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The thermal expansion of an amorphous metal (Pdy, 581y, 165CUg, g¢) has been measured
between 1.5 and 350 K. A negative thermal-expansion coefficient is observed at low tem-
peratures. This arises from a huge negative Griineisen parameter which is attributed to

tunneling states.

PACS numbers: 65.70.+y, 61.40.Df, 71,25.Mg

The scientific and technological interest in
amorphous (or glassy) metals has increased con-
siderably during the past few years.! However,
comparatively little is known about the thermal
expansion of these materials. While at high tem-
peratures (but still below the glass transition
temperature) the thermal expansion of glassy
metals behaves rather as “expected,” i.e., like
that of their crystalline counterparts,® it is their
low-temperature behavior which should be par-
ticularly interesting, but—to our knowledge—this
has not been investigated at all up to now. At low
temperatures, glasses reveal characteristic dif-
ferences with respect to crystals in their thermal
and acoustic properties. These differences are
attributed to low-energy excitations in the glass
which presumably arise from tunneling transi-
tions of atoms or groups of atoms between the
two states of a double-well potential.»® The few
thermal-expansion measurements*® carried out
so far on insulating glasses have shown rather
large negative Gruneisen parameters I', reach-
ing values of about — 20 at 1.5 K. These large
values of |T'| are attributed to the above-men-
tioned two-level tunneling systems (TLS). Re-
cent measurements below 1 K showed, however,
that the magnitude and the sign of I' in insulating
glasses are not universal.®

Evidence has accumulated that TLS exist not
only in insulating glasses but also in amorphous
metals.” It is therefore highly desirable to meas-
ure the thermal expansion of an amorphous metal
at low temperatures, even more so because the
direct correlation between I" and the pressure de-
pendence of the energy splitting of the TLS might
eventually provide a key to understand their mi-
croscopic nature, which is still unknown in both

insulating and metallic glasses. In addition to
this problem, it seemed worthwhile to investi-
gate the electron and phonon contributions to the
thermal expansion of an amorphous metal.

We chose the metallic glass Pd, 17551, 16CU 06
(PdSiCu hereafter) for this investigation because
it is easily obtained in the amorphous state in
rigid bulk form suitable for dilatometry. Stoi-
chiometric ingots were prepared by inductive
melting of the constituents (99.999% Pd and Cu,
99.9999% Si) in high vacuum, followed by a ho-
mogenizing heat treatment (700 °C, 6 h). The
samples were then remelted in situ and water
quenched. The resulting rods (length 1 cm, diam
1 mm) were checked to be amorphous by x-ray
diffraction. Also, the resistivity ratio R (300 K)/
R(4.2 K)=1.02 indicated a homogeneous amor-
phous state.®

The linear thermal-expansion coefficient o was
measured with a capacitance dilatometer between
1.5 and 350 K as described in detail elsewhere.’
The resolution of o is + 3x 10"° K™ ! at low tem-
perature. Several runs were performed for 7T <5
K, and the Cu dilatometer cell was recalibrated :
with a Cu thermal-expansion standard® between
each of these runs. The low-temperature data
to be presented below are smoothed averages of
a total of five runs. The dispersion from run to
run remained within the stated error bar. Be-
cause the thermal expansion increases rapidly
with 7', only one run was necessary above 5 K.
Here, too, the cell was calibrated with the ther-
mal expansion of Cu.

Figure 1 shows the linear thermal-expansion
coefficient a =(d1nl /dT) of PdSiCu as a function
of temperature. Earlier data for PdSiCu taken
above room temperature'! agree rather well with
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FIG. 1. Linear thermal-expansion coefficient o
=(dInz/dT) p of amorphous Pdy