities separated by a distance R [ 25] leads to an interaction

energy of the form

+ .
cos{2k R+—624-62)

R)®

F
(k

s (3.3-4)

2

_v (22+1) RC

Eint(R) % = Epsing, sin 8,
F

where % labels the various partial waves, EF is the Fermi energy, kF is
the Fermi momentum and 6; and 6£ are the phase shifté for the appropriate
[spin up (+) or spin down(-)] &th partial wave. The phase shifts

appearing in Eq.(3.3-4) can be obtained from the Friedel sum rule [26] :

1= % 2";] [‘SZ(EF) + GQ(EF)} , (3.3-5)

where Z is the effective valence difference between the impurity and host,
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while the impurity spin S is given by [ 27 ]

25 = 7 &t [GE(EF) - 5£(EF)] . (3.3-6)

Assuming d-wave (£=2) contributions dominate Egs.(3.3-4) to (3.3-6),
and using Z=-4 and S=5/2 for Cr impurities in Pd and Pt, Egs(3.3-5)
and (3.3-6) yield

8, = - 55 and &, = - : (3.3-7)

In order to estimate E, ,(R) from Eq.(3.3-4), it is necessary

int
to evaluate kF and EF. Recent band-structure calculations for Pt [ 28]
indicate that the Fermi velocity Ve for XW5, the open d-hole surface

in the fifth zone, averages approximately to 0.3 a.u.. The bare band
mass for this surface [ 29 ] is 6.2 and the enhancement factor is

1.67 [ 28]. The effective mass me is thus estimated at 10.3m which

d 0’
gives kF'=5’9 R_l, and the product kFR for nearest-neighbour Cr
impurities is 16.3. The estimated Fermi energy EF for Pt is 8.9 eV
(relative to the zero of potential between muffin-tin spheres [281]).
Then, from Eq.(3.3-4), the interaction energy for nearest-neighbour
pairs of Cr impurities in Pt is

E; n(n.n.) = 1.35x107%V = 15K,  for PtCr. (3.3 -8)

int
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This calculation can also be performed for Cr impurities in Pd. For
the open d-hole surface XW5 in Pd, the average Fermi velocity Ve is
approximately 0.2 a.u. [ 28 ]. The enhancement factor for this

surface [ 28] is 1.66 and its bare band mass [ 24 ] is 9.1, so that the
effective mass mz is 15.1m0. This gives kF==5.7ﬂ'q'and thus the
product kFR for nearest-neighbours is 15.6. Taking EF as 7.6evV [281],
then the interaction energy for nearest-neighbour pairs of Cr impurities
in Pd is

E. .(n.n.) = 6.0x10 %V = 70K,  for PdCr. (3.3-9)

int
The values for Eint in Egs.(3.3-8) and (3.3-9) are in reasonably good
agreement with the observed temperature at which deviations between the
measured and calculated incremental resistivities Ap(T) first begin to
appear. While it is true that estimates for Eint are very sensitive

to the choice of parameters, this calculation is included in order to
demonstrate that such a coupling mechanism is capable of yielding
interaction energies of the appropriate magnitude, with a reasonable
selection for Z and S.

The difference between the measured incremental resistivities
and the calculated, isolated-impurity curves at low temperatures in
both the PdCr and PtCr systems should be dominated initially by "pair"
interactions, the energy of which is given by Eqs.(3.3-8) and (3.3-9)

(at least for nearest-neighbour pairs). In FIG.3.3-13, an attempt is
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made to establish the pair dominance of the excess low-temperature
incremental resistivity in PtCr by plotting the difference
{[Ap(T)]MEAS -[Ap(T)]CALC} oc? against temperature for the Pt-5, 6,
8, and 10 at. % Cr alloys. The error bars in this figure correspond
to a change of +0.5K in the characteristic temperature 6 (this is the
estimated uncertainty in 6). From FIG.3.3-13 it is clear that, within

- LAp(T does
MEAS [an( )]CALC}
scale as c2. The data on the Pt-12 at. % Cr alloy are not included in

experimental error, the difference {[Ap(T)]
o . . -2
this figure. While the difference Ap(T - [Ap{T °C for
iqu erence { [ep(T)],,_, - [30( Tence)
this alloy exhibits a similar dependence on temperature, its magnitude
-2

is considerably smaller. For example, {[Ap(].SK ] - [Ap(1.5K)] } . C

P ) MEAS : CALC
for the Pt-12 at. % Cr sample is (3.5+0.25) x 10”un cm./(at. % Cr)2,
compared with typically 5><10'3u9cm./(at.% Cr)2 for the other alloys.

As discussed previously, this decrease is interpreted as arising from

the increasing importance of correlation effects between fluctuating

spins at different impurity sites, indicating a trend towards magnetic
order. The corresponding trend in PdCr appears above about 5 at. % Cr.
As a result, the {[Ap(T)]MEAS-[Ap(T)]CALC} e ¢ ?oys-T plots for the
PdCr alloys examined in this section do not lie on a common curve, as
do those for the PtCr alloys in FIG.3.3-13, since, even in the
Pd-5 at. % Cr alloy, interaction effects have already progressed well
beyond the stage where "pair" interactions dominate.

This leads to the next point -- the absence of magnetic order

above 1.5K in PtCr, even for 12 at. % Cr in Pt. A comparison of the
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magnetic ordering temperature for Cr in Pd, Pt, and typically, Au,
indicates that in spite of the effects of exchange enhancement, this
temperature decreases across the sequence AuCr, PdCr, PtCr, which is
also the variation followed by the LSF 1ifetime Teg [30]. For dilute
atloys in general (c<1 at. %), magnetic order is induced by
interimpurity coupling via an oscillatory conduction electron spin
polarization. In real systems, there are several factors that
contribute to ni(7), the spin density at a distance v from a magnetic
impurity. The final form for ni(?) can thus be rather complicated [ 31 ].
However, in the case of a spherical Fermi surface, and for exchange
matrix elements J(E,E') between the initial conduction electron state
K and the final state E', which are functions of 3¥=E-K' alone,

then [ 31]

4

n~(r

) =1 [ x;(a) J(q) cos(q-r) dg (3.3-10)

where Xi(q) is the Fourier component of the static exchange-enhanced
(interacting) conduction electron susceptibility. For the systems
studied here, particularly at Tow temperatures, where the conduction
electron thermal lifetime 'ﬁ/kBT becomes very long compared with the
spin fluctuation lifetime Tog o the above form is no longer appropriate.
In the same way that an understanding of localized spin fluctuations
requires a calculation of the full dynamic (rather than the static)

response of an impurity, so the spin polarization s(¥,t) induced by a



fluctuating spin should be calculated using the dynamic conduction
electron response function Xi(q’wsf)’ with wsf==kBe/fi, the LSF
frequency.

The calculation is based on the following expression [ 32 ] for
the spin polarization s(?,t)==n+(?,t)-n'(?,t) induced at the point ¥

at time t by the perturbing field H(r',t') :

s(?,t)ocf dr Jdt'ZdeXi(a,w)e e HOP',t'). (3.3-11)
q

The simplest representation for the field H(*',t') induced by a
fluctuating spin at site ¥, interacting with the conduction electrons,
is to take H(¥',t') as sinusoidal in time (with frequency wsf) and well

localized in space :

. 5(?') . (3.3-]2)

Substituting this expression in Eq.(3.3-11) yijelds

. . ->
Aw et iGer (3.3-13)

S(?at) «-JS§, e X1 (a’wsf) €

e L
q

For a "static" local moment (wsf==0), Eq.(3.3-13) reduces to the

conventional RKKY result [ 33 1].
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If this time-dependent spin polarization s(r,t) is now coupled
to a second fluctuating spin at position ?, then, using the adiabatic

approximation, one obtains for this coupling

( ; [l 2w_p+t4b)t'
r « 928, .5, et q QT A2 :
Hosc(Mawgg) =975, °S, e _Z>X1(q’wsf)e g)lrg f ¢ dt
q 0
0233 L0y G BT e
< Do oL XA ) € , .3-
172 wsf—» 1 sf

where § is simply a phase factor which accounts for the fact that spin
fluctuations at different sites are incoherent. If the precise form
for Xi(a’wsf) is neglected, then this rather crude calculation implies
that the coupling represented by Eq.(3.3-14) decreases as the spin
fluctuation frequency W, ¢ (or LSF temperature 6) increases. This is a
physically reasonable result in that, as Wep > (no localized magnetic
moment), the RKKY-type coupling vanishes. It also allows a qualitative
understanding of the decrease in the magnetic ordering temperature

across the series AuCr, PdCr, PtCr.
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3.3.4 Low Temperature Incremental Resistivity of the

