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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 coefficients, es-

pecially that of the thermoelectric power.

1. INTRODUCTION

HE CuAu alloy has three phases. Below 653°K,
Cu atomic layers and the Au atomic layers are
alternately stacked along the ¢ axis of a face-centered
lattice. This phase is called CuAu I. In the temperature
range between 653 and 683°K, the long-period super-
lattice is stable, and this phase is called CuAu II. This
structure is constructed by shifting the crystal lattice
of CuAu I by (}4,0,%¢) at intervals of five lattice con-
stants along the 4 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 T 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 first 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
(0,0,41) and {110}, respectively. In CuAu II, moreover,
each of these energy gaps is split into a pair of energy

gaps.?
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8 More pairs of energy gaps which split from each of the energy
gaps in CuAu I are expected, corresponding to the higher har-
monics of Fourier amplitudes of the order parameter in CuAu II.
Besides these, energy gaps due to the lattice modulations (Ref. 1)
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As shown by Sato and Toth* 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 ¥
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 coefficients 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.
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and R. S. Toth, Phys. Rev. Letters 8, 239 (1962).

5 S. Noguchi, Toyoa Kenkyu Hokoku 17, 31 (1963). See, also,
H. Sato and R. S. Toth, in Alloying Behavior and Effects 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.2 The effect 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 affected 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 modification 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,ky,kz) as shown
in Fig. 1, the electrical resistivity for a polycrystal is
expressed by

P=(%Z'Tii)_l, (1/=X:Y’ Z) (1)

T

where ¢;; is the 4 component of the electrical con-
ductivity tensor. o;; is given by the well-known formula

2e? 9 f(Ex)
/ - / V2
(277) 3 aEk B~y =const

X | gradyEx |"1dSAE, (2)

Tiu= —

where ¢ is the electronic charge, f(Ey) is the Fermi-

¢ The {110} or (00=:1) energy gaps mean not only the {110} or
(001) gaps'in CuAu I, but also the pairs of gaps, which split
from each of them, in CuAu I,
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kx

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

Dirac distribution function, Ey is the electron energy
with wave number k, 7 is the relaxation time, and v; is
the 7 component of electron velocity. Here, we assume
for simplicity that the quantity /"rv:%/| gradp Ex | dS does
not vary rapidly with Ey in the neighborhood of Fermi
energy ¢ and that 7 depends only upon Ey .Then, (2)
can be written as

oi(§)=[2¢%/ (2m)* 02T ()7 (5), 3)

where
Ji,'(g') = (6Ek/6k,-)2 I gradkEk l —14S. (4)

Fs

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(f), but also by the property of the
Fermi surface through the quantities J;(¢) and =(¢).

In Secs. 2 A and 2 B the quantities 7(¢) 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 1/7(¢) can be written as

1/7(6)=1/m1()+1/7:(6), ®)

where 71(¢) and 72(¢) 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 1/71(¢) is proportional to the absolute temperature
since the high-temperature approximation is valid in
the temperature range with which we are concerned:

1/m§)=v)T. (©)
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The scattering probability due to the disorder of
atomic arrangements 1/72({) is derived from the usual
perturbation theory. The scattering probability 1/7,
when an electric field is applied in the ¢ ((=X,¥,2)
direction, is given by

’

o Pl e(1-) 2 )
TgiﬁV%hﬂ':",/Fs o ! Vg ]gradklEk:{’

where V is the volume of the crystal, ({ ))r means the
thermal average, and Vy,. 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)/2e% 7y, (r) and (1/N)1/ 21y, (r)
of the unperturbed state:

Vk,k:=/(1/N)1/2e"'k"uk*(r)AV(r)
X (1/N)2%e® 1y, (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

Vo) =2 3[Voulr—D)(1+0)+ Vaulr—1)(1—0i)], (9)

where Veuo(r) and Va,(r) are the Cu and Au core
potentials for conduction electrons and o; is an order
parameter which takes 1 or —1 according to whether
the lattice site 1 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 {rom this
potential,

Ve(®)=(Ve(®))r+Vo(t) = (Ve(r))r.

