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The temperature dependence of lattice-dynamical effects has been investigated between 4.2 and 60
K in Cu-Zn alloys containing 15.9 at. % Zn (o.-phase) and 49.2 at. % Zn (P'-phase). A comparison of
the 93.31-keV Zn Mossbauer data on the Lamb-Mossbauer factor (LMF) and on the second-order
Doppler effect (SOD) for both structures as well as low-temperature x-ray experiments show that no
P'-phase exists in the o.-alloy contrary to the prediction of a hypothetical phase diagram proposed
recently. The LMF and SOD decrease drastically with increasing temperature. The temperature
variations of the LMF and SOD of both alloys are in good agreement with the results of model
calculations of interatomic force constants based on phonon dispersion relations which were derived
from inelastic neutron scattering data.

I. INTRODUCTION

The Cu-Zn alloy system (brass) has been of enormous
technological and theoretical interest because of the rich
phase diagram that is the prototypical representative of
a class of alloys known as Burne-Rothery alloys. ~ 4 For
this class of materials it has been emphasized that phase
stability properties are driven by the average concentra-
tion of conduction electrons, or electron to atom ratio
(Hume-Rothery rules). Hence these alloys have also been
called "electron phases. " More recent Mossbauer inves-
tigations have demonstrated that in the n-phase (fcc-
structure) short-range order is present, which leads to
only four difFerent Cu-Zn configurations instead of the
expected binomial distribution of Zn in Cu. s s The abil-
ity of n-brass, with composition around CusZn, to form
long-period superstructures as suggested by short-range-
order diffuse scattering intensity in neutron diffraction
experiments was also revealed by first-principle phase
stability calculations.

Dilatometry and electron microscopy on a P-alloy
(with 60%%uo Cu) which was aged for 30 years sug-
gested, however, that the phase diagram might have to
be revised. In particular, in the low-temperature regime,
the region of the P- and P'-phases might have to be ex-
tended considerably towards lower Zn concentration at
the expense of the n-phase. Into the same line of reason-
ing fitted the results of high-pressure Mossbauer experi-
ments, which showed that, surprisingly, the center shift
(CS) of one of the four Cu-Zn configurations of the n-
phase decreased by the same amount as the CS of the
P'-phase when the volume of the unit cell is reduced. s

To help to clarify these questions of phase stability
at low temperatures we report on Mossbauer transmis-
sion experiments on Cu-Zn alloys containing 15.9 at. %%uo

Zn (n-phase) and 49.2 at.% Zn (P'-phase) in the tern-

perature range between 4.2 and 60 K. We investigated
temperature-dependent lattice-dynamical efFects (Lamb-
Mossbauer factor and second-order Doppler shift) as well
as the isomer shift in these alloys. In addition, we per-
formed x-ray diffraction experiments on the same alloys
between 10 K and room temperature. Our results show
that in our sample of cr-brass which was aged for 10
years at room temperature all four Cu-Zn configurations
belong to the a-phase and that no P'-phase is present.

II. EXPERIMENTAL DETAILS

Mossbauer measurements were carried out in transmis-
sion geometry using a piezoelectric quartz spectrometer.
Its design, including the modifications for heating the ab-
sorber and the calibration of the small Doppler velocities,
have been described in previous publications.

As Mossbauer sources we used s7Ga in Cu metal, which
exhibits a single Lorentzian line. The s7Ga (half-life of
Tryz ——78 h) activity was produced in situ by 46-MeV
n-bombardment of Cu disks with natural abundance of
the Cu isotopes. The disks were 8 mm in diameter and
0.5 mm in thickness. The irradiations were carried out at
the cyclotron of the Kernforschungszentrum Karlsruhe.
The sources were used without annealing about 48 h af-
ter the end of irradiation.

The brass absorbers were prepared from high-purity
copper and from zinc metal enriched to 91%%uc in s7Zn.

