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Electronic properties of bulk copper-aluminum and copper-zinc alloys
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Magnetic-susceptibility, as well as resistivity, Hall-effect, transverse-magnetoresistance,

and thermoelectric-power, measurements have been made on a series of well-characterized
bulk samples covering the entire copper-aluminum and copper-zinc phase diagrams. In
both systems the resistivity of the y phase exhibits a sharp minimum as a function of com-
position. This minimum correlates with anomalies observed in the other measured proper-
ties and supports the hypothesis that the behavior is due to electronic effects associated with
overlap between the Fermi surface and the Jones zone for this structure. Comparison of the
properties of other phases in the two systems indicates similarities which can be also as-
cribed to band-structure effects.

I. INTRODUCTION II. EXPERIMENT

The copper-aluminum system, which is of consid-
erable importance in integrated circuit technology, is
also of intrinsic physical interest. Recent measure-
ments on bulk alloys' have shown that the resistivity
of the y2 phase exhibits a very strong dependence on
composition. This behavior has been ascribed to
electronic effects associated with contact between
the Fermi surface and the Jones zone for the struc-
ture. Electronic effects are also observed in the con-
duction properties of other phases, in particular the
values of dp/dc for the primary solid solutions
CuA1 and AlCu.

Hitherto there has been no systematic study of the
transport and magnetic properties of bulk copper-
aluminurn alloys to investigate in detail the influ-
ence of electronic structure. The present work re-

ports measurements of the magnetic susceptibility,
as well as Hall effect, transverse magnetoresistance
and theraioelectric power, on well-characterized
bulk samples covering the entire phase diagram of
this system. Data are also presented for bulk sam-
ples spanning the phase diagram of the copper-zinc
system, including extensive measurements on the y-
phase alloys which have a structure similar to that
of the y2 phase of copper-aluminum. The results
show conclusively that overlap effects between the
Fermi zone and Jones surface are dominant in each
of the latter phases, but that interesting differences
are observed in their detailed behavior. Comparison
of the properties of other phases in the two systems
indicate similarities which can also be ascribed to
band-structure effects.

Reference to Table I shows that, in addition to the
cubic primary solid solutions, there are five inter-
rnediate phases in the copper-aluminum system.
Both y2 and 5 are complex cubic structures, the
former having the approximate composition Cu9A14
with a stability range extending from 31 to 37 at. %.
There is some disagreement about the structure of
the 5 phase, which occurs near 40 at. %%uoaluminum
corresponding to the composition Cu3A12. The
remaining phases g2, s12, and 8 are electron com-
pounds with approximate formulas Cu4A13, CuA1,
and CuA12, respectively. The structure of the gq
phase is also in doubt.

Table I also shows the well-known phases of the
copper-zinc system. Here the zinc-rich primary
solid solution is the hexagonal g phase, in contrast
to the cubic a phase, which is of the classic Hume-
Rothery type. The y phase, with the approximate
composition Cu5Zn8, is similar in structure to the y2
phase of the copper-aluminum system. Neither the
familiar cubic P' phase, which undergoes an order-
disorder transformation to p at 456' C, nor the hex-
agonal e phase with the nominal formula CuZn5 re-
quires further comment.

Samples of alloys covering both the copper-zinc
and copper-aluminum systems were prepared by in-
duction melting 99.999%-pure constituents under an
argon atmosphere. The copper-aluminum ingots
were prepared in recrystallized alumina crucibles,
while the copper-zinc ingots were melted in high-
purity carbon crucibles. The latter were fitted with
tightly fitting, tapered lids to prevent loss of zinc
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TABLE I. Properties of phases in copper-aluminum and copper-zinc systems. (See Ref. 2).

