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Specific-heat measurements are reported for cubic (¢), icosahedral (i), and amorphous (a) phases of
MgsZn;Al; in the temperature range 0.04-5 K. All three phases are superconducting, with 7.=0.32,
0.41, and 0.75 K, respectively. The electronic density of states N(0) is comparable to that expected in
the free-electron model for all three phases. Compared to the ¢ phase, significant lattice softening is ob-
served in the i phase and, especially, in the a phase, indicating an increase in the electron-phonon cou-

pling parameter A with decreasing order.

PACS numbers: 65.40.Em, 74.30.Ek, 74.60.Mj

Solids with icosahedral point-group symmetry have at-
tracted much attention since their discovery several years
ago.! A great deal of effort has been aimed at under-
standing the structure and its stability. As the sample
quality improves, other properties are being investigated
with probes such as electrical? and thermal® resistivity,
magnetization,* NMR,> Mossbauer effect,® extended x-
ray-absorption fine structure,” and electron-energy-loss
spectroscopy.® So far, no thermodynamic measurements
have appeared.’®

In this Letter, we present measurements of the specific
heat of Frank-Kasper cubic'® (¢) icosahedral'' (i), and
amorphous (a) phases of Mg;Zn;Al,. This system is
particularly interesting for a number of reasons. First, it
contains no transition elements, which distinguishes it
from most icosahedral systems investigated previously.
Without the complication of magnetic effects, it should
be possible to study the influence of icosahedral symme-
try on electron and phonon properties. Second, high-
quality, single-phase samples of icosahedral'? as well as
crystalline Mg3;Zn3;Al, are available. Third, we have
found that the material is superconducting in all three
phases, and this allows us to determine not only the elec-
tron and phonon densities of states but also the electron-
phonon interaction strength and its dependence on struc-
ture. The results show that the superconducting state in
the icosahedral phase is remarkably similar to that in the
cubic phase,!? which is a well-behaved, weakly coupled
BCS superconductor. In all respects the specific-heat re-
sults show that the i-phase properties lie between the ¢
phase and a phase but much closer to the ¢ phase. This
is in contrast to other measurements cited above, in
which the icosahedral phase generally resembles much
more closely the amorphous phase. The linear term in
the specific heat above T, does not show an anomalously
high density of electronic states, as has been predicted by
two calculations.!® It is close to the free-electron value,
supporting a more recent calculation.'® Also, an upper
limit can be placed on any linear contribution below T,
that might be due to, for instance, structural defects as-
sociated with lines of disclinations. '®

The cubic, Frank-Kasper phase was prepared by us by
melting in a closed quartz tube and cooling slowly.
From the same boule, the icosahedral phase was
prepared in the form of a 0.8-mm X 15-um ribbon by spin
quenching in an inert atmosphere. Both were single
phase according to x-ray studies. The grain size was ~ 1
pum in the i phase and —10 um in the ¢ phase. The
amorphous sample was sputtered in Ar from a
MgiZn3Al, target onto Al,Oj3; substrates held at 77 K.
The low substrate temperature and a low sputtering
power (1 W for 80 h) were necessary to prevent forma-
tion of microcrystalline peaks in the x-ray diffraction
pattern. Calorimetric detection of ortho-para conversion
of molecular hydrogen in the sample at low tempera-
tures'” showed the presence of 0.4 at.% clustered H,.
The H, is undoubtedly located in microvoids and is
thought to have no significant effect on the properties
measured here.

Standard four-probe resistivity measurements were
performed on the as-prepared samples from 0.015-300
K. The specific heat was measured with a relaxation
calorimeter described previously.!” The c-phase sample,
650 mg, was placed on the Al,O3 plate of the calorimeter
with —1 mg Apiezon N grease for thermal contact. The
i-phase sample, 82 mg, was gently broken and mixed
with 22 mg N grease for thermal contact. The same
procedure was used for the 80-mg a-phase sample after
scraping the 25-um-thick film from the substrate.