Pd-8 and 10 at. % Cr Alloys

In Sec.3.3.2 it was shown that the high temperature incremental
resistivities of the Pd-8 and 10 at. % Cr alloys were well represented
by an expression of the form Ap(T)==Ac4-Bc£n(T2+-62)%, with 6 estimated
at about 60K and 80K, respectively. However, at low temperatures, these
two alloys undergo magnetic ordering. The low-temperature details of
the incremental resistivities for the Pd-8 and 10 at. % Cr alloys are
plotted in FIG.3.3-14, which indicates that Ap(T) for both alloys
passes through a rather broad maximum occurring at TMAX:=4:tO.75K and
20 £ 1K, respectively. This type of behaviour is familiar in dilute
alloys of first row transition metal impurities in noble metal hosts[ 34 ],
and signals the onset of magnetic order induced by RKKY-type spin
density oscillations [ 3] in the host's conduction band. However, the
delay in the appearance of a resistivity maximum in PdCr until the Cr
concentration has increased beyond about 7 at. % (and the absence of
any such anomaly below 12 at. % Cr in PtCr) suggests that the
effectiveness of long-range coupling via conventional RKKY oscillations
is considerably reduced in spin-fluctuating systems 1ike PdCr (and PtCr)
and hence any magnetic ordering that does occur must, in addition to
any RKKY coupling, result primarily from nearest-neighbour d-d overlap

between impurities. According to Moriya [ 357, direct exchange between

nearest-neighbour impurities with nearly half-filled d shells (1ike Cr)
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FIG.3.3-14. The incremental resistivities Ap(T) of the Pd-8 and 10 at. % Cr

alloys plotted against temperature between 1.4 and 30 K. The
vertical arrows mark the estimated positions of the maxima.
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in Pd favours antiparallel spin alignment, so that such a coupling

should assist the "conventional" RKKY coupling to produce a "disordered"
antiferromagnetic ground state [ 36 ]. The temperature TMAX at which
the maximum occurs is thus taken as the transition temperature to this
spin glass-Tike ground state.

The first point of interest is that, for a given concentration,
TMAX occurs at a much lower temperature than, say, for Cr in Au [ 34 ].
In addition, the ratio [Ap(TMAX)-Ap(O)]/Ap(TMAX) is also rather small,
as can be seen from Table 3.3-6. Using an effective mass treatment of
s conduction electron-impurity moment scattering, the following

expression can be derived [ 37 ] for the difference Ap(TMAX)-Ap(O) :

Ap(Tyay) = 2p(0) *
) _ _3mm <1>J25 , (3.3-15)

where m* is the conduction electron effective mass, EF is the Fermi
energy, and N/V is the number of atoms per unit volume. J is the
appropriate averaged wavevector (3)-dependent effective exchange
coupling [ 38, 39]; for resistivity it is strongly weighted around
]3|==2kF. S is the impurity spin. Usiﬁg parameters appropriate to

the Pd s band [ 40 ], the numerical factor on the right-hand side of
| Eq.(3.3-15) assumes the value 6.56 R cm./(eV)?-at. % impurity [ 41 7.
Using a "free-ion" spin of 2 for Cr [42], and the differences

[Ap(TMAX)-Ap(O)] ¢! 1isted in Table 3.3-6, estimates for |J} can be



TABLE 3.3-6. Summary of various parameters for the Pd-8 and 10 at.% Cr alloys

*
ALLOY  Tuax Bo(Tyax) bp(0)  Bo(Tyay) - 20(0) IJLTI |97 | <Seff> Tuax
C c Ap(TMAX)
(at. % Cr) (K) (uQcm./at. 4 Cr) (uQ cm./at. % Cr) , (eV) (eV)
8 4+0.75 4.2190 4,.2130 0.0014 0.022 0.27 0.013
10 201 4,0195 3.9810. 0.0096 0.054 0.27 0.08

* Based on a high-temperature spin of 2, and attributing the entire difference to a
reduction in (/S 3 this is a lower limit.
eff TMAX

61
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obtained from Eq.(3.3-15). These are listed in Table 3.3-6 as IJLTI.
In the same effective mass treatment, the coefficient B

1
appearing in the expression Ap(T) =Ac+Bc1{yL(T2+62)/2 is given by

*
B =32 33s5(s+1) —371—';——(%> , (3.3-16)
F 2 fie Er

where z is the number of conduction electrons per atom (0.36 for Pd [ 40]).
Using the same value for the numerical factor in square brackets as that
used in Eq.(3.3-15) (with EF= 1.33 eV, again from an effective mass
treatment of the s band [ 41 ]) and with the values for B listed in

Table 3.3-4, one obtains the values for J listed in Table 3.3-6 under
IJHT[(a]though, since B is negative, J‘must also be negative). The
magnitudes deduced for the exchange coupling J at high (JHT) and low
(JLT) temperatures thus appear to differ by at least a factor of 5.

For other Pd- and Pt- based transition metal alloys showing similar
effects to those observed here -- PdCo [ 43] and PtFe [44] -- such a
procedure does not lead to substantially different values for JHT and
JLT’ provided that S is identified with the “on-site" impurity spin
rather than the "giant moment" spin (on-site spin plus induced d-band
polarization). For example, in. PdCo, using an "on-site" spin of
S=11[45] gives JHT==0.14O eV and JLT==O.134 eV, while for PtFe,
JHT==0.082 eV and JLT==0.061 eV with S=1.5 (as for Fe in Pd [451]).

(In both systems, JLT is obtained from the step height measured in a
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magnetic field, in which case Eq.(3.3-15) 1is appropriately modified by
including an extra factor of 1+4S [37].

The apparent discrepancy between these values for J at high and
at low temperatures derived from the PdCr resistivity data can possibly
be accounted for by a more careful analysis of the relative values for
the impurity spin S in Egs.(3.3-15) and (3.3-16). The estimates for B
used in Eq.(3.3-16) are obtained from fitting the experimental data to
Eq.(3.3-1) over the temperature range 8 <T <300K. At 300K the incremental
resistivity is approaching its temperature-independent "plateau", and
so the use of the "free-ion" spin in Eq.(3.3-16) appears to be justified
(several properties of a number of systems exhibit free-spin behaviour
at temperatures above 6 [ 43, 44, 46, 47]). However, this is not the
case in EQ.(3.3-15). Both resistivity maxima occur at temperatures
TMAX << 9, and the effective impurity spin is thus expected to be
reduced below its high-temperature value [ 44, 46, 48, 497 (this is in
agreement with experimental observation [ 47, 507, and such effects
are clearly demonstrated in the susceptibi]ity of the closely related
PtCr system [ 51]). It follows that values for the effective spin
<§eff;>TMAX at the appropriate temperature TMAX can thus be estimated
by substituting into Eq.(3.3-15) the high-temperature values for J
obtained from Eq.(3.3-16). These estimates are Tisted in Table 3.3-6 [ 52 ].

Attributing the entire discrepancy between the values for J to

a reduction in (¢S » results in an appreciable lowering of the
eff TMAX
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effective-spin value below its high-temperature value. However, the
result that <seff(1o at. % Cr) T’ <Seff(8 at. % Cr) » Ty
follows the expected pattern. This approach also suggests that as the
Cr concentration (and hence TMAX) increases, <Seff>.T should

MAX
increase, tending to the high-temperature spin value when TMAX >0.

3.3.5 Deviations from Matthiessen's Rule

Finally, the possibility of deviations from Matthiessen's rule,
which are expected to occur at temperatures such that pHOST(T):rAp(T) [121],
must be considered. An inspection of the incremental resistivity data
in FIGS.3.3-3 to 3.3-9 reveals that this condition is approached as the
temperature increases. However, even for the least concentrated alloys
examined (Pd-4 at. % Cr and Pt-5 at. % Cr), and at the highest
temperature attained in this experiment (300K), the condition is never
actually satisfied. For example, for the Pd-4 at. % Cr alloy,
Ap(300K) =12.15 uQ cm. compared with ppd(3OOK)= 10.8 yQcm.. Similarly,
for the Pt-5 at. % Cr alloy, Ap(300K) =18.2 pQcm. while
th(3OOK) =9.8 uRcm. . While Matthiessen's rule deviations are thus
not expected to occur, the effect of fitting the data for the
Pd-4 at. % Cr alloy over the range 20Ks1‘sTa , for Ta varying from
200K to 300K, has been investigated. While this procedure changes ©

by up to 1.5K, it does not improve the rms deviation, nor does the

calculated curve (using the appropriate best-fit parameters) pass



below the high-temperature experimental data, as would be expected if
Matthiessen's rule breakdown occurred. It is thus concluded that
deviations from Matthiessen's rule are not an important consideration

here.

3.3.6 Summary

Measurements of the electrical resistivity of several PdCr
alloys containing between 4 and 10 at. % Cr, and several PtCr alloys
containing between 5 and 12 at. % Cr, over the temperature range
1.4 to 300K, show that at "high" temperatures, the incremental

resistivity, Ap(T), for all the alloys is well represented by an
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1
expression of the form Ap(T)==Ac-’ch£n(T2+62)/2 » with the characteristic

temperature & increasing with increasing Cr concentration in both

systems. However, at Tow temperatures (T<9), differences between the

measured and predicted values for Ap(T) begin to appear. In all the
PtCr alloys examined, and in the PdCr alloys containing 4, 5, and

6 at. % Cr, the nature of these deviations is such that the measured
values for c'lAp(T<<e) and ¢! d[Ap(T<<6)]/dT are significantly
larger than the values predicted by the above expression, using the
best-fit parameters from the high-temperature fits. Such behaviour
can be attributed to the stabilization of spin fluctuations by
interimpurity interactions. Moreover, the temperature at which the

deviations occur can be approximately reproduced by calculating the



nearest-neighbour-pair interaction energy using the Blandin-Caroli
double-resonance coupling mechanism.