System

CU-Al

Phase

a
r2
5

0z

7l

8
P

Nominal
composition

(Cu)
Cu9A4
Cu3A12

Cu~3
CuA1
CuA12

(Al)

Lattice

Cubic
Cubic
Cubic

Monoclinic
Monoclinic
Tetragonal

Cubic

Space group

Fm 3m
P43m
I43m

C2/m
I4/mcm
Fm 3m

Cu-Zn a
p(13')

r

(Cu)
CuZn

Cu5Zns
CuZn5

(Zn)

Cubic
Cubic
Cubic

Hexagonal
Hexagonal

Fm 3m
Im 3m (Pm 3m)

I43m
P63mc
P63mc

during the melting process. After casting the ingots
were annealed for several days in argon, close to the
maximum temperature consistent with stability, as
determined from the relevant part of the phase dia-
gram. They were then water quenched from anneal-
ing temperature to prevent solute precipitation. X-
ray data taken on powder samples prepared from the
quenched ingots gave lattice parameters in good
agreement with accepted values. The alloy compo-
sitians were determined from the starting masses of
the constituent metals. Differences between the
latter and the mass of the resulting ingot were in all
cases less than 20 mg, corresponding to an uncer-
tainty in composition of less than 0.1 at. %%uo.

All the samples used in this work were spark cut
from adjacent positions in the same ingot. The
resistivity specimens were in the form of rectangular
parallelopipeds approximately 2 cm long and of
1.5X1.5 mm cross section. Measurements of resis-
tance and transverse magnetoresistance were made
by the usual four-probe method using an automated
apparatus, details of which have been published in a
previous paper. The magnetoresistance measure-
ments were made up to fields of 23 kG, using a 12-
in. Varian electromagnet with tapered iron-cobalt
pole caps. Susceptibility data were obtained, with a
standard Faraday balance using constant-gradient
pale caps, on sections of the same specimens used
for the resistance measurements.

In order to obtain sufficient sensitivity for the
Hall measurements, separate samples approximately
0.2 mm thick and 3 mm in width were spark cut
from the ingots. As will become evident later, the
large grain size in some of the copper-zinc ingots
caused problems in obtaining Hall data for the hex-
agonal phases. Data were obtained up to 23 kG,
with same magnet used for the magnetoresistance
experiments.

III. RESULTS

The variation of resistivity as a function of com-
position for the copper-aluminum and copper-zinc
systems is shown in Figs. 1 and 2, respectively. At
low solute concentrations the usual linear depen-
dence is observed, the values of dp/dc being in good
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FIG. 1. Variation of resistivity at 295 K as a function
of composition x in Cu~ Al alloys. Solid curve is the
concentration dependence predicted by virtual-crystal
model discussed in text.

Thermoelectric measurements were made on the
Hall samples, using a standard technique in which
the thermoelectric emf V of a copper-alloy couple is
measured as a function of the temperature differ-
ence across the couple. The resulting value of ther-

moelectric pawer of the alloy relative to copper was
then obtained from the relation M=S»&py Scp
=dV/dT. From the known value of Sc„ the ther-
moelectric power of the alloy could then be comput-
ed.
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FIG. 2. Variation of resistivity at 295 K as a function
of composition x in Cu~ „Zn„alloys. Solid curve is the
concentration dependence predicted by virtual-crystal
model discussed in text.

agreement with previous determinations ' except in

the case of ZnCu where independent data are not
available. For higher concentrations in CuA1 and
CuZn nonlinearity due to solute interaction effects is
observed.

The most salient feature of the results for the in-
termediate phases of the copper-aluminum system is
the very high resistivity of the y2 and 5 phases and
the pronounced minimum in the former as a func-
tion of composition. This behavior also occurs in
y-CuZn, although the magnitude of the minimum is
somewhat smaller in this case. Previous measure-
ments ' on the latter phase have yielded contradic-
tory results, one set of data showing an essentially
continuous variation with composition and the other
a complex oscillatory dependence. No reason can be
advanced for the disagreement with the present
work. The resistivities of the g2, g2, and 8 phases
in the copper-aluminum system, as well as the or-
dered P' phase and e phase in copper-zinc, are simi-
lar to those observed in polyvalent pure metals.