The zinc concentration was 15.9 at. '%%uo (n-phase) and
49.2 at. % (P'-phase); disks with 8 mm diameter were
used with absorber thicknesses of 0.194 and 0.530 g/cm
of Zn, respectively. For the 60 K measurement the
thickness of the n-absorber was increased to 0.382 g/cm
of "Zn. The disks were cut without cold-working from
a larger ingot. Further details are given in Ref. 6. An
intrinsic Ge detector coupled to fast pulse-counting elec-
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tronics allowed count rates up to 120 000 s in the
93.31-keV window with a signal-to-background ratio of
S/(S+B) 0.60.i

X-ray diffraction measurements at ambient pressure
were performed on the same alloys in the temperature
range between 10.6 and 304 K. The powder samples were
filed from the Mossbauer absorbers and fixed between
two pieces of cellophane tape. They had a diameter of
3 mm and a thickness of 27 mg/cmz. In addition, the
lattice constants at room temperature were determined
for the alloys with 4.3 at.% Zn and 42.8 at.% Zn in Cu.
The Guinier-type diffractometer, which includes a liquid-
He cryostat, has been described earlier. s

III. R.ESULTS

A. Mossbauer measurements

Figure 1 displays Mossbauer absorption spectra of the
a-phase alloy recorded between 4.2 and 60 K. These
spectra were fitted by a superposition of four indepen-
dent Lorentzian lines. Figure 2 shows absorption spec-
tra of the P'-phase. At all temperatures investigated the
P'-absorber exhibits only a single absorption line. The
results are summarized in Tables I and II. The tempera-
ture dependences of the Lamb-Mossbauer factor (LMF)
as derived from the total area under the absorption lines,
of the mean-square atomic displacement (2: ) and of the
center shift (relative to 4.2 K) are given in Tables III
and IV. For the n-phase the LMF f and the center shift
represent average values for the four different Cu-Zn con-
figurations (see Sec. IV).

For both alloys the LMF decreases drastically with ris-
ing temperatures. All absorption lines move to more neg-
ative Doppler velocities. The four absorption lines of n-
brass shift by the same amount within the experimental
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FIG. 2. Zn Mossbauer absorption spectra of P'-brass
with 49.2 at.Fo Zn recorded at various temperatures. The
source is Ga in Cu metal.

accuracy, the center shift of P'-brass is larger, in partic-
ular at 60 K. Except for this decrease in intensity and
the shift to more negative velocities, the spectra do not
change with temperature.

No transformation from the P'-phase to the n-phase,
or vice versa, is observed.

B. X-ray difFraction measurements

Figure 3 displays the volume changes of the n-alloy
with 15.9 at. %%uoZn(a )an d th eP'-allo ywit h49.2at.%
Zn (b) with temperature. The solid line represents a fit
using the function
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FIG. 1. Zn Mossbauer absorption spectra of n-brass
mith 15.9 at. /0 Zn recorded at various temperatures. The
source is "Ga in Cu metal.

V(T) = &

br4+ c forT &Tg,

where Tp = 298 K, Vp = V(Tp), b = (Vpu)/(4Tis), c =
Vp(1 + u(0.75' —Tp)) and u is the thermal expansion
coefficient at T = Tp. Equation (1) fulfills the criteria
that for T —+ 0 K the volume change should show a T4
dependence and that for high temperatures the volume
change is expected to be proportional to T. The results
are shown in Table V.

For the alloys containing 4.3 at.% Zn and 42.8 at.% Zn
only the lattice parameters at room temperature have
been determined (see Table V). The pressure depen-
dence of the volume of the unit cell at room temperature
has been determined earlier. Unfortunately, only pres-
sures up to 10 GPa could be reached. Because of the
strong correlation between the bulk modulus (Bp) and
its pressure dependence (Bp) a unique determination of
both values is impeded. From a comparison with other
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TABLE I. Summary of Mossbauer parameters for o,-brass with 15.9 at.% Zn at various tempera-
tures T~. The source is Ga in Cu metal kept at temperature Ts. Only statistical errors are quoted
for position, linewidth (full width at half maximum) and area (absorption depth x linewidth). The
three upper sets of parameters (T~=4.2 K, 20.0 K, and 40.0 K) refer to an absorber thickness of
0.194 g/cm of "Zn, whereas the two lower sets (T~=60.0 K, 4.2 K) are related to an increased
absorber thickness of 0.382 g/cm . The last column gives the signal-to-background ratio in the
93.31-keV p-ray window.

