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Transport properties in spin-glasses have been studied for the s-d model using the method of the
double-time Green's function. The higher-order Green's functions have been decoupled to lower or-

ders using Nagaoka s decoupling scheme. The self-energy has been obtained in a multiple-scattering

approximation. A self-consistent expression for the t matrix has been obtained using Hamann s ap-

proach, and the temperature T, at which the resistivity is maximum, has been calculated. An ex-

pression for the Lorenz number has been obtained, following the procedure of Nam and Fullen-
baum. The relative contribution to the Lorenz number (hL/Lo), where L is the contribution to the
Lorenz number due to the exchange interaction J, is lower in the spin-glass system as compared to
the Kondo system. The thermoelectric power has been calculated using the perturbation expansion
of the self-energy to order J . It is found to contain values VOJ and VoJ', where the second term is

very large and dominates over the first term at low temperature, and the sign of the thermoelectric
power is therefore derided by the sign of Vo and J. The thermoelectric power involves a term such
as Q+X, where Q is the spin-glass order parameter and J is the spin-deviation correlation function.
No abrupt change in the calculation of the thermoelectric power is found around Tf, which is sup-

ported by the experimental data. The thermoelectric power calculation agrees well with the experi-

mental data at low temperatures but there is a systematic discrepancy between the two at high tem-

peratures due to the neglect of the electron-phonon interaction in the present calculation.

I. INTRODUCTION

In a previous paper' the present authors calculated the
magnetoresistance of the spin-glass alloys within the
framework of Edwards-Anderson (EA) model, with the
use of the method of the double-time Green's function.
For this we have used the decoupling approximation of
Nagaoka; however, we neglected the correlation functions
of the type (a~,ae-,sj ) appearing in the higher-order
Green's function. These correlation functions describe the
quasibound states between the conduction electrons and
the impurity spin. For dilute magnetic alloys Nagaoka's
approach has been extensively studied by several au-
thors and it has been shown that such correlation func-
tions give rise to the logarithmic divergence in the resis-
tivity and a giant thermoelectric power in dilute magnetic
alloys. These anomalous properties are known as the
Kondo effect and the corresponding dilute magnetic al-

loys as the Kondo systems. The transport properties in
the dilute magnetic alloy problem has been studied by
diverse methods. Abrikosov used the diagramatic ap-
proach while Suhl' used the Chew-Low method. Later
Hamann generalized Nagaoka's approach and could show
that all the three methods are closely related. It is to be
noted that Nagaoka's formulation is easy to handle be-
cause only the lowest-order decoupling is involved. Re-

cently the renormalization group and the scaling ideas
have also been applied to the Kondo problem" and Bethe
ansatz has been used to calculate, essentially, exactly the
energy spectrum and the susceptibility of spin- —,

' Kondo
problem.

In this paper we shall study the transport properties of
spin-glasses including the Kondo-like terms in the absence
of the magnetic field by using Nagaoka's approach and its
generalization by Hamann. We shall study here spin-
glass alloys of noble-metal hosts with transition-metal im-
purities. In these alloy systems there is interaction be-
tween the conduction electron and the isolated impurity
spins called the s-d interaction at very low concentration
of magnetic impurities (below O. l at. % ) . It is argued
that the Kondo effect in spin-glasses is washed out due to
the presence of the internal magnetic fields. However,
there are compelling experimental and theoretical evi-
dences that the Kondo effect in spin-glasses may not be
completely ignored. Larsen' has argued that the resistivi-
ty maximum temperature T, which is generally found to
be greater than the spin-glass transition temperature Tf,
can be explained by including the Kondo-like terms. The
giant thermoelectric power in spin-glasses' ' is also rem-
iniscent of the persistence of Kondo effect. Larsen' has
derived the expression for T as a function of the Kondo
temperature Tk in the parquet approximation with the use
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of the noise model. Recently Fischer' has studied the
Kondo effect in spin-glasses and rederived Larsen's result
for T in the modified form, with the use of the time-
dependent perturbation theory by approximating the
higher-order spin-deviation correlation functions to two-

body correlation functions. Also there is a basic difficulty
in his method in treating the spin operator SJ(t) as an or-
dinary field operator. ' Because of these objections in the
earlier theories, we have here taken up the studies of the
resistivity by the method of double-time Green's function
and by retaining the Kondo-like terms. Sorn.e other trans-
port properties like the thermopower and the Lorenz num-
ber have been studied in the spin-glass by the same
method and by retaining the Kondo-like terms.