Figures 3 and 4 show the composition dependence
of the magnetic susceptibilities for copper-
aluminum and copper-zinc. For both the primary
solid solutions CuAl and CuZn the diamagnetic sus-

ceptibility increases slowly with increasing solute
concentration, the observed changes again being in
good agreement with previous measurements.
For AlCu and ZnCu alloying also produces a dia-
magnetic change in the susceptibility, although in
the former case there is a net paramagnetism in the
alloy due to the magnetic properties of the dominant
aluminum ions. No susceptibility data have been
previously reported for these phases.

FIG. 3. Variation of susceptibility at 295 K as a func-

tion of composition x in Cu~ „Al alloys.
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FIG. 4. Variation of susceptibility at 295 K as a func-
tion of composition x in Cu~ Zn alloys.

As can be seen from Figs. 3 and 4 both the y
phase in copper-zinc, as well as the yz and 5 phases
in copper-aluminum, show very large peaks in the
diamagnetic susceptibility as a function of composi-
tion. Previous measurements on y-phase alloys of
the copper-zinc type ' ' ' " have shown similar
behavior. The present data, taken on identical speci-
mens, show that the compositions corresponding to
the minima in resistivity are not the same as those
corresponding to the maxima in diamagnetic suscep-
tibility. In particular, the former occur at 32.5 at.
% aluminum and 65.2 at. % zinc, while the latter
occur at 33.3 at. % aluminum and 66.9 at. % zinc,
respectively. Essentially identical behavior is ob-
served at 77 and 4.2 K. The magnetic properties of
the remaining phases in both systems are not unusu-
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FIG. 5. Variation of Hall coefficient at 295 K as a
function of composition x in Cu&, Al„alloys.
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FIG. 6. Variation of Ha11 coefficient at 295 K as a
function of composition x in Cu~ „Zn„alloys. Arrows
indicate the range of values associated with anisotropy of
R discussed in text.

al. It is of interest that the 8 phase of copper-
aluminum has essentially no magnetic susceptibility,
while the gi and F12 phases are strongly diamagnetic.

Figures 5 and 6 show that the behavior of the
Hall coefficient of the primary solid solutions CuA1,
CuZn, and AlCu corresponds to predominantly elec-
tron carriers. The composition dependence obtained
for the first two phases is in good agreement with
earlier work'; no previous data have been reported
for AlCu. As can be seen from Fig. 6, the coeffi-
cients for the hexagonal e and g phases in the
copper-zinc system show significant variation, de-

pending on the position of the voltage probes along
the sample. This behavior simply results from the
large grain size in the samples and the fact that in
hexagonal crystals the Hall coefficient is anisotro-
pic. Comparison of the present results with single
crystal data' for the g phase of the copper-zinc sys-
tem indicate that there is a preferred orientation in

our samples, corresponding to the magnetic field be-

ing normal to the c axis.
Both the y2 and 5 phases of copper-aluminum and

the y phase of copper-zinc have positive Hall coeffi-
cients, corresponding to predominantly hole conduc-
tion. It can be seen that the composition depen-
dence is quite different in the two cases. For
copper-zinc the Hall coefficient shows a sharp max-
imum at 65.2 at. % zinc, while in copper-aluminum
there is a sharp minimum at 33.7 at. % aluminum.
In the latter system there are subsidiary maxima
near the terminal compositions for the y2 phase.
The present data for y-CuZn agree reasonably well

with those previously reported by Hishiyama but
differ significantly from those of Menth, who
found an oscillatory dependence on composition.
No reason for the latter discrepancy can be ad-

vanced, other than to ascribe it to differences in the
metallurgy of the specimens used in the two experi-
ments. In the case of y2-CuA1, the behavior found
here differs somewhat from that found by Hishiya-
ma for lower electron concentrations. This disagree-
ment is not understood.