TA

(K)
4.2

20.0(1)

40.0(3)

Ts
(K)

4.2

7.97(28)

12.9(1.5)

Position
(pm/s)
-6.47(25)
0.05(52)
1.83(13)
7.46(22)

-6.26(37)
-0.6(1.3)

1.32(29)
7.36(66)

—8.60(24)
—1.35(92)
0.02(13)
5.40(15)

Linewidth

(y.m/s)

3.58(87)
3.7(1.0)
1.60(62)
3.05(73)

2.1(1.2)
3.4(2.7)
2.0(1.0)
4.3(2.2)

2.41(79)
5.7(1.4)
1.60(76)
1.59(52)

Area
('%%uo pm/s)

0.051(11)
0.093(42)
0.044(28)
0.043(9)

0.024(12)
0.045(58)
0.054(46)
0.038(16)

0.021(6)
0.067(28)
0.027(20)
0.018(5)

S
S+B
(%%uo)

61.2

57.8

58.1

60.0(3) 19.1(4.1) —11.35(22)
—5.37(55)
-2.93(20)

2.54(79)

2.76(72)
3.1(1.7)
1.97(78)
5.7(2.7)

0.027(6)
0.025(16)
0.026(13)
0.028(12)

46.5

4.2 4.2 -6.56(18)
0.08(43)
1.918(84)
7.09(55)

3.21(62)
4.0(1.0)
1.32(42)
7.4(1.7)

0.063(11)
0.112(40)
0.043(21)
0.097(25)

43.0

systemss is i7 we favor Bc ~4.3 to derive Bo ——145 Cpa
from the pressure data. Due to the uncertainty in Bo
we estimate an accuracy of ~18% for Bo. Also the x-ray
data give no indication of a phase transformation.

IV. DISCUSSEGN

A. Mossbauer measurements

1. n-brass

The Mossbauer spectrum of the o,-brass alloy with 15.9
at.% Zn (see Fig. 1) shows only four absorption lines. Ad-

ditional measurements on absorbers with Zn concentra-
tions of 4.3, 10.0, and 24.6 at.% gave similar spectra: s

Changing the Zn concentration (cz„) within the n-phase
affects the relative intensities of the four lines but only
very slightly their positions. Since the relative intensi-
ties change with cz„ the absorption lines do not origi-
nate from quadrupole interactions. These observations
are surprising and have been interpreted by the presence
of short-range order, which gives rise to only four differ-
ent Cu-Zn configurations in o.-brassis s instead of a bino-
mial distribution expected from the high solubility of Zn
in Cu. Such an analysis has recently been supported also
by neutron diffraction experiments7 and first-principles

TABLE II. Summary of Mossbauer parameters for P'-brass with 49.2 at. %%uoZnat various tem-
peratures Tz. Symbols have the same meaning as in Table I.

TA

(K)
4.2

20.0(1)
40.0(3)
55.0(3)
60.0(3)

Ts
(K)
4.2
7.86(20)

13.5(2.3)
17.4(1.8)
20.1(3.7)

Position
(p,m/s)
—6.101(24)
—6.227(41)
—7.975(53)

—11.04(13)
—11.94(13)

Linewidth
(p,m/s)

1.87(7)
1.90(12)
2.14(16)
1.30(40)
1.93(38)

Area
('%%uo pm/s)

0.286(8)
0.241(12)
0.139(8)
0.040(9)
0.041(6)

S
S+B
(%%uo)

51.8
52.7
59.6
51.6
56.1
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TABLE III. Summary of lattice-dynamical efFects for a-brass with 15.9 at. '%%uo Zn at various
temperatures T~. The source is Ga in Cu metal kept at temperature Ts. The average Lamb-Moss-
bauer factor (f) and the corresponding mean-square atomic displacements (x ) of "Zn are derived
from the total absorption area taking the nonresonant background radiation S/(S+ B) and the
Lamb-Mossbauer factor of the source into account. The three upper sets of parameters (T~=4.2 K,
20.0 K, and 40.0 K) refer to an absorber thickness of 0.194 g/cm of Zn, whereas the two lower
sets (T~=60.0 K, 4.2 K) are related to an increased absorber thickness of 0.382 g/cm . The a~erage
center shift is given relative to its value at 4.2 K.