For the PdCr alloys containing 8 and 10 at. % Cr, magnetic
"freezing" occurs at low temperatures, as evidenced by the presence of
resistivity maxima (at 4K and 20K, respectively). However, the delay
in the onset of magnetic order in PdCr until the Cr concentration is
increased beyond about 7 or 8 at. % , coupled with the absence of
magnetic ordering above 1.4K in PtCr, even in the Pt-12 at. % Cr alloy,
suggests that the effectiveness of long-range coupling via RKKY
oscillations is considerably reduced in systems 1ike PtCr and PdCr,
and hence any magnetic ordering which does occur is due primarily to

near-neighbour d-d overlap.

199.



200.

3.4 An Investigation of Magnetic "Freezing"” in PdCr Via

Electrical Resistivity Measurements

The analysis of the PdCr data in Sec.3.3 revealed the presence
of a broad maximum in the incremental resistivities, Ap(T), of both
the 8 and 10 at. % Cr alloys. This type of behaviour is familiar in
dilute alloys of first row transition metal impurities in noble metal
hosts [ 34 ], and signals the onset of magnetic order resulting from an
indirect coupling between impurities, via RKKY spin-density oscillations
in the host's conduction band. However, the delay in the appearance
of a resistivity maximum in PdCr until the Cr content has increased
beyond 7 at. %, suggests that the conventional Tong-range RKKY coupling
is ineffective in this system. Hence, any magnetic ordering that does
occur is probably due primarily to near-neighbour d-d overlap between
Cr impurities. However, the structure of the ordered ground state
resulting from such interactions is currently not well understood, i.e.,
is PdCr a spin glass? Although much theoretical and experimental
effort has been expended in studying the properties of spin glasses,
the most significant portion of this work has concentrated on systems
in which the characteristic single-impurity energies (kBTsf or kBTK)
are well below typical spin-glass "freezing" temperatures. In the PdCr
system this is not the case, and the attendant effect on the ground

state is unclear. In this section, the electrical resistivity of

several PdCr alloys containing between 11 and 18 at. % Cr is examined,
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between 1.4 and 300K, in order to provide a comparison between the
behaviour of PdCr and that of canonical spin glasses (AuFe, CuMn, and

so on).

3.4.1 General Features of the Resistivity

In FIG.3.4-1, the measured resistivities, p(T), of the five PdCr
alloys are plotted as a function of temperature between 1.4 and 300K.
The resistivity of the Pd-11 at. % Cr alloy possesses a weak local
minimum around 55K (actually a minimum in the slope, dp/dT, rather than
zero slope), below which a broad maximum appears in the temperature
range 30-35K. This structure becomes less pronounced as the Cr
concentration increases, with the resistivity of the most concentrated
alloy examined (Pd-18 at. % Cr) increasing monotonically with increasing
temperature above 4.2K. Below 4.2K, however, the two most concentrated
alloys containing 16 and 18 at. % Cr exhibit a very weak minimum, the
position and depth of which increase with increasing Cr concentration,
as shown in FIG.3.4-2. Table 3.4-1 lists various characteristic
features of the resistivity of PdCr alloys containing between 4 and
18 at. % Cr, the range 4 to 10 at. % Cr having been covered in detail
in Sec.3.3. The incremental resistivities, Ap(T), are shown in FIG.3.4-3;
below 4.2K, weak minima are observed in the incremental resistivities
of the Pd-16 and 18 at. % Cr alloys, as outlined above. Above 4.2K,

Ap(T) initially increases faster than T with increasing temperature,
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FIG.3.4-1. The measured resistivities p(T) of the Pd-11,

12, 14, 16, and 18 at. % Cr alloys plotted
against temperature T between 1.4 and 300K.
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FIG.3.4-2. The resistivities of the two most concentrated alloys
examined, showing details of the resistivity minima below
8K.



TABLE 3.4-1. Summary of the resistivity data

Concentration
(at. % Cr) 4

14

16 18

Temperature of the
minimum in p(T) 65

(K)

Temperature of the

maximum in p(T) -

(K)

Temperature of the
inflection point

in p(T) ---

(K)

70

75 75 - 80 55%* 55%

-— 4+0.5 21+ 1 30 - 35%  ---

--- 2.5%+0.75 4+1.5 6+2.5 93

16+ 3

30+£5 50+7

* Local, not absolute

"10¢
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FIG.3.4-3. The incremental resistivities Ap(T) of the Pd-11, 12, 14, 16,

and 18 at. % Cr alloys plotted against temperature from 1.4 to
300K.
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TABLE 3.4-2. 1Incremental resistivity data
Concentration Ap(T=0) TMAX Ap(TMAX) Inflection point TINFL
(at. % Ccr)  (uQ2cm.) (K) (u cm.) (K)
4 20.09+0.03 ---
5 24.80£0.03 ---
6 28.0720.03 ---
8 34.12+0.03 4 +1 34.17 2.5+0.75
10 40.21 +0.03 20+1.5 40.60 4+1.5
11 42.63+0.03 25+1.5 43.11 9+2
12 45.77 £0.03 31.51.5 46.40 12+3
14 52.61£0.03 39zx1.5 53.30 17 £ 4
16 58.27 £0.03 4].5i1.5 58.77 19+4
18 64.30+0.03 43x1.5 64.61 25+4.5
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then passes through an inflection point (at temperature TINFL) and a
maximum (at temperature TMAX)’ above which it decreases with increasing
temperature. The estimated values for both TINFL and TMAX are listed

in Table 3.4-2 for each alloy.

3.4.2 Behaviour Qf;IMAX and Ap(TMAX)-Ap(O)

The behaviour described above is typical of the onset of magnetic
freezing in many dilute alloy systems [ 537, although TMAX for PdCr is
roughly an order of magnitude smaller than that associated with archetypal
spin glass systems (Fe, Cr or Mn in Ag or Au). However TMAX is comparable
with the corresponding temperature in PtMn alloys [ 54 ] of similar
concentration (in this system, however, the behaviour of Ap(T) is
inverted with respect to the usual spin glasses, and thus the appropriate
temperature in PtMn is that of the minimum). Various concentration
dependences for TMAX have been observed; in the noble-metal-based spin
glasses, TMAX is found to be approximately proportional to c% [ 53 ];
in PtMn, below 12 at. % Mn, "TMAX” (actually TMIN) is proportional to ¢
(above 12 at. % Mn, the resistivity, p(T), increases monotonically with
increasing temperature [ 54 ] and the inflection point in po(T) falls on
an extrapolation of the "TMAX"— vs - ¢ line for the more dilute alloys).

The behaviour of T in PdCr is shown in FIG.3.4-4. From this figure,

MAX
it can be seen that

TMAX =c- ¢ . (3.4-1)

with co=7 at. % Cr. As in PtMn a distinct reduction in the rate at
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FIG.3.4-4. Plots of the temperature TMAX (in K) at which the incremental

resistivity displays a maximum, and the temperature TINFL (in
K), the estimated position of the inflection point in Ap(T),

against the reduced concentration c-co (in at. %).
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which TMAX increases with increasing concentration occurs at around
13 at. % impurity, but unlike the PtMn system, the inflection points
in p(T) for PdCr (1isted in Table 3.4-1) do not 1ie on an extrapolation
of the TMAX—vs—c curve for the less concentrated alloys.

It is also interesting to compare the difference, Ap(TMAX)-Ap(O),
in PdCr with its value in canonical spin glass systems. As the data
in Table 3.4-2 shows, not only is this difference a strongly nonlinear
function of Cr concentration, but it is also up to an order of magnitude
smaller in PdCr (0.4 pQcm for 10 at. % Cr in Pd) than in archetypal

spin glasses (4 uQcm for 10 at. % Fe in Au).

i Tow T... .
3.4.3 Behaviour of Ap(T) below Tuinx

Recent investigations [ 53] of noble-metal-based spin glasses
have identified the spin "freezing" temperature, TO’ as the temperature
at which the derivative d [Ap(T)]/dT exhibits a maximum. (This estimate
for the freezing temperature is in rough agreement with the temperature
of the cusp in the low-field susceptibility.) FIG.3.4-5 shows the
details of the incremental resistivities, Ap(T), below TMAX’ in order
to allow further comparison with the behaviour of archetypal spin
glasses. The vertical arrows in this figure mark the estimated inflection
points (TINFL) in Ap(T) for the various alloys. The rapid increase in
Ap(T) with increasing temperature above 4.2K is clearly visible in this

figure. However, unlike canonical spin glasses, Ap(T) is linear only
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FIG.3.4-5.
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40

Details of the incremental resistivity Ap(T) at temperatures

below TMAX . The vertical arrows mark the estimated
inflection points (TINFL) in Ap(T).