The g2 and ii2 phases of copper-aluminum, for
which data have not previously been reported, both
have positive Hall coefficients corresponding to hole
conduction. This behavior is to be contrasted to
that of the 8 phase, which has a very small negative
coefficient indicative of an overall net electronic
conductivity. The ordered P' phase of copper-zinc
also behaves in the same way, in agreement with
previous measurements. '

In the primary solid solutions for both systems,
the magnetoresistance changes dy/p are too small
to be accurately measured with the fields con-
veniently available. The largest effects are observed
in the y-phase alloys, which exhibit resistance
changes several orders of magnitude higher than
those observed in pure metals at room temperature.
As expected, the magnetoresistance obeys a quadrat-
ic field dependence up to the maximum available
field (23 kG}. Figure 7 shows the composition
dependence of the coefficient A, in the relation
4p/p=AH, for both systems. It is clear that in
each case A rises to a maximum value at essentially
the same composition as that corresponding to the
minimum in resistivity. For y-CuZn there is evi-
dence of structure at higher zinc concentrations,
paralleling that observed in p. The magnetoresis-
tance in 5-CuA1 is quite small, again showing that it
is very similar in its properties to the yq phase.
From Fig. 7 it can be seen that the g2, ii2, and 8
phases in copper-aluminum also have low values of
A.

Reference to Figs. 8 and 9 shows that the ther-
moelectric power for the primary solid solutions
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FIG. 9. Variation of thermoelectric power at 295 K as
a function of composition x in Cu~ „Zn„alloys.
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A =(I/H')hp/p as a function of composition in (a)
copper-aluminum and (b) copper-zinc y-phase alloys. Ar-
rows indicate values of A for remaining phases in each
system. Note that coefficients for terminal solid solutions

in copper-aluminum are negligibly small on this scale.

CuA1 and CuZn shows an initial decrease for small
solute concentrations. This behavior has been ob-
served in many noble metal alloys involving poly-
valent solutes. ' It is interesting that AlCu shows an
extremely large change of thermoelectric power
upon alloying, in contrast to AlZn and AlMg which
have much more extensive ranges of solubility. ' As
expected, the thermoelectric power changes with
composition very rapidly in the y phase of both sys-
tems. There is a change of sign at approximately
67.5 at. % zinc and 33 at. % aluminum, which
values are near those corresponding to the observed
minima in resistivity. From Fig. 9, it can be seen
that, in the case of y-CuZn, there is evidence for a
local minimum in the thermopower near the upper
stability limit of the phase. This behavior is corre-
lated with the observed composition dependence of
resistivity, which has a local maximum in the same
range. The present data for both systems are similar
to those previously reported, with the exception
that the magnitude and sharpness of the discontinui-
ty in S is here more pronounced.
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IV. DISCUSSION

The foregoing experimental results will now be
analyzed for electronic effects, after a brief review
of the band structure for the various phases of the
copper-aluminum and copper-zinc systems.
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FIG. 8. Variation of thermoelectric power at 295 K as
a function of composition x in Cu~ „Al„alloys.

A. Band structure

The electronic band structure of the primary solu-
tions CuA1, CuZn, and AlCu is we11 understood.
Recent de Haas —van Alphen (dHvA) experiments'
have shown that the Fermi surfaces of dilute CuAl
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and CuZn alloys are similar to that of copper, con-
tact occurring across the f 111) Brillouin zone (BZ)
faces. Alloying increases the so-called belly and
neck radii of the Fermi surface, the rate of increase
of each dimension with electron concentration being
close to those predicted by the rigid-band model.
Position annihilation studies' give essentially simi-
lar results for more concentrated CuZn and CuA1 al-
loys, in agreement with recent theoretical band cal-
culations. ' The density of states at the Fermi level

decreases with increasing electron/atom ratio, as in
the rigid-band model.

The effect of alloying on the AlCu system has also
been investigated using the dHvA effect. In this
case the results are consistent with an analysis based
on the Kohn-Korringa-Rostoker (KKR) or phase-
shift method. No experimental dHvA information
is available for the ZnCu hexagonal g phase. The
only model that has been used for the interpretation
of electronic specific-heat data for this phase is that
due to Hume-Rothery and Jones, which has also
been applied to the e phase. '

Of the intermediate phases in both systems, the
ordered P'-CuZn and 8-CuAlq have been studied in
detail using the dHvA effect. ' In the former
case, extensive magnetoresistance data as well as
band calculations ' have given a very complete
picture of its electronic structure. Basically the Fer-
mi surface can be pictured in terms of a simple
two-band model, corresponding to a first-zone hole
surface and a complex second-zone electron surface
in the relevant cubic BZ for this phase. The band
structure of CuAlz can be described, at least in the
lowest approximation, by the nearly-free electron
model.