In Sec. II we write the equation of motion for the
Green's functions and decouple the higher-order ones into
the lower order and then average them over the impurity

configurations. In Sec. III we obtain approximate solu-
tions for the Green's functions and hence the self-energy
to the first order in concentration. In Sec. IV the resistivi-
ty is obtained with the use of the self-consistent expression
for the t matrix along the line of Hamann, from which
the expression for T is derived. The Lorenz number is
calculated following closely the approach of Nam and
Fullenbaum, ' while we calculate the thermoelectric power
using perturbation method and the self-consistent r-matrix
approach. The last section is devoted to the conclusion.

II. PORMULATION

We consider a system of free electrons interacting with
the magnetic impurities distributed randomly. The Ham-
iltonian of the system is given by

~ p ~H= Qadi, ai ai +(Vo/N) g exp[i( k —k') R ]ai ai,
k,s k, k'„s,j

{J/N) g e—xp[i( k k') R ]—[{ai„ai,,. ai„a», )S—+ai„ai;,S +ai„ai, ,S ] .z

k, k',j
The first term is the energy of the free electrons measured from the Fermi energy EF. The second and third terms are
the normal and exchange interactions with the strengths Vo and J, respectively. For simplicity we assume that Vo and J
are independent of k and k . The summation over j extends over all the impurity sites Nr. E is the total number of
atoins. a& and a& are the creation and annihilation operators for an electron with the wave vector A: and spin s. S andS- are the components of the impurity spin operator.

To investigate the transport properties in the spin-glass phase we follow the two-time Green s-function method. We
define the retarded double-time single-particle Green's function for s =s' = t as

Gi,i, (t) =—i8(t) ( [aq, (t),ai, „(0)]), {2)

where ( ) is the thermal average and 8(t) is the unit step function. Its Fourier transform is given by
QO

a~( )= ai() ''
As usual let us write the equation of motion of the Fourier transform of G&»(r) as follows:

(e—ei, )Gii, (co)=5ii, +(Vo/$)/exp[i( k —q ) R ]6 q(a~) —(I/X)/exp[i( k —q ).R ]I Ji, (e) .
%j 9'~J

I J~i, (co) is the Fourier transform of the higher-order Green s function defined by

&',~(&)= $8(t)([(u«(&)S—J'(&)+u„(&)&, (t),ui, „(0)j+ ) ..

I i' {co)obeys the equation of motion,

(co e)I'Ji, (a—))=5 i, (S')+(Vc/E) g exp[i( q —q') R ]I~ i, (co)
e j

+(J/E) g exp[i( q —q ')*RJ']I ((a~,(r)[SJ'(t)SJ (t) —SJ (i)S~'(t)] i a~, (0)))

(4)

—((,„(r)[S,'(r)S,'(r)+S,+(t)S, (r)]i,(0))) I

—(~/&) y e p['{ q' —q")'Rl]I((&,(t)&, (&)&,(&)S+(r) ~a, (0)))„

—((&vi(&)&v i(&)~~-,(t)SJ (r)
~
ag, (0)))„

+((~gilt)[&qi{r)&q-i(i) —&q, (&)av-, (t)]S (r) hagi,
,„(0)))

—2(( „(&),,(t),-„(r)S,'. (r)
i ~, , (0)))„j
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where we have used the notation (& ))„for the Fourier transform of the corresponding Green's function and used the
COIQmQtRtlOQ I'C18tlOQ

+ +
[sJ*~r j='s-J 5JJ'

[s+,s ~ ]=2s'5 J' .
To solve Eqs. (4) and (6) we have to approximate the higher-order Green's functions appearing in (6). For this we shall
use the decoupling scheme of Nagaoka,

«a«a, &a,-A lak&»=&a, &a,-p'; &«a, flak& &&+&a,~a, ~S; &&&a,-flak&&&,

(&.„....,„,s, i..,.»=&.„.,', &«.,-,s, i..,. »+&.„...s, &&(.,„,s, i.„,, », (g)

«a, ,s,+s,—
~

kt, &) = &s,'s,—
&(&a, , i k, &),

etc. In the absence of the magnetic field, we have

(as,a, , ) =(as,a, ,),
&.,'...,s- &=&.,',.,.,s.&=2&.,',.,.,s &=-2&.,',...s &.