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 1.
The second part is the scattering potential appropriate
to the present case, and is written as

AVc(l'):Z WC(r_i)(o-i_Si) )

(10)

(11)
where
(12)

and S; indicates the thermal average of ¢;. The potential
v,(r—1i) is expanded in the Fourier series:

(r—P=3[Vou(t—1)— Vaulr—1)],
1
vo(r—i)=— 3 1,(Q)e7@ 1, (13)
Ve

This potential is screened by the conduction electrons,
and if the dielectric approximation is used, the screened
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potential is expressed by

( .) 1 Zvc(Q)
Ve(X—1)=—
V e ¢Q)

where €(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

¢iQ- i) (14)

1 vc(Q)
AVE=2 2 «Q)

Thus, from Egs. (8) and (15), {({| Vi, | 2))r is calculated

as
1\2 nx(h,k)v,(K+h)72
k,k’ 2 7= h - - y
€ Vi |9r=T0 >(N>[ e ] (16)
with

e*f°'<'—i>(ai—5i) . (15)

W)= (] ;Z (e —S)e™ 4 [%)r, 17

1
(b k) =— / WO Sdr,  (18)
AJa

and

2o(K-+h) = / H[Voult) = Vau@®) & mdr,  (19)
14

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

We rewrite W(h) as

W(h)=2 ‘1: et =1 ({(g;— 1) (o3 —Si) ))r
=§ {loi—=S))r+2 ‘12 b (=i

X{{(e1—=S1) (o —S1)))r, (20)
where i7#4’. We neglect for simplicity the second term
on the right-hand side of Eq. (20), which expresses the
correlation between ¢;—S; and oy, —S;- for ii’. With
the use of the Bragg-Williams approximation, the first
term of Eq. (2) is calculated as

W)= (1—-S;?). (21)
As shown in Paper I, S; for CuAu I and CuAu II can
be expressed by

1= cos(qo,i), (CuAu I)

S2i-1 COS((]gz_l,i) , (CuAu II) (22)

Me

T

1

with qo=(0,0,2r/¢) and qoi—1=1(0,(2l—1)7/5b,27/c).
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Substituting Eq. (22) into Eq. (21), we have

Wh)=N(1-52), (CuAu )

5

=N(1“% Z Szz—lz) )

I=1

(CuAuTl). (23)

Unfortunately, the last part of Eq. (16) is difficult 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. We
write the term as

ne(hk)o(K+h) 7 o
[x «(K+h) :I”"’ )

€
where o’ and ¢ are the constants defined by

x(h,k)v.(K+h)
«=[Z nx<h,k>v¢<K+h>3{ z L&ﬂ)—] &

1 nx(hko.(K+h)
Sy PR (Ko (K+h). (26
S /Zn( w(K+h).  (26)

o defined in Eq. (25) has the same form as & in Paper I,
but is somewhat different in magnitude because the
unperturbed states used here and in Paper I are dif-
ferent. We neglect this small difference and use « in
place of o/. For the value of ¢, we tentatively use the
value of e(go), which is calculated from the well-known

formula
f(Exra)— f(Ex)
Eira—Ex

4mre?

elQ=1——-
Vg* x

@n

The summation over k in Eq. (27) has been performed

for several q including qo and q2;—1 by using the energy-

band data for copper calculated by Burdick? in Paper I.
From Egs. (16), (23), and (24) we obtain

Vi | D)r=(1/N)(a/(1—5%),  (CuAul)

— (1/N)(e/) (1~} 1 Sas?).

(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 finally obtain for
the isotropic scattering probability due to the disorder
of atomic arrangements,

1/7(0)=(r/ B[N E)/N](e/e)(1—59), (CuAul)
— (/BN ()N (/) (1—3 l}é Son?).,

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

(29)
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(a) (b)

F16. 2. The Fermi surface of copper obtained by Burdick (see
Ref. 7) (thick line) and the elliptical clyinder of height %, (thin
line). (a) (001) cross section, (b) (110) cross section.

N(¢) being the density of states at the Fermi surface.
We neglect the temperature dependence of N(¢)8 and
make use of that of copper calculated by Burdick. The
temperature dependences of .S and Si—; have been
calculated in Paper I.

