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ABSÎRACT

The electrlcal resistlvity of two giant mornent

systems--(pontRht)Fe containing between 0.8 and t.B5 at.

% Fe and (Pd95Rh5)Co containing between 1.0 and 2.6 at.%

Co--has been measured from 1.4 to 300K. The incrementa I

resistivity in (PdRh)Fe alloys containing more than I.25

at-% Fe and (PdRh)Co alloys containing more than I.4 at.

% Co is found to exhibit a TZ limiting low temperature

forn. However f or the 0.8 and 1.I at.% fe alloys and the

1.0 at.% Co alloy, such a T2 f orm is not clearly discern-

able, with Áp(t) exhibiting a temperature dependence lnter-

mediate between T2 and T3/2. The former result is predicted

from conduction electron-magnon scattering for which wave

vector conservation ho1ds, from which it is inferred that

the crlterion for wave vector conservation in this type of

alloy ls not deterrnined by mean free path effects. Esti-

mates of the acoustic spinwave stiffness D ar.e derived

from the measured T2 coefficients.

These resistfvity data also enable the magneti.c

ordering temperature, Tc, and the exchange coupling para-

meters, Js-loca1 and Jd_locat, to be evaluated.

In the disordered phase, the measured lncremental

reslstivity of the (PdRh)Fe systern is found to contain a

term which decreases approximately llnearIy with increasing



temperature, ât a rate of -(l.t t O.4S) x I0-3 yAcn/K-
at.% Fe. using existlng pressure data on both pd and pdRh

based alroys, lt is shown that both the slgn and magnitude

of thls term can be accounted for in terrns of the vorume

dependence of the potential and exchange terms, in con-
junctlon with a rarge coefflcient of thermar expanslon.
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CHAPTER ONE

TI{EORETTCAL CONCEPTS



¿>

1.1 Localfzecl Magnetlc Moments in MetaIs

rf a dirute artoy ls made by dissolvrng a frrst
row (3d) transition aton impurity (r1ke Fe) ln a sirnpre

metal, it ls often found that the Írnpurity atom possesses

a net magnetic moment. some time agor Friedel was abre to
expraln the formation of these rocal moments in terms of the
concept of the virtual bound state (VnS¡ .'r'

fn metals, the bandwidths of the free electron
states are so broad that the energy revers of the impurity
lle, in general, within the conduction band. So, Iet's
begin by consldering a rocarized revel (representing a

d-state of the inpurity atom) immersed in a sea of mobile

electrons (representing the conduction band of the host).
The mixing between the conduction s-electrons and the
locarized d-electrons shifts and broadens the energy of the

localized d-state--maklng 1t into a virtual level L=.,
one which is spread out in energy because of s-d inter-
actions (see Fig. 1-1). The virtuar state can accommodate

the same number of d-erectrons as the originar localized
state. Ho$rever, the d-electrons (or, more rigorously, the

magnetlc erectrons) are partialty itinerant because of the
possibillty that they wl11 transfer to s-states having

simirar energies. 1= " 
result, the vlrtual bound state

describes somethlng intermediate between a localized and an

ltinerant situation.

To explaln the presence of a net magnetlc moment on

the lmpurlty, Friedel pointed out that, slnce the erectrons
ln a vfrtual state are well 1oca1lzed, exchange and
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N (E)

(a) The density of
sta tes N (E) f or
a single local-
ized atomic
d-state of energy
Ed.

N (E)

(b) The density.of
states for the
VBS. f is the
energy shift and
2^ is the width
of the VBS.

N (B)
(c) The effect of

the VBS on the
density of
states of the
conduction band.
h is the Fermi
energy.

Fig. 1-t.

En
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correlation forces wiII be very effectLve, especially for
a narrow level, wlth a tendency to favouring spin allgnment.

lYhen these forces prevall, the vfrtual bound d-state splits
lnto two loca llzed substates, one for spfn-up (+) electrons

and one for spln-down (-) electrons, having dlfferent
energles. lllhen these two states accommodate unequal numbers

of electrons up to the Fermi level, a magnetie moment results,
Iocalized on the irnpurity site.

L.2 The Anderson Model

To put these ideas on a more quantitatlve basis,

Anderson3 solved the following simple node1. Let us assume

that the impurity atom is magnetic (possesses a magnetic

monent). This means that a d-state of, sâyr spin up on the

impurity atorn is occupied, while one of spin down is empty.

Now, a spin-down electron rvithin the d-sheII witl see the

repulsion of the spi.n-up electron 1n the f illed d-state

(another spln-up electron witl not, since paralleI spin

electrons can have no exchange energy). Thus, if the

energy of the spin-up state lies a distance E¿ below the

Ferrni surface, the energy of the spin-down localized state

will be E¿ + U, where U is the repulsive d-d lnteraction.

This must lie above the Ferml leveI, because Ìve assume this

state to be empty.

As before, the mtxlng between the s and d electrons

shlfts and broadens the energy of the filled spln-up d-state

(and the empty spln-down state above the Ferml level),
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making it into a virtual 
,state. 

However, thè broadenlng

pushes a portfon of tl-re spln-up virtual state above the

Fermi level reduclng tlte number of loca llzed spln-up

d-electrons. fn the same wâVr a portion of the spin-down

virtual state is pulled below the Fermi level thus in-

creasfng the number of locallzed spln-down d-electrons

(see Fig. I-2) " These changes in the number of electrons

are such as to decrease the difference U between the spin-up

and spin-dovin energies--86 moves up and E6 + U moves down.

The larger the s-d admixture, the smaller the energy differ-

ence between the spin-up and spin-down states. EventuaIIy,

the configuration collapses into two degenerate levels and

lt is no longer fJossible to maintain a magnetic moment"

The Anderson Hamiltonian may be expressed in the

following way:

H : H= + Hd + Hcorr * Hkd (1)

The first termo Hs, is the unperturbed energy of

the free conduction s-electrons. fn second-quantized

nota t ion

Hs : I, Ek c¡þ c¡s- (z)

L,T
where Ctå rnd Cno- are the creation and annihilation

operators, respectlvely, for a conduction electron of wave

vector k, energy Ek and spin ú ( C can be + or -) "

The second term, Hd, ls the unperturbed energy of

the d-states on the lmpurlty atom" fn our dlscussion, rle

will assume the physlcally unreallstlc case of a single
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Ed*

P*tn¡

Fig, L-2.

P-tn¡

Density of states in the magnetic case.
The 'rhumps" are the virtual d states ofwidth '2^ f or up and down spins. The
numbers of electrons occupying them are
cornputed f rom the area of the unshadedportion, below the Fermi surface.
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nondegenerate level, because the prlnclple of the method

1s easily extended to the more complicated many-Ierrel d shell.
This term in the llamlltonian 1s written

Hd : E¿( n d+ +no_) (3)

where n 6* and n ¿_ are the numbers of spin-up (+) and

spln-down (-) d electrons, respectively.

The third term, Fl"orr, ls the repulsive energy anong

the d electrons. For electrons of the same spin, the

Coulonb integral cancels the Exchange integraì.. This leaves

us with only the antÍparalle1 part of the Coulomb integral:

Hcorr: Und+ nd_ (4)

Hcorr is responsible for splitting a virtual state into two

substates, one for each spin direction.

The fourth essentlal part of the Anderson Hamiltonian

is the s-d lnteraction ternr, Hkd. It allows for the mixing,

of the conduction electron state k with an electron in one

of the virtual d-states. Usuall-yo HtO takes the f orm

Hkd : 
f,"t vra crä cdo * v,å tJ' ti.' ] (5)

where V¡¿ desclrb"" the strength of the s-d mixing

(Vñ is the conjugate of Vto). Coå and C¿o' a.re the

creation and annlhilation operators, respectively o for
a d-electron of spin C . Lt is the mixing terrn, Hkd,

v¿hlch broadens the locaTLzed d-state, making lt into a

vlrtual state.

If we solve the Anderson Hamlltonian, vJe arrtve

at the fo1).owing expression for the density of states



P¿{f> of the spin-up (+) and spin-down (-) virtual
d-states:3 

\

Tr (n -Et)z + A 2
(6)

(7)

(e)

where

E+-Ed+r.r.J
t2

kdlI
k
l
E

9_
(B

E

N
dEo + U (n6*)

-- Ed +l- + u("o;)

and A nll'uolt N(E). (B)

Et are the energies around which the spin-up and

spin-down virtual states are centered, and 2 L is the width

of a virtual state. N(E) is the density of states in the

conduction band

We can now determine the number of electrons,

(*Ot) , occupying the two virtual d-states, merely by

integrating POt(n) up to the Fermi energy Et (since aI1

the states below E, are full, ãt least at absolute zero).

Thus

dE
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("0): +
('o) =- I

Tr

cot I
J

iA
"ot-r ft

nå + u(no-) - nr
A

(na*)

I

( 10)

r]+u -E¡

The solutlons of t.ese two coupled equations are
the lntersections of the two curves obtained when (nO*)
is plotted as a function of (n6
which (no*)* (ro-) are at a minimum of the energy and
represent the magnetic impurity states.

