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Electrical Resistivity and Thermoelectric Power of CuAu Alloy*
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The temperature dependences of the electrical resistivity and the thermoelectric power of CuAu alloy in
the temperature range between 400' and 700'K are investigated on the basis of the theory recently
developed by the authors to explain the origin of the long-period superlattice and the phase transitions in
the CuAu alloy. The relaxation time of conduction electrons is determined by the scattering due to the
lattice vibrations and the disorder arrangements of the Cu and Au atoms. The latter scattering mechanism
is most important for explaining the temperature dependence of electrical resistivity. The energy gaps,
which appear in CuAu I and CuAu II, modify the electron velocities in the vicinities of these gaps and cause
the changes in the transport coefficients. It is found that the energy gaps in the (110) directions are
important for explaining the anomalous behavior of the phase dependences of the transport coeKcients, es-
pecially that of the thermoelectric power.

l. INTRODUCTION

'HE CuAu alloy has three phases. Below 653'K,
Cu atomic layers and the Au atomic layers are

alternately stacked along the c axis of a face-centered
lattice. This phase is called CuAu I. In the temperature
range between 653 and 683'K, the lortg pert'od su-per-
lattice is stable, and this phase is called CuAu II. This
structure is constructed by shifting the crystal lattice
of CuAu I by (sra, 0,sic) at intervals of five lattice con-
stants along the b axis. In this phase, the crystal lattice
has an orthorhombic deformation and lattice modula-
tions commensurate to the long-period ordering of Cu
and Au atoms. ' Above 683'K, this alloy has the dis-
ordered phase (CuAu D). The origin of ordering energies
and the mechanism of phase transitions have been
studied in a preceding paper. ' (This paper will be cited
as Paper I hereafter).

In CuAu I and CuAu II, the conduction electrons are
in longer periodic potentials than that of a face-centered
lattice. Thus, corresponding to these crystal periodici-
ties, the one-electron energy spectrum has extra energy
gaps in the 6rst Brillouin zone of the usual monatomic
face-centered lattice, as shown in Fig. 1.In CuAu I, two
kinds of energy gaps appear, which are represented by
(0,0,&1)and (110},respectively. In CuAu II, moreover,
each of these energy gaps is split into a pair of energy
gaps
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Besides these, energy gaps due to the lattice modulations (Ref. 1)
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As shown by Sato and Toth4 and by the authors, ' the
energy gaps in the (110) directions are very important
for lowering the energy of conduction electrons and
stabilizing the long-period superlattice structure of
the CuAu alloy. Therefore, studies of the Fermi surface
are very much desired. One way of achieving this objec-
tive is to investigate the transport properties of this
alloy. Recently, measurements of the electrical re-
sistivity p and the thermoelectric power Q have been
made by Noguchi. ' The main features of these experi-
mental results are as follows (see Figs. 7 and 10):
At each of the transition points, p has a positive jump
with increasing temperature. In the disordered phase
and at temperatures below about 500'K, p increases
linearly or almost linearly with increasing tempera-
ture On the. other hand, Q has a large positive jump at
the transition point from CuAu I to CuAu II and a
negative jump at the transition point from CuAu II to
CuAu D. In CuAu I, Q changes its sign at about 508'K
from negative to positive with increasing temperature,
and its magnitude is smaller than that of CuAu D. In
CuAu II, the sign of Q is positive and the values of y
are larger than those of CuAu D.

The object of this paper is to make a theoretical study
on the temperature dependences of the electrical re-
sistivity and thermoelectric power of CuAu alloy. The
temperature dependences of transport coe@cients come
from the temperature dependences of the relaxation
time, velocity, and density of states of the conduction

are also expected. However, these energy gaps are very much
smaller than the primary ones mentioned above, Thus, these
small energy gaps will be neglected. The small contribution of
lattice modulations to the primary pairs of energy gaps (Ref. 1)
will be also neglected.

4 H. Sato and R. S. Toth, Phys. Rev. 124, 1833 (1961);H. Sato
and R. S. Toth, Phys. Rev. Letters 8, 239 (1962).' S. Noguchi, Toyoa Kenkyu Hokoku 17, 31 (1963). See, also,
H. Sato and R. S. Toth, in Alloying Behavior and FJfects in Con-
centrated Solid Solutions, edited by T. B. Massalski (Gordon and
Breach Science Publishers, Inc. , New York, 1965), p. 34.
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electrons at the Fermi surface. The relaxation time of
the conduction electrons is determined by the scattering
of the conduction electrons by the lattice vibrations and
the disorder arrangements of Cu and Au atoms. The
scattering probability due to the thermal vibrations is
proportional to the absolute temperature since the high-
temperature approximation can be used in the tem-
perature range we are concerned with. The scattering
probability due to the disorder of atomic arrangements
is calculated in Sec. 2 A with the use of the values of
order parameters obtained in Paper I.' The eBect of the
disorder scattering is more important for the tempera-
ture dependence of the electrical resistivity than that of
the energy gaps mentioned below.