B. Calculation of J;({)

We divide J;(¢) into two parts: J(¢) of CuAu D,
J0ii(§); and the deviation of J;(¢) from Jo::(¢), AT :(5),
due to the change in the shape of Fermi surface from
that of CuAu D:

Ju(©)=Jou(§)+AT(0) (30)

From the cubic symmetry of the crystal, we have the
following relation for Jo:({):

Joxx ()= Jorr($) = Jozz(5) = Jo(¢) . (31)

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

For the calculation of AJ (), 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 Hy(g) in
Paper I. In the ordered phases, there appear extra
energy gaps. Among these energy gaps the {110} energy
gaps lying along the flat 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 affect 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 AJ(¢) from the (0041) energy gaps and
take into account only the contributions from the {110}
energy gaps.

8 The deviation of N(¢) from N(¢) in CuAu D is shown to be
proportional to the quantity Al,,’ defined by Egs. (82), (83),
and (84) in Sec. 3. Since the temperature dependence of Al is
very small as will be shown in Sec. 3, the temperature dependence
of N(¢) 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,

32 [Voulr—D)+Vaul—i)].
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(a) (b)

Fic. 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
AJ:(¢) from the Fermi surface in each of the quadrants
with respect to the (kx,ky) 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 AJ;4(¢) 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 [1107] direction. As shown in
Fig. 2, the Fermi surface of copper near the [110]
direction is well expressed by a part of an elliptical
cylindrical surface of height %;. Therefore, we approxi-
mate the energy expression in the neighborhood of the
Fermi surface of CuAu D near [110] direction by

Eo(k)=a(ks—Fko)*+-bk,2. (32)

The values of @ and &, are determined so that 0 Eo(%)/ 0k
and 92Eq(k)/dk,? at the point 4 in Fig. 2 coincide with
those derived from the energy-band data for copper cal-
culated by Burdick.” The value of the Fermi energy ¢
is then given by Ey(k) at the point A. The value of &
is determined so that {=ZEy(k) passes through the
point B in Fig. 2, the cross point bteween the Fermi
surface of copper and a line ky=kx+(7/a).

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

E(k)=3{Eo(k)+ Eo(k—p)

£[(Eo(k)— Eo(k—p))*+4U%]"/2},
where 20U is the magnitude of the energy gap and pis a
vector which indicates the position of the energy gap.
Equation (33) is written using Eq. (32) as
E(k) = a(kor*— porkar+3p )+ (ky — purky~+5py?)

+{[a(—poks+3ps-)
+b(_Pu'ku’+%ﬁu'2)]2+ Uz}”z: (34)

where ko»=k.—ko and &y =k,. The values of p.» and p,

are determined so that the energy-gap plane of the
energy expression (34) coincides with that!® derived

(33)

10 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. We determined
the position of each gap in the plane £,=0.
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from the energy-band data calculated by Burdick? in
the following way. If we indicate the distance from the
origin of the (%,,k,) coordinates to the energy-gap plane
by I and the angle between the energy-gap plane and
the %, axis by 6, the energy-gap plane is represented by

(ko—+ko) cosf+k, sinf=1. (35)
This equation is rewritten as
—akz 390" — quky+4,*=0, (36)
with
qor=2(l— ko cosb) cosb, 37

qyr=2(— ko cos) sind.

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

a('—PZ'k:c"‘“’zl"Pz’2)+b(—'?u'ky’+%]>u’2)ZO- (38)
Comparing Eq. (38) with Eq. (36), we obtain
b 1+4tan26
po=—— g,
a (b/a)+tan?
(39)
1+tan?%

b= /a)+ tanzﬁqyl '

The energy gap 20U is given by twice the matrix ele-
ment of the perturbing potential,

% Z [VCu(l'—'i)— VA“(r—i)]Si , (40)

between the Bloch functions (1/N)Y2uy(t)e*r and
(1/N) V2o (r)e?®D . A calculation similar to that of
Vi in Sec. 2a leads to the result

U=2gS, % 1(gk)r(K+q)/e(K+q),  (41)

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

2 1x(g,k)v(K+q)
KX
U=gSy| e

e(K+q)