211.

over a small temperature range around T Such a difference may

INFL®
simply arise from the compressed temperature scale over which spin
glass-like behaviour is observed in PdCr, as compared with canonical
spin glass systems. The estimates for TINFL are plotted as a function
of Cr concentration in FIG.3.4-4, from which it follows that

T (3.4-2)

INFL ¢ ™ €

over the concentration range 8 to 18 at. % Cr, with o =7 at. % Cr.
One of the characteristic features of spin glass ordering is

3/2 term in the incremental resistivity, Ap(T), at

the presence of a T
temperatures below TINFL’ with the coefficient, A, of this term varying
only weakly with impurity concentration (A<x—1og]0(: or c—l/s). The
origin of this term in such systems is currently attributed [ 55] to

the inelastic scattering of conduction electrons from the low-temperature
elementary excitations of the spin glass (known as spin-diffusion modes) .
FIG.3.4-6 summarizes the results of a Ap(T) vs 73/2 plot for the PdCr
alloys examined here. From this figure, it can be seen that, for the
Pd-11 and 12 at. % Cr samples, Ap(T) does indeed vary as T3/2, down to

the lowest temperatures attained in this investigation. In the

Pd-14 at. % Cr alloy, deviations away from 73/2 (towards T2) are observed,
thus resembling the behaviour reported for comparable amounts of Cr in

Au [ 53, 56 ], and smaller amounts of Mn in Cu [ 57 ]. For the

Pd-16 and 18 at. % Cr alloys, the presence of the weak minimum in the
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F1G.3.4-6. Plots of the incremental resistivity Ap(T) against T73/2,



TABLE 3.4-3. 1Incremental resistivity data below T

MAX
Concentration
(at. % Cr) 8 10 11 12 14 16 18
A (chm./K3/2) - ---  9.07+0.15 8.38+x0.15 5.94+0.15 3.50+0.15 2.05+0.15
T](m —— _—— 8+1 8+ 8.5+1 13.3%1 17.5+1
Ap(TINFL) 34.16 40.30 42.86 46.08 52.97 58.51 64.48
(pcm.)

“€le
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incremental resistivity below 4K rules out the possibility of a limiting
(T->0) T3/2 temperature dependence. However, at temperatures above

the minima, Ap(T) does follow a T3/2 dependence over a substantial
temperature range. Table 3.4-3 contains a Tlist of the coefficients A,
estimated from the data in FIG.3.4-6, along with the temperature T]
above which the incremental resistivity, Ap(T), departs from the initial
T3/2 law. FIG.3.4-7 shows that the coefficient A exhibits a -1og]oc
concentration dependence as in canonical spin glasses. (The concentration
range covered by the present investigation is very much smaller than
that covered in canonical spin glasses, especially when expressed on a
logarithmic scale; however, this is due to the fact that PdCr does not
order below 7 at. % Cr, and consequently exhibits a measureable Tg’/2
term only above about 10 at. % Cr.) In PdCr, the T3/2 coeffiéient, A,
exhibits a concentration dependence (36 chm/K3/2per decade of
concentration) which is an order of magnitude larger than in AuFe

(3 chms/K3/2 per decade). However, this type of behaviour is not
unreasonable, since there appears to be an inverse correlation [ 53]
between A and T (T], TinFLe and Tyax @re all much smaller in PdCr than
in canonical spin glasses).

One possible mechanism which can account for the T3/2 to T?
transition observed in the low temperature incremental resistivity of
the Pd-14 at. % Cr alloy is the removal of the slowest spin-diffusion
modes from the elementary excitation spectrum of the spin glass (possibly

due to conduction electron mean-free-path limitations as the impurity
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content increases), as suggested [ 55] for CuMn and AuCr. Such an
approach, however, does not seem capable of explaining the presence of
resistivity minima at slightly higher Cr concentrations in both the
present system and in AuCr [ 58 ]. The presence of weak minima at low
temperatures (often below the magnetic ordering temperature) in
reasonably concentrated alloys is not confined to the two systems
mentioned above (AuCr and PdCr). Such minima have also been observed
in PdNi [ 591, PdAg [ 60], and PtCo [ 61]. Moreover, the concentration
and temperature range over which these minima occur, coupled with the
magnetic field independence [ 11] of the minima in PdCr, seems to
suggest that they do ggg_érise from inelastic spin-flip scattering
mechanisms. However, a crystalline analog of the recently proposed [62]
structural source for minima of nonmagnetic origin in amorphous

conductors provides a possible alternative explanation.

3.4.4 Numerical Tests for Spin Glass Behaviour

Theoretical investigations of the electrical properties of spin

glasses have been confined to '"good moment" systems, where T, or

K

T -<<T For these systems, two spin glass consistency tests have

sf INFL *
been suggested [ 55 ], and these tests were applied to the PdCr
resistivity data presented here, in spite of the fact that PdCr (with

TsfﬂdTINFL) is not a good moment system. The first test is :

TINFL = 2.23 T] . (3.4-3)
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An inspection of the data in Tables 3.4-2 and 3.4-3 shows that, while
the ratio TINFL/'T] is roughly constant in PdCr, its magnitude (~1.5)
is less than that predicted by Eq.(3.4-3). However, this discrepancy
between the observed and predicted values for TINFL/ T] is no greater

in PdCr than in canonical spin glasses [ 53]. The second test is :

[00(Typpy) - 40(0)] = ¢ [Ao(=) -2p(0)] . (3.4-4)

This test is more difficult to implement than the first. While
Ap(TINFL)-Ap(O) is easily extracted from the experimental data,
Ap(e) - Ap(0) s not. Even in good moment systems (TK, Tsf‘“:TINFL)’
the logarithmic nature of single-impurity scattering of conduction
electrons (i.e., the Kondo effect) produces a resistivity maximum at
high temperatures (TMAX) by depressing the resistivity below its
temperature-independent spin disorder plateau [ 37]. (This effect is
observed even when the temperature at which the spin disorder plateau
is attained is several orders of magnitude larger than the single-
impurity characteristic temperature, TK or Tsf’) This leads to
considerable uncertainty in estimating Ap(«) - Ap(0) [55], but such
uncertainties are substantially greater in systems where Tsf'VTINFL’
when the high-temperature slopes are up to an order of magnitude larger
than in canonical spin glasses (see Table 3.4-2 and the data in Ref.53).
As a result, Eq.(3.4-4) has been used to "predict" Ap(») -Ap(0) in the

present system, using the measured values for Ap(TINFL) and Ap(0) Tisted
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TABLE 3.4-4. Estimates for Ap(«) -Ap(0) for PdCr

ALLOY Ap() - 4p(0) = 6[ Ap(Tyyp ) - 20(0)]
(at. % Cr) (U cm.)
8 0.24
10 0.54
11 1.38
12 1.86
14 2.16
16 1.44

18 1.08
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in Tables 3.4-2 and 3.4-3. In canonical spin glasses, the difference
Ap(*) - Ap(0) is observed to vary monotonically with increasing
concentration (although the precise concentration dependence can be
complicated [ 55]). However, an inspection of Table 3.4-4 shows that
this is not the case for PdCr, with Ap(») - Ap(0) initially increasing
with increasing Cr concentration up to 14 at. % Cr, and then decreasing
with the further addition of Cr. Even if an attempt is made to correct
for the presence of the weak minima in the more concentrated alloys

by taking Ap(0) as the incremental resistivity found by extrapolating
the T3/2 dependence to T=0, the "predicted" values for Ap(w) - Ap(0)
behave in exactly the same way. No comparable effect has been observed
in canonical spin glasses. As mentioned above, the most Tikely
explanation for such differences is the significantly larger value of

T.c in PdCr.

sf

3.4.5 Summary and Conclusions

The electrical resistivity of PdCr alloys containing between
10 and 18 at. % Cr exhibits several features which resemble those of
archetypal noble-metal-based spin glasses : (i) the incremental
resistivity, Ap(T), exhibits a T3/2 temperature dependence at low
temperatures, the coefficient, A, of which varies as -1og]Oc over the
concentration range examined. (ii) The range of validity (T«<T]) of

this T3/2 dependence correlates inversely with A, being small in PdCr
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where A is comparatively large. (iii) At higher temperatures, Ap(T)
passes through an inflection point (at TINFL)’ and then a maximum (at
TMAX)’ above which it falls off with increasing temperature. (iv) The
ratio TINFL/.T1 is roughly constant over the concentration range
examined, as predicted by recent spin glass theories, although, as in
canonical spin glasses, its magnitude is smaller than the theoretical
estimate. (v) In the more concentrated PdCr alloys, deviations from
the Ta/2 law begin to appear at the lowest temperatures. In fact, weak
minima (which are suspected to be of nonmagnetic origin) occur in the
resistivities of the most concentrated alloys examined (Pd-16 and

18 at. % Cr). Such minima have been observed in a variety of reasonably
concentrated alloys, including spin glasses.