The extra energy gaps, which appear in CuAu I and
CuAu II, cause decreases in the velocities of conduction
electrons near these gaps and thus an increase of the
electrical resistivity. On the other hand, the thermo-
electric power is a quantity related to curvatures of the
energy-band spectrum at the Fermi surface. In the
vicinities of the energy gaps, even the signs of the
curvatures can be changed by the energy gaps. There-
fore, the thermoelectric power is expected to be more

strongly a6ected by the energy gaps than the electrical
resistivity. The effects of the {110)energy gaps upon
the transport coefficients are taken into account in the
calculation of various surface integrals over the Fermi
surface in Sec. 2 B.The effects due to the (00&1) energy
gaps' are neglected since these energy gaps cut the
inside of the Fermi sea deeply. The modi6cation of the
Fermi surface due to these energy gaps is therefore very
small. The temperature dependences of the magnitudes
of the {110)energy gaps are calculated with the use of
the values of order parameters which have been deter-
mined in Paper I.

The electrical resistivity is calculated in Sec. 2, and
the thermoelectric power in Sec. 3.

2. ELECTRICAL RESISTIVITY

If we choose the coordinate axes (kx, kr, ks) as shown

in Fig. 1, the electrical resistivity for a polycrystal is
expressed by

p=(-,'p 0;;)-' (i=I,F, Z)

~ky

X

FIG. 1. The (001) cross section of the Grst Brillouin zone. The
dashed lines indicate the energy gaps of CuAu I and the solid lines
those of CuAu II.

Dirac distribution function, Ek is the electron energy
with wave number ir, r is the relaxation time, and v; is
the i component of electron velocity. Here, we assume
for simplicity that the quantity J'rv 2/~ grad&E&

~
dSdoes

not vary rapidly with E~ in the neighborhood of Fermi
energy { and that 7 depends only upon Et, .Then, (2)
can be written as

where

(BE|,&8k~)')grad~EI, )
'dS.

The electrical conductivity is influenced not only by a
departure from the crystal periodicity (lattice vibra-
tions and disorder of atomic arrangements) through the
relaxation time 7.({),but also by the property of the
Fermi surface through the quantities J;;(f) and 7({).

In Secs. 2 A and 2 B the quantities r({) and J;,({) are'

calculated, respectively, and in Sec. 2 C the result of a
numerical calculation of p is given and is compared
with experiment.

A. Calculation of Relaxation Time ~(()
According to Matthiessen's law, the total scattering

probability 1/r(t') can be written as

~ ~o'

(2v)' S ~~one
X ~grad~E~~ 'dSdE, (2)

where e is the electronic charge, f(E~) is the Fermi-

6 The (110}or (00+1) energy gaps mean not only the (110}or
(00&1) gaps in CuAu I, but also the pairs of gaps, which split
froIn each of them, in CuAu 'II,

where 0;; is the ii component of the electrical con-
ductivity tensor. 0;; is given by the well-known formula

2e' 8f(Eg)

where rq(l) and r2(g) are the relaxation times due to the
thermal vibration of atoms and due to the disorder of
atomic arrangements, respectively. The use of this law
is considered to be valid in the high-temperature range
with which we are concerned .

The scattering probability due to the thermal vibra-
tion 1/~~({) is proportional to the absolute temperature
since the high-temperature approximation is valid in
the temperature range with which we are concerned:
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1 v, (Q)
v, (r—i) =—Q e-'o'&' 'i,

V o e(Q)

The scattering probability due to the disorder of potential is expressed by
atomic arrangements 1/rp(i) is derived from the usual
perturbation theory. The scattering probability 1/rp;,
when an electric fmld is applied in the i (i=X,Y,Z)
direction, is given by

(14)

1 1 1

V -hx' pg

dS'/
V~

«Ir .'I'n (&
——

, (7)
'vi Igla&ik Ek

vk k, — (1/N) 1/2e-ik rgk+(r)+ V(r)

where V is the volume of the crystal, (( ))r means the
thermal average, and Vi„k is the matrix element of the
effective perturbing potential Av(r) (which is caused
by a departure from the crystal periodicity due to the
disorder of atomic arrangements) with respect to the
Bloch functions (1/N) ' "e'k'peak(r) and (1/N) ' "e'k "I„.(r)
of the unperturbed state:

Thus, from Eqs. (8) and (15), ((I Vk, k I '))r is calculated
as

1)' gx(h, k)v. (K+h) '
((Iv.,'I'». =IV(h) —

I Z
Nf I p(K+h)

with

, (16)

where e(Q) is the dielectric constant of the conduction
electrons for a sinusoidally varying electric field with
wave number Q. If Eq. (14) is inserted into Eq. (11) in
place of V,(r—i), the screened potential of Av, (r)
becomes

1 v.(Q)
Av(r)=g g — e 'o'&' '&(a" —5) (15)

o V p(Q)

X (1/N)'"e'k"uk. (r)dr (8).