The specific-heat data for the three phases are shown
in Figs. 1-3, after subtraction of the heat capacity of the
addenda (grease plus empty). Each material shows a
jump in the specific heat at approximately (see below)
the temperature at which the resistance goes to zero
(Table 1) followed at lower temperatures by a steep,
roughly exponential decrease. This indicates that the su-
perconductivity is indeed a bulk effect. The transition is
considerably broader for the sputtered sample than for
the c¢- or i-phase samples. The scatter in the data is least
for the large, solid crystalline sample and greatest for the
80-mg a-phase sample. This is due to the small sample
size and also to the fact that thermal equilibrium of the
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FIG. 1. Specific heat of cubic (Frank-Kasper) Mg3;Zn;Al,.

sample and calorimeter is more difficult to achieve with
both powder-grease samples, complicating the data
reduction.

To analyze the data, we assume that the specific heat
in the normal state is the sum of an electronic linear con-
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FIG. 2. Specific heat of icosahedral Mg3Zn;Als,.
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FIG. 3. Specific heat of amorphous Mg;Zn;Al,.

tribution and a cubic term due to phonons,
Co=yT+pT>, (1)

and that below T, it contains three contributions,
Cy=aT+BT3+nexp(—1.764T./TIR(T/T,). (2)

The same phonon term appears below T,, but the elec-
tronic contribution falls approximately exponentially as a
result of the gap associated with superconductivity.
R(T/T,) is the ratio of the Miihlschlegel numerical cal-
culation,'® based on the BCS theory, to the exponential

TABLE I. Numerical results for resistivity p, specific-heat
fitting parameters y, B, a, 1, T¢, and AT, in Egs. (1) and (2),
the electronic specific-heat ratio Ces/Cen at T., and derived
quantities ©p (Debye temperature), v (sound velocity), A
(electron-phonon coupling parameter), and N(0) (unrenormal-
ized density of electronic state). N(0) is in units of states/eV
atom.

Cubic Icosahedral Amorphous
P30k (uQ cm) 90 79 380
pPa2K 71 77 400
T.(resistivity) (K) 0.330 0.442 1.25
AT (resistivity) 0.015 0.020 0.15
y (1073 J/g K?) 23%0.2 22+£0.3 1.9+0.3
B(10~¢J/g K*) 1.12+0.04 2.75%x03 7.5%0.6
a (107%J/g K?) 0.003 0.06 0.3
n (1075 J/g K) 0.86+0.15 1.20*0.2 1.8+0.4

T.(specific heat) (K) 0.31530.01 0.410£0.01 0.754 +=0.03

AT.(specific heat) (K) 0.026 0.050 0.18
Cos/Cen(T:) 29106 3.0%x0.8 3.1+0.8
©p (K) 348 258 185
v (103 cm/sec) 3.10 2.28 1.6
A 0.36 0.39 0.45
N(0) 0.15 0.14 0.11
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in Eq. (2). R(T/T.) is a slowly varying function with
values between 14 and 100 for our range of temperatures
and is expressed as a power series for computational con-
venience. To account for the width of the transition, the
sample is assumed to be inhomogeneous with different
volumes of the sample having different values of 7,.. The
distribution of effective transition temperatures 7, is
chosen to be Gaussian, so that the specific heat contrib-
uted by a portion of the sample with 7| is weighted by
the volume factor exp{[ — (T — T.)/AT.1% suitably nor-
malized. The total specific heat is obtained by our sum-
ming the contributions over a range T,—2AT.<T,
< T.+2AT.. A nonlinear least-squares-fitting routine is
then used to determine the six parameters: y, B, a, 7,
T., and AT.. The results are given in Table I and they
describe the solid lines in Figs. 1-3.