The electronic structure of y-CuZn, as well as the
related yz and 8 phases of the copper-aluminum sys-
tem, conforms to the well-known Jones model.
This model assumes that the stability of the y phase
is correlated with overlap between the Fermi sphere
and the I 311) and j440I faces of the so-called Jones
zone. These faces, which are all equidistant from
k =0, are characterized by the largest nonvanishing
structure factor for the y-brass unit cell. Contact
between the sphere and the faces of the Jones zone
occurs at the electron concentration 9n /13'
=1.54 states per atom. Beyond this critical value,
the Fermi surface to lowest order consists of a
sphere truncated by the zone faces. Corresponding-
ly, the Fermi-surface arm and density of states at
the Fermi level decrease sharply as a function of
electron/atom ratio. Measurements of the electronic
specific heat for y-CuZn are in agreement with the
latter prediction. ' No theoretical information is
available about the band structure of either the
gq or gz phases of the copper-aluminum system.

B. Resistivity

The initial values of dp/dc for the cubic primary
solid solutions CuA1, CuZn, and A1Cu are
1.30+0.10, 0.33+0.02, and 0.95+0.10 pQ cm per
atomic percent, respectively. For the first two
phases, the ratio of slopes is

dp
dc c ~& =3.9+0.3,
dp
dc c z

which is close to the value of 4 predicted by the
Nordheim relation. Therefore, the impurity
scattering is close to ideal, in that the dominant
phase shift in each alloy corresponds to the 1=1
partial wave. In the case of AlCu, it has been previ-
ously demonstrated that the scattering is affected
by the different lattice parameters of aluminum rela-
tive to copper and the increased importance of the
1 =0 partial wave.

For the hexagonal g-phase ZnCu the initial slope
dp/dc is 0.50+0.03 pQ cm per atom percent, which
is considerably larger than that for CuZn. In order
to explain this result it is again necessary to invoke
substantial s-wave (l =0) scattering. No theoretical
band calculations have been made for zinc-based al-
loys, so that it is not possible at present to check this
conclusion.

The full curves in Figs. 1 and 2 are the predicted
behavior of the two alloy systems according to a
generalized virtual-crystal model, considering only
effects due to changes in composition and neglecting
changes in crystal structure. For the alloy A, BI
it is easily shown that the impurity resistivity p is
given:

p=c(l —c)[a(+(ap —al)c] ~M ~, (2)

where M is the matrix element of the difference po-
tential (V~ —V~) and a~, aq take into account the
difference of valence between the constituents A,B.
Here the values of a~ and aq have been chosen to fit
the initial slopes of the primary solid solutions. It is
clear that the data for y-CuZn, as well as yq- and 5-
CuAl, conform better to the predicted behavior than
do the other phases. This circumstance simply re-
sults from the fact that the former alloys are disor-
dered systems, in contrast to the latter which are
ideally stoichiometric electron compounds. In par-
ticular, the resistivity of the P' phase of copper-zinc
deviates more from the curve in Fig. 2 as the com-
position approaches the equiatomic composition,
corresponding to perfect order.

The resistivity of the y-phase alloys depends very
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strongly on composition, a pronounced minimum

being observed in both systems. It is believed that
this behavior is associated with the electronic struc-
ture of this phase. With the usual relaxation time
approximation, the conductivity of a cubic metal is
given by the equation

2

(ru )SF.
12m. fi

(3)

In this equation SF is the Fermi-surface area and
(rU ) is the average over the surface of the product
of the relaxation time ~ and the carrier velocity v.