TA

(K)
4.2

20.0(1)
40.0(3)
60.0(3)
4.2

Ts
(K)

4.2
7.97(28)

12.9(1.5)
19.1(4.1)
4.2

Average center shift
(pm/s)

—0.26(24)
—1.93(14)
—4.90(18)

(%%uo)

1.42(22)
1.07(20)
0.90(15)
0.48(10)
1.40(22)

(*')
(io ' A')

1.9o(', )
2.03(8)
2.11(7)
239( )
1.91(7)

calculations. s

We will first discuss the Lamb-Mossbauer factor and
the change of center shift with temperature under the
assumption that lattice dynamical effects are the same
for all four Cu-Zn configurations. In this way we can
compare our results with one-phonon frequency distribu-
tions calculated from force constants models. Later we
will relax this assumption and suggest the identification
of Cu-Zn configurations from the line positions.

a. Lamb Mossbau-er factor (LMF). For pure Cu
metal as well as for the alloys Cus Zn (cr-phase)
(Ref. 20) and CuQ 53Znp 47 (p'-phase) (Ref. 21) the
phonon frequency distributions Z(cu) have been deter-
mined earlier on the basis of phonon dispersion relations
derived from inelastic neutron scattering data. In the
case of Cus Zn model calculations were performed that in-
cluded interactions up to the sixth-nearest-neighbor shell
and allowed to determine 18 force constants between the
atoms of the lattice. For the alloy CuQ 53Znp 47 it was suf-
ficient to take into account interactions up to the fourth-
nearest-neighbor shell involving eight spring constants.
The phonon frequency distributions of both alloys have
to be modified slightly in order to represent the chemical
compositions of our systems. This can be accomplished
via the Lindernann formulasP s2 using well-known data
for the melting points. Concerning the variation of lat-
tice constants with cz„within the n-phase a linear cor-
relation is supported by published data s'~P and our own

measurements 4 s (see Sec. III). We obtain a = ap+bcz„,
where ap = 3.61411 A is the lattice constant of Cu and
b = 2.25595 x 10 s A/at. '%%uo Zn. The Lindemann formula

results in a multiplication of the frequency axis of Z(ur) of
CusZn and of Cup 53Znp 47 by factors 1.023 and 0.990 to
obtain Z~(cu) and Zp. (u), respectively, of our alloys. Fig-
ure 4 depicts these modified distributions together with
Z~„(cu) of pure Cu metal.

Using Zc„(u) we calculate for the LMF of pure Cu
metal at 4.2 K fg„=2 06%%uo, w.hich is in good agreement
with the results of a recent Mossbauer experiment, where
we used s7Ga in Cu metal as source and 7ZnO as ab-
sorber. From the well-known lattice-dynamical proper-
ties of s7ZnO (Ref. 25) we get fs=2.0(2)% for the LMF of
the s GaCu source at 4.2 K. During the measurements on
the alloys at higher temperatures, the source temperature
increased up to 20 K (see Tables I—IV). The decrease of
fs as well as the change of the second-order Doppler shift
(see below) in the source due to this rise in temperature
was taken into account using Zc„(w) when evaluating
the Mossbauer data on the brass alloys. Within the De-
bye model, fs=2 0%%uo corres. ponds to an effective Debye
temperature of Og"=310 K.

Assuming the LMF is the same for all four Cu-Zn
configurations an average value f for LMF can be de-
rived from the total area beneath the absorption lines af-
ter correction for nonresonant background radiation and
using fs=2.0(2)% at 4.2 K and its temperature varia-

TABLE IV. Summary of the center shift, the Lamb-Mossbauer factor (f) and the corresponding
mean-square atomic displacement ((x )) of Zn in P'-brass with 49.2 at. % Zn at various tempera-
tures T~. The source is Ga in Cu kept at temperature Ts. Purther details as in Table III.