The effective scattering potential AV(r) is constructed
in the following way. The ion-core potential, acting on
each conduction electron, is expressed by

V,(r) =Z p'LVcp(r —i)(1+e;)+V~„(r—i)(1—ei)), (9)
and

w(h) =((I Z (~;—si)e'"'I'))r,

1
qx(h, k) =— Nk*(r)uk+k(r)e '"'d—r,

(17)

(18)

where Vo„(r) and V~„(r) are the Cu and Au core
potentials for conduction electrons and 0.; is an order
parameter which takes 1 or —1 according to whether
the lattice site i is occupied by a Cu atom or an Au atom,
respectively. V,(r) is divided into two parts, the thermal
average of V,(r), ((V,(r)))r, and the deviation from this
potential,

V,(r) =((V.(r))&r+ V.(r)—((V.(r))&r. (1O)

The first part on the right-hand side of Eq. (10) is in-
cluded in the unperturbed Hamiltonian, the eigenstates
of this Hamiltonian having been obtained in Paper I.
The second part is the scattering potential appropriate
to the present case, and is written as

A V (r) =Z v.(r—1)( —5 ),

where

v, (K+5)= —',
I Vc„(r)—V~„(r))e'&I+ i 'dr, (19)

where h, h, and 6 are the reciprocal lattice vector, the
scattering vector k—k', and the volume of the unit
cell, respectively.

We rewrite W(h) as

lV(h) =Z Z e'" "-"((( -5)( '-5')))

=Z ((( ' —5)')) +Z Z

x((( i —s,)(, —s;.)))„(2o)
where iWi'. We neglect for simplicity the second term
on the right-hand side of Eq. (20), which expresses the
correlation between 0.;—S; and 0.;.—S; for i/i'. With
the use of the Bragg-Williams approximation, the erst
term of Eq. (2) is calculated as

v.(r—ii = -,'L Vc„(r—i) —V~„(r—i)), (12)
1'l~ (h) =Q (1—si') . (21)

and S; indicates the thermal average of 0;.The potential As show»n Paper I, S; for CuAu I and CuAu II can
v, (r—i) is expanded in the Fourier series: be expressed by

Vr(r —1)=—Q V (Q)e
—&O ~ &r—i)

V o

5&=5 cos(qp, i), (CuAu I)

= g Spi icos(qpi 1,1), (CuAu II) (22)

This potential is screened by the conduction electrons,
and if the dielectric approximation is used, the screened with qp= (0,0,2rr/c) and qpi i ——(0,(2/ —1)rr/5b, 2pr/c).
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Substituting Eq. (22) into Eq. (21), we have , ,ky „kz

W(h) = iV(1—S') (CuAu I)

=iV(1—xs P Ssi i'), (CuAu II). (23)

Unfortunately, the last part of Eq. (16) is diflicult to
calculate from first principles, but it seems that this
factor does not depend strongly on h. So we assume it to
be constant and determine it in the following way. %e
write the term as X

(o)

kx

X U

kx

rtx(htk)v. (K+h)-' n'

e(K+h) c
(24)

FXG. 2. The Fermi surface of copper obtained by Burdicit (see
Ref. 7) (thick line) and the elliptical clyinder of height kf, (thin
line). (a} (001) cross section, {b) {110)cross section.

1 rlx(h, k)v, (K+h)

c e(K+h)
Q rtK(h, k)v„.(K+h) . (26)

n' defined in Eq. (25) has the same form as n in Paper I,
but is somewhat different in magnitude because the
unperturbed states used here and in Paper I are dif-
ferent. %e neglect this small diQerence and use 0. in
place of e'. For the value of e, we tentatively use the
value of p(qp), which is calculated from the well-known
formula

The summation over k in Eq. (27) has been performed
for several q including qo and q2& & by using the energy-
band data for copper calculated by Burdick' in Paper I.

From Eqs. (16), (23), and (24) we obtain

((I V, ,, I )),= (1/1V)(n/e)(1 —S'), (CuAu I)

(CuAu II) . (28)

Inserting Eq. (28) into Eq. (7) and considering that the
second term of Eq. (7) vanishes because of the inversion
symmetry of the Fermi surface, we 6nally obtain for
the isotropic scattering probability due to the disorder
of atomic arrangements,

1/ro(f) = (rr/h) fcV(f')/1V j(n!p)(1 S'), (CuAu—I)

= (v./1'o)LiV(()/iV](n/p)(1 —-', Q So tio),

(CuAu II) . (29)
7 G. A. Burdick, Phys. Rev. 129, 1386 (1963).

where o.
' and e are the constants de6ned by

rex(h, k)v,(K+h)—
n'=L P itx(h, k)v, (K+h)j Q, (25)

K e(K+h)

1V(f') being the density of states at the Fermi surface.
We neglect the temperature dependence of X(f')s and
make use of that of copper calculated by Burdick. The
temperature dependences of S and S~~ i have been
calculated in Paper I.