1.3 The s-d Model

suppose we characterize a magnetic impurity atom
by sirnply assigning it a spin s. This spin will interact
with the itinerant conduction electrons, of spin s, through
an exchange coupring of the form -2{.=, where J is the
strength of the exchange interaction. This is the s_d
modelr so carred because it rearry describes a coupring
between two kinds of erectrons---the d erectrons (which give
rise to the impurity spin s) rr,ca Lízed a t the impurity sites,
and the s electrons in the conduction band.

The s-d Hamir-tonian consists of two terms--a spin_
lndependent term and a spin-dependent.term--and is usuarly
written in the form4

Hsd =11v(ri - ln) - zfrfrr(riin in &) (=_i.år) (rr)

where ri and $r represent the position vectors of the fth
conduction electron and the nth impuri ty atom, and s1 and
Sn are thelr respective spin operators.
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fn the f lrst (sp1n-independent) terrn, V(lf - !n)
is the devlatlon of the potential from perfect periodiclty,
due to the impurity atoms, and in the second (spin-dependent)

term, J(rl - år) is the effective exchange integral between

the conduction electron and the impurtty atom.

rn second-quântization notation, the Harnirtonlan in
(11) becomesS

Hsd - N-If Ë v(r,rr¡e t (1-1t) '5 ("ilr* âk+ * "ir- "r._)

*-t+5 r{r,xr¡u i(5-k1)"&, 
[r";r* uo* - "lr_ "r._) si

* .]' ,k* sl * "lr* "o_ r;] (rz)l<--

rn this expression, the z axis is the spfn quantization
æxis and sf, represents ti t isfl. The quantities "[* "no
ak+ are the creation and annihlration operators for a

conduction electron with v/ave vecto" I and with spin parallel
(+) or antiparallel (-) to the z axis. N ts the total
number of lattice polnts. v(lr, kl) and .l (kr rl) are rerated
to the matrix elements of v(ri - Rn) and .r(ri - Rn) between

two states with wâve vectors k and kl as follows:
v(k,kr) : Ne -i (k-II) "Rn J+il,a) vg - In) t'¡(r)ac
r(k,kr) = Ne -i(k-kl).I¡ 5{flrt1i ¡(" - &)+o,ardu ¡ 

(13)

,where 9t "*presents the wave function of the conduction

electron-wlth wave vector k. fn general, V(kr!._I) and

J(k,kl) depend onty on I t - kll 
"r-l
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A close relatfonship exlsts between the s-d model

and the Anderson modeI. ts"hti"ffer and Wolff6 have shown

in the limit of smalt s-d mixing ( lvtOl ( r), which is the

most favourable case for the occurrence of a localized

mornentrthat the two models are in fact equivalent, and the

Anderson Hamiltonian can be transformed lnto a form sinilar

to (1f ) " lforeover, the energy-dependent excharrge inter-
1'lactlon J(kriç'), f or k and k^- h, is given by the f ollowing

expressl; 
-

( 14)

Now sinc. Ed ls measured rerative to the Fermi energy E¡¡

it will be negative rvhen,a rocar moment exists. consequentry,

J will be negative, This meâns that the coupring between

the impurity spln and the conduction electron spins is
a nt if erroma gnet i c .

L.4 The Polari.zation of the Conduction Electrons

How do the free electrons in the conduction band

respond to the l-ocalized s-d exchange interaction? suppose

we consider only the second (spin-dependent) term in the

s-d Hamiltonian given by (12) " This term has the following
diagonal (k : kl) element"7

-N-r J (o) (n+

where n* and n_ represent the number of conductl.on electrons
of up (+) and down (-) spin, respectively. Thls diagonal

energy becomes lower and lower as (n* - n_) lncreases, and

J(o) - 2lonol' 
=:, =* * constant.

' E6(E¿ +U)

.-J Z
-n))'S_,,/ I n

n

( 15)
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consequently the conduction electron spfns are porarized
by the spin on the impurity.

rn order to obtafn the spaciar dlstribution of the
conduction electron polarization C(r) around a magnetic
Írnpurity¡ w€ wlrl reprace the effect of the impurity spÍn
with an effective magnetfc fleld h(r).8 In this wayr we

ean simpllfy our carcurations wlthout rosi.ng any of the
essential features. ff we assume that the s_d exchange
interactlon is of the $ -function type (in rearitv, trre s-d
lnteraction has a finite range), the effective ffeld h(r)
may be written

h (r) : JS.z 6 t"l
elts

where we have taken the site of
coordinate origin (r : O). S"

localized impurity spino and J
the s-d coupling.

The conduction erectron spin porarization ø(r)
around the impurlty (at r : O) is given UyB

Cr (r) = n* (r) _ n_ (r)
: (1/slrl, E n G) X@) exp(iq,r)

q

where g is the erectronic g-factor and¡" is the Bohr
magneton. h(q) is the Fourier transform of the effective
f ield h(r):

h (q) : Jsr/eþ 
ø

anaft(q^¡ 1s the wave-number-dependent

( 16)

the impurity to be at the
is the z- component of the

is a constant representing

(r7)

(18)

suscepttblllty of the
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f states at the Fermi surface per

e host netal. U(*) is the Lindhard

(20)

(22)

(23)

(24)

1

ï
x+

Using (18) for h(q) and (19) for /,<q), the

expression for ø(r) becomes

ø(r) - z.lszN(Er)_ f u(ø/zk¡) exp (iq.r) (2L>
oz ¿-1
bq

ff we perform the integration over q in (2L) as follovrs7

Ljv(ct/zlxf) exp (iq.r) : a constant x F(2ktr)
q

wheref(x):xcosx-sinx
x4

we finally obtain

CG) : a constant x F(2krr).
The spin polarLzation given by (24) and shown in

Fig. I-3, oscillates and rapidly vanishes as r tends to
lnfinity. Consequently, the polarlzation of the conduction

electrons is concentrated in the neighbourhood of the

lmpurity site. The osclllations in Cr(r) are known as the

RKKY (Ruderman - I(ltteI - KÃsuya - Yoslda) osclllatlons .5r7 ,9
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ø(r):nn(r) -n_(r)

FiS. f-3. The poì_arízation of the conduction
electrons around â magnetic impurity.
The arrows indicate the doninant spin
in each region. The impurity site islocated at the origin.
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1.5

so far in our discussion, we have not taken lnto
account coulomb interactions between conductlon electrons.
when we include these exchange forces, w€ find that the spin
susceptlbility has increased when conpared to that of a

non-interacting free erectron gas. This effect is known as

exchange enhancement.

For slmplicitl¡r we wirl replace the actual coulomb

lnteraction by a ó -function interactlon of strength V,

localized on the lattice sites. The host metal exchange

enhanced spin susceptibility X<q) is then given ¡y10

X<q> : ?co(q) (25)1-\rN(Bf) U(ø/zlK¡)

where Xo(q) : 2 /Jfr }{trr) 11 G/zl-r) is the susceptibirity
of a non-lnteracting free electron gas. As a result of the
enhancement facrorl [r - r,l(Er) v u (t/zu1.)] -r, X@)
ls larger than X"&) f or arr varues of q. However, the
enhancement is nruch greater for low q (see Fig. T-4), and

c'hen q : 0 and y¡t(Et) u (o) I, X <o> becomes inf inite,
imprying the existence of ferromagneti.c orderÍng among the
conduction electrons. (This is the stoner condition for
ferromagnetism) 

" 
l1

Exchange enhancement 1s essentiarly a property of

transition metal hosts (ríke pd) in v¡hich there are d

electrons in the conductlon band. These d erectrons belong

to a narrow band, where exchange interactlon effects are

of prirne importance, so that the coulornb repulslon, v, is
strong" Thls, coupled wlth a high denslty of states at the
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Fermi level (due to the narrow d band), gives a rarge value
for VN(Ef), and hence for the susceptlbÍlity.

Since the enhanced susceptibiltty X G) can be

related to an exchange lnteractton between d electrons in
the conduction band,'we are noril led to consider how this 

:
exchange interaction affects the RKKY oscirlations in the
conduction erectron spln polatrzation. The porarízation
6(r) is again glven by 

,

cr(r) : (I/s¡¡") ã h (q) N <q.t exp(iq.r) (26) . 
.

but /, <q) is now the exchange e'hanced susceptibility in 
,

(25). rf, as before, wê assume a 6 -function coupling bet-
Y/een the magnetic impurity spin and the conduction erectron
spins, then h(q) is again given by

h (q) : JSz ? (zT)
s¡B

and the spin polarízation (26) becomes

ø(r) : a constant x ãXrn, exp(iq"r)
(a constant) x (Fourier transf orm of X@)) (28)

Thusø(r)isproportiona1totheFouriertransform
of Xtq). But ln Fig. l-4 we see that the effect of exchange :

enhancement ls to buird up the row q region so tha t XG¡
looks more and more peaked (for smarr values of q) as

vN(Ef) increases, This results 1n a longer and ronger range

f or cr(r) as the ferromagnetic instabitity fultrr) u (o) : r]
ls approached. The exchange enhancement thus pushes out the

flrst zero of the RKKY oscillations (we say that the RKKY

oscillations have been suppressed) and lncreases thelr
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Suscept ibi Iity

X<q,) for VN(E.) = 0.9

r;.u I.U 1.5

The q-dependent susceptibility ofan electron gas. The solid curve
Xo(q,) is clrawn f or no electron-
electron interactions; the dashed
curve is the exchânge enhanced
susceptibility X G) f or the case
N(E¡,)V - 0.9. Note that the enhance-
ment is q dependent, being Iargest
at low q.

q/zkï

Flg. I-4.
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amplitude (see Fig. I-5). However, ât sufficiently large
\

distances from the lmpurlty the polarization ts again

oscfllatory.