1/2

}I.:.nx(q,k)vc(KJrq) , (42)

where 7x(q,k) and v.(K+q) are given by Egs. (18)
and (19), respectively, if h is replaced by q, and g=1 for
CuAu I and g=7 for CuAu II. We approximate the
second factor in the root of Eq. (42) by 1/e(q), since
the terms of K=0 are considered to be dominant both
in the denominator and numerator. Thus, from Egs.
(22) and (42), we have U for each phase as

U=[o/e(qo) ]S, (CuAuT)
Usiy= %Ea/e(@z—l)]llezz-l , (CuAulIl).

(43)
(44)
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The values of e(qo) and e(qs;—1) 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 Sy;—1(J=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
Egs. (33), (43), and (44), is schematically shown in
Fig. 3.

The contribution to AJ;;({) from a (110) energy gap
Ag::(f) can be calculated from

AZi(0) = gii($)— Gos($)

((=X,Y)  (45)

with B
5:‘1‘(.(-): kh/;‘s [-;k—'*—jl IgradkE(k) l—ldC , (46)
dE(k)2 .
[—3]7] |gradeEo(K) | ~dc, (47)

Joii(§)="Fn /

F8

where % is the height of the elliptical cylinder [see
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 (kgky,) coordinates (see Fig. 4) defined by
ky=Fka,
ky=(a/)"*ky’ ,

Eq. (46) becomes
(v /.16 Ca) 0 o)

ANt

(48)

with

E(K)=a{ke— pehet3pe+hy*—kupyti 00t
== [(_ Pfké‘l‘%PEz— Dukyt 30072+ (U/a)? 1%,

where

(50)

pe= P
b= (8/a)'*py/ .

We now make another coordinate transformation (see
Fig. 4) as

(51)

ki=ky cosp—ky sing,
=R ! ¢—ky sing 52)
ky=ky sing-k, cose,

where ¢ is the angle between the energy-gap plane ex-
pressed by Eq. (50) and the k, axis, and is given by

cosp=[1+(a/b) tan26]1/2, (53)

CuAu ALLOY
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7
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¢ | k-g0p plane
\
\
\
1 ke’
Iy k N\ kx
© cenfer of \\ (kyty f)
ellipse '

Fic. 4. The coordinate system. The dashed line indicates the
energy-gap plane in the (kgk,) and (ky,k,) coordinates.

Then, Eq. (49) becomes

(5xx(§ )
Jrr(5)

—2I gy sing cos$)+(b/a)*(I e sin®p+I,y cos’p

> =3kn{(a/0)*(Iyp cos®p+1,, sin’p

+21 ¢ sing cosg) F2[ Ly (cos’p—sin’ep)
+ (g e —Iyy) sing cosp ]},

dE(k)\?
Tpp= [ < ) | grade E(k) | ~1dc
Fs \ Okg

(54)
with

(55)

dE(k) B
( oh )]gradkE(k)] dc

-1

'dk"l'| )

6E(k)) dE(k)
ok, l ke

VS

where

E(k) = a{kf’z—PE‘kE"l‘%Pﬂ'z-}-k,,,z
H(—prke+ipe?)*+(U/a)*]2},

ky=paw/cose.

(56)
(7

The expressions of Jo:i(¢) corresponding to Egs. (54)
and (55) are obtained by replacing E(k) with

Eo(k)= alke +ky?) (58)
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CA57 CASE 3
Fic. 5. The three cases of the Fermi surfaces of the energy
expression (56). The vertical lines indicate the energy gaps.

Case 1: (Japp?>¢+U). Case 2: ((—U<i}app?<i+U). Case 3:
(kape?<i—0).