B. Calculation of J;;(()
We divide J;;(f') into two parts: J;;(f) of CuAu D,

Jo,,(f); and the deviation of J;;(f') from Jp (f') d,J;;(t'),
due to the change in the shape of Fermi surface from
that of CuAu D:

From the cubic symmetry of the crystal, we have the
following relation for Jp "(f'):

&oxx(|') =&orr(f') =Jozz(t )=~o(f ) ~ (31)

Since it is very dificult to calculate Jp(f) by taking
into account the conduction-band structure in CuAu D,
we leave it as an adjustable parameter.

For the calculation of 6J;;(f),we use the energy band
of copper calculated by Burdick (see Fig. 2) for that of
CuAu D, ' as we did in the calculation of Hp(q) in
Paper I. In the ordered phases, there appear extra
energy gaps. Among these energy gaps the (110)energy
gaps lying along the Rat Fermi surface near the (110)
directions contribute most to changing the shape of
Fermi surface from that of CuAu D. The (00+1)
energy gaps are assumed to aGect the shape of Fermi
surface only slightly because these gaps cut the inside
of the Fermi sea deeply. Therefore, we neglect the con-
tribution to hJ;;(p) from the (00&1) energy gaps and
take into account only the contributions from the f 110)
energy gaps.

8 The deviation of E(g) from N(g) in CuAu D is shown to be
proportional to the quantity b,I, , ' dedned by Eqs. (82}, (83),
and (84) in Sec. 3. Since the temperature dependence of b,I„„'is
very small as will be shown in Sec. 3, the temperature dependence
of EQ) is very small.

9 Here the energy-band structure and Fermi surface of CuAu D
mean those of a metal having the mean core potential,

o Zt E«u(r —i)+yA (r—i)3.
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I' r
(0) (b)

FIG. 3. The (001) cross sections of the Fermi surfaces
of CuAu I {a) and CuAu II (b).

As seen from Fig. 1 and Eq (4)., the contributions to
6J;;(t ) from the Fermi surface in each of the quadrants
with respect to the (kx,kr) coordinates are equal to
each other in any phase. Therefore, the contribution
from the {110)energy gaps is obtained just by multiply-
ing the contribution from the (110) energy gaps by 4.

In order to calculate 6J;;(P) due to (110) energy gaps,
it is convenient to have an analytical expression of
one-electron energy in the vicinity of the Fermi surface
of each phase near the $110] direction. As shown in
Fig. 2, the Fermi surface of copper near the L1107
direction is well expressed by a part of an elliptical
cylindrical surface of height k&. Therefore, we approxi-
mate the energy expression in the neighborhood of the
Fermi surface of CuAu D near L110] direction by

Eo(k) = a(k.—ko) 2+&ko'. (32)

The values of a and ko are determined so that 8Eo(k)/Bk,
and O'Eo(k)/8k, at the point A in Fig. 2 coincide with
those derived from the energy-band data for copper cal-
culated by Burdick. " The value of the Fermi energy t
is then given by Eo(k) at the point A. The value of b
is determined so that 1 =Eo(k) passes through the
point 3 in Fig. 2, the cross point bteween the Fermi
surface of copper and a line kr= kx+(or/u).

We approximate the energy expression of the Fermi
surf ace near a gap in the ordered phases by

E(k) =p{Eo(k)+Eo(k—p)
~L(Eo(k) —Eo(k—p))'+4 f/']'") (33)

where 2 U is the magnitude of the energy gap and p is a
vector which indicates the position of the energy gap.
Equation (33) is written using Eq. (32) as

E(k) =a(k;2 p;k;+op ')+b(k„——p„k„+opo')
~{L/2( —p"k"+2 p. ')
+b( p,k,+1p,2)]2+@2)1/2 (34)

where k, =k,—ko and k„=k„.The values of p, and p„
are determined so that the energy-gap plane of the
energy expression (34) coincides with that" derived

Strictly speaking, the position of the each energy gap derived
from Burdick's data does not form a plane but a curved surface.
It can, however, be replaced by a plane parallel to the k, axis to a
good approximation because it is almost planar. KVe determined
the position of each gap in the plane k, =0.

with

/1 'k '+2&' /Jo'ko. +2/Jo '=0,

8, =2(l—ko cos8) cos8,

q„.=2(l—ko cos8) sin8.

(36)

(3&)

On the other hand, the energy-gap plane which appears
in the energy expression (34) is given by

a( p;k;+—', p, ')+b—( p„k„+—.„'p„')= 0-.