Had we considered the flnite range of the coulo¡nb

interaction, the V appearing in the expressÍon (25) for

X<q,) would have become effecttvety q-dependent. Thls

causes an even more rapfd increase in xrq> with decreaslng

g, and accordingly contributes to rnake the range of the

magnetic disturbance even longer.

A direct consequence of the enhancement of the

range of the induced spin porarization in transition metal

hosts, is the formation of giant magnetic moments associated
vith the impurity atoms. The _glan_t ¡noment consists of the

on-site inpurlty moment prus the attendant spin polariza-
tion in the hostrs d band. Monaents as rarge as rzlø have

been observed per Fe impurity in pd.Lz

1.6 The Ordered Ground State of the Alloy
It/e have seen that when a localized moment (in the

form of a magnetic impurity atom of spin s1) is introduced

into a metal, the conductlon eleetron spins develop an

oscillating porarization in the vicinity of thls moment.

Tf there is another loca lized spln !2 present, it will
interact s'ith this induced spin porarrzation, resulting
1n an indirect coupling betleen the two locaLlzed impurlty
spins, so that !, tencls to llne up parallel or antiparallel
to !r. rn thls v/ay, impurlty-lmpurlty lnteractlons eventuarly
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Iead to magnetlc ordering of the tmpurity system.

rn the low-conce'tra ti on rimlt ( ( r- at. % irnpurity) 
o

the nature of the ordered ground state of the alloy is
determined essentÍarly by the spacÍaI variation of the
conduction band polarization. The relatfvely rapid RKIff

osclllations induced in the hostrs concluction band read to
a I'disordered" antif errona gnetic ground state.13 f n tra.nsi_
tion metar hosts (rike pd) r rphere the effect of exchange

enhaneement suppresses the RKKY oscillations out to rera_
tively large distances fro,n the impurityrtnrtU ,n" ordered
ground state Is of predominantly ferromagnetic character,
being determined by a ferromagnetic coupling between giant
moments. However, there are stilr some impurities (at least
in the ress concentrated alloys) which reside in regions of
oscirlatÍng spin polarLzation and these remain frozen in an

antiferroma gnetic conf iguration.
rn alLoys containing severar atomic percent impurity,

complications arise due to the effect of direct inter-
lmpurlty coupling (operative virtualtr_y only when inrpurities
are nearest nelghbours). Alexander and Andersonr16 

"nd
l,{oriya 17 have investiga ted the ef f ects due to a di-rect
interactlon between tlo nearest-neighbour Tnagnetlc

funpurities. The relevant conclusions reached on the basis
of their approach are that impurltles with nearly harf-
filled d she1ls tend to coupre antiferromagneticalry;
ferromagnetlc coupllng is increaslngry favoured as the

number of d electrons increases.
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We w111 now proceed to lnvestlgate the dynamic
\

properties of the ordered phase of dilute alIoys, ln parti-
cular those altroya which form a wetl defined ferromagnetic

ground state, even at very low concentratlons of dis-
solved impurity. A typlcal such alloy is pdFe. Letfs
begin by consldering a model ln which the impurity (ne¡

spins S are coupled to the itfnerant d electrons (of spin

9O) in a single Pd d bancl via an exchange lnteraction of

the f orrn -2Jd-Io"ar !.-%,18' 
19 The dynamical spin states

that we are studying, arise from a coupling between the Fe

spins S, which results from the polarization they lnduce i.n

the itlnerant Pd d band--ln other words, a Heisenberg

coupling betvreen Fe spins via an exchange enhanced, frequency

dependent RKICÍ interactÍon.

In order to discuss the dynamic properties of the

combined system of the localized Fe spins coupled to the

itinerant Pd spins, it is convenient to consider a generalized

space and time dependent susceptibility functi-on for the

whole =y=t"*:18
K(R.-Rrrt-tl):-)rc

_L _.,

fn this equation, 0 (t) ls t

R¡ and R. label the lattice
-J

are the + components of the

electrons.

The total Hamlltonian H for the coupled system of

d-band electrons plus the lrnpurities is glven by

H : Hpd * Hlnt (30)

t r) ( [øln' t l , o-t& ,t 
t,] 

) trtl
he unÍt step function and

sites. C*(I,t) and ø-(n,t)
spln density of the d-band
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nn. is the Hamlltonian for the pd d electrons

I{po = I-tn cio cL., * tE nr* ni-
k,c I'

where the Er. are the slngle-particle d-band electron
energies, f is the strength of the repulsion between d

electrons of opposÍte spin on the same atomic slte, and

ni* and ni_ are the nunrbers of spin up (+) and spln dorvn

(-) d electrons on the ith lattice site. tUå and COo-

are the creation and anni.hiratlon operators for the d-band

electrons.

(31)

betv¡een

sites
d

(s2)

H. . Ís the HamiltonianI.nt
the set of localized iron spins

nle ano the spin denslty %(S)
electrons at lattice site j:

for the interaction

Fi on the fmpurity

of the ltinerant pd

Fa' cro (4')Hlrrt : - Jd-lo"ur ,l !i
I

where Jd_Io.ul is an energy pa::anreter measuring the

effective exchange coupling.

If we calcuLate the Fourier transf orrn I( (qrô) of the
generalized susceptibility function in (29) we find

K(qrt¡) : Xo(g,a)
(33)

for the

(e+¡

vector

sites.

r -{t + z¡?n|/(rn-u))X¿g,r,L 'J
Xo@r*) 1s the unenhanced susceptibility f unction

magnetízed (polarized) pO d band,

XJ9,v)=+I -n1t,*-n}*q.,- - -'- k' o - (EL - Et *q) rR - zJRr

where n k+ fs the number of d electrûns with wave

k and spin up and N is the totar nurnber of rattice



R and Rl ar. the reduced magnet rzations of the pd and Fe

spfn systern*s, respectively, ând are deflned by

R:lf (nk+-nr.-);Rl +(t") (s5)
Nk

Note that, in (33), we may regâ"d { I + 2¡2n1l(.¡* - û, ) J
as an effective frequency dependent interaction constant

ref f (o) .

Now (33) nay be rewritten in an alternative form.

For thls purpose \4'e introduce the exchange enhanced

susceptibi lity function

x4,,u) - xo(|'' )- (36)
1- t /Jq,a)

where X[g,rl is given by (34). The function K(q,(r) then

becoines

x (g,c.r) (Bz)

Also, from (34) and (36), if e->o and(,ù---+- o

X þ , o) : R/aJRL, (gB )

so that (37) may be written in the form

' '- -.i'.....1.": ..':'-:.ì''

r) .f
l¿ .)

(3e)

(40 )

(JR -¿'.)) X &.,u)
zt2nr lXro,"¡ -Xlu.,q] -u

The energies of the dynamica 1 spin sta tes of the

@:z¿2nL l*ro,o) Xg.,qf

system are given by the position of the pores of. (39), that
is, by

Thls relatlon is precisely of the form appropriate to spin

waves in a Heisenberg spin system in which the splns are

coupled by an lnteraction analogous tn the RKKY inter-
actton.20 In the present case, the f orm of the RKI(Y
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interactlon fs modiflcd by exchange enhancement, see (36),

and contains an essentlai frequency dependence resurtlng
from the magnetization of the pd d band. This strong

frequency dependence leads to a new dynamical consequence:

the appearance of an "optical" mode (finite frequency at
g : 0) branch of the nagnon spectrum. This mode would not

be obtalned lf the usual, frequency independent form of the

RKKY interaction were used.

ff v¿e evaluate (4O), in the limit g+0, we f ind

that it takes the form

(r) (¡n + 2JR1 - u) o as q --> o (41)

Hence there are twc spirr v/ave models at q->0, namely, an

acoustic mode

0^" : 0 (42)

an an optical mode
1

O op JR + zJR' (43)

The presence of two branches in the spin wave spectr.um

(see Fig. 1-6) is natural for a material in which two non-

equivalent spin systems (IocaI moments and itinerant d

electrons) contribr¡te to the magnetlzation process.

So, in summary, we can say that

1. At temperatures well below the rnagnetic ordering

temperature, Tc, the coupled motion of the

localized Fe spins and d electrons can be

descritled by spin waves. These spln waves

result from a Helsenberg model in which the

tmpurlty spins lnteract wlth one another via
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q)

Þ,
h0
F{
q)
Ê

Érl

a

q (arbitrary units)

A sketch of the predicted spin
lJave spectrum of a 1.0 at" %qdFe aLloy. 0 is the optlcal
ñõde, a is the acoustie mode.