The most striking differences between PdCr and canonical spin
glasses arise from quantitative comparisons : (vi) Both the temperature,
TMAX’ at which the maximum in Ap(T) occurs, and the difference
Ap(TMAX)-Ap(O), are nearly an order of magnitude smaller in PdCr than
in archetypal spin glasses of comparable concentration. (vii) However,
the slope of the incremental resistivity above TMAX is nearly an order
of magnitude larger in PdCr than in canonical spin glasses. These
quantitative differences probably arise from the fact that canonical

spin glasses have TK or Tsf‘°<TINFL’ whereas in PdCr, TsffvT Point

INFL®
(vii) above provides strong support for such an argument, since, even
in "good moment" systems, the logarithmic nature of conduction-electron-

single-impurity scattering (the Kondo effect) depresses the high-temperature
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resistivity below its spin disorder plateau, in spite of the fact
that this plateau is reached at temperatures several orders of
magnitude above TK. With TK(or Tsf)’VTINFL’ such effects are expected

to be more pronounced, and this is indeed observed.
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3.5 Electrical Resistivity and Magnetic Susceptibility of PtCr

Near the Percolation Limit

The analysis of the PtCr resistivity data in Sec.3.3 showed that,
in spite of the absence of a resistivity maximum in all of the alloys
examined (5 to 12 at. % Cr), a trend towards magnetic order (in the form
of a decrease in the value of Ap(1.5K) - Ap(4.2K)) is beginning to appear
in the PtCr system above about 10 at. % Cr. As pointed out, the delay
in the appearance of this trend until the Cr content has increased
beyond 10 at. %, and the absence of a resistivity maximum below
12 at. % Cr, suggests that the conventional RKKY coupling is ineffective

in this system, and hence any magnetic ordering that does occur is

produced primarily by nearest-neighbour d-d overlap between Cr impurities.

In this section, the electrical resistivity and A.C. susceptibility of
several PtCr alloys containing between 13 and 21 at. % Cr are examined
over the temperature range 1.4 to 300K in order to determine whether the
ordered ground state resulting from such direct overlap is similar to
that occurring in spin glasses. In the PtCr system, the situation is
further complicated by the presence of an atomic order-disorder
transformation [ 63 ] which occurs above about 18.5 at. % Cr. Such
structural changes can affect the magnetic behaviour of the Cr impurities

by modifying the local environment around each Cr impurity.
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3.5.1 Features of the Resistivity

FIG.3.5-1 shows the measured resistivities, p(T), of six PtCr
alloys containing between 13 and 18 at. % Cr, plotted as a function of
temperature from 1.5 to 300K. Table 3.5-1 contains a list of various
characteristic parameters extracted from these resistivity plots. All
of the alloys shown in FIG.3.5-1 were given identical heat treatments :
a 24-hour anneal at 610°C in a vacuum of 10_6 Torr. Furthermore, X-ray
diffraction measurements revealed an FCC structure for all the alloys,
with no evidence of superlattice lines.

Starting from the Tow-temperature regime, for all the alloys shown
in FIG.3.5-1, p(T) initially decreases with increasing temperature,
passes through a resistivity minimum, and then increases with increasing
temperature. In the concentration range from 13 to 18 at. ¢ Cr, the
temperature TMIN at which this minimum occurs decreases with increasing
Cr content from 38K for 13 at. % Cr to 10K for 18 at. % Cr (see
Table 3.5-1). The concentration dependence of TMIN in PtCr thus mirrors
that observed in PdCr, initially increasing with increasing Cr content,
reaching a maximum (at around 10 at. % Cr in Pt), and then decreasing
with the further addition of Cr [ 11, 64]. However, in the PdCr system,
when the Cr concentration is increased beyond that value for which TMIN
is a maximum, a further anomaly is observed at temperatures well below
TMIN in the form of a rapid drop in p(T) with decreasing temperature,

which translates into a maximum in the incremental resistivity Ap(T).
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TABLE 3.5-1.

Characteristic features of the alloy resistivities.

Cr concentration

(at. %) 13 14 15 16 17 18
o(T = 300K) 53.28 55.90 58.32 60.16 61.68 63.19
(uQ cm.) ,
p(T=4.2K) 50.29 52.49 54.59 55.88 56.87 55.39
(u2cm.)

p(T=1.5K) 50.34 52.53 54,63 55.92 56.90 55.41
(u2cm.)

TMIN (K) 38+ 3 313 202 182 14+£2 102
p(TMIN) 50.03 52.32 54 .51 55.81 56.79 55.37
(ucm.)

ToneL (K) —-- - --- - 50£20 70+ 20
High-temperature

slope(T > 200K) 1.45 1.49 1.50 1.64 1.70 2.56
(uf2 cm K_l) x 102 + 0.01 +0.01 £0.01 +0.01 = 0.01 +0.01
p(1.5K) - p(4.2K) 0.05 0.04 0.04 0.04 0.03 0.02
(uf2cm.)

p(].SK)-p(TMIN) 0.31‘ 0.21 0.12 0.11 0.11 0.04
(uQcm.)

p(300K)-—p(TMIN) 3.25 3.58 3.81 4.35 4.89 7.82
(uQcm.)

Ty (K) --- --- --- —-- 262  37:2

(A.C. susceptibility)

225.
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As the data in FIG.3.5-1 shows, no such drop in p(T) at temperatures
below TMIN is observed in any of the six PtCr alloys containing between
13 and 18 at. % Cr, in spite of the fact that TMIN clearly decreases
with increasing Cr concentration in this range. Furthermore, an
inspection of FIGS.3.5-2 and 3.5-3, in which the incremental

(T) -p. . (T) are plotted as a function of

" PaLLoy Pt
temperature, shows the absence of a maximum in Ap(T), even for

resistivities Ap(T)

18 at. % Cr in Pt (a detailed plot of Ap(T) at Tow temperatures is
included at the top of FIG.3.5-3 in order to emphasize this point). In
spite of this last result, it is apparent from FIG.3.5-1 that the
behaviour of the four more dilute samples (13 to 16 at. % Cr) differs
in many respects from that of the two more concentrated alloys (17 and
18 at. % Cr), both above and below TMIN'
For example, at temperatures well below TMIN’ the low temperature
sTope %%-T+O (represented by the difference p(1.5K) - p(4.2K) in
Table 3.5-1) s about twice as large for the 13 to 16 at. % Cr alloys
as it is for the 17 and 18 at. % Cr samples. However, it is at
temperatures EEQXE-TMIN that the differences become most pronounced.
As FIG.3.5-1 shows, the p(T) curves above TMIN for the four alloys
containing between 13 and 16 at. % Cr are concave up with respect to
the temperature axis, so that dp/dT increases with increasing
temperature, before finally saturating at high temperatures (T>200K).

This high-temperature slope increases slightly with increasing Cr

content from 1.45 x10_2Lm2cm/K for 13 at. % Cr to 1.64 x]O'ZLmzcm/K
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for 16 at. % Cr (see Table 3.5-1). The resistivities of the 17 and

18 at. % Cr alloys are quite different. For these alloys, p(T)

possesses an inflection point above TMIN followed by a "knee" at higher
temperatures, so that dp/dT initially increases with increasing
temperature and then decreases as p(T) passes through the inflection
point, eventually levelling off at a constant value above the "knee".

y : c o dp
Moreover, the value of this high-temperature slope, ar | T>T s

KNEE
increases rapidly from 1.70 x 10720 ecm/K for 17 at. % Cr to

2.56 x 10" L@ cm/K for 18 at. % Cr. The behaviour of the 18 at. % Cr
alloy is clearly anomalous.

The resistivity of these systems at high temperaturesAis
dominated by three types of scattering events : (1) electron-phonon
scattering, (i1) interband or s-d scattering, and (iii) electron-
impurity scattering. The addition of up to 18 at. % Cr to Pt is
certainly expected to cause substantial changes in both the phonon
spectrum and the bandstructure, and hence to contributions (i) and (i1)
above. However, it seems unlikely that an increase of 1 at. % Cr,
from 17 to 18 at. %, would be able to produce a 50% increase in the
high-temperature value for dp/dT, particularly when similar additions
at lower concentrations (over the entire range from 5 to 17 at. %,
in fact) show no evidence for such discontinuities. The temperature
~ dependence of the incremental resistivity Ap(T), shown in FIG.3.5-2,
emphasizes this point. Increasing the Cr concentration in steps of

1 at. % from 13 to 17 at. % produces rather small changes 1in the
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high-temperature slope of Ap(T), yet on passing from 17 to 18 at. %
this slope is noticeably reduced. To reiterate the point made above,
it is not strictly permissible to evaluate Ap(T) by subtracting the
pure Pt resistivity from the measured alloy resistivity due to changes
induced in the host resistivity on alloying. However, the experimental
data indicates (via, for example, the smoothly decreasing high-
temperature slope of Ap(T) as the Cr concentration increases) that these
modifications proceed without noticeable discontinuity over the entire
concentration range from 5 to 17 at. %, and so it appears that a
further 1 at. % increase from 17 to 18 at. % is not likely to cause
changes in the host resistivity which are sufficient to produce the
observed high-temperature differences.