From Eqs. (8) and (9), Eq. (6) reduces to

(co e)—l ~
k

——(s' )5 k + ( Vo /N ) g exp[i( q —q ") R' ]I'Jv-k —(J/X) g exp[i( q —q ") R~'] ( Sj SJ )G~-k
9' «J 0 ~J

+(2n~j —1)(J/X) g exp[i( q —q ").RJ.]I Js k +(J/N)m~~ g exp[i{ q —q ") RJ ]G~-k,
IP

nj= g (ataq ) exp[i( q' —q ) RJ]

mqJ=3+exp[i( q' —q ) RJ](aq,aq)si ) .

Nagaoka has studied the anomalous scattering of con-
dUCtlOQ ClCCtl'OQS 1Q RHODES With 8 mOdCI"RtC COQCCQtI'RtlOQ

of magnetic impurities. Our equations are very similar to
his equations. In fact one can easily check that our Eq.
(10) reduces to Eq. (12) of Nagaoka for j'=j, Vo ——0,
S=—,', and (S')=0.

Equations {4) and (10) are the two basic equations
which have been studied by many workers for single im-

Pgrltg 1Q VRf1OOS RPPI'OXlmRtlOQS. ThC PI"OMCQl 1S qU1tC

involved in the spin-glass phase because of the random
distribution of the magnetic impurities. The random dis-
tribution of the impurities obviously causes the exchange
1QtCfRCtlOQ 801OQg thC lmPUI1tg H18gQCt1C H10mCQtS tO

vary randomly. These spins do not have a long-range
COI'rC18tlOQ With QO OVCI'Rll mRgQCtlZRt1OQ. %C hRVC tO 1Q-

troduce this feature of the spin-glass phase into Eq. (10).
The correlation term ( Si.SJ' ) between the spins at j andj' is to be evaluated from the first principles keeping in
mind the random distribution of impurities. We have
simplified this by resorting to an approximation where we
replace ( SJ SJ' ) by its average over all the impurity con-
figurations, that is we write for ( SJ"SJ' ) in (10),

[& S,"S,' )].,=[(S, &&S,'&].,+[&5S,'5S,'&].,
={Q+X)5;~',

where [ ],„denotes the average over the impurity configu-
I'RtlOQS~ RQd

Q=[&s;&'].,

X= [&5S,'5S, &].„
RrC thC SP1Q-glRSS OI'dCI' PRrRmCtCI' RQd thC SP1Q-dCV18tlOQ

correlation functions, respectivdy. With the above ap-
proximation Eq. (10) reduces to

(~—&s)I'sk ={Vo /&) Q exp[i( q —q ') R,'jl's k —(J/&)(2n,' —1)g exp[i( q —q ') R jl"'k.
0~J

+(J/N ) g exp[i( q —q ') Ri](m~j Q XJJ )Gs k—, —



where Gqk, I"Jqk, etc. are to be understood as configuration-
ally averaged. 1 +/ /I' Gm

III. APPROXIMATE SOI UTION FOR Gkk& AND I"kk~

Equations (4), (11), and (12) are the set of coupled equa-
tions to be solved self-consistently. These equations are
still quite involved and hence it is necessary to resort to
some approximations. With Vo ——0, similar equations
were solved in a I-matrix approximation by Nagaokalo for
a normal alloy by replacing nqJ and mqJ by their averages
pl q

=plq and vl q
=pplq. Such an appl oxlIIlatlon ls

cqlllvRlcnt to ncglcctlllg solllc of tllc dlRgl'allis wltll llltcl'-
sections of interaction lines in the calculation of Gkk (co).
The presence of Vo in Eq. (12) makes our task more diffi-
cult. I.et us solve Eq. (12) in the I-matrix approximations.
Fax' this we set

ajar
———(2n —1){J/N)+exp[i( q —q') R ]I k

+(J/N) g exp[i( q —q ') RJ](III —Q —X)Gq k,

FIG. 1. Graphical Ieprcscntst1011 of the IUltlplc scattering
approximation and the iterated form.