----æ

Fig. l-6.
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an exchange enhânced, frequency dependent RKKY

coupllng; thi; coupling results from the mag-

netlzation of the itÍnerant d electrons whlch

can be assocfated rvith the occurrence of gÍant
moments.

As a result of the coupli-ng between the two

spin systerns (Iocal moments and itLnerant d

electrons), the spin wave spectrunr is shown to
have trvo branches, only one of r¡,¡hich has zero

frequency in the long wavelength tr-i¡rit (the

acoustic mode) 
"

1"7 Conductlon Blectron-Magnon Scattering

lVe are now in a position to calculate the addi_

tlonar reslstirrity Apttl of the arroy (pdFe) over that of

the pure host (Pd) by considering the scattering of s

conduction electrons from acoustic rnode spin s/ave excitations
(the s erectrons dominate the conductivity in view of their
reratively low effective rnass). The s band electrons
coupre, at the impurity sites , ta these excitations via an

isotropic coupring -2JS.gs, v¿ith the effective exchange

constant J havlng tsro contributions. The first comes from

"dírect" coupling of the s electrons to the rocaLízed (Fe)

splns, the second from an "indirect" coupling via the

excitation of an electron-ho1e pair in the coupled d band,

whlch then scatters from a localized "pin.2l
The Hanlltonian which describes the s electron-

magnon scatterlng ls the s-d l{arniltonlan glven by (12).

2.
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I{e will denote Ít by Hs-Ioca, ancr wrlte it in the forrowing
wa y:

Hs-rocar : N-r f Ël "*o {r,¡ - r.1)'&} x

{ [u,l,l', ,fi"rg,5'r] ulr* 
"o*

*[v{t,r.r) + sfr"r<rr,rrl] ulr_ 
"n_

- ,11L,L.1¡ {a[r* "r_sn * "flr_ "u*r;l ] G4)

The probabirities p(rt, Elt) for scattering frorn
eonduction electron state k1 (wlth spin pararter (+) or
antiparallel (-) to the z axis and energy Et1) to state klt,
can be obtained from (44) using the Gorden rure:

p(k->xr) : ryl(t | "=_rocar I ù1, *rlnur), (4s)
f, r\

where N¡(E¡1) is the fÍ'ar density of states with energy
ELl.

(a) Wlth l/ave-vector Cons ervation
Suppose that we conserve both energy and wave_

vector for scattering of an s electron from state k to LI.
Then

1. f or kt-->klt, Btt : En and kI k

Z. f or k-->klo; Btt : Ek _ Eq

andkl k-q (46)

3. f or k+----kl-; Exl : Ek * Eq

andkl k+ q.

where E* is the energy of ã spin wave of v/ave_vector q.



Re¡nember that at ,temperatures t (( Tc, the dynamic

l¡ehaviour of the coupled impurity spin system ca n be

described by spin waves. Hence, the locaI spin operâtors

51 and S: in G4) can be transf ormed into spin rvavenn
variables. Neglecting 3- and 4- operator terms at low

temperatures, wê obta in22

x r{rrl Ir - rtr.ll]

Ç"0'

ã'n'
E<5-

- f (kl

P(kr, krr) :T [¡oru,5tll2fr,u Ll

* lvtr.,tl)l l,¡tL,rl>ll--lll 1
47)Etl (

)lj

+ 2(s - #
+(s2-i
(Er - Brr)

nn f (k) 
[t

6

2
.l 1t, tr ¡

I

E

IJ(k,k )

2B

(48 )

P(k-, El*)
47tSc

fLN
*6 (nr

p(k+, k1_) ffi lr,o, lt,l
q _ Eor) ôrl-q-rrr)

2 (nn + r) r(k)[l - t(It)]

*ô{nu*uq-ELllðtg*q-xl). (4e)

n^ is the number operator for spin waves of wave vectorq

g. The factor c, representing the concentration, is the

result of performing an ensembre average over impurity spin
positions. The f's are the Fermi factors.

With the above scattering probabilities, w€ can pro_

ceed to solve the steady state EoLtzmann equation .23,24

Note, howe"r'er, that as far as scattering from spin wave

excitatlons is concerned, erastic scattering events (as in
(44) where the electron scatters without flipping its spin)

induce no change ln k and hence do not contribute to 
^p 

(t) .

rf we use the fact that for acoustic mode spin wave excita-



tions En - nq2 for low tempe

spin wave stiffness constant

and.f(k,trI) Ín (44) are inde

obta ín22 [
alß((r"):#"il l"t, +

L

af ter lncluding a contril¡ut i

ward potential scattering.

ratures (where D is the

) and if we assume that
pendent of k and kl, we

rrj l¡=-ro"orl2 s lo"t'Lz \otuz,

on to Âpttl f rqn strai
Here m* is the effectiv

29

acoustic

V (lc, kl )

f ina 11y

) (50)(ffi1']
stra i ght

ective ma

for-

SS

of the s band electrotrs, Ðf is the Fenni energy, kg is

Boltzmannrs constant and kF is the Fermi wave vector. Thus

a T2 limiting f orm f or Áp (t) is predicted f or electron-

magnon scattering in which wave-vector conserl'atiotl does

hold.

(b) llithout k-vector Conservation

However, the absence of translational invariance

in the impurity spin systern (assumed randomly distributed

in the clilute a1loy) implies a lack of translational

symmetry in the s-d Hamiltonian for the alloy and suggests

that v¡ave-vector conservation need not hold for eiectron-

magnon scattering in such systems. Tf we now calculate

the scattering pro babilities conserving energy but not the

k-vector, we find25



IP(kt, k^t)

lt <r,Et

p tI-,I1*)

30

,ll
( 51)

ã "n'

r Enn,q

r)

I
N

S

N

+

2

nq

n q

x

x

"rIlo,r,rr',1 ' !2 (sr
L'

lurI,!t,l lr.t,l',1 + rc?

6 tnu* - Bur+)

drn-r 
ã lr.r,lt,l' zs1(

ô Cno- - Ekt* - un)

d, *-' ã l'(E,r')l' 2si

ô (nr* * 
"n - Eur_) 

,

ZTf c <fr, ul -t

. 
{a t(å) " (å) .

ft t"¡, G(x) and F¡ (x) are th
Zeta and Fermi-Dirac function

Thus a T3/2 timiting Low temp

the resf stivity Áp{f) in the

servation.

(52)

(53)

x

ì
P (t<+, k- -)

x

where d,

Solving the Boltzmann equation once again, enables

us to derive the fotlowing expression for the temperature

s¡2s2 o r2r0 / ksr\ szz

l7rw \ o i
^1

r,(o) | | (54)2 Jl
e appropriate gamma, Riemann-

s, ana,f) is the atomic volurne.

erature f orrn is predicted f or

absence of k-vector con-

6

["'

v
*
B

ist i
3lf m

ø

dependent res

Ap tT << r">

itv2
,fL "r-f
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CHAPTER T'ÏüO

EXPARTIúENTA L T{ETHODS
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2 .I A ppa ra tus

The resistance of the various alloys \{as measured

using the standard four probe technique (refer to Fig. z-L).
A Guildrine constant current source (modeL 97ToB, stabre

to I part in 106) was useci to supply a highly stable

current to the series connected samples. A Guildline low

thermal selector switch (rnodel 9145 Al0) applied the vott-
age drop from across a particular sample to a Tinsley

Diesselhorst thermoelectric free potentiometer (type

3589 R). The potentiometer, in combination with a Tinsley
photocell ga lvanometer amplÍf ier (type Iú. S.2 4SE) , was

used to measure both the sample voltage and current.
(The potentiometer-ga lvanometer combination was capabre

of reproducible measurements to 10-B vorts). The current
through thc samples was deternríned by measurirrÈ{ the vortage

that ft produced across an 0.10fL GuiIdIine standard

reslstor (moder 9200) connecteci in series with the speci-
mens. A Tinsley thermoelectric free reversing svlitch
(type 4A92) allowed both direct and reverse readings to
be taken, so that thermal voltage effects would be can-

cell-ed out.

For goocì temperature homogeneity, the samples

vrere mounted in thermal contact with a high conductivity
copper block. (The temperatures of the specimens never

differed by more than a ferv mlllidegrees). The copper

block was designed to hord up to six specimens (usr-ra r-ry

f ive arloys and one pure metal), each of them to be rnountecl
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Sta nda rd

Res ist or

Gui ld 1 ine
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on â pair of knife-edge supports, rocated nefrr opposite
ends of the block. Iïiró.u attached to tlre base of each

of the knife-ed¡Je supports, provided the voltage tap-off
connect ions.

since resÍstivlty as a function of temperature
vas being sought, a means of varying and controrring the
temperature was necessary.