The present data suggest that the increase in resis-

tance beyond the minimum is associated with the ra-

pid decrease in SF with electron/atom ratio. Since
the carrier velocity v is a slowly varying function of
energy, the initial decrease in resistance must be as-
cribed to a minimum in the scattering rate 1/~. The
existence of the latter is presumably due to a corre-
sponding minimum in the density of states, resulting
from overlap across the faces of the Jones zone. As
will be seen shortly, these overlap effects are evident
in a number of the properties of y-phase alloys re-

ported in this paper. It is of interest that the ob-
served minimum in the resistivity for y phase of the
copper-zinc system is much less pronounced than
that for the copper-aluminum system. The reason
for this difference is not understood in detail, but is
probably caused by minor differences in the elec-
tronic structure of the y2 and y phases.

X=cXg+(1—c)Xg+Xp+Xd. (4)

In this equation Xz and X~ are the susceptibilities of
the individual constituent ions, so that the first two
terms represent the combined core susceptibility. Of
the remaining terms X~ is the usual Pauli paramag-
netic contribution and X~ is the Landau diamagnetic
susceptibility due to the conduction electrons.
Neglecting exchange corrections, the Pauli suscepti-
bility is given by

X~ =poN(E+), (5)

where po is the Bohr magneton and N(Ez) is the
electronic density of states at the Fermi level.

The magnetic behavior of the primary solid solu-
tions is readily understood from Eq. (4). In particu-
lar the increase in the diamagnetic susceptibility for
CuA1 and CuZn is due to changes in 7&. This term
is proportional to N(EF) and hence decreases with

C. Magnetic susceptibility

For a simple binary alloy A,B&, the total mag-
netic susceptibility can be expressed quite generally
in the form

increasing electron/atom ratio. It is believed that
the behavior of AlCu and ZnCu can be explained
similarly, the value of dX/dc being very large in the
former case as a result of the changes in the overall
core susceptibility.

The most striking feature of Figs. 3 and 4 is a
very large peak in diamagnetic susceptibility of the

y phase for both copper-aluminum and copper-zinc.
Similar peaks have been also found in other noble-
metal alloy systems, e.g., copper-cadium and silver-
zinc. " As noted previously, N(EF) has a sharp
minimum as a function of electron/atom ratio in the

y phase, so that the associated change in X~ partly
accounts for the observed behavior. However, it
seems unreasonable to ascribe the entire effect to
this source. Rather, it appears that a major contri-
bution to the diamagnetism arises from the Landau
term Xd. This term is expected to be very large
when there is significant contact of the Fermi sur-
face with the Jones zone and should decrease rap-
idly as overlap effects across the zone faces are ini-
tiated. Unlike the behavior of the resistivity data,
the peak in the diamagnetism of y-CuZn is signifi-
cantly larger than that in y2-CuA1. Presumably,
these differences reflect the differences between the

y and y2 structures. It is interesting that the proper-
ties of the 5 phase in copper-aluminum are very
similar to those of the y2 phase, strengthening the
hypothesis that they are not distinct.

The magnetic behavior of both the P' phase of
copper-zinc and e phase of copper-aluminum is con-
sistent with the assumption that the changes of sus-

ceptibility with composition are again due to the
Pauli paramagnetic term Xz. Electronic specific-
heat data show that the density of states N(EF) in
the P' phase decreases rapidly with increasing Fermi
energy. ' Hence, there is a corresponding decrease
in X& and a net increase in the overall diamagnetism
with increasing zinc concentration, in agreement
with experiment. Similar arguments apply to the e
phase for increasing copper concentration.

Little detailed information is available about the
electronic structure for the remaining g2, g2, and 8
phases in the copper-aluminum system. In all three
cases there is a net paramagnetic contribution aris-
ing from the ion-core and Pauli terms. Since the
overall susceptibility is diamagnetic, it must be con-
cluded that there is a large Landau term arising
from small pockets of holes, analogous to the situa-
tion in y-phase alloys.

D. Hall constant

In the relaxation-time approximation, the Hall

coefficient for a Fermi surface consisting of a single

sheet is
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12m' (r'v'/p)
ecS~ ((ru))

(6)

nec
(8)

where n is electron density. By analogy, Eq. (6) can
generally be written in the same form, with n being
replaced by an effective carrier density n,g.