Structural changes, such as an atomic order-disorder transformation,
can also modify the phonon spectrum and the band structure of the alloy,
as well as the spatial distribution of the Cr impurities, and hence can
affect all three scattering processes referred to above. Moreover, as
the phase diagram [ 63 ] in FIG.3.5-4 shows, PtCr undergoes such a spatial
order-disorder transformation at around 18.5 at. % Cr. In order to
determine whether the anomalous behaviour observed in the Pt-17 and
18 at. % Cr alloys is due to the presence of étomic order, a set of
PtCr alloys containing 18, 19, 20, and 21 at. % Cr were prepared. For
each concentration, two samples were prepared and these were subjected
to different heat treatments : one of the samples was annealed at 650°C

for 24 hours in a vacuum of 1078 Torr, while the other sample was



°¢

w
[+=4

TEMPERATU

WEIGHT PER CENT CHROMIUM
15 20

r | 25 30 35 40 45 50 55606570
[ R R T ! I N N S
1800 .
NC e - § ° o REF 1
1769° N“iit-\~ o x REF 2
Il T & REF 5
1600 ——
\\x\
\\
1400 " LN
78| ?
(Pt) (49)
1200 DISORDER
A
7|
1000 /— ORDER 71(39.5)
f
! s
800 + 4
1 I{LAQQ
{ N
i s
00 { / AQQ“
1 S
i o
! A&
% <)
400 } LN
‘ n (?
! an
i/,
200 L
1| %
i/
W
0 i
0 10 20 30 40 50 60 70 80 30
Pt ATOMIC PER CENT CHROMIUM
FIG.3.5-4. Phase diagram for the PtCr system

showing the presence of an atomic
order-disorder transformation at
around 18.5 at. % Cr [63].

231.



232.

sealed in a glass tube under an argon atmosphere, heated up to 1170°C,
and then quenched in water. From the phase diagrém in FIG.3.5-4, it

follows that the annealed sample is atomically ordered, while the

quenched sample is atomically disordered. This was confirmed by X-ray

diffraction measurements which revealed the presence of superlattice
Tines in the annealed 19, 20, and 21 at. Z Cr samples. The absence of
superlattice Tines in the annealed 18 at. % Cr alloy suggests that this
alloy 1is close to the order-disorder boundary in the phase diagram, so
that the atomic order is probably of a short range nature. The measured
resistivities of the eight PtCr alloys are plotted in FIGS.3.5-5 to
3.5-8 as a function of temperature from 1.5 to 300K. In each of these
figures, the curves labelled "ordered" and "disordered" correspond to
the resistivities of the annealed and quenched samples, respectively.
Tables 3.5-2 and 3.5-3 contain a list of various parameters extracted
from the data in these figures.

An inspection of FIGS.3.5-5 to 3.5-8, along with Tables
3.5-2 and 3.5-3, reveals the following differences between the

resistivities of the corresponding ordered and disordered alloys :

1. The residual resistivity, represented by o(1.5K) in Tables
3.5-2 and 3.5-3, is larger in the disordered alloys than in the
corresponding ordered alloys. Moreover, the systematic decrease in
p(1.5K) with increasing Cr concentration in the ordered alloys reflects
the gradual trend towards periodicity in the lattice potential (perfect

periodicity is attained in the ordered stoichiometric compound Pt3Cr).
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FIG.3.5-5. The measured resistivities o(T) of the ORDERED and DISORDERED
Pt-18 at. % Cr alloys plotted against temperature between 1.5
and 300K. The inserts in the upper Teft and Tower right hand
corners of the diagram show the details of the Tow-temperature
behaviour of the resistivity.
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FIG.3.5-6. The measured resistivities p(T) of the ORDERED and DISORDERED
Pt-19 at. % Cr alloys plotted against temperature between 1.5
and 300K. The inserts in the upper left and lower right hand
corners of the diagram show the details of the low-temperature
behaviour of the resistivity.
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FIG.3.5-7. The measured resistivities p(T) of the ORDERED and DISORDERED
Pt-20 at. % Cr alloys plotted against temperature between 1.5
and 300K. The inserts in the upper left and lower right hand
corners of the diagram show the details of the low-temperature
behaviour of the resistivity.
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FIG.3.5-8. The measured resistivities o(T) of the ORDERED and DISORDERED
Pt-21 at. % Cr alloys plotted against temperature between 1.5
and 300K. The inserts in the upper left and Tower right hand
corners of the diagram show the details of the low-temperature
behaviour of the resistivity.



Pt-21 at. % Cr
S8 173
i X 4.2: ORDERED |
54t {72
34.0F
33.80
50F T 171
33.6 ' ' '
0 0 20 30
g
C::,'\ 46 170
x| d
ORDERED .
42t ' 169
. * DISORDERED -
38F° 168
%\ DISORDERED
34 fee 65551 %, 167
i ‘.\, -
65.50} .
30r 166
65.45 ' ' '
~ 0 0 20 30
0 100 200 300

240.



TABLE 3.5-2. ORDERED PtCr ALLOYS

ALLOY HIGH-TEMPERATURE p(1.5K) TMIN p(TMIN) p(300K)  p(1.5K) - p(TMIN) p(300K) - p(1.5K)

SLOPE (T >TKNEE)
(at. % Cr) (uQ cm. /K) (uR cm.) (K) (uRcem.)  (pRcm.) (uQ cm.) (uQ cm.)
18 2.66X'|0"2 _ 55.420 10+£1.5 55.374 63.310 0.04¢ 7.890
19 3.04x10_2 54,245 11 +£1 54.213 64.170 0.032 9.925
20 6.93 x ]0_2 42.825 -— - 61.600 ———- 18.775
21 ABOVE 300K 33.750 -—- -—- 58.170 ———— 24,380
TABLE 3.5-3. DISORDERED PtCr ALLOYS
ALLOY HIGH-TEMPERATURE p(1 .5K) T o(T ) p(300K) p(1.5K) - p(T ) p(300K) - p(1.5K)
MIN MIN MIN
SLOPE (T>T )
KNEE
(at. % Cr) (u cm. /K) (uQ cm.) (K) (L2 cm.) (uQ2 cm.) (uQ cm.) (uQ cm.)
18 1.50x10h2 62.121 18.5 + 1 62.021 66.115 0.100 3.994
19 ].6]x10_2 62.134 18 + 1 62.037 66.710 0.097 4.576
20 1.75 XV1O-2 62.610 16.5+1 62.533 67.950 0.077 5.340

21 1.85 x 1077 65.569  16.5+ 1.5 65.490 71.100 0.079 5.531

“Lye
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2. The total change in the resistivity between 1.5 and 300K,
represented by the differenée p(300K) - p(1.5K) in Tables 3.5-2 and 3.5-3,
is substantially larger in the ordered phase than it is in the disordered
phase.

3. The depth of the minimum in the resistivity at low temperatures
is also affected by the presence of atomic order, with p(1.5K) - p(TMIN)
being smaller in the ordered phase than in the disordered phase. In fact,
the minimum disappears entirely in the ordered 20 and 21 at. % Cr alloys.

4. The high-temperature slope, %g'T>T > 1s significantly
KNEE

larger, and increases much more rapidly with increasing Cr concentration,

in the ordered alloys than in the corresponding disordered alloys.

These differences between the resistivities of the ordered and
disordered alloys suggests that the anomalous behaviour observed in
the Pt-18 at. % Cr alloy ( and to a lesser extent in the Pt-17 at. % Cr
alloy) in FIG.3.5-1 is probably due to the presence of atomic order,
although the precise scattering mechanism which is responsible for the
changes (electron-phonon, electron-impurity or interband scattering)
is uncertain. However, the changing character of the low-temperature
(below 60K) incremental resistivity data depicted in FIG.3.5-3 is
reminiscent of the type of structure developed in the VFe system [ 65 ]
at concentrations around 27.5 at. % Fe near the onset of weak
ferromagnetic ordering. In fact, several investigations on other
transition metal alloys [ 54, 66 1 have cofrelated the appearance of an

inflection point in p(T) with the occurrence of spin freezing or spin




243.

glass behaviour, the appearance of which also produces sharp peaks in

the Tow-field A.C. susceptibility.

3.5.2 Features of the A.C. Susceptibility

Following the remarks made in the preceding paragraph, it seemed
reasonable to examine the A.C. susceptibility of these alloys as a
function of temperature.