Temperatures belorv 4.zr{ were obtained by pumpÍng

on llquid He4 contained in a dewar vessel surrounding the
sarnples; pressure stabilization was achieved using a mano_

stat device (refer to Fig. z-z for a frol diagram of the
vacuum system), while the temperature \,/as measured to
wÍthin 5 mirì-idegrees by observing the He4 vapour pressure
with a s]'stem of tv¡o manometers connected to the He bathr.

Temperatures abol'e 4.zK were obtained by sl,rvrly
heating up the copper mounting block, and hence the samples,
with a heater coir wound around -ihe b1ock. For temperature
sensing, a carÏ¡on resistor (r00 r0 Alren Bradrey) was

mounted close to the samples in thermal contact rvlth the
specimen block. The resistance of the carbon resistor
(which varies roughly logarithmicall¡, with temperature)
was monitored using an a-c phase-sensitive 1Vheatstone

bridge, the rectified output from which was fed into the
heater coil (see Flg. 2-S). The feedback current from

the brid[¡e proved suf f. icient to obta in regura ted tempera -
tures up to 25K. Above this poi.nt, a ÉIeathkit power

supply (modeL rp-27), was series connectecl to the bridge
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output, permlttlng temperatures beyond room teniperature,
Alrove 4.2K, the temperature was measurecl using â non-

lfnear gas thermometer. The uncertalnty in the tempera-
ture wÍìs a lways less tha¡r 0.s% of the temperature and

over much of the range it was considerably less than this
va lue .

2.2 Preparation of the Alloys

The starting materiats used in the present investi_
gation were 99.999% pure pd wire, gg.ggg% pure Rh sponge,

99.9985% pure Fe rod (alr supplied by Johnson Matthey,

London) and 99.998% pure co sheet (obtained from Metats

Research, Cambridge, U.K") .

The Rh sponge was fashioned into a compacted perret
form using a hardened stai.nress steel dyeu and metallic
Rh was produced by merting se\rerar such perrets on the
water cooled copper hearth of an argon erc furnace, using
a tungsten electrode.

A host alloy, of approximate composition pdgbRhs

was then prepared by arc melting the appr.opriate amounts

of the two eLements. The a lloy was inverted and remeltect

severa L tirnes to ensure homogene Lty . Next , tvlo master

alloys of 5 at % f'e in (pcl95Bh5) and 2.6 at % Co in
(Pd95Rh5) were prepared. (pdRh)Fe alloys containing
nomÍnally 0.8, 1.1, L.25, I.5 and l.B5 at %Fe, and

(irann¡Co a lloys containing nornina lIy l.O, I ,4, l.B ancl 2.2

at % ca $/ere produced by successlvely cllruting each of the

trvo master alroys. At each stage, H€ltlng rosses were
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¡regligibly snrall (weight Iosses < 0.03%). Ðach att.oy
*vâs hor'ogenized by inverting and renlel ting it severa r
t imes .

Af ter n¡erti'g, the button-srra ped a Iroy s were cord
rolled betrveen Merinex sheets (to prevent the transfer of
inrpuritles from the rorlers to the arloys) and long, narrow
resistance specirnens were cut in the form of strips of
approxlrnate dimensions l0 cms x O.Z cms x O.0I cms.

After etching i-n a r/arm dirute acid (consisting of
r/5 Hzo, r/5 conc. Nog, and B/s Hcl by vorurne plus a few
drops of Hzoz) to remove surface contamination, the sampres
we'e given a strain relieving annear at gsOoc for g0 hrs.
in vacuo.

The absor-ute resistivitv p of the sampres was

obtained from the fornula

P:R/l
Irî/

by measuriiig their f or¡r¡ factors (ratio of the cross-sectiona 1

area A to ]e'gt.h 1) to rvithin to.5% using a technique
recently described by Loranr et. al.
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3.r fntroduction

The occurrence of gi*nt moinents associated with

sma 11 amounts of transition meta I irnpurit ies clissolvecl irr

exchange enhanced matrices has been known f or many yeârs ,'''
yet the nature of the ordered ground state of such alloy

systens, and especially the elernentary excitations from it,
' c-6are currently far f rom well understood."--" fn parti.cular,

the interpretation of transport rneasurements, ât Iov¡

temperatures, oh the ordered phase of these ancl related

systems6-13 *ppears to indicate that vlavevector (k vector)

conservation rnay not hold for electron-locaI moment scatter-
ingr even when the local moment dynamics are represented by

colLecti-ve nrodes (spin waves) .13r 14' 15

For the giant moment alloys of pd containing less

than I at.% îe or Co, the incremental resistivity Ap <r>

f ollori,s a T3/2 limiting lorv temperature (T << Tc) f orrn ,' ,t

as would be predicted on the basis of erectron-spin wave

scattering with non conservatj.on of the k vector (see

Chapter 1, equation (54)). For Fe or Co concentrations

greater than 2 vf,.%t it is f ounct that Apft) ú.T2 f or

T << Tc. A T2 limiting f orn f or Ap $) is that predicted

from electron-r¡agnon scattering in which v¡avevector con-

servation does hordT6,l7 (see chapter lo equation (50)).

For a t at,% Fe or Co alloy, AgG) exhibits a lirniting
temperzrture dependence intermeclÍate between T3/2 and T2.

In the isola ted (or sing)_e) impurlty lirnit , the

lmpurlty pc;tenti-il I clearly Iacks translationa I symmetry,
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and calculations of the l¡rcrementa 1 resistivlty Ap (f)
I

based on conciuction electron scattering f rom such a pote;", iia I

should consequentl-y proceed with-or¡t conservation of the k

vector. Horvever, it is not clear at rvhat point, or oll

what basis, Jç vector conservation is restored, âs the

impurity concentration c fncreases. As we have seen, iD

both the PdFe and PdCo systerns, the transition from a

T3/2 (nonconservation) to a T2 (conservatÍon) form for

A P <r, when T(( T", occurs around 2 at. % impurÍ.ty. Ska lski
11et al point out that, àt and above this concentration,

the induced polarization in the Pd (host) d-band displays

considerable homogeneity.

3 .2 (PdRh)Fe and (PdRh) Co

fn this chapter, we will discuss electrícaI

resistivity measurements on dilute alloys of Fe and Co in

(Pdg5Rh5)" fn this host, the effects of exchange enhance-

ment (for second transition series alloys) reaches a

maximurn.IS This implies that a homogeneous polarízation

should be induced in the hostrs d band at Fe and Co con-

centrations rather less than 2 at.%. However, the effect

of 5 at,% nn should substantirrlly reduce the mean free

path of the conduct j-on electrons.

fn figures 3-t and 3-2, the general features of

the data are reproduced by plotting the measurecl resisti-vi-

tles p as a f unctlon of ternperature T up to 300I(. Fronr

these two fi¡4ures, we see that the zero tetnperature resistl-

vlties of the tv¡r.r PdIì,h (host) al-loys containlng nomina IIy
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the sâme concent¡:¿rtion of Rh (s at. g), are 9.ggz ¡.fI -cn,s
nand 9.120 /ArL-cn¡s respectivery. Both of these varues

are in good agreement with recent measurenre¡rts by purli¡ls
et ur.19 rn acldition, no temperature dependence in the
resistivit5r of either pdgsRhs host was observed in the row

temperature reglon. From f igures 3-1 and s-2, \{'e can a rso
estimate Apr, : o) f or the addition of bc¡th Fe and Co

impurities to this host, and these values are plotted
against the noninar Fe and co concentrations in figures g_3

and 3-4 respectively. The clata in the figures i¡rdicate
that, for Fe in pdRh

ApO : o) l.eo 1 o. 05 /r,f) "*u/a t.% re
and for Co in PdRh

Lp<, : o) L.46 1 o.os AO"**/u t.% co

very close to the varues for Fe in pd7 ano co in pd.

(1)

(2>

20

3.2 (a)
T-enlpera ture_a nd Spin Ðísorder Resist Ív j_t ip_s

To da t e , two te chn i ques ha ve been a cì opt ed t o
estimate the magnetic ordering temperature T. in giant
moment systems. The first identifies T" rvith the maximum

ln Ap {Ð,7-9 the- other rvlth the maximum in dp /dT,LL,2I
rn any event, the presence r¡f short range order above T"

causes the resistÍvity to rise with increasing ternperature.

such an effect shourd be ¡nore pronounced in the atloys
examined here, compared rvith sirnj-lar amounts of Fe or co

in Pd, due to statisticatly fructuatl.ng environments present

in two-cornponent host matrices (Iike pdn,h). Under the
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circumstances, the maxima in dP/dI should represent a

better estímate of T. i n these systems. Hovrever, the

presence of 5 at. % Rh presents additiona'l complications

since the Rh atoms produce a very large potential scattering

background which'substantiaììy reduces the fractional
contribution of the spin disorder component to the total
resistivity. These complications are evident in figures 3-5

to 3-'10, in which an attempt is made to estab'l ish the

maxima in dP/dT for both the (panf¡')fe and (PdRh)Co a11oys.