Comparing Eq. (38) with Eq. (36), we obtain

b 1+tan'8
p~l

/2 (b/a)+tan'8

1+tan'8
yl gyr ~

(8/a) +

tan�'8

(3g)

(39)

The energy gap 2 U is given by twice the matrix ele-
ment of the perturbing potential,

-', g I Vc.(r i) V2,—„(r —i)]S;, — (40)

between the Bloch functions (1//V) '/'N2(r) e'"' and
(1/N)"'u2 2(r)e'&~ '&'. A calculation similar to that of
V~,~ in Sec. 2a leads to the result

U= gs, g 2/x(q, k)o.(K+q)/o(K+q), (41)

which can be rewritten with the use of n defined in
Paper I as

g 2/x(q, k)o.(K+q)

U= gS,
o(K+q)

P 2/x(q, k)o.(K+q), (42)

where 2/K(q, k) and v.(K+q) are given by Eqs. (18)
and (19), respectively, if h is replaced by q, and g= 1 for
CuAu I and g =

2 for CuAu II. We approximate the
second factor in the root of Eq. (42) by 1/o(q), since
the terms of I=0 are considered to be dominant both
in the denominator and numerator. Thus, from E qs .
(22) and (42), we have U for each phase as

V= La/o(qo)]'/2S, (CuAu I) (43)

f/2/ —1 of n/o(g2l —1)) 521—1 q (CuAu II) . (44)

from the energy-band data calculated by 3urdick~ in
the following way. If we indicate the distance from the
origin of the (k,k„) coordinates to the energy-gap plane
by / and the angle between the energy-gap plane and
the k„axis by 8, the energy-gap plane is represented by

(k, +ko) cos8+k„sin8= l. (35)

This equation is rewritten as
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The values of e(qo) and e(q~i i) can be calculated with
the use of Eq. (27). As mentioned in the Introduction,
we take into account only U~ in CuAu II because the
higher harmonics of the Fourier components of the
order parameter 521 i(l= 2 5) are very small compared
with the primary one SI.

The shape of the Fermi surface near the [110]
direction in each ordered phase, which is derived from
Eqs. (33), (43), and. (44), is schematically shown in
Flg. 3.

The contribution to AJ;;((') from a (110) energy gap
d,g;;(() can be calculated from

}1 '(k }

kg&

8 -kx
~ center of, (kx~, k&}

elIipse

FIG. 4. The coordinate system. The dashed line indicates the
energy-gap plane in the (kg, k,) and (k~.,k„.) coordinates.

with

&a'((.)=a"((.)-ao;,(&), ('=X,F) (45)
Then, Eq. (49) becomes

gi;({)=ki — — !gradiE(k)! —'dc, (46)
! ! ik„{(u/b) i~i(I ~ ~ cos'&+I„;sin'4,

-BE(k)-' f'9»G'))
pa 8kg &/Fr({')&

-BED(k)-'
ge;;((') =ki — !gradgEO(k)! -'dc, (47)

ps Bkj

where ki is the height of the elliptical cylinder Lsee
Fig. 2(b)].Here, the integration is taken over the Fermi
surface near the energy gap.

If we rewrite Eq. (46) in terms of derivatives with
respect to (ks,k„) coordinates (see Fig. 4) defined by

k(=k ~,

k„= (a/b) "'k„,

Eq. (46) becomes

2I1 „sin@c—os/)+(b/8) (Ipp siil /+I„„~cos p

+2It „sing cosp) %2LIr „(cos'Q—sin'p)

+(Ir r I„„)sing c—os&]( (54)

with

BE(k)i '
! !gradgE(k)j-'dc

s Bks i

(aE(k))

t gxx(t.)
! =-,'k
&&F(()

I2 gyes 2

+I-
Fs b 4 Bkr ka Bk„ i

BE(k)) BE(k)—
W2 ! !gradgE(k)! —'dc, (49)

Bkr i Bk,

BE(k)) '
—

! !gradgE(k)!-'dc
s Bk,. i

BE(k))

Bk, &

(55)

with

E(k) =a{kti ptks+ ,'pp+k„' k„p„—+gp,'-—
~L(-pk+-:P - .p+k, p)+«/) ]"-), (50)

P.= (b/o)'"Pu' wher~

(
BE(k)) (BE(k)

lgrad~E(k)I 'd~
Fs Bkr i 'E Bk„

(
BE(k) BE(k) BE(k) -'

!dk„ f,
8 &kg~ Bk&~ Bkp

We now make another coordinate transformation (see E(k)=u{kr —ps i+12P„+ „.2.2— .k.~-' .21k,2

+L( Prkr+ 'Pv')'+(f—I/O)']'I') -(56)
kg= kg cosf k~~ slnp- ,

k„=kt sinp+k„cosp,
k p =p~~/cosp . (5"I)

The expressions of $0;;(l) corresponding to Eqs. (54)where P is the angle between the energy-gap plane ex-
and (55) are obtaine y rep acing 1 g wipressed by Eq. (50) and the k„axis, and is given by

cosp= $1+(a/b) tan'8] 'I'. Eo(k) =~(kt'+k„'), (5g)
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I are obtained»8 I/mnnE (k) —|aI1(1 E(

E,(k)=|

CA CA CASE &

g ces Of the ener+The three cases o
) J.nes ind, cate t

+0). Case 3:
56) &he vert'