It is interesting to compare the parameters in order of
decreasing structural order, ¢ to i to a. 7T, increases
monotonically through the series, with an especially
large jump between the i and a phases. This trend can-
not be attributed to the electron density of states (pro-
portional to y), since y only decreases in the series.
However, a dramatic softening is indicated by B, which
increases by a factor of 7 from c¢ to a; the corresponding
Debye temperature Op and the average sound velocity v
(Table I) both decrease by a factor of 1.9. According to
McMillan’s equation,'® such a change results in an in-
creasing value of the electron-phonon coupling parame-
ter A, determined by ©Op, 7., and the electron Coulomb
repulsion parameter u* which we set equal to the typical
value of 1.2 for polyvalent metals.'® The values deduced
for A (Table I) span a range which includes the value for
both Al and Zn (A =0.38), indicating that all three
phases are in the weak-coupling limit. This is consistent
with the low values of 7./6p < 1. The jump in the elec-
tronic heat capacity at the transition is expected to be
C,s/C,n =2.43 in the BCS model. Within the uncertain-
ties, the measured quantity C./C., (=2.43n/yT.)
agrees with the theoretical value.

The values of y and A can be used to calculate N(0),
the electronic density of states without phonon enhance-
ment, '°

N(0)=3y/2x%k§(1+21), 3)

where y is expressed in molar units by the taking of an
average molar weight of 40.4 g. The values of N (0) list-
ed in Table I are typical for polyvalent metals and are
close to the free-electron-model value'® of 3/4(Z/Ef)
=0.18, where Z and EF are the valence and Fermi en-
ergy averaged over the three elements. This similarity
conflicts with the predictions'* of an anomalously high
N(0), but supports a more recent calculation. '

The electrical resistivities of the ¢ and i phases are
similar and correspond to a mean free path of ~8 A in
the free-electron model. This represents a lower limit for
the intrinsic mean free path, as the conductivity may be

limited by scattering at grain boundaries and micro-
cracks in these very brittle materials. The resistivity of
the i phase of Mg3Zn;Al; is considerably lower than typ-
ical icosahedral systems involving transition elements.
Resistivity data are well known to be difficult to interpret
unambiguously, but the low resistivity of the present i
phase supports the suggestion? that s-d scattering dom-
inates the resistivity in icosahedral systems containing
transition elements. The resistivity in the amorphous
sample, however, is much higher than in the ¢ or i
phases; it is typical of other amorphous metals where the
conductivity is limited by extremely short intrinsic mean
free paths. The value of 7, determined via resistivity
(Table I) is generally near the upper end of the range
defined by AT, from the specific heat. This is consistent
with a percolation path of superconductivity in an inho-
mogeneous sample and demonstrates the problems in-
herent in attempting to determine 7. from resistance
measurements alone.

The linear term aT included for 7 < T, is not suggest-
ed clearly by the data but is included to set a conserva-
tive upper limit to any contribution from a volume of
normal metal or a linear term because of a constant den-
sity of glasslike defect states. The fractional volume of
normal metal is limited by a in Table I to 0.1% of the ¢
phase, 3% of the i phase, and 15% of the a phase. Alter-
natively interpreting « in terms of defect states, which in
the metallic glass Zr;oPd3o contribute ao7 =1.1 x10 76
J/gK to the specific heat,?! we can place upper limits of
0.03ag for the ¢ phase, 0.5a¢ for the i phase, and 3ag for
the a phase. The result for the i phase is particularly
significant as it places an upper limit on any future pro-
posals of structural defect states in this icosahedral ma-
terial. 22 The large a for the a phase is not due to the
trapped H,, since such a large contribution does not ap-
pear for similarly trapped H; in plasma-deposited films '’
of a-Si:H. It is more likely due to a non-Gaussian distri-
bution of T,.

We conclude that icosahedral Mg3;Zn3Al; is a well-
behaved, weakly coupled superconductor with an elec-
tron density of states close to the free-electron model and
a Debye temperature which is close to that of the cubic
phase. In all respects it falls closer to the crystalline
Frank-Kasper phase than to the amorphous phase. This
is in contrast to other measurements on icosahedral sys-
tems, most of which are sensitive to point properties.
The difference may be due to the higher degree of
icosahedral perfection of the present samples.
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B. Golding, J. J. Hauser, and V. Elser for helpful discus-
sions.
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