Equation (14) can be solved by using the usual tech-
nique of the multiple scattering theory. For this we treat
the first term in {14) as the inhomogeneous term and
iterate it in powers of Vo. A graphical representation to it
and its iterated form is given in Fig. 1. In this approxima-
tion we get

and write Eq. (12) in a more familiar form,

I k Ga k+—(6 Vo/X) g exp[i( q —q').R&]l"qk,

I jk ——6 ujk+(6 IIX)+exp[i( q —p ) R ]6 nj ~

wh«e I= Vo/(1 —Vo+) ls the I matrix for the scattering
by a single impurity, and

We now substitute (13) into (14) and get
15

I 1, =6,'[—(2n, —1)—2rg(~)](J/&) g exp[i{ q —q ')'R ]I'k

+6'[(I —Q —X)+rl {r0)](J/&)+exp[i(q —q') R ]6 k

Pgq

g(co) ={1/N)g
q

N —E

Now we multiply Eq. (1g) by exp[I ( k —q ) RJ ] Rlld sunl ovcl g Rnd j, so that

Jerrl (~)y exp[i( k —q ) RJ ]I Jqk = y exp[i( k —q ') Rj ]Gq"k'
1+2Jerrg(~)

q 1

where J &I
—J'[1+.IQ(~)j may be considered as the effective exchange IIltclRctlofl. Substltutlng Eq. (20) Into Eq. (4) wc

find

Gkk =4k 6k+{6kV*/&) Xexp['{ k —q )'RJ]Gqk'
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JI (co)J,tt
I +2J,ttg (to )

(22)

Equation (21) is the well-known equation and can be solved graphically. Equation (15) of Nagaoka is the same as
our Eq. (21) with the exception that we have V" instead of V'. Henceforth we shall closely follow his work.

We average over the impurity positions in Eq. (21) and get

Gkk(~)=[~ —ek —&(~)j ' (23)

where the overbar represents the average over the impurity positions. The self-energy X(ro), to the first order in concen-
tration, is given by

c[t+2tJ,ttg(to) J,t—tI (to)]
X(co)=

1 —V"F(co) 1+2J,ttg(to)+ J,ttI (to)F(to)

In order to calculate nk and rnk we have to find out the following averages:

(24)

Gk= +exp[i( k' —k ) RJ]Gkk
k'

RV

(25)

I'k = g exp[i ( k ' —k ' ).R ]I kk
k'

av

Gk and I k can be easily obtained by the procedure of Ref. 2D. The final result is

1+2J,ttg (co )
Gk(to) =Gk(~)

1+2J,ttg(co) —F(to)[ Vo[1+2J,ttg(co)] —JJ,ttl (to)]

J,ttF(to) Gq (to)
I k(co) = [[m, Q X—+t—I (~)][l+2J„,g(~)] [2n„—1+2—tg(~)] J„,r(~)] .1+2J,ttg(to)+ J,ttF(co)I (to)

(27)

With the use of the spectral representation of the Green's
functions, nk and tnk are given by

nk = n' f de f—(to) ImGk(co)

mk= —2~ ' f df(~)ImIk(~),
where f(to)=(e~+1) ' and P=(kttT) '. Thus we get
Eqs. (23), (24), and (26)—(28) as our basic set of equations
which should be solved simultaneously in a self-consistent
manner.