~& &&~~pexpression ~&~+U) Case 2'-C„e ): (.x~P~
p I(g )

(45) hecomesz 5) Therefore~in Eq

PI, [(PI,)*- U ~ I

E(k) f (63)

E,(k) =f
E(k) f (6)

„„'=(t/a)"'
=Lf/ +(U/'P"

QJ]pp 2 dk„—Io

I ~ gE (k)
(6S)

(6O) f()r es,cllation rang" q'
follows.

ith these integr
~

5 become as
Thus w~t

shown ine case

2 +QI;, sin
Q') )

/b) z/n(pl I P cos 4'

gj, =2
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Thus, AJ;;({) due to {110)energy gaps is obtained by
summing Eq. (59) over the gaps in the first quadrant
and multiplying it by 4 as

(~J»(t') )
! != 2k', P $(a/b)'~'(hT~ p cos'y
(6Jrr({)I sai

+67„„.sin'y)+(b/a)'I'(AI~ r sin'y+hI„„. cos'y)

&2(AI~. r AI„„—) siny cosy), (72)

where AI~ ~. and B,I„„.are given by Eqs. (66) for the
outer (110) gap in CuAu II and by Eqs. (67) for the
inner (110) gap in CuAu II and for the (110) gap in
CuAu I (see Fig. 3).

The results of the numerical calculations of hJ»({)
and AJrr({') along with AJ(1)= , P;—AJ;,({)are given
a,s functions of temperature in I'ig. 6. As seen in this
figure, d J;,({)is negative in both the ordered phases,
and its magnitude increases gradually with increasing
temperature within each ordered phase. Therefore, the
change of the Fermi surface due to the {110)energy
gaps gives rise to the increase of resistance, and it has
the eQ'ect on resistance of making it decrease with in-
creasing temperature, contrary to the case of (1/r({)
within each ordered phase. This behavior of &J;;({)
can be understood mainly from the fact that the area, of
Fermi surface decreases appreciably when there appear
{110) gaps just outside the Fermi surface in the ordered
phases, and that the smaller the magnitude of each gap
becomes with increasing temperature Lsee Eqs. (43)
and (44)], the smaller this effect becomes.

C. Results and Comparison with Exyeriments

From Eqs. (1), (3), (5), (30), and (31) we have a
somewhat more explicit expression of p:

p = L(2~) '&'/2~']LT({ )T+1/r2({ )]/
L J(~)+»( ){] (73).
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Fxo. 6. The temperature dependences of AJx~(g),
M~(g), and M(g).

transition point from CuAu II to CuAu D. Below about
500'K, the crystal of CuAu I is almost perfectly ordered
and accordingly 1/r2({) is very small and nearly con-
stant. Therefore, p increases nearly linearly with in-
creasing temperature according to y({)T in that tem-
perature range. On the other hand, p increases more
rapidly above 500'K in CuAu I than below the tem-
perature, because the order parameter 5 decreases
rapidly as the temperature approaches to the transi-
tion point from CuAu I to CuAu II (see Paper I,
Fig. 9), and accordingly 1/r&({) increases rapidly with
increasing temperature. The degree of order in CuAu II
is smaller than that in CuAu I.Thus, at the transition
point from CuAu I to CuAu II, p has a positive jump by

y(|)= 1.84)& 10"sec ' deg '

Jo(f) =5.17X10' eV cm ' (74)

The analytic expression of 1/r&(t') is given by Eq. (28),
and the numerical result of hJ({)=s P; J;,({') is given
in Fig. 6. The adjustable parameters y({) and Jo({)
are determined by the slope of the resistivity-versus-
temperature curve obtained experimentally in CuAu D
and by the experimental value of resistivity at 683'K,
respectively, a,s
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The temperature dependence of p calculated with the
use of the values of these parameters is shown in Fig. 7.
The calculated values are in good agreement with the
experimental values.

In the ordered phases the temperature dependence of
p is determined almost by the factor p({)T+1/r&({)
since, as seen from Eq. (74) and Fig. 6, the temperature
changes of Jo({)+hJ({')are very small except at the

400 500 600
T ('K)

700

FIG. 7. The temperature dependence of electrical resistivity p.
o indicates the values obtained by Noguchi.
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with

(77)

p
CI

-10
0.8

CASE 5

I

I

I I

PB ~i-s 1.0 ~i+s
W

1.2
C=0.109 eV '. (78)

where primes over Jo(f) etc. mean the derivatives with
respect to E at E=P. The values of the parameters
Jo(f) and yo) have been determined in Sec. 2 /see
Eq. (74)j. The temperature dependences of 1/rs(g)
and AJ, ,(f') have been calculated also in Sec. 2 (see
Eqs. (29) and (72), and Fig. 6j. The values of C are
obtained with the use of the value of Ã'(f) calculated
for copper by the cone model" "as

FIG. 8. bIpg ' and BI„„'as functions of
ZV= ~(aP~r2)II' fOr 8= Ujf=0.1.

the value corresponding to the difference in 1/rs(f)
between CuAu I and CuAu II.