CASE 1

in Eq. (55). Therefore, Eq. (45) becomes

(Achx(i' )
Agry(§)
—2AI g, sing cose)+ (b/a) /¥ (Al sin%p

>= k4 (a/B)"*(Al p g cos’ért ALy sin’

+ ALy, cos?p+2AI, sing cosp)
F2[ Ay (cos?p—sin’p)

‘l“ (AIE’ ¥ AIn’n’) Sin¢ COS¢]} ) (59)
with
Alpp=I¢y—Iopy, (60)
AL FX I 0 -1 O’y »
and
Algy=Tgy—Topy ,
where
dEy(k)
Tog'ey= ‘ Idk,,»
oky
(61)
dE (k)
Togy= / I l
FS
and

o TR

The integrations over the Fermi surface in Egs. (55)
and (61) are limited only in the neighborhood of the
energy gap of E(k). But the contribution to (60) from
a region far from the energy gap becomes very small,
since the difference in Fermi surface between E(k) and
Ey(k) is very small except in the neighborhood of the
gap. Therefore, we extend the integration ranges in
Egs. (55) and (61) to those defined by

ké’ Z Emin, 3

62

—ﬂmax/skn'S"lmu,> ( )
£min’ and gma.’ being the kg and &, coordinates of the
point where %, takes a maximum value on the Fermi
surface of E¢(k) or E(k), respectively. From the equa-
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tions Ee¢(k)=¢ and E(k) ={, £min” and nmex’ are obtained
as

Emin'=0, Eo(k)=¢
=3pe—[(pe)*— (U/ape)*]*= ',
Efk)=¢ (63)
Tmax’ = (§/a)/?, Eok)=¢
=[¢/a+(U/ape) =1’ El)=¢. (64)

Thus, with these integration ranges, Egs. (60) for each
of the three cases shown in Fig. 5 become as follows:

Case 1 (3app?>{+U):

' 3E_(K)
Alpp=2 / by — 1o,
i)

ok
& 9E_(k)
Alyy=2 / dky—1Io, (65)
m’ 7’
Alpy=0;
Case 2 (t—U<3}app?<i+U):
" aE'(k)dk I
Alz/s'=2/ w— 1o,
LS aki’
»¢'12 9F_(k)
Alyy=2 / dky—1I, (66)
m’ n’
Al gy =0;
Case 3 (3app2<¢—U):
T’ aE—( ) \nd 0E+( )
AIE»E/‘—"Z/ / "_'Ih
™ (67)
P12 QF_ (k) + 6E+(k)
AI,,:,,/=2/ / dky— I,
m’ ot /2
Alf’ﬂ’ =0 )
where
¢/a1/2 9Fo(k)
Io=2 / dke
0 Ok
@12 g Eg(K)
- [ T (68)
0 "’
£/ =5pe{t/at+ipe*—[Spe?/a+(U/a)*T2}12, (69)
1y’ =(/a—1pe’+U/a)'?, (70)
and
E. (k)= alke®— prke+ipe*+hy®
£[(—peke+ipe?)*+(U/a)?]2. (71)
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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

<AJ xx(§)

ATry(§)
+ ALy, sinp)+(8/a)V2(Al ¢ sin?p+ ATy, cose)

(72)

where Alyy and Al are given by Egs. (66) for the
outer (110) gap in CuAu II and by Egs. (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 AJxx({)
and AJyy(f) along with AJ(£)=3% 2_: AJ:(¢) are given
as functions of temperature in Fig. 6. As seen in this
figure, AJ;;(¢) 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 effect on resistance of making it decrease with in-
creasing temperature, contrary to the case of (1/7(¢)
within each ordered phase. This behavior of AJ;:(¢)
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 [see Egs. (43)
and (44) ], the smaller this effect becomes.

)=2kh > [(a/b)Y2(AIp e cos?e
gap

+2(Alpp—AlLyy) sing cose ],

C. Results and Comparison with Experiments

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

p=L[(2m)*n?/2e* v () T+1/7:6) ]/
LTo©)+a7()]. (73)

The analytic expression of 1/72({) is given by Eq. (28),
and the numerical result of AJ(¢)=% >"; Ju(¢) is given
in Fig. 6. The adjustable parameters v({) and Jo(f)
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, as

v(§)=1.84X10" sec™* deg™?,
Jo(0)=5.17X10° eV cm™!.