In the absence of ordinary scattering Vo, Hamann,
Falk and Fowler 5 and Bloomfield and Hamann ' studied
Nagaoka's equations self-consistently and derived an ex-
pression for the scattering matrix which is true for all

temperatures (T~&Tk) Subsequently K. ondo 2 and Nagao-

ka incorporated the ordinary scattering Vo and obtained
the self-consistent expression for the scattering matrix. If
we assume that the spin-deviation correlation function g
in (24) is a constant and not affected by the scattering
mechanism, Hamann's method may be applied to the
present case also in a straightforward manner. In analogy
with the work of Hamann and Nagaoka ' we have

X(to) =ct(to) = . 1 —exp[2i q+i h(co)]
2tH p

X(to)

[X (~)+(Q+X)m. ]'

X(to)= ——1—(Q+X)(m y ) cos g
y

D f(to') ——,
'+1, . dco

co —co +l5

b(co)= . f . lniH(X) i,
)X(x—i5) ( +(Q+X)m
X(x —i5) +(Q+X)m

1+i (mp~ Vo)'
8 F(co)= i mp~, —

1 —i(rtp~vo)
'
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where D is the widtll of tllc collduction band and 'g is the
phase shift due to the ordinary potential Vo only In the
following discussions we shall neglect b, (co) because it
plays little role in the calculation of the transport coeffi-
cients. The Kondo temperature Tk is obtained by setting

X(0)=0. This leads to

T„=Tk expI m—[Q(Tk)+&(Tk)] y J,
Tko —D cxp(1/y ) js the Kolldo temperature for

noninteracting spins.
The self-energy expression (29) is not reliable below the

Kondo temperature because in this region the localized in-

teraction between isolated impurity and conduction elec-

trons become dominant causing fluctuation in the d or-
f-electron spin S of the impurities. Also for T « Tk, the

Kondo effect prevents strong impurity-impurity interac-

tions which are the basic ingredient of spin-glass state.
Hence the transition temperature Tf must be higher than

Tk. Moreover, our calculation for Q and X for the
"good-moment" system would not be reliable for T« Tk.

higher than J,g are neglected. A simple calculation to or-
der Vo and J yields

[I'o+J'(Q+X)], (36}

as obtained by FlschcI and also by us i

In this way one can find out ~ ' to any desired order in
J and Vo with the use of the perturbation approach. Our
main interest is to obtain here the resistivity maximum
temperature T . For this we use the self-consistent ex-
pression (29) for the self-energy and obtain

ln( T/Tk )
X l —cos2q-

[»'( T/Tk )+( Q+X)n']'~'

For most of thc spin-glasses the resistivity m
temperature T~ is greater than Tf. Hence to calculateT, we put Q =0 in (37). From the condition d p/dT =0,
simple algcbla leads to

1"

IV. TRANSPORT COEFFICIENTS Tm =Tk exp
2X
TX' T.

' (38)

E„=—I dEp(E)u E"g~ (E)
Bf(E)

(32)

%e assume that the usual Boltzmann transport theory
may be applied to the spin-glass system. The transport
coefficients require the evaluation of the integrals

where J'=dg/dT.
The result (38) is similar to that of Fischer. ' We ob-

serve that T~ is dependent on the spin-deviation correla-
tion function X. To evaluate it, let us define the Green's
function»

where p(E) is the density of states of the host electrons, u

the electron velocity, ~ the relaxation time for an electron
with spin o, and f(E) the Fermi-distribution function. r
is related to the imaginary part of the self-energy X of
the Green's function Gkk(tu) through

'= —{1/h}lmX (co) .

The electrical resistivity p, thermal resistivity 8', ther-
moelectric power S, and the I.orenz number L are given
by

p=3/e Eo,
W=3TEo /(EiEo —Ei ),
S=Ei /ETEo,

I.=p/WT ={E,Eo E', )/(ETEo)'. —

A. Resistivity

In the absence of the magnetic field r+ ——v and the
conductivity 0 assumes the form

2E py 2 Bf0'= uy T(E) —
~

dE, (35)
3 BE

where we have replaced the energy-dependent p(E) and
u(E) by their values pF and uF, respectively, at the Fermi
surface. o can be calculated to any desired order in I and
Vo. In the Bom. approximation v. can be easily obtained
from (24) and (33) if one sets I~=0 and all the terms

G,,(i) = {{5S;(r)
~

5 S,'(0) )) . (39)

1 dN
[ ImGJJ. (co+ico)]„.