At 683'K, the crystal of CuAu II makes another
phase transition to CuAu D where 1/rs(f) becomes
largest, and d,J(f')=0. Although the large change of
1/rs(f) at the transition point gives rise to a large posi-
tive jump of p, the change of 6J(t ) from a large nega-
tive value to zero cancels this large positive jump due
to 1/rsO) by about half. In CuAu D, p increases
according to y(t)T since both 1/rs(t) and DJO) are
constant.

7rskesT 1 8 lno;;(E)-Z
3e 3 ' BE

(i=X,Y,Z), (75)

where ke is the Boltzmann constant and o;;(E) is the ii
component of the conductivity tensor at absolute zero
if the Fermi energy were at E, and it is given by Eq (3).
if we assume that 7 depends only upon the electronic
energy. The phonon-drag contribution to the thermo-
electric power can be neglected since it is negligibly
small in the high temperatures we are concerned with.

Substituting Eq. (3) into Eq. (75) and using Eqs. (5),
(6), (30), and (31), we have a more explicit expression
for Q as

m'kasT 1AJo(f)+6J; -(f')
-Z

3e 3 ' Jo(|)+aJ;,G.)

1/rs(t)+8 +C (76)
~(l.)T+1/ G.) ~(f)T+1/ (~)-

~' See, for example, J. M. Ziman, ElectrorIs and PhorrorIs (Claren-
don Press, Oxford, England, 1960), p. 397; D. K. C. MacDonald,
Thermoelectricit~ (John %iley 8z Sons, Inc. , New York, 1962).

3. THERMOELECTRIC POWER

According to the standard theory, " the thermo-
electric power due to electron diffusion in a polycrystal
is given by

3=—0.139 eV ',
B=—0.095 eV '. (79)

This negative value of 3 contradicts Ziman's result.

"J.M. Ziman, Advan. Phys. 10, 1 (1962).
"We determined the energy-gap parameter I in Ref. 13, so

that the neck radius coincides with that obtained experimentally
and E(f) with that calculated for copper by Burdick (Ref. 7).
In the calculation for the value of the effective mass m*, the ex-
perimental value of the cyclotron mass of copper at the neck
va, 0 6' Lsee S. F. Kip, D. N. Langenberg, and W. T. Moore,
Phys, Rev. 124, 359 (1961)j is used since m* in this model is equal
to m, at the neck.

'4 P. L. Taylor, Proc. Roy. Soc. {London) A275, 209 (1963).
'~ F. J. Blatt, Phys. Letters 8, 235 {1964).

The quantities 3 and B are related to the positive
thermoelectric power of the noble metals Cu, Ag, and
Au. In the case of the pure noble metals, Eq. (76) is
reduced to Q= (rr'kJ3'T/3e)(A+8). Since the electronic
charge is a negative quantity, the sign of 3+B should
be negative for a positive Q. Ziman suggested that the
contribution to 2 from the conduction electrons at the
(111)necks makes A negative and calculated the value
of .4 using a cone model. "But, unfortunately he ob-
tained the result that although A is certainly reduced
below the free-electron value 1.5/Er, it still remains
positive.

On the other hand, Taylor" calculated the relaxation
time of conduction electrons caused by lattice vibra-
tions taking account of a multiple connection of the
Fermi surface of noble metals, and evaluated the value
of B. Unfortunately he obtained again a positive B.
After that, Blatt" considered the Coulomb scattering
of the conduction electrons from the bellies to the necks
of the Fermi surface and proposed that the strongly
energy-dependent scattering is important for the posi-
tive value of Q. Therefore, we consider 8 as including
implicitly the contribution from this mechanism. How-
ever, since it is very difficult to evaluate the values of 3
and B from first principles, we consider A and B as
adjustable parameters and determine these values by
fitting the calculated values of thermoelectric power to
the experimental values at the two temperatures 697
and 734'K in the CuAu D phase. The values thus deter-
mined are
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However, it seems that 6 might be negative, if the
actual band structure were used in his calculation.

The next thing we must do is to calculate the values
of hJ; (t). Differentiating Eq. (72) with respect to |,
we obtain

+AI„„'sin2$)+(a/b)'i2(M~. „'' sin'Q+AI;„. ' cos'Q)

+2(DIr t
' AI„„')—sing cosgj, (80)

where hI~. ».
' and AI;, ' are the derivatives of hI p~ and

AI„; with respect to |', respectively. Taking account of
the following relations,
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BED(k)
'

=0
~k p kg~=t /n

aEp(k)

aEp(k)
=0, (81)

AI„,.'= 2h dk( —x;

Case 2:

AIpp = 2A

&'m
dk„—m,

p
(83)

Case 3:

AI p $&
—2h

AI„„,'=2A

9"' m
dk&~+ 2

p

'f- m+ g
'Il )

(84)
&
—'+m + 'i

dkg —x,
2g /2 &+,e'

mp, ; ' ——h '(O'E~(k)/8k, '),
ig, ,= A '(BEg(k)/Bk,.) .

we have the following results for AI~ ~
' and AI„„'from

Eqs. (65), (66), and (67).