These fi gures are "en'l argements " of rather smal l temperature

intervals of the data in figures 3-'l and 3-2, since on'ly

in this way can we pick out the spin disorder contribution.
It i s cl ear however, from these fí gures, that the tempera-

ture interva'l between successive points, in the appropriate

temperature range, is too large to use a point by point

technique for estimating dP/dT. It shou'l d be noted that the

size of the poínts in figures 3-5 to 3-10 exceed the estí-
mated error in bothAp and T. Consequently, we simply

draw smooth curves th rough the " hÍ gh " and "'l ow" tempera-

ture points, taking T. as the temperature at whi ch these

curves i ntersect. The shape of the curves i mpl i es that

dp/dT increases from the'l ow temperature side to a maximum

at the point of intersection. The uncertainty in the value

for T. estimated in this t,'ray is typically half the tempera-

ture interval between successi ve points at Tc. The estimated

T.'t are listed in Table 0ne.

In figures 3-'l 1 and 3-12, Tc is plotted against

the Fe and Co concentrations c. These figures c'l osely

resembl e the correspondi ng s i tuati on i n pdFe and pdCo
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a lloys of comparable concentr.ä.1ion .21,I2 In the case of
both (PdRh)Fe anci (pclRh)co, T" i.ncre¿rses at a rate of aÌ¡out
4BK/ at tlo impurity, slight11, nrore rapidry than in either
PdFe or Pdco. This result ls not unexpected in view of the
increased effects of excirange enhancement.

fn figures 3-I3 to 3_16, the impurity (Fi, and Co)

resistivities Ap(r) : P ultoy (T) - p nost (T) are prorterÌ
against teinperature up to 800K. The vertical arrows ¡narI<

the positions of the estimated magnetic ordering temper.atures

T", obtained above (from dp /dT). In a1I the aIloys, there
is a signif icant rise in Aptt) above Tc. As previousry
mentioned, this rise is associated with the presence of
short range order, which is rather more pronounced here

than in the PdFe and pdCo s]'stems, due presurnabiy to statísti-
cally fructuating environments present in trvo component

host matrices. The presence of appreciabre short range

order was the reasonfor using dp/dT to define Tc, as

opposed to other methods.

fn subsequent discussion, r,¡e rvil1 make use of an

e>rp::ession for the spÍ-n disorder contríbution to the

incremental resistivity. To aicl in this discussion,

A? r, :0) and A? rpeak) are atso risted in Table one.

The dlf f erence, Ap Cpeak) Ap <, : 0), measures the

totar change ln the spin disorder contributlon to the

incrernenta r resistivity, wlth Ap <peak) representing the
contribution from the totarLy disordered state. This

latter state is one in whlch short range order is also
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clispersed and consequenl.ly we clo not. use Aprr" f ro¡n

dPldr)

lle will also crxu¡ne¡rt, in a later: section, olì the

negative temperature coeffj-cÍ.ent in Aptf> at higÌrer

temperatures, clearly evident in the (pdRtl)Fe aILoys

(see figures 3-13 to 3-f5).

3.2 (b) The. Ternperature, Dependence*of Ap(T)
lVelL E'elow T^

Figures 3-17 and 3-I8 sho$/ an attempt to establish
the presence of a T2 term at tow temperatures in some of

the (PdRh)Fe and (pdRir)co a r1oys. The technique ernploy.dll
for the (PdRh)Fe system is to plot the thermar part of the

incremental resistivity, i.e.,

Á <rl Áp<t> Ap <r : o) (s)

against T2. For the (pdRh)Co systemu the Íncremental

resistivit5r AP<r> itself has been plotted against T2.

Figu::e 3 *17 dernonstraies the presence of a substantia J. Tz

term in the L.25, 1.5 and t .85 at % Fe a }loys, while
f igure 3-18 shoç¡s a similar TZ behaviour f or the f .4, 1.8,

2.2 and 2.6 at % Co alloys. The estimated magnitucle of

these T2 terms are listecl in Tabre Tv¡o. Trrey a re a pproxi-
mately concentra t'i.on independent (f or the ra nge investi -
gated here), and their magnitudes in the (pORfr)fe systern

correspond closely with those observed in pclFe aI_loys

containing up to 4 at %Fe. The magnitudes of the Tz

terms ln the (PdRh)Co system are sllghtly hlgher than

those observed in PdCo alloys of comparal¡le concentratlon.
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For the 0.8 and 'l .1 at. % Fe and the I .0% Co sampi es , no

clear temperature depen¿enc. ís establ ished, with A tfl
(or AP (f )) exhi bi ti ng a behavi our i ntermedi ate between

'rz and t3/2. l^fe do not regard the variation in the Tz

coefficients'l fsted in Table 0ne as signíficant.
In very di'l ute PdFe and PdCo a11oys (C < 0.8 at. %

impurity), where the induced d-band polarization is
inhomogeneous (and the ordered ground state, al though of

predominantly ferromagnetic chara.i.., contains a signi-

ficant iraction of antìferromagneticat'ly coup'led impuri-

ties,5'22'") a f/2 limiting 'low temperature form for

Ap (T) is observed. The transition from u'r3/2 to Tz

limiting form occurs at concentrations for which this

d-band poìarization displays considerable homogeneity

(around C ^', I to 2 at. % impurity ).24 l,lhile th e T2 l imiting

form forAp (T) is restored, for both Fe and Co in PdgsRh5,

ghtly I ower concentrati ons than for Fe and Co i n Pd,

tuati on here mi rrors the characteri sti cs of thi s

sys tem.

Measurements have recently been performed25 on the

essen's Ru're deviation Â(r) =Puttor(T) -Punoy(0)

,(t), in dilute, non magnetic, Al based alloys

ning smal I amounts of transition metal impurity.

alysi s of these measurements i ndi cated that A tfl
?T" l imi t'ing I ow temperature form. Such a temperature

ence coul d be reproduced wi thi n the usuál Bl och-

ssen formulation by Ínvokíng impurity induced e'lec'tron-

scattering events for whi ch k vector conservation

at s'l i

the si

I atter

Matthi

-Pno,
contai

The an

has a

depen d

Grun e i

phonon
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was relâxed. The ::ationa Ie f or thlE; procedure tay in the
lmpuri'ty-lirnited nleâ11 free path of the co¡rductlon electrons
(the a Iloys \r.,ere considered to be in the ,rdi-rty,, limit) ,

f rom which it f orlowed vla the unceri;a inty principì.e, trrat
nronentum conset'va tion could be relaxed .

fn magnetically ordered IgF. and pdCo aIIoys, there
rnust a rso be an impurity-rlmited electronic mean f ree path,
yet a T3/2 (non conservation) to 12 (conservation) fornr for
AP rr, is effected by in increasing the Fe or co concentra-
tion. rf indeed a mean f ree path ef f ect *ere responsibre
here f or the T3/2 (non conservation) f orm tor Áp{t), it
shourd follow that in pdgsRhs based arroys, this T3/2
limiting form shourd persist to higher Fe and co concentra_
tions than in eÍther pdF" or pdco, since in tvyo component

hosts the rnean free path is consider.ably shorter than in
single component hosts (as evidenced by the rarge va rues
t", Ap (f : 0)). Ju-st the opposite ef f ect is observed.
A T2 timiting f orrn f or ap (r¡ is estahlished at Iower Fe
and Co concentrations. From this we can inf er ,chat the
restoration (or the rernovar) of E vector conservation in
these types of a]roys is not a mea¡r f ree pa.th ef f ect.
Hov'ever, the restoration does appear to be correlatecl
with the onset of homogeneous d*band pora ri-zation.
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3.2 (c) Numerica I Estirnates f or Various paraneter.s

r¡r this sectlon rve rvi.ll attempt t.o extract from

the experimental data, numerfcal esti¡nates of various
physicaI parameters (such as exchange coupling, etc.).

3 .2 (c ) (i ) From_the rrfa gnet ic orclering Ternpera tu¡:e

on the assumption that the onset of nagnetic ordei:

is regulated by the characteristics of the alloy's d-band,
Long and Turn."l4 derived the following expression for T.,

,- m lJo-ro"n1f 
2 csr{sr + r) N(Er )lz\z/s (4)

B c aoKo4 -- \z /
Here k" is Bortzmann's constant, Jd-rocar is the effective
exchange coupring betrveen the impurity (Fe ancj co) rnoments

and the d-band erectrons, c is the impurity concentration
and sI is the "or¡ site" Írnpurity spin. N(Bt) is the bare
(unenhanced) density of states at the Fermi energy E¡,

.)
rvhite Ko-" is the exchange enhancer¿ent factor and z is the
nunber of d-holes per âtom" For Fe in FdRh, lve rvill take
sl r.b (as f or Fe in pù24 vrhi-re f or co in pdRh, sr 1.0
(as for Co in pd)26.

The static susceptibirity of the pdgsRhS host may

be written as:
tz

eã þø N(Ef )

-*,
the conduction electron

Iusing Kã" = g (f rorn hl.gh

Iovr tempera tures ¡27 arr<)

2B-- \À,e ofita in a va lue f or

X:
where ge is
ge 2 and

Pdg5Rh5 at
(Budrvort h) ,

(5)

g-f actor. Assurnlng

field measurements on

vrlth /, : LZ .23 e.m. u. /gm

thc bare denslty of
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sta tes:

¡l(Et> X 4.6 states ,/eV atom

Using this va 1ue in equa t ion (4) , a long

in pd)24 and the estinrates of To tisted
obtain the values for JO_tocal shown

with Z =

in Tabl.e

ln Table

(6)

0.36 (as

One, we

T\ro.