'7T

Now we ~rite"

(40)

[ ImG~q(co)), „=—g 2 gq,&
~ m'+eq

with X~=X for an ideal spin-glass and E~=Aq or
E~ = const. A is the diffusion constant. We shall assume
that E~ =Eo is a constant, which in fact means a single-
mode behavior. Evaluating (40) in high-temperature ap-
proximation we obtain

with X=(1/P)Xo which is independent of temperature. ~

From Eqs. (38) and (41) we finally obtain

(42)

Xo——ln{T /Tk), d = ln( Eo /k~Tk)

Tllc spiil-dcvlRtloil colYclatioil functjon J" js related to jt
through the spectral representation,

[&ssj ss, )]„
1 6@i

[GJJ (a) +i E) 6 (co —i E)"],„—
2~
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B. Lorenz number

The I.orenz number for metals containing a low con-
centration of magnetic impurities has been calculated
algebraically by Nam and Fullenbaum' using Hamman's
expression for the t matrix. They have shown that the
I.orenz number L shows a maximum at certain tempera-
ture To which may be smaller or greater than Tk. In the
previous section we have seen that the form of the t ma-
trix in the spin-glass phase is similar to the normal Kondo
systems. The I.orenz number L, may be calculated, there-
fore, using the approach of Nam and Fullenbaum. ' If we
wri«&(a)) =&y (co)+XJ(co), where XJ(a)) does not con-

tain any contribution from the ordinary scattering poten-
tial Vo, the rest of the calculation is then analogous to
Nam and Fullenbaum and we get

L /Lo 1+0.6666G——( l,y ), (43)

where Lo ——E(0)hr(0)T is the I.orenz number when J=0
and G(l,y) is given by (44) below. It is to be mentioned
here that in principle one can calculate the I.orenz number
using the self-energy expression (29) without splitting it
into two parts. %e did this mainly to compare our result
with the normal Kondo system as follows:

G(l,y) =-
1+Cog(O,y) By

Co ——C/[2n. p~(lmr„)) .

t„ is the t matrix with J=0, and

g(O,y) =1-
[y'+(Q+x)H]'" ' (45)

4ln2

This result is the same as obtained by Fischer' but there
is a difference in the value of eo. In the above treatment it
has been assumed that ImGJJ(r0) is independent of Kondo
temperature Tk. Ii is to be noted that the single-mode ap-
proximation for the excitation spectrum used here is
crude. To compare with the experimental data one re-
quires the spectrum of excitation modes. From the above
discussions it is obvious that T is mode dependent.

Q(T)=S (1 T/—Tf)=Si, (47)

for sufficiently small temperatures. Substituting (47) and
(46) iiito (45) we get,

g(O,y) =1— 3'

Iy +n S [1+bexp( —,'y)]j'~i

where b is a constant given by

Q„S(S+1)b=
3 (ksTk) ~ Jig' .

6v'2m'A'~'

(48)

In Fig. 2 we have plotted &L/Lo vs temperature for a
normal Kondo system (dashed curved lines) and a spin-
glass system (solid curved lines) for np Vo ——3.29 (curves Is
and Ix ), mp Vo ——1.0 (curves Ils and Ilx), and harp Vo ——0.5
(curves Ills and Illa'), where the subscripts S and K stand
for the spin-glass and Kondo systems, respectively. The
value of b=0. 1 has been arbitrarily taken because the
value of the diffusion constant A in (49) is difficult to cal-
culate. From the figure we observe that the value of
&L/Lo is lower in the spin-glass system as compared to
the Kondo system and also the maximum in the former
system is more pronounced and shifted towards lower-
temperature values as compared to that in the latter sys-
tem. On physical ground the result looks sensible because
the role of J for the s-d interaction becomes less important
for the spin-glass system. For T/Tk «1 we find more
pronounced deviation between III~ and III~ as compared
to other sets of curves. In the first place the deviation is
expected because the calculation of Q and X for the good-
moment system breaks down in this temperature region.
Secondly, the curves III show much pronounceddevia-
tlon which 1s also cxpcctcd bccausc thc value of vTpV() 1n

this case is smaller and hence the role of the s-d interac-
t1on strength 18 morc dominant.

these modes 1s

0 S~
(46)

6V'Zm 'A'~'

where J3~2 ——I"(—,
'

)g( —,
'