Case 1:

Thc numcl leal results of AIp p and AI&~~~ fol
8=U/i=0 1are. shown in Fig. 8 as functions of
~=(iiPt'/4t)'I 2This figure shows that AIpt' has
negative values in case I and case 2 and positive values
in case 3, and AI„, ' has small values in RB cases except
the boundary between. case 1 and case 2. These features
of AIg g

' and AI„„' are understood from their expres-
sions (82), (83), and(84), and the shape of the Fermi
surface shown in Fig. 5 in the following way. On the
Fermi surface of the lower branch, the values of gn, p

'
are negative near the energy gap, and thus the values
of AI~ ~

' for case 1 and case 2 become negative since
v, ~ is always positive. These negative values are en-
hanced by the factor 1/e, t because of small values of

,p neRl thc cnclgy gRp. On thc Fermi sulfRcc of thc
upper branch, the values of m+, ~

—' near the energy gap
are positive and very much larger compared with those
of free electrons. Therefore, the positive contribution to
AI~ ~

' from the upper branch, the second term of the
first equation of (84), overcomes the negative contribu-
tion from the lower branch, the 6rst term of the erst
equation of (84), and the EIr t.' becomes positive in the
case 3.On the other hand, m~,„'has exactly the same
values as those of free electrons, although the q' com-
ponent of the electron velocity is somewhat RQected by
the energy gap. Thus, on the whole, we have smaller
values of

(
AI„„'

~
compared with those of

)
AI„„' ) .

The values of AJ~x'(l') and. EJrr'(f), which are cal-
culated using the values of A,Ig.~.

' and AI„„.' and
Eq. (80), are shown in Fig. 9. The positive values of
AJ~x'(t) and AJrr'(f) are caused by the shape of the
Fernu surface near the (110) directions in the each
ordered phase as follows. In Cuhu I there exist very
small number of electrons above the (110) gapa Lsee
Fig. 3(a)]. This corresponds to case 3 and w close to
(1—5)"', and thus AIt t

' has large positive values and
AI„. has very small negative values as seen in Fig. 8.
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Consequently, both the values of 6Jxx'(f) and &Jrr'(f)
become positive, since @=0 in Eq. (80) .

In CuAu II, the outer (110)gap corresponds to case 2

and w close to (1—8)'I' /see Fig. 3(b)g. Therefore,
LUg g

' due to this gap has large negative values, and
~I;, ' has small negative values. On the other hand, the
inner gap corresponds to case 3, and m is far from
(1—5)'12

t see also Fig. 3(b)j,Therefore, both EIr t.' and

~I;, ' have very small values. Summing up the con-
tribution from the outer and inner gaps, and taking
account that @'s are very small for both gaps, we have
negative values for DJxx'(f') and &Jrr'(g).

The temperature dependence of Q, which is calculated
with the use of Eq. (76) and parameters given by Eqs.
(74) and (79), is shown in Fig. 10, along with the ex-
perimental values obtained by Noguchi. As seen in
Fig. 10, Q has a large positive jump at the transition
point from CuAu I to CuAu II and somewhat smaller
negative jump at the transition point from CuAu II to
CuAu I.These behaviors are qualitatively in agreement
with the experimental results.

It is seen by comparing Fig. 6 and Fig. 9 with Fig. 10
that the large positive jump at 653'K mainly originates
from the negative jump of hJ; (f), and the negative
jump at 683'K from the positive jump of AJ;,(1) and
AJ; (f). In fact, the contributions to each jump of Q

from the 8 and C term in Eq. (76) are very small com-
pared with that from the 6rst term in this equation.
Consequently, the main features of the phase depend-
ences of Q are ascribed to the structural phase de-
pendences of hJ;;(g) and hJ;;(f)' due to the change in
the shape of the Fermi surface near (110) directions.

Although we can explain the experimental results
qualitatively as mentioned above, there are some
qualitative discrepancies between the experimental and
theoretical values. Firstly, the values of Q in CuAu II
are too large and are almost twice the experimental
ones. Secondly, the temperature dependence of Q in
each of the ordered phases has a trend opposite to that
of experiment. We consider the following reasons for
the origin of these discrepancies: (1) The structural
phase dependences of 8 and C were neglected in the
calculation. However, the value of 8 and C are expected
to vary with structural phase to some extent. (2) The
expression (75) is valid under the condition that the
integrals

Kg=const

rvP/
~
gl adgEg

(
(ES

/=const
~v;2/

( grady' i
dS

are not violently varying functions of E), within the
energy range of k~T around the Fermi level. This condi-
tion is not completely ful6lled at the higher tempera-
tures in CuAu I where the Fermi energy measured
from the bottom of the upper branch is comparable
with k&T. Thus, some corrections may be needed in the
case of CuAu I.
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