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 v(¢)7T+1/72(¢)
since, as seen from Eq. (74) and Fig. 6, the temperature
changes of Jo({)+AJ({) are very small except at the

(74)
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transition point from CuAu II to CuAu D. Below about
500°K, the crystal of CuAu I is almost perfectly ordered
and accordingly 1/75(¢) is very small and nearly con-
stant. Therefore, p increases nearly linearly with in-
creasing temperature according to y(¢)7 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 S decreases
rapidly as the temperature approaches to the transi-
tion point from CuAu I to CuAu II (see Paper I,
Fig. 9), and accordingly 1/74(¢) 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
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the value corresponding to the difference in 1/75(¢)
between CuAu I and CuAu II.

At 683°K, the crystal of CuAu II makes another
phase transition to CuAu D where 1/72(f) becomes
largest, and AJ({)=0. Although the large change of
1/75(¢) at the transition point gives rise to a large posi-
tive jump of p, the change of AJ(¢) from a large nega-
tive value to zero cancels this large positive jump due
to 1/79(¢) by about half. In CuAu D, p increases
according to y(¢)7 since both 1/72(f) and AJ(¢) are

constant.

3. THERMOELECTRIC POWER

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

w%p*T 1
3¢ 3 i

d Ine ,','(E)
oE

, (=X,1,2), (75)

Bt

where kg is the Boltzmann constant and ¢;;(E) is the 41
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 Egs. (5),
(6), (30), and (31), we have a more explicit expression
for Q as

_7r2kB2T|-1 ATo(Q)+AT:H ()
T3¢ 3T 1©+ATH0)
3 ¥(OT I 1/72(8) ]’ 76)
YOT+1/7() v T+1/7:(5)
11 See, for example, J. M. Ziman, Electrons and Phonons (Claren-

don Press, Oxford, England, 1960), p. 397; D. K. C. MacDonald,
Thermoelectricity (John Wiley & Sons, Inc., New York, 1962).
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with
A=Jd)/To8), B=—v"()/v(),
C=—=N'()/N (),

where primes over JO(¢) etc. mean the derivatives with
respect to £ at E=¢. The values of the parameters
Jo(¢) and v(¢) have been determined in Sec. 2 [see
Eq. (74)]. The temperature dependences of 1/72({)
and AJ;(¢) have been calculated also in Sec. 2 [see
Egs. (29) and (72), and Fig. 6]. The values of C are
obtained with the use of the value of A’(¢) calculated
for copper by the cone model!?-1? as

C=0.109 eV~1,

(77)

(78)

The quantities 4 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= (w%35?T/3e)(4A+ B). Since the electronic
charge is a negative quantity, the sign of 4--B should
be negative for a positive (). Ziman suggested that the
contribution to 4 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 A4 is certainly reduced
below the free-electron value 1.5/E;, 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 B as including
implicitly the contribution from this mechanism. How-
ever, since it is very difficult to evaluate the values of 4
and B from first principles, we consider 4 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
A=-—0.139 eV,

9
B=—0.095 eV~1. (79)

This negative value of 4 contradicts Ziman’s result.

127, M. Ziman, Advan. Phys. 10, 1 (1962).

13 We determined the energy-gap parameter % in Ref. 13, so
that the neck radius coincides with that obtained experimentally
and N(¢) 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
m,=0.6m [see S. F. Kip, D. N. Langenberg, and W. T. Moore,
Phys. Rev. 124, 359 (1961)] is used since #* in this model is equal
to m, at the neck.

14 P, L. Taylor, Proc. Roy. Soc. (London) A275, 209 (1963).

1 F, J. Blatt, Phys. Letters 8, 235 (1964).
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However, it seems that A 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 AJ;/(¢). Differentiating Eq. (72) with respect to ¢,
we obtain

= a vg COS
ATyy (P g gap v
+ ALy, sin?p)+(a/b) V3 (Al o' sin?p+ AL, cos?d)

+2(Alg e’ —ALyy") sing cosp], (80)

where Aly g’ and ALy,  are the derivatives of Ay and
ATy with respect to {, respectively. Taking account of
the following relations,

0L (k) dE.(k)
= O s — o 0 s
akf' kn’=’7;§;' aks kpt=nm*
dE(k) dE, (k)
=0, =0, (81)
Oky lkp=tsa Oy k=t
9 Eo(k)
akﬂ' kgre=t/a

we have the following results for Aly " and Al from
Egs. (65), (66), and (67).