) with I (z) as the I' function and
g(n) as the Riemann g function. 0„is the atomic volume
and A is the diffusion constant. At low temperatures the
spin-glass order parameter Q(T) is given by'

y= ln(T/TI, ) .
It is to be noted here than unlike the Kondo system, w' e

get an extra temperature dependence to L through
(Q+X). The temperature To at which L shows a max-
imum in the Kondo system is around Tk which is near 1

of 2 K. To study I ln thc spin-glass phase and alound
Tk, the knowledge of low-temperature excitation modes
become important. Several authors have studied the low-
temperature excitation modes and their effects ~ on the
resistivity and specific heat. Rivier' and also we our-
selves' have shown the T / behavior of the resistivity at
low temperature in spin-glasses using Rivier's modes.
The spin-deviation correlation function 7 calculated by

C. Thermoelectric po%ver

We shall calculate the thermoelectric power from Eqs.
(24), (32), and (34). For this we shall assume that U and
p(e) in (32) are energy independent and replace them by
their values at the Fermi surface. It is then clear that only
those terms in r(e) which are odd in e will contribute to
the thermoelectric power. Kondo has demonstrated that
a giant thermopower in zero field appears in the fourth
order of the perturbation series for the relaxation time.
The thermoelectric power was found to be proportional to
J'Vo. To calculate the thermoelectric power for the spin-
glass system, wc shall I'csoft to thc perturbation cxpanslon
of the self-energy (24) to the fourth order in J and Vo.
Tliis is achieved by iestrictillg tlie values of I (co) to oi'dei
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FIG. 2. Plot of AL/Lo for the Kondo system (dashed-line curves) and for the spin-glass system (solid-line curves) with the values

of mpVO
——3.29 (curves I~ and Iq), npVO ——1.0 (curves II~ and II~), and opVO ——O. S (curves III~ and III~).

J,ff and g(co) without exchange interaction in (19). A sim-

ple algebra yields the result

+ mp(Q+X)I J +—3pVOJ l(co)+4J g'(co)
h

i4n. p J Vc[f(a)) —,']I, (50)—
where

fI(co) co dco = —,
'

rc (kg T ) /D-
eco

(52)

codes=m /12(AT),

principal part of E(co) defined by (17). We now substitute
(50) into (32) and evaluate E~. With the use of the results

and

P co —D 2'
I(co)= dt"k = —ln

co+D D

(51}

we find

kgS=+
3 e

m p (Q+X)

g'(co)=p f P de .f(co)
6k' T

X 2 VpJ +VpJ
m pD

[V', +(Q+X)J'] . (53)

In (50} we see that the terms in VOJ and VcJ are odd
in co and terms in J and J are even in co. Hence the con-
tribution to the thermopower will come from the terms
VpJ and VpJ only. It is to be mentioned here that Kon-
do did not get the VpJ term because he neglected the

In the evaluation of Eo, we have used the Born approxi-
mation for r. Thus as expected we get a giant thermo-
power, the sign of which depends upon the sign of J and
Vc. This was also noted by Kondo for the normal alloys.
However, in the spin-glass system the thermoelectric



TRANSPORT PROPERTIES OF SPIN-GI ASSES. EFFECT OF. . .

power depends on Q+X also, is temperature dependent.
There is another term VOJ present in our calculation
which might have been present in Kondo's calculation, if
he could have taken principal value of E(ro) in (17). This
term, at high temperature will become important and
hence there will be a decrease in the absolute value of the
thermopower. At sufficiently high temperature the VoJ2
term may dominate over the VOJ term and this will give
risc to poslt1vc tlMrmoclcctric po%'cl. Since the tcII
(Q+X) smoothly varies around the temperature Tf, we do
not cxpcct Rny Rblupt change ln thc thermoelectric powcI'
around this temperature. This 1s also supported by the ex-
perimental data. One point must be noted here that Eq.
(53) is the high-temperature result. Following the argu-
ment of Kondo, one should multiply the right side of
(53) by T/(T'+To) to make it applicable for the whole
temperature range, and the resistivity term
[V +(Q+X)J ] should include the phonon contribution0

also. Hcl'c To ls Rll RrbltlRI'y coils'tRIlt, to bc determined
from experimental points. Q and X have been calculated
for low temperature from Eqs. (47) and (46), respectively,
for S=—,

' . Above Tf, X has been calculated from Eq. (41).
The values of mpVO and To have been determined from
the two points of the experimental data of AuFC (5
at. %).' We get IrpVC ——1.104 and To ——29.82. The value
of J/Vo ———0.2 has been taken. The phonon contribution
of the resistivity has been ignored, due to which our result
deviates from the experimental curve at high temperature
(see Fig. 3). But at low temperature our result agrees well
w1th the exper1mental data.