For a complex Fermi surface, Eq. (6) is readily
generalized to include a sum corresponding to the
various sheets of the surface. The curvature will
change sign for a hole sheet giving a positive contri-
bution to the Hall constant. In the simplest two-
band model with spherical energy surfaces and con-
stant relaxation times, we recover the familiar form

2 2
1 n1JM1 n2P'2R=— (9)

ec (n i pi+ n2p2)

Here n1, n2 are the respective electron and hole den-
sities, while p1,p2 are the corresponding carrier
mobilities.

The behavior of the Hall coefficients for the pri-
mary solid solutions CuA1 and CuZn is readily un-
derstood in terms of the generalized form of Eq. (8).
In each case the effective carrier density n,g in-
creases on alloying, leading to a decrease in the mag-
nitude of the Hall coefficient; the sign of R is nega-
tive, corresponding to electron conduction. Both
sets of data are roughly identical when plotted in
terms of electron concentration, showing that in
lowest order the band structure conforms to the
rigid-band model.

In the case of AlCu, the data are consistent with
the two-band model, assuming that electron mobility
is larger than the hole mobility. For pure alumi-
num, Eq. (9) with ni n2 then ——give. s a negative
overall Hall coefficient, in agreement with experi-
ment. With increasing solute concentration n1 de-
creases and n2 increases, giving a net decrease in the
magnitude of R. As explained previously, data for
the hexagonal g phase of the copper-zinc system are
not reliable because of experimental difficulties asso-
ciated with large grain size in the specimens. How-
ever, from Fig. 6 it is clear that the overall value of
the Hall coefficient is positive, corresponding to

The numerator is again an average over the Fermi
surface involving the mean curvature defined by

1 1 1 1—+— (7)
P 2 P2 P

where pi and~2 are the principal radii of curvature
at the point k. For isotropic relaxation and a spher-
ical Fermi surface, Eq. (6) reduces to the elementary
expression

hole conduction. The effect of alloying copper to
zinc would be to decrease the electron density and
increase the hole density, so that in this case the
value of R should increase with increasing copper
concentration. This prediction appears to be con-
sistent with the present data, in spite of the experi-
mental uncertainties.

The most salient feature of Figs. 5 and 6 is the
composition dependence of the Hall coefficient for
the y phases in both systems. Basically, the
behavior can be understood in terms of the two-band
model discussed above. For y-CuZn the initial rapid
increase of R is associated with the decreasing num-
ber of holes, as result of contact between the Fermi
surface and the Jones zone. Once overlap across the
faces has been initiated, there is a competing nega-
tive contribution to R arising from the electron
states produced by the overlap. Therefore, the
overall effect is to produce a sharp maximum as a
function of electron/atom ratio, the overall sign of
R corresponding to the dominant hole carriers in the
incompletely filled Jones zone. In the case of the y2
phase of the copper-aluminum system, the observed
behavior suggests the existence of two maxima
occurring at different values of electron concentra-
tion. This situation could easily occur, since overlap
occurs across I331I as well as I440I faces of the
Jones zone. The energy gap across these faces in the
real structure might well be quite different and
hence could produce the observed double maximum.
It is to be emphasized that this explanation leaves
unanswered why the y2 phase behaves differently
from the y phase in this respect.

Little can be said about the behavior of the other
intermediate phases in the copper-aluminum system.
Clearly the two-band model can be invoked to ex-
plain the positive Hall coefficients for the (2 and riz
phase and the essentially zero value for the 8 phase.
However, there is little additional theoretical justifi-
cation for this procedure. For P'-CuZn the concen-
tration dependence of R is most easily understood if
the Fermi surface is remapped into the BZ for a bcc
structure. The resulting volume and hence effective
carrier density is then easily seen to increase with in-
creasing zinc concentration, leading to a reduction
in Hall coefficient in accord with experiment. If the
energy gaps across the zone faces in both the fcc and
bcc structures are ignored, then the variation of R
with electron/atom ratio should lie on the same
curve for both the a and P' phases. As can be seen
from Fig. 6, this prediction is approximately correct.