FIGS.3.5-9 and 3.5-10 summarize the results of such measurements
performed at 2400 hz in an A.C. driving field of 1.6 Oe RMS and in zero
applied static field. FIG.3.5-9 shows the A.C. susceptibilities of the
disordered (or quenched) PtCr samples containing between 17 and 21 at. %
Cr plotted as a function of temperature, while FIG.3.5-10 shows the
susceptibilities of the correéponding ordered (or annealed) samples.
Within experimental resolution [ 67 ], no peak could be resolved in the
A.C. susceptibility of those alloys containing between 13 and 16 at. % Cr.
As mentioned previously, the samples used in these measurements were
obtained by folding the resistivity strips into a multiple-hairpin shape
.with contacting surfaces electrically insulated from each other. No
attempt was made to correct for demagnetization effects; however, since
the magnetizations of the samples were small (~1073 to 107" emu), such
corrections are negligible. While the susceptibility is thus presented
in arbitrary units, the relative amplitudes of the curves shown in

FIGS.3.5-9 and 3.5-10 are reliable to within 10% .
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The A.C. susceptibility x(T) (in arbitrary units), in zero
D.C. biasing field, plotted as a function of temperature
for the DISORDERED PtCr alloys containing between 17 and
21 at. % Cr.
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FIG.3.5-10. The A.C. susceptibility x(T) (in arbitrary units), in zero D.C.

biasing field, plotted as a function of temperature for the
ORDERED PtCr alloys containing between 17 and 20 at. % Cr.
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TABLE 3.5-4. Summary of A.C. susceptibility data for
ordered and disordered PtCr alloys

(a) DISORDERED (QUENCHED) SAMPLES

ALLOY TO X(TO)
(at. % Cr) - (K) (arbitrary units)
17 21 + 0.5 2.2 +10%
18 25.5 + 0.5 2.8
19 30 £ 0.5 3.3
20 40 + 1 4.9
21 57 £ ] 9.7

(b) ORDERED (ANNEALED) SAMPLES

ALLOY T, x(Ty)
(at. % Cr) (K) (arbitrary units)
17 26 + 2 4.2 +10%
18 37 + 2 15.8
18 AGED 53 + 2 30.3
19 256 + 3 109
20 325 + 3 112

21 --- ABOVE ROOM TEMPERATURE ---
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For all the alloys shown in FIGS.3.5-9 and 3.5-10, the A.C.
susceptibility in zero applied field possesses a maximum. These maxima
are not sharp as in canonical spin glass systems (AuFe, for example [681])
but are éonsiderab]y more rounded, thus resembling those observed in
hydrogenated giant moment systems [ 69, 70]. For both the ordered and
disordered samples, the temperature TO at which the maximum in the
susceptibility occurs increases with increasing Cr concentration, as

does the height of the maximum (T Estimates for both TO and x(T

))- N

are listed in Table 3.5-4. Moreover, a comparison of FIGS.3.5-9 and
3.5-10 shows that, for the Cr concentrations examined here, both TO and
x(TO) are larger for the ordered alloy than for the corresponding
disordered alloy. (This effect is particularly noticeable for the 19
and 20 at. % Cr alloys, where TO increases by approximately a factor

of 6 on going from the disordered to the ordered state.) Also included
in FIG.3.5-10 is the A.C. susceptibility of the ordered 18 at. % Cr
sample after aging at room temperature for approximately a month.
Clearly, the effect of aging is to increase the peak height and to shift
the peak to higher temperatures.

The effect of static applied fields on the A.C. susceptibility
have also been investigated, and these results are shown in FIGS.3.5-11,
3.5-12, and 3.5-13 for the ordered 18, 19, and 20 at. % Cr samples,
respectively. The ordered 18 and 19 at. % Cr samples (FIGS.3.5-11 and

3.5-12) behave 1ike canonical spin glasses, with the applied static

field simply reducing the peak amplitude, but not changing its position.
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FI1G.3.5-11. The A.C. susceptibility x(T) (in arbitrary units) of the

ORDERED Pt-18 at. % Cr alloy as a function of temperature
in D.C. biasing fields of 0, 400, and 1200 Oe.
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FIG.3.5-12. The A.C. susceptibility x(T) (in arbitrary units) of the
ORDERED Pt-19 at. % Cr alloy as a function of temperature
in D.C. biasing fields of 0, 10, 25, and 75 Qe.
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The behaviour of the ordered 20 at. % Cr sample is not so straightforward,
with the application of an applied magnetic field revealing the presence
of structure (multiple peaks) in the A.C. susceptibility (see FI1G.3.5-13).
However, departures from simple spin glass-like behaviour are to be
expected at these high concentrations and probably reflect the presence
of a more complicated magnetic ground state.

The ordered Pt-20 at. % Cr sample also exhibits magnetic
hysteresis, a feature which is characteristic of both spin glasses and
ferromagnets below their respective freezing temperatures (TO and TC)'
This is illustrated in FIG.3.5-14, which shows the susceptibility of
this sample plotted as a function of the applied magnetic field, H, at
several fixed temperatures T. For temperatures above the freezing
temperature TO (=325K, from Table 3.5-4), X(H) is a single-peaked curve
with x(0) increasing with decreasing temperature. However, below TO,

x(H) changes into a double-peaked curve, with the peaks symmetrically
arranged about H=0 and with the distance between the peaks increasing
with decreasing temperature.

The A.C. susceptibility data thus reinforces the conclusions
drawn from the resistivity data, namely, the onset of anomalous

behaviour in the PtCr system for Cr concentrations around 17 to 18 at. %.
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FIG.3.5-14. The A.C. susceptibility of the ORDERED Pt-20 at. % Cr alloy
plotted as a function of the D.C. biasing field H (in Oe.)
for several fixed temperatures T.
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3.5.3 Summary and Discussion

The results of the present investigation imply that in order to
observe any of the characteristics traditionally associated with the.
extended freezing of the impurity magnetization, the impurity
concentration must be raised to a level close to the percolation jimit
(19.5 at. ¢ for an FCC lattice [ 711). A comparison then with canonical
spin glasses or other systems would imply that interimpurity coupling
of the RKKY type is very ineffective, and any freezing that does occur
must result from impurity near-neighbour d-d overlap. As previously
suggested in Sec.3.3.3 (see Eq.(3.3-14)), a reduced RKKY coupling energy
could result from a comparatively high single-impurity frequency
w = kBGS/ﬁ.

As far as the appearance of extended magnetic freezing is concerned,
the present analysis is in agreement with static magnetization
studies [ 721, which have been interpreted as indicating the presence
of a spontaneous magnetization (nonlinear M-vs-H plots at 20K, with the
high-field data extrapolating to a substantial zero-field magnetization)
which becomes progressively stronger as the Cr content is increased
beyond 18 at. %. For Cr concentrations in excess of 19 at. %, the added
difficulty of a spatial order-disorder transformation has to be
considered. In the ordered phase, the spontaneous magnetization climbs
to a maximum value at the stoichiometric composition Pt3Cr (or

Pt-25 at. % Cr) and then decreases with the further addition of Cr,
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whereas the estimated ordering temperature increases monotonically to
above 1000K for c¢>40 at. % Cr, at which point the spontaneous
magnetization has declined to nearly zero, signalling the onset of
antiferromagnetism in ordered PtCr (attributed to two opposing Cr
sublattices and virtually zero induced Pt moment). Neutron scattering
data [ 73 ] suggests a ferromagnetic type structure for ordered Pt3Cr :
the Cr atoms occupy the corners of a face-centered cubic structure and
carry a moment of 2.33 uB/atom which is directed antiparallel to the
(induced) Pt moments of 0.27 pB/atom residing at the face centers. The
reported behaviour for the spatially disordered alloys is quite different.
Here the measured magnetization in all fields is typically two orders of
- magnitude smaller than in the corresponding ordered alloy, leading to

a comparably smaller spontaneous magnetization (which itself may be due
to the presence of small residual regions with spatial order) and a
reduced high-field slope (by a factor of 5 to 10) which displays a weak
temperature dependence.

From the resistivity and A.C. susceptibility data presented here,
along with the observation of a large additional contribution to the
Tinear term in the specific heat of a Pt-17.3 at. % Cr alloy [74] of
comparable magnitude to that observed in canonical spin glasses [75],
it is inferred that the nature of the magnetic freezing observed in the
disordered alloys containing between 17 and 21 at.% Cr is probably of
the spin glass type, principally brought about, however, by near-neighbour

d-d overlap (which also serves to stabilize the magnetic moment at the
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Cr site) as opposed to long-range RKKY type coupling. Clearly, the type
of magnetic order occurring in ordered’Pt3Cr and PtCr, discussed above,

yields an antiferromagnetic Cr-Cr nearest-neighbour interaction and a

ferromagnetic Cr-Cr next-nearest-neighbour interaction, which is

precisely the spatial variation required to provide short-range spin
glass type "clusters" in the random disordered alloys studied here. That
environmental effects (i.e., the extent of nearest- and next-nearest-
neighbour Cr-Cr interactions) are important in stabilizing such moments
and determining the nature of the frozen ground state is evidenced by
the Targe increase in magnetization (and susceptibility) accompanying
the disorder to order transformation in alloys of composition in the
vicinity of Pt3Cr. This enhancement of the magnetic behaviour of the
Cr impurities in the ordered state can modify the contribution to the
electrical resistivity due to electron-impurity scattering and hence
provides a possible explanation for the abrupt increase in the high-

temperature slope of the resistivity, %%'T>T » on passing from the

disordered to the ordered state. However, aENgginted out previously,
the presence of atomic order can also cause substantial changes in
both the phonon spectrum and the bandstructure of the alloy, and these
changes can also account for the observed increase in the high-

temperature value for dp/dT.