TA

(K)
4.2

20.0(1)
40.0(3)
55.0(3)
60.0(3)

TS
(K)

4.2
7.86(20)

i3.5(2.3)
17.4(1.8)
2O. i(3.7)

Center shift
(pm/s)

—0.128(48)
—1.887(59)
—4.98(13)
—5.91(14)

f
(%%uo)

0.80(ii)
0.67(10)
0.34(6)
0.12(3)
0.11(3)

(~')
(io-' A')

2.16(7)
2.24(7)
2.54(p)
3.02(', ,)
3.04(io)
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FIG. 3. Temperature dependence of the unit-cell volume
for brass alloys with Zn concentrations of (a) 15.9 at.% and

(b) 49.2 at.%. X-ray data were taken with a Guinier-type
diffracto meter.

tion just described. The temperature dependences of
f and the corresponding mean-square atomic displace-
ments (x~) for the n-phase is shown in Fig. 5.

Our results on f (and on (z2)) can be described sur-
prisingly well by the distribution Z~ (u). This is indicated
by the solid line in Figs. 5. From Z (u) we calculate f
= 1.58% at 4.2 K. The experimental values for f agree
with the predictions obtained from Z~(a) within ~10%,
although f tends to be systematically lower Howev. er,
we would like to stress that the modification of Z(cu) via
the Lindemann formula is only a crude approximation. If
we start from Zc„(u) we calculate a multiplication factor
of 0.962 for the composition of our o. alloy. This-results
in a recoil-free fraction of 1.77% as compared to 1.58%,
given above. For this reason we argue that the system-
atic deviation is due to the presence of short-range order,
which results in different Cu-Zn configurations. To apply
the Lindemann formula we assumed, however, a homo-
geneous alloy with a binomial distribution of Zn in Cu.

For comparison, in Figs. 5 are also shown the re-
sults obtained by fitting the Debye model to our data.
The efFective Debye temperature of 285(2) K is in

fair agreement with the effective Debye temperature of
302(3) K derived from specific-heat measurements (see
Sec. IV A 1 c) but is much higher than OD=249(2) K ob-
tained for the P' alloy (see Sec. IV A 2).

b. Center shift When the temperature is increased
up to 60 K the relative intensities of the four absorp-
tion lines vary slightly (see below), the overall shape of
the Mossbauer pattern remains virtually unchanged. The
line positions, however, decrease towards more negative
velocities. Within our experimental accuracy this change
of center shift (CS) with temperature is the same for
all four Cu-Zn configurations. At 60 K it amounts to
—4.90(18) pm/s as shown in Fig. 6. The change of CS
of n-brass (and, in particular, of the absorption line at

—6.5 pm/s) is considerably smaller than of P'-brass (see
Sec. IVA2).

The experimental data on the CS are in very good
agreement with the predicted second-order Doppler shift
(SOD) derived from Z (w). Thus the CS is mainly due to
SOD, a possible explicit temperature dependent isomer
shift is negligibly small.

Also indicated in Fig. 6 are the variations according
to the best fit to the Debye model. The efFective Debye
temperature of Oz&=277(13) K agrees surprisingly well
with 0~=285(2) K obtained from the LMF and its tem-
perature dependence.

The diferent Cu-Zn configurations will now be ad-
dressed in more detail. The absorption line Lo at 0
pm/s (unshifted with respect to the emission line of the
source) is to be identified with a configuration of one
Zn atom surrounded by 12 nearest Cu neighbors, i.e. ,
the same Cu-Zn configuration as in the source. The
absorption lines at positive velocities (~1.8 pm/s and

7.5 pm/s) are caused by Cu-Zn configurations with
more than one Zn atom in the nearest-neighbor shell. s s

For these configurations it is expected from theoretical
calculations s ~ that the s-electron density at the Zn
nucleus is increased. These theoretical calculations show
that s-electron transfer from Zn to Cu is important. More
Zn atoms in the nearest-neighbor shell reduce this trans-
fer effect per Zn atom, and thus the s-electron density
p(0) at the Zn nucleus in such configurations is increased.
Within this model an absorption line at negative Doppler
velocities cannot be accounted for and must be caused
by a completely difFerent mechanism, in particular, since
the crystallographic structure is the same for the difFer-
ent Cu-Zn configurations. We argue that the absorption
line I i at —6.5 pm/s is due to a highly stable Cu-

TABLE V. Summary of the results for the fit parameters used in Eq. (1). For the alloys with Zn
concentrations cz„——4.3 at.Fo and cz„——42.8 at. /0 only the unit-cell volumes at room temperature
have been determined.