E. Mainetoresistance

The transverse magnetoresistance for the simple
two-band model, discussed in the preceding section,
is given by the expression
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bp &io'2(o'i/ni+o2/nq) (H/ec)

p (oi+cr2) +oio2(ni '
n2—') (H/ec)

(10)

r '2
rip 1 1 H

p pjpz n, ec
(12)

In this equation p~ and p2 are the resistivities of the
first and second bands, respectively. If the former is
dominant in the conduction process, it can be seen
from (12) that the magnetoresistance coefficient A

should be inversely proportional to the zero-field
resistivity. Comparison of Figs. 1 and 2 with Fig. 7
shows that this prediction is approximately obeyed.
However, it is to be emphasized that this simple
model does not explain the magnitude of A in any
satisfactory way.

F. Thermoelectric power

For a cubic metal, in the relaxation time approxi-
mation, the thermoelectric power is given by the ex-
pression '

Here cr&, 0.
2 are the respective conductivities for the

two bands in zero field and dp is the change in resis-
tivity corresponding to the applied field H. In the
limit that 0.

2 tends to zero, we recover the usual re-
sult that there is no magnetoresistance for a single
spherical band in the relaxation-time approximation.

For the y-brass structure the Jones zone is incom-
plete, so that in effect n2, 02 are finite across the en-

tire range of phase stability. If overlap effects are
small, then we have

2
H

(11)
p n& ec

which can be written as

where ~e
~

is the absolute value of the electron

charge.
In the primary solid solutions N(E) does not

change very rapidly, so that Eq. (14}would predict a
decrease in thermopower with increasing solute con-
centration as a result of the term d(lnp)/dn. This
prediction is in agreement with experiment, al-

though the sharpness of the initial decrease suggests
that the observed behavior is at least in part due to
an additional contribution to S arising from phonon
drag. ' For aluminum the latter is known to be quite
large, leading to the very large effect of alloying
which occurs in AlCu.

As can be seen from Figs. 8 and 9, the ther-
moelectric power of both y2-CuA1 and y-CuZn de-
pends very sensitively on composition and in fact
changes sign. This behavior is readily understood
from Eq. (14), which shows that the discontinuous
change in slope for the resistivity p should give rise
to a corresponding discontinuity in S. In particular,
the latter should abruptly change sign from a nega-
tive to positive value. The actual change does in
fact conform to this prediction, although it occurs
over a range of electron concentration, presumably
as a result of microscopic inhomogeneities in the al-

loys. However, it is clear that the zero in the ther-
moelectric power does in fact correspond clearly to
the observed minimum in p. From Fig. 9 it can also
be seen that there is evidence for a local minimum in
S near the upper limit of stability for y-CuZn. This
minimum appears to correlate with the additional
structure in the behavior of resistivity for higher
zinc concentrations, lending support to the hy-
pothesis that the effects on S due to changes in the
density-of-states and the phonon drag are insignifi-
cant.

Little quantitative comment can be made about
the other intermediate phases in either system.
However, it is of interest that the thermopower of
the e-CuZn phase seems also to exhibit a strong con-
centration dependence. Probably this is also due to
an electronic effect.

S= g keT dlno
3 e dE

(13)

ir "a
N(~) 1lnp

le ~

dn E=E
(14)

The energy-dependent conductivity cr(E} is defined
analogously to Eq. (3), except that the integral of ru
is taken over the surface of constant energy corre-
sponding to E. Since d/dE =(d!dn)(dn/dE), the
above expression can be rewritten in the form

V. CONCLUSIONS

Magnetic susceptibility and transport measure-
ments have been made on bulk alloys covering the
copper-aluminum and copper-zinc phase diagrams.
Anomalous behavior is observed in a11 the properties
of y-phase alloys in both systems. The correlation
between these anomalies strongly suggests that they
are electronic in origin and are associated with over-

lap between the Fermi surface and the Jones zone
for the y-brass structure. Electronic effects have
also been observed in the properties of other phases
in each system.
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