3.2 (c) (ii) Frorn the Spin Dlsorder Resistivity
f n Table One, va lues were tisted f or Ap <peak) ,

the estimated contribution to the incren¡entar resistivity
f ro¡n the tota Ily disordered (par.amagnetic) state, and

Ap{f = 0), the estimated contribution from the completety

ordered phase. using the usual form for the s-d Harniltonian

(see Chapter I, equation G2)), wê can modify yosida's

calculation30 for the case of ferromagnetic ordering, to
yj-eId, in the limit v.rhere potentiaI scattering is much

stronger than exchange scattering:

Ap<peak) Ap,t : o) 
#;3J};["3-r,."r 

s(l + 4s)] . (7)

The coefficient before the square bracket in this equation
is the resurt of assuming that the conductivity is domineted

by s-band erectrons, these being treated in an effective
mass (tnÉ) a pproxirnation. 6 rn the absence of deta ired
information, wB assume that various parâmeterso su-ch as

the s-electron ef f ect,ive mass, the nurnber of a toms per unit
volume (NO-l), the Fermi Energy E1 , etc. are the same here

as ln Pd. The nuilierlca1 value for this coefficient is then

6.564n/ cms/çev)z ât.%. ïtittrtn the f ramework of an s-ct

moclel, s is identified wtth the grant monrent *ptnl9 (and
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ls 4.5 f or df lute Fe in pd19 and 4 .7 f or di tute co in
Pü.22 Adopting these values here ," ulong rvith the

esti¡nates ot Ap(peak) - Ap (T : 0) tistect in Ta bre one,

the va lues of lt=-ro"" f Irno*ur, 
in Tìabte T\vo are obta ined

from equation (7). The slight concentration dependence in

lJ=_ro"u r I f or ttre (noRrr¡tre system, resutts f rom

Ap<peak) ApCt:0) increasing rather faster than Iinearly
with c (actuaIly inarginalIy faster than "n/3--*ti= is con-

siderai:ly slower than the "2 dependence observed in pdFerll

but this could be the result of our inclusion of the effects
of short range order in|p (¡reak)).

3.2 (c) (iii) From the T2 Coefficient

In Chapter I, section 7, a calculation was perfornecl

on the basis of the s-d Hamiltonianu and an expression for
the resistivity obtained assuming k vector conservation.

This yielded the following equ.atíon for the TZ coefficient:
Coeff " of T t erm gI+.Qt . 

-rr ? q 
I 
t= -, o"u rl2

zez unrfi, Lz I

Ilere Ð is the acoustic spin wave stiffness, and k
Fermi v/a\re vector. i'rith the aid of eqration (7):

(þJ
f is th

TZ coeff. nzlua ¡e I Ao(peak) Ap ¡ : o)ltr l*rt -:¡ (e)

using the measure<l T2 coefficients in co'Junction rvith
equûtion (9) neans that estimates for D can be obtained
which depend only on the val ues assignecl to S and kf.
Again, the lacl< of detaired information forces us to use

values for s ancì kf (: 0.gAo-t) estimated for pd.12 These

l-ead to the va rues f or D risted i¡r Table T\'/o. For the

(B)



(PdRh) Fe

as 
"2/3,

72

systern D incrç:ases with concentratl0n approximately
The corresponding approach appliect to the Tz

Lemperatgle Dl:_pendence of 
^p(T)rcsrF.qÞ

From second orcler perturbati-on theory30 based on

coefficients in pcìco arloys12 reads to sllghtly rarger
varues for D, wrrich is obse::ved to increase tinear)y rvith c.
These discrepancies are attributed to our using s:4.5 for
(panrr)r'e and s 4.7 for (pdRtr)co, obtained from magneto
reslstance measurementsl9tzz on pd - 0.r at % Fe and on

Pd - 0.098 at % co respectivery. certainly, âs trre impurity
concentration increases, so does giant moment overrap,
leading to a decreasing giant moment spin s (hence the
actual concentration dependence of D rvill be faster than
that predicted by equation (g) usirig a concentration
Índependent spin) .32

3.2 (c) (ir,¡

)

e

oa

ure.

the s-d Hamiltonian, the increnental (ne¡ resistivity
Ap rc> in the pâramagnetic regime is given by:

Ap <r>>r".> hYÇ P ["' + ,3-ro"ur s(s + ',]
and 1s clearly temperature independent. An inspection
figures 3-13 to 3-rs incli-cates that this is not so fc¡r
(PdRh)Fe arloys examined here; experimenta Lry Ap(T>>Tc
is observed to have â considerabre negative temperatur
coef f iclent. lvithin experirnenta I error this amounts t
rinear decrease of Ap tr )) Tc) with increasíng temperat

f n f igure 3-I9, the high ternper:a ture s l opes , Lë ,

(10)

of

the
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:<l

xol
el
3*

-glol
FI

2,0

Fig.3-f9.

1.0

(PdRh ) re

,r/

=./yl'/l
I

0 0.5
,¡,0 

l.s
Fe Concentratíon (at o/o)

The high temperature slopes of tne Ap (fl
versus -T graphs in figures IB, t4 anä iS,plotted against nominal Fe concentration.the large error bars are the result ofincluding the shape factor uncertalnty inestC.mating these slopes.
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in PdFeo nlthough it has been olrservecì *]-rove IIe tenrpera-

tures in RnFe .41 Once a ga in o such a mecha nism rna y tre

rejected here, since it requires that the addition of s

at % nn to Pd not only raise its characteristic Isf ternp-

erature (Ts) ir]'many orders of magnitude, but also produce

a tenperature coefficient in AP(T>>Tc) opposite in sign

to that predictecl for Fe in either host.

Having rejected these two mechanisms, Iet us

examine possibLe sources for this effect in "conventional"
trÍattheissenr s RuIe deviations.42 YJe begin by correcting
this data for the effects of thermal expansion.43 From

equation (10):

òin[Aprr>>r">] : I +

ò rnJl, s+lil
)lu"

Irlulç òu

t ò'0

¡3-roca.I

(2S + 1)

If we assume that ò

ò ln Js-=rg-ca I
ò rnCI

( 11)

is equal to

be taken directly

I;-iil
s [zts

L

ò rnsl
----_t
ò r"0l
ln Js-I

cal s(

+r)

I
J
oca l-

{
U

o.u t]
+ )ln

òrn {o-rocar , then

ò rnO
from Far,¡cett's work.44

òV . This cân be obta

òrnCI
However, we still need to evaluate

ined by noting that:

lo' - ssz .r!-,
l+

ò inO
it, and òrnS , ca'n

ò r'[A p$ : o)] -E
^,2_o.JS_lOca I

z lvl ¡¿ òv
òr,

\l
)jòi nO

"'| 
)tn.lr_1ocaI\ ò*n

(L2)



fn both equations (If) ancl (LZ), banct

arc assumed to be volu¡ne i.ndependent.

orì PdFe, the estimated va lue f or

parameters (rå

From pressure

/u

and Ef)

da ta 45

o)
Ap<r : o)

is 5 x 10-6 per bar, Ieading to
à rnl^ott : o)] -10ffi

Using the same value for
W2 - 3s2 J3-ro.ar) and

can be obtained from the

respective Iy rT ,8 r9 leads

equation (11) and the use

Fe in Pdg5Rh5, and noting that

lo' * r?-rocar s(s + rr]
measured ApC'r : o) ana Ap (T : rc)
vla the assumptions following
of equation (1-Z) to:

3.6 (13)z l"lO ò v
òo

lfith this value in equation (ll) we get:
ò r' [ 4¿a¡>> r^ )] ro . 6

ït
dI

ò rnf],
straight forwsird to show that:

dT

rvhere J^ is the Iinear coefficient of
Ar 4.2K, ìl^(pdesRhs)3 r.o T(pd).44
higher temperatur,es46 yÍelds

T(pdgsnhs) â/ r9 x 10-6 per K

in the appropriate ternper.ature range.

â,3rò1"s+,,=¿] oP(r= 1", (r5)

( 14)

is

A,

thermal expansi_on.

Using this ratio at

47 From equation (tS):

d f^1,

o [Ap<r>>r"l] r\., l.J x 10-3A,f¿ cm/K at %

dT
and thus appears

variatlon in Ap
i s oÌ¡taín ed

to account48 for the

(T>>Tc) . (A va tue of

assuintng T (pd95lìh5)

measured temperature

0 . B x ttr^s lJ d), cn/t< at " %

= T' (pd) ) . whtle
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other correctio¡rs, such as atomic vorume changes on arroy_
ing, can undotrbtedly contriiiute to Ap(T>>T,,), an evalua-
tion of such a contribution to equ¿ìtfon (ls) requlres a

knowredge of the temperature vari-a tion of the volurne

dependence of the resistivi.ty of the pdgSRhS host.42

Such information is currently not available.
Il'e co¡lclude this section by noting that the large

measured va lues f or t o[A p G>>T")] are accounted f or
ã 

-*ãr --_
by the large volume dependence of the potentÍar (v) and

exchange (Js_focaI) integrals associated v¡ith Fe in
Pdg5Rh5, in conjunction vrith a rarge thermal expansion

coefficient.