Czn

(at.% Zn)

15.9
42.8
49.2

Vp

(A')

47.458
49.087(17)
50.309
25.880(52)

(10 K ')

5.21(32)

6.90(33)

b
(10-"A' K-')

3.8(1.8)

13.02(62)

48.6(2.4)

25.44(54)

(K)

119(19)

70 (fixed)
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Temperature (K)

FIG. 5. Temperature dependence of the average Lamb-
Mossbauer factor (f) and of the average mean-square atomic
displacements of Zn in n-brass with 15.9 at.% Zn. Solid
lines: Predictions obtained from Z (ur). Dotted lines: Best fit
to the Debye model. The dashed lines correspond to a Debye
temperature 0~=302 K derived from specific-heat data of
n-brass (see Fig. 7).

Zn configuration that exhibits stronger chemical bonds
than the other configurations and gives rise to an ab-
sorption line at a negative Doppler velocity because of
the second-order Doppler (SOD) shift. According to re-
cent first-principles phase stability calculations the most
probable candidate is the CusZn configuration. In terms
of the Debye model a SOD of —6.5 pm/s should corre-
spond to an increase of the effective Debye temperature
by AO~ 28 K as compared to the configuration rep-
resented by the absorption line Lo. Such a difFerence in
OD should also manifest itself in the temperature behav-
ior of the absorption areas (Table I). Unfortunately, our
experimental accuracy is not sufhcient to compare, for
example, line L~ with line Lo directly. However, using
the data of the 4.2 K and 60 K runs with the thick ab-
sorber, it is interesting to compare the ratio of areas of
I q with the ratio of the sum of areas for the remaining
three absorption lines. For Li, the absorption area at
4.2 K is larger than at 60 K by a factor of 2.5, for the
combined area of the other three lines the factor is 3.5.
Within the Debye model the former gives an effective
Debye temperature 0,& ~310 K, the latter O,g ~280 K,
the difFerence being similar as AO~ mentioned above.
Furthermore, from Z (u) we calculate for the average
LMF f =1.58'%%uo =293 K, which falls right in between the
values for 0,& and e,g.

A difference of Ae~ 28 K should also result in a lower

value for the temperature variation of CS between 4.2 K
and 60 K of line Lq. Indeed, Fig. 6 shows that the vari-
ation of CS is compatible with efFective Debye temper-
atures covering the range between 275 and 300 K. The
formation of a highly stable configuration (e.g. , CusZn)
is consistent with our Mossbauer data.

When cz„ is increased (cz„&16at.% ) the positions
of the absorption lines remain virtually unchanged (&1
p,m/s). This is due to two counteracting effects that
nearly balance each other: Lattice expansion softens the
phonon frequency spectrum, which causes a more posi-
tive SOD; on the other hand, the s-electron density p(0)
at the Zn nucleus is reduced (e.g. , conduction electrons),
which causes a more negative shift. This balance has also
been observed in high-pressure experiments: A volume
change of 3% causes a shift of only 2 pm/s.

When cz„ is increased, the average LMF is reduced
because of the softening of the phonon frequencies and
because more intensity is accumulated on lines at posi-
tive Doppler velocities. These absorption lines represent
Cu-Zn configurations with more Zn and weaker bonds.
Still, Z~(cu), which is based on neutron scattering data,
provides a good description of the behavior of the average
LMF and the average CS.

c. Specific heat. For a;-brass with 19.77 at.% Zn
specific-heat data Ci are also available. 2s ~s To obtain
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FIG. 6. Change of center shift (CS) of n-brass (15.9 at. %
Zn) with temperature. Solid line: calculation of the second-
order Doppler shift (SOD) using the phonon frequency distri-
bution Z (cu) derived from inelastic neutron scattering data.
Dotted line: best fit to the Debye model [Oz&=277(13) K].
Dashed line: eD ——302 K derived from specific-heat data.