Case 1:
mm’ m_,é,—l
AIgrg'/=2}l/ dky—,
V¢
(82)
- m__m,—l
ALy’ =20 / dby—m;
Uy
Case 2:
" m_ JE =1
Alpp'=2 / dk'—7r,
V¢
(83)
DE /2
Loy —Qh/ dkg —Tr;
Em'
Case 3:
nm’ M = Mgt
Alpy'= Zh/ / Ay —m
0 U, 8
(84)
pgr[2 m—, gy
ALy, = Zh[ / dky —,
/2 UVt
where
g, =202 E (k) / Ok, (85)
vy, = (A (k) / Ok;) . (86)
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The numerical results of Alyp’ and Aly," for

§=U/¢=0.1 are shown in Fig. 8 as functions of
w=(app?/4¢)V2. This figure shows that Alpp’ has
negative values in case 1 and case 2 and positive values
in case 3, and Al has small values in all cases except
the boundary between case 1 and case 2. These features
of ATy’ and Al,’ 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 m_ ¢
are negative near the energy gap, and thus the values
of ATy’ for case 1 and case 2 become negative since
v_,p is always positive. These negative values are en-
hanced by the factor 1/v_ ¢ because of small values of
v_,p near the energy gap. On the Fermi surface of the
upper branch, the values of #. & near the energy gap
are positive and very much larger compared with those
of free electrons. Therefore, the positive contribution to
Alyy' from the upper branch, the second term of the
first equation of (84), overcomes the negative contribu-
tion from the lower branch, the first term of the first
equation of (84), and the Ay’ becomes positive in the
case 3. On the other hand, m, , ! has exactly the same
values as those of free electrons, although the 4’ com-
ponent of the electron velocity is somewhat affected by
the energy gap. Thus, on the whole, we have smaller
values of | ALy, | compared with those of |AL,"|.
The values of AJxx’({) and AJyy’({), which are cal-
culated using the values of Alyy’ and Al,,’ and
Eq. (80), are shown in Fig. 9. The positive values of
AJxx'(¢) and AJyy'(¢) are caused by the shape of the
Fermi surface near the (110) directions in the each
ordered phase as follows. In CuAu I there exist very
small number of electrons above the {110} gaps [see
Fig. 3(a)]. This corresponds to case 3 and w close to
(1—06)%/2, and thus AIyp’ has large positive values and
Al has very small negative values as seen in Fig. 8.
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Consequently, both the values of AJxx’({) and AJyy'({)
become positive, since =0 in Eq. (80) .

In CuAu II, the outer (110) gap corresponds to case 2
and w close to (1—08)Y/2 [see Fig. 3(b)]. Therefore,
Alye’ due to this gap has large negative values, and
Al has small negative values. On the other hand,the
inner gap corresponds to case 3, and w is far from
(1—8)Y/2[see also Fig. 3(b)]. Therefore, both Ay and
ALy, 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 AJxx'(¢) and AJyy'({).

The temperature dependence of Q, which is calculated
with the use of Eq. (76) and parameters given by Egs.
(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 AJ;/({), and the negative
jump at 683°K from the positive jump of AJ;(¢) and
AJ;/(§). In fact, the contributions to each jump of Q
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from the B and C term in Eq. (76) are very small com-
pared with that from the first term in this equation.
Consequently, the main features of the phase depend-
ences of Q are ascribed to the structural phase de-
pendences of AJ;(¢) and AJ;(¢)” 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 B and C were neglected in the
calculation. However, the value of B and C are expected
to vary with structural phase to some extent. (2) The
expression (75) is valid under the condition that the
integrals

/ Tl’z'z/ I gradkEk I dS
Ex=const

and
(Ex—5) 02/ | gradiFx|dS

Ex=const

are not violently varying functions of Fy within the
energy range of k37 around the Fermi level. This condi-
tion is not completely fulfilled at the higher tempera-
tures in CuAu I where the Fermi energy measured
from the bottom of the upper branch is comparable
with 2z7. Thus, some corrections may be needed in the
case of CuAu I.
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