As we have obtained a closed expression (29) for the
self-energy X(co), it is worthwhile to calculate the ther-
moelectric power from this expression which will be valid

for all temperatures. We have evaluated the two integrals

EI and Eo following Maki and have obtained

sin(2' ) Ir '(Q+X)"' ')'I'"( /Tk)/[1'(T/T'k)+ '(Q+X)]'"I [1'(T/y;)+ (Q+X)] ~
.

We see that the dependence of the sign of the thermo
po%vcr on Vo and thc dcpcndcQcc on tcrnpclatufc com1ng
through Q+X remains the same as found by the perturba-
tion method. It is not difficult to see that for T~~Tk,

l

(54) reduces to (53) except tile term proportional to VOJI
whlc»s absent ln (54) because in Hamann's treatment' of
thc self-en«gy, +(~) ls approximated by i mp—

FIG. 3. Plot of the therrDoelectric power of spin-glasses. The
solid-line curve represents our calculation and the dashed-line
curve denotes the experimental results for T~——22 K (Ref. 14),

V. CONCI, USION

We have studied the transport properties in spin-glasses
using the method of double-time Green's function for the
s-d model. The higher-order Green's function has been
decoupled to the lower order with the use of Nagaoka's
decoupling scheme and retaining the terms Iepresenting
quasibound states. The self-energy of the Green's func-
tion for the spin-glass has been obtained in multiple
scattering approximation. Using Hamann's approach, we
have obtained a self-consistent expression for the t matrix
and thereby calculated the resistivity maximum tempera-
ture T . This temperature T is higher than T~ which is
supported by the experiments. Following the procedure of
Nam and Fullenbaum' we have calculated the LoIenz
number L for the spin-glass system. Unlike the Kondo
system, we get an extra temperature dependence through
Q+X. With the use of Rivier's modes at low tempera-
ture, for X, we find that &&/Lo, where &I. is the contri-
bution to the Lorenz nuIDber due to the s-d interaction, is
lower in the spin-glass system as compared to the Kondo
system and also the maximum of &I-/Lo in the former
system is more pronounced and shifted towards lower
temperature values as compaI'ed to that in the latter sys-
tern. Qn physical ground the result looks sensible because
the role of J for the s-d interaction becomes less important
for the spin-glass system. At temperature T/TI, «&1, the
deviation in the calculation of 4L/L for Kondo and
spin-glass systems is thought to be due to the fluctuation
111 tlm lmpurlty moments which ls Ilot bclllg takcll cal'c of
in the calculation of Q and X.

Thc thermoelectric power has bccn calculRtcd using thc
pcrtlll'batloll cxpallsloll of tllc self-cllcl'gy to order J Vo.
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We get an expression for the thermoelectric power involv-

ing the terms VOX and VOJ, where the second term is
very large and dominates over the first at low tempera-
ture. Hence the sign of the thermopower is determined by
the sign of J and Vo in the small temperature range. Ow-

ing to the presence of the term VoJ which becomes sub-
stantial at high temperature, there will be a decrease in the
absolute value of the thermoelectric power. At sufficient-
ly high temperature the VOJ term may dominate over the
VoJ term and this will reverse the sign of the thermoelec-
tric power. Our expression for the thermoelectric power

also involves a term Q+X which arises due to the spin-
glass phase. Since the teim Q+X smoothly varies around
the temperature Tf, we do not expect any abrupt change
in the thermoelectric power around this temperature.
This is also supported by the experimental data. ' Our
calculation for the thermoelectric power agrees well at low
temperatures, but at high temperatures there is a sys-
tematic deviation which is thought to be due to the neglect
of contribution arising from the electron-phonon interac-
tion.
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