10-

the specific heat at constant volume (Ci ) we have used
the relation Ci —Cv = V(T)Tu (T)jit7, where V is
the molar volume, v~ = I/V(T)[d—V(T)/dp]7 ,»,q is-
the isothermal compressibility at temperature T, and
u = 1/V(T) [dV(T)/dT]„, „,t is the thermal expansion
coefficient. The thermal expansion coefficient is derived
from our x-ray measurements described above, the com-
pressibility, It@ = I/Bo = 6.9(+os) x 10 s GPa (see
Sec. III). Figure 7 shows the experimental data together
with the theoretical temperature dependence of Cv cal-
culated from the appropriate phonon frequency distri-
bution Z,&(cu), which was obtained from Z(cu) of CusZn
after applying a Lindemann multiplication factor of 1.015
to take into account the chemical composition of this al-
loy. Considering the relatively large uncertainty in rT,
the overall agreement with the experimental data is sat-
isfactory. Still, as shown in the bottom part of Fig. 7,
the experimental data are systematically lower also in
the low-temperature regime, where the uncertainty of rT
plays no role. We attribute this discrepancy —as in the
case of the LMF—to the presence of short-range order ef-
fects, which are not taken into account properly neither
by Z»(u) nor by the Lindemann approximation.

A fit to the Debye model which gives 8~=302(3) K
is also indicated. The effective Debye temperature is
about 7% higher than the values derived from LMF
and SOD. Nevertheless, this simple model describes all
lattice-dynamical eKects in o,-brass surprisingly well.

9. P' brass-
a. Lamb-Mossbauer factor. Below 725 K, p-brass

forms an ordered alloy (p'-brass) with CsC1 structure,
i.e., each Zn atom is surrounded by eight Cu atoms. As
expected for a cubic structure, the Mossbauer spectra
recorded exhibit a single (rather narrow) Lorentzian line
(see Fig. 2).

The temperature dependence of the LMF and the cor-

0-
0 10 20 30 40 50 60 70

Temperature (K)

FIG. 7. Specific heat at constant volume (Cv) for n-brass
containing 19.77 at.% Zn. The error bars for CV are smaller
than the symbols used for the data points. Solid line: Calcu-
lation using the phonon frequency distribution Z, I,(u) derived
from inelastic neutron-scattering data and slightly modified to
represent the chemical composition of this alloy. Dotted line:
Best fit to the Debye model with co=302(3) K. The bottom
part of the figure gives an extended view of the temperature
range up to 100 K.

responding mean-square atomic displacement (2:2) for the
P'-phase (49.2 at. Fo Zn) are shown in Fig. 8. The phonon
frequency distribution Zp (cu) describes our results rather
well. As in n-brass, the experimental values for the LMF
are systematically smaller than the predictions calculated
from ZIs (~). A fit of the Debye model to our data gives
an effective Debye temperature of 249(2) K, which is con-
siderably lower than eD=285(2) K for the n-phase.

b Center shift. . The position of the single absorption
line of P -brass (see Fig. 2) is shifted to negative velocities

( —6.1 pm/s) with respect to the source s7Zn in fcc Cu,
where each srZn atom is surrounded by 12 Cu atoms in
the nearest-neighbor shell. This shift cannot be caused
by the second-order Doppler effect, since the phonon fre-
quency spectrum of the source Zc„(~) is harder than
Zp (cu) for p'-brass, i.e. , the efFective Debye temperature
of the source is higher than that for P'-brass. As a con-
sequence, the s-electron density p(0) at the 7Zn nucleus
has to be lower in P'-brass than at the highly diluted Zn
sites in fcc Cu. Using Zc„(u) and ZIs~(cu) we calculate
for the second-order Doppler shift between the source
and P'-brass 9.71 pm/s, which has to be subtracted from
the CS of —6.1 pm/s. With A(rs) = 17.8xl0 s fms
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FIG. 9. Change of center shift (CS) of P'-brass (49.2 at. %%ua

Zn) with temperature. Solid line: Calculation of the second-
order Doppler shift (SOD) using the phonon frequency distri-
bution Zpi (u) derived from inelastic neutron scattering data.
Dotted line: Best fit to the Debye model (0~=252(4) K).
Dashed line: OD=249 K derived from data for the f-factor
(see Fig. 8).
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FIG. 8. Temperature dependence of the Lamb-Mossbauer
factor (f) and of the mean-square atomic displacements of

Zn in P'-brass with 49.2 at. % Zn. Solid lines: Predictions
obtained from Zsj(u). Dotted lines: Best fit to the Debye
model. The dashed lines correspond to a Debye temperature
O~ ——252 K derived from the data on the second-order Doppler
shift.

with 0~=249(2) K obtained from the LMF and its
temperature variation. An upper limit for an explicit
temperature-dependent isomer shift can be estimated
from the volume increase due to thermal expansion at 60
K and from the volume dependence of the isomer shift
determined earlier. s We get —0.12(2) pm/s, which is only
~2%%uo of the observed CS. Thus, similar to n-brass, the
CS is almost completely due to SOD in the temperature
regime up to 60 K.