3.2 (c) (v) The (pciRh)Co System in the

fn contrast-Lo the (pdRh)Fe system, which rve have

just examined, the decrease in the incrernental resistivities
of the (PdRh)co arloys above the 'rpeak" is very gradua1.

rn fact, the "peaks" in the co resístivities occur at such

high temperatures and are so much broacler than those in
the corresponciing Fe resistivities, that it is very diffi-
cult to establish any temperature clependence at high

temperatures with any degree of certainty (cornpare figure
3-f6 with f igures 3-I3, 3-14 and 3-15). This di:fference

in behaviour between the two systems has a possible

explanation on the basis of l.or:alized spin f luctuations
(L¡^F) .

f n developing the theory 1n Cha pter L, v¿€r conf ir¡ed



7rl

our discussi.on to exchange enlra nced sys{;ems which possesr"ì

welr cleflnecl local ¡noment.s. Iîorvever', soìne alroys (tike
fttrF.) belong to the class of ',neålrly magnctic" a lloys.
This meâns that in these a I lo¡'s (rvhich conta ill S-d transl-
tlon nretal inlpurities) the host meta l, whicrr rnay or may

not exhilrit alt enhanced susceptålrility, wiIl support

locarized nioinents, but these may not be well defined due

to the co¡rstant f lip¡:ing of the irnpurity spin S. In the

LSF model, w€ assume that there exists a characteristic
time csf, corresponding to the lifetime of these fructua-
tions of the localized spin S and which governs the

magnetic behaviour of the impurity. llhen the LSF's are

faster than tlie fluctuations induced by temperature

(therrnar fructuations), one observes a non-magnetic be-

haviour. consequently, the conduction erectrons do not
I'see't a nagnetic moment and no scâtteríng occurs. Ilow-

ever, âs the temperature increases, the LSF's eventually
become slov/er than the thermal fluctuations and, in factu
become indistinguishable fren a genui.ne spin (in other

vrords, a magnetic beha.viour is observed) . As a :"esul_t,

the conduction electrons will be scattered by the LSF's,

The transition betr'¿een the non-magnetic and magnetic regime

is smooth ancT occurs near the spin fructuation temperature

Tsf, whlch is defined by thc relation

rsr : *fr-
k Zsf

( 16)



The resistivity
ing of conduction el.ect

at the inrpurity sites,

component P of
rons f rom loc¿r l

increases u'ith

79

, due to the scatter-
ízed spin fluctuations

tempera ture successi-vetry

as T---> oo ) .

at the spin

onset of the

A character-

fluctuatÍon

loga rithmic

as T2 , T and InT, f i.na i.Iy tendi.ng to the yosf cla unltarity
timit3o (p=r(T)-+-;2s(s u r)
istic knee in the curve occurs

temperature Tsf and marl<s the

regime (see Figure 3-2O).

Psr

¡zs(s + r)

Fig. 3-2o 
"

The spin fluctuation resistivity
as a function of ternperature.

Above Tsf, where the resistivity shows a logarith-
mic temperature dependence, there is no quatitative
difference betrveen the resistivi.ty due to LSF's and that
characterlstic of the spln fllp scattering of concluctlon

eLectrons by a weI.1. def ined loca lized rnagnetic moment.

Tsf



BO

of the

related

In the following
spin fluctuatio¡r
systems.

tablc we have llstect estimates

tern¡tera tures Tsf f or seve¡:a I

Tsf

<< lK

(rr
_2R

- Lo2 to3r

AIloy

PdFe

PdCo

RrrPe3S

nhco49

The data in this tabre impries that the addition
of Rh to pdFe and pdco shourd increase the spin fructuation
tenperature Tsf. Moreo'er, if the spin fluctuation temp-
erature behaves in a simila,:. ¡n¿nner to the Kondo temperatu::e
T¡ in systems rike cuurru.to,tt (where cu prays the same

rore as Rh), then it is not unreasonabr.e to expect the
presence of 5 at 7o Rh in (pdRh)Fe and (pdRh)co to i.ncrease
Tsf by a factor of 3 ar 4 over that in pdFe and pdco.

However, despite the presencc5 of Rh, the spin
fructuation ternperature of (pdRh)Fe undoubtedl_y remains

considerably Iess than rK. consequently, the onry obserr,_

abre portion of the p sf curve in figure s-zo which con-
tributes to the Fe resistivity is the rlat (temperature
independent) region. This means that spin fructuations
w111 have no observabre effect on the Fe resistivities Ín

the paramagnetic region.

On the other hancl, jrrdging f rom the tabl.e , the
effect of Rh on (pdRh)co is probably slgnificant enough
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to cause the logarlthnic portion of the p sf curve to play
an i.nportant part 1n the co reslstivlties, even in the
paramagnetic region. rt ls because the c.o resistlvlties
contaln this logarithmlcarly lncreasÍng sþtn fluctuation
component, that the co resistivity curves continue to rise
well above the magnetlc ordering temperature T" and a rso
exhlblt much broader maxima than do the Fe resistlvities.
rt 1s probably arso the reason why the co reslstlvities
'do not fall off nearly as abruptty in the paramagnetlc

reglon'as the Fe reslstlvltles.
rt 1s lnteresting to note that the same sort'of

behavlour can be observed in the closely rerated pdco9

and pdFeT systems. Here againn the transitlon from
ferromagnetic to para¡nagnetic regions is much ress crearty
deflned in the pdco system than in the pdFe system due

to the much hlgher spin fluctuation temperature of pdco.

S umma ry

The electrical resistivity of two giant moment sys-
tems - (PdRh)Fe and (pdRh)co - has been measured from 1.4 to
300K. It is found that the incremental resistivíty of
(p¿nrr)re a'l I oys containing more than 1 .zs at. % Fe and

(p¿nn)co alloys containing more than .l.4 at. % co exhibit
)a T'ìimiting'low temperature form (a result predicted from

conduction electron-magnon scattering for which wave vector
conservation hoìds). The resistivity data also enab'led us

to eval uate the magneti c orderi ng temperature, Tc, and the
exchange coupling parameters Jd_local and Js_local.



B2

Tn bl-e One

(a ) (PdRh)Fe

Alloy
(at % Fe)

T" (from Ap (r:o I
(¡fl.,crn. ¡

Áp (nea r<)

(ruf)cnr. 1)

.ìP)

dT
Áp {uu" k) - Ap (r-.0 ¡

(¡f,ì"'. ¡

0.8

r.1

r.25

1.5

1 .85

22.5

44

47

62.5

70

IK
oÈ

2.5

2.5

2.5

I.618

2.L48

2 "328

2.7LO

3 .413

1 .803

2.386

2.664

3. I65

4.011

o. 185

0 .238

0 .336

o.455

0.598

+

J

+

+

+

(b) (PdRh) Co

Al1oy
(at % co¡

Tc (from Aprr:o¡
(¡'0crn. )

Ap(near<)
(,uOcm. ¡

dp)

dT

Ap { r,u" k) - Ap (r:o ¡

(¡l) cni. )

1.0

r.4
1.8

t9

2.6

57 "7

66.6

87 .2

105.4

L24.O

2.5 r(

oÀ

1.5

1.5

2.5

1.715

2.76L

2.64r

3.390

3 .582

2.470

2 .700

3.800

4.815

5 "239

o.765

0.539

I .159

L.425

I .657

I

+

+

+

+
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Ta b Ie Tþ'o

(a ) (PdRh)Fe

A lloy TZ cgef;f icient Jd-toca I Js_toca I I)
(a t % r'e ) ( ts -a¡J^l,c n/K2) -^ (evi- (êvi"^ (ria o2 

)

0.8 no clear temp. 0.04I 0.020

1.1 dependence

L.25 2"4 + 0.1b

I.5 2.6 1 0.15

t.Bs 2.4 + 0.I5

O .o47 o .O22 9. GI t 0.3

0.049 0.023 l0.ZS t 0.S

O .O47 O .O24 L2 .82 -r- 0 .3

0.048 0 .020

Alloy
(a t I' Co¡

(b) (PdRh) co

îir:sÅ'ó :fi}.Ði 'o?åçT.1 rs(ås/Î"' 
r,Jorr

1.0 no clear tenrp. 0.080 0.0gs
dep.

I.4 3.3 t 0.15 o.o73 a.o25 10.12 t 0.8
1.8 3.5 + 0.15 0.023 o.oBZ L4.48 t 0.g
2 .2 3 .4 + 0. 15 0.0?3 0 .038 L6 .Zg i 0.3
2 .6 3 .4 t 0 " 15 0.0?3 O .A3Z IT .57 + 0.3
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