3.6 Summary

The preceding sections represent an attempt to study, in a
systematic way, the effects of impurity-impurity interactions and the
onset of magnetic freezing in the PdCr and PtCr systems via measurements
of the electrical resistivity and A.C. susceptibility. The results of
this investigation can be summarized by plotting both the characteristic
temperature 6 and the difference Ap(1.5K) - Ap(4.2K) for the two systems
as a function of the nominal Cr concentration (c). Table 3.6-1 lists
the values of the two parameters 6 and Ap(1.5K) - Ap(4.2K) for the PdCr
and PtCr alloys containing between .05 and 18 at. % Cr. FIGS.3.6-1 and
3.6-2 show the variation of the characteristic temperature 6 with Cr
concentration for the PdCr and PtCr systems, respectively. As discussed
in Sections 3.2 and 3.3, these estimates for 6 were obtained by fitting
the "high" temperature incremental resistivity data to an expression of
the form Ap(T)==Ac-H3c£’,n(T2+€)2)1/2 . (At "low" temperatures, the
measured incremental resistivities deviate from the "predicted" sing]e?
impurity curve ; in the very dilute alloys this effect was attributed
to deviations from Matthiessen's rule, while in the more concentrated
alloys it was assumed to arise from interactions between impurities.)
For the most dilute PdCr and PtCr alloys examined (.05<c<0.3 at. % Cr),

6 1s independent of Cr concentration, suggesting a single-impurity

characteristic temperature es of ~44K for Cr impurities in Pd and ~73K

for Cr impurities in Pt. As pointed out in Sec.3.2, these values for 6

256.
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TABLE 3.6-]
PdCr PtCr
ALLOY 8  Ap(1.5K) - ap(4.2K)| ALLOY o  Bp(1.5K)-p(4.2k)
(at. % Cr) (K) (uQ cm.) (at. % Cr) (K) (ucm.)
.05 43.5 +0.00071 .05 73 +.0001
0.1 45 +0.0001 0.1 71.5 +.000]1
0.2 43 +0.00]1 0.2 74 +.001
0.3 44 +0.002 0.3 72.5 +.00]1
4 25.4 +0.390 5 52.5 +.0218
5 . 28.2 +0.419 6 56 +.0290
6 33.4 +0.337 8 60 +.0435
8 57.7 - 0.040 10 73 +.0633
10 80.4 - 0.078 12 85 +.0550
1 - 0.065 13 +.0465
12 S - 0.059 14 +.0413
14 - 0.032 15 ———- +.0394
16 +0.0001 16 +.0355
18 +0.012 17 +.0296
18 - +.0212
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FIG.3.6-1. A plot of the characteristic temperature 6 as a function
of the nominal Cr concentration for PdCr alloys containing
between .05 and 10 at. % Cr.
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F1G.3.6-2. A plot of the characteristic temperature 6 as a function
of the nominal Cr concentration for PtCr alloys containing
between ._05 and 12 at. % Cr.
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are intermediate between typical Kondo and LSF temperatures and as a
result there is some uncertainty as to whether Cr impurities dissolved
in Pd and Pt should be regarded as having a well-defined spin with a
relatively high Kondo temperature TK’ or a fluctuating spin with a
comparatively low LSF temperature Tsf' For higher Cr concentrations,
6 initially decreases with increasing Cr concentration, passes through
a minimum, and then increases with a further increase in Cr content.
The behaviour of 6 as a function of ¢ thus resembles that outlined in
the "phase" diagram in FIG.3.1-3.

In FIGS.3.6-3 and 3.6-4 the difference Ap(T1.5K) - Ap(4.2K) s
plotted as a function of the nominal Cr concentration for the PdCr and
PtCr systems, respectively. From these figures it can be seen that
Ap(1.5K) - Ap(4.2K) exhibits a peak as a function of impurity concentration,
with the peak occurring at approximately 5 at. % in PdCr and 11 at. % in
PtCr. This type of behaviour has also been observed in PdNi [ 91,

RuFe [101], and RhFe [ 76 ], and can be interpreted by referring to
FIG.3.6-5 which shows the effect of interactions between impurities on
the incremental resistivity, Ap(T), in various concentration regimes.
FI1G.3.6-5(a) shows the resistivity due to the scattering of conduction
electrons from a single (or isolated) impurity and has the form
Ap(T)==Ac+-Bc2n(T2-+e§)%, where 0, is the single-impurity characteristic
temperature. Above BS the impurity behaves as if it possesses a well-
defined static local moment, while below es the impurity becomes

progressively less magnetic. In this Tatter regime (T<<es), the impurity
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spin may be regarded as fluctuating with time (whether the system is
described by the s-d model or the LSF model), so that the time-averaged
value of the Tocal moment vanishes. As the impurity concentration is
increased above the dilute (c+0) Timit, the impurities begin to interact
and the méasured incremental resistivity deviates from the isolated-
impurity curve at low temperatures, i.e., at temperatures where the
thermal energy, kBT, is less than the interaction energy. The effect of
interactions at Tow temperatures will be twofold. Initially, the
interactions will tend to slow down or stabilize the spin fluctuations

at individual impurity sites, thus increasing the time-averaged value

for the z-component of the impurity spin <:SZ:>. Such moment
stabilization is equivalent to lowering the single-impurity characteristic
temperature es > and this leads to an increase in both the low-temperature
incremental resistivity, Ap(T’<<6)<x(Bc/Ze§)T2, and the Tow-temperature
slope, d[Ap(1'<<e)]/dT==(Bc/ei)T, over their isolated-impurity values.
This effect is illustrated in FIG.3.6-5(b). As the concentration is

increased, the interactions also induce correlations between fluctuating

spins on different impurity sites, and this leads to a decrease in the
resistivity below the isolated-impurity curve due to the “freezing out"

of second-order spin-flip scattering processes [ 11 (which are responsible

for the logarithmic increase in Ap(T) with decreasing temperature), as
shown in FIG.3.6-5(c). Simple mean-free-path considerations suggest
that, as the solute concentration is increased from the isolated-impurity

regime, moment stabilization will dominate initially, with further
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increases in the concentration enhancing the role played by impurity-
impurity correlations. In figures (b) and (c), c* denotes the critical
concentration at which correlation effects begin to dominate moment
stabilization effects. Finally, increasing the solute concentration
eventually results in an extended (or Tong range) freezing of the
impurity moments into a ferromagnetic or spin glass structure at Tow
temperatures, and this is characterized by a maximum in the incremental

resistivity due to the removal of first order spin-flip scattering

265.

processes [ 37 ], as shown in FIG.3.6-5(d). Clearly the type of behaviour

outlined in FIG.3.6-5 for the incrementa] resistivity implies that the

difference Ap(1.5K) - Ap(4.2K) should initially increase with increasing

impurity concentration as interactions stabilize the spin fluctuations

at individual impurity sites, pass through a maximum around c*, and then

decrease as interactions induce correlations between fluctuating spins

at different impurity sites, with negative values for Ap(1.5K) - Ap(4.2K)

signalling the onset of an extended freezing of the impurity spin system.

FIGS.3.6-3 and 3.6-4 show that both PdCr and PtCr exhibit this type of
behaviour, with ¢*=5 at. % for PdCr and 11 at. % for PtCr. Moreover,
from these figures it can be seen that, for Cr concentrations c<18 at.
only the PdCr system exhibits features characteristic of an extended
freezing of the impurity moments, i.e., negative values for Ap(1.5K) -
Ap(4.2K) and a maximum in the incremental resistivity. However, the
delay in the appearance of a resistivity maximum in PdCr until the Cr

concentration has reached 8 at. %, and the absence of any such anomaly

%,
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in PtCr below 18 at. %, suggests that the conventional, long range RKKY
coupling is relatively ineffective in these systems, with any magnetic
freezing arising primarily from direct d-d overlap between nearest-
neighbour Cr impurities. The resistivity measurements on PdCr in Sec.3.4
suggest that tHe ground state resulting from such direct overlap is
similar to that occurring in spin glasses. In PtCr, the appearance of
extended magnetic freezing (manifested by the presence of a peak in the
low-field A.C. susceptibility) coincides with the onset of an atomic
order-disorder transformation, from which it is inferred that local
environmental effects (i.e., nearest- and next-nearest-neighbour Cr-Cr
interactions) play an important role in stabilizing the impurity moments

and in determining the nature of the frozen ground state.
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