(Ref. 30) we obtain for the decrease Ap(0) in contact
density Ap(0) = —0.45ao, which is close to 16%%uo of the
total change in p(0) between Zn metal and ZnO. The ori-
gin of the rather low contact density in the CsCl structure
of P'-brass is not understood at present. It has been par-
tially attributed to an increased shielding effect of the
rather narrow 3d band of Zn in P'-brass as compared to
n-brass. si s ' s Modern theoretical calculationss ss s4 are
called for to clarify the origin of this large decrease in

p(o)
When the temperature is raised to 60 K the CS of P'-

brass decreases by 5.91(14) pm/s. This change of CS in
P'-brass is considerably larger than that of the n-phase.
Thus both, the data on the LMF as well as on the CS con-
vincingly demonstrate that the absorption dip at —6.5
pm/s in the n-alloy does not originate from P'-brass. A
connection to P'-brass might have been surmised because
of the very similar positions of the absorption lines, the
comparable pressure dependence of their center shifts6
and on the basis of a hypothetical phase diagram pro-
posed recently.

As exhibited in Fig. 9 the experimental data on the
temperature variation of CS of P'-brass is in excel-
lent agreement with the SOD calculated from Zp (u).
A Debye fit gives an effective Debye temperature
0~=252(4) K, which is in surprisingly good agreement

B. X-ray difFraction measurements

Our data on the unit-cell volume for a- and P'-brass
at room temperature are in good agreement with results
given in the literature. 5 This also holds for the ther-
mal expansion coeKcient for the n-alloy, where we get
u~(298 K)= (5.21 + 0.32) x 10 K i, which can be
compared with u~(293 K)= 5.25 x 10 s K i given in
Ref. 37.

For n-brass the Griineisenpararneter p = u(T)V(T)/
[fez Cv (T)j can be calculated from the thermal expansion
coeKcient, the unit-cell volume, the compressibility and
the specific-heat data. In the low-temperature limit we
get p(4.2 K) 0.5 and at high temperatures p(298 K)

2.8. Both values are much smaller than p(4.2 K)
4.9 derived from the increase in LMF in high-pressure
Mossbauer experiments at 4.2 K.s This discrepancy is
not understood at present. A similar situation has been
found for Zn metal under high external pressure.

V. CONCLUSIONS

The temperature dependence of the LMF and of the
SOD derived from Mossbauer experiments on n- and P'-
brass alloys as well as low-temperature x-ray measure-
ments demonstrate that no P'-phase is present in the a-
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alloy contrary to the prediction of a hypothetical phase
diagram proposed recently. s

The absorption line at ~—6.5 pm/s in n-brass is most
probably caused by the highly stable Cu3Zn configura-
tion and is shifted to this negative Doppler velocity be-
cause of the large second-order Doppler efFect. The ab-
sorption line in P'-brass, however, is shifted to a negative
velocity (—6.1 pm/s) because of a considerable reduction
of the s-electron density p(0) at the Zn nucleus. The
origin of this decrease in p(0) is not yet understood.

The variations of LMF and SOD with temperature of
both alloys can well be described by the phonon fre-
quency distributions, which are obtained from detailed
model calculations based on inelastic neutron scattering
data. The explicit temperature dependence of the isomer
shift is negligible up to 60 K, the highest temperature
reached in this investigation. Although the effective De-
bye temperatures as determined from LMF, SOD, and

specific-heat data differ slightly within each alloy this
simple model describes all lattice-dynamical effects sur-
prisingly well. This is probably due to the highly sym-
metric (cubic) crystallographic structures of both alloys
and the rather small difference in masses between Cu and
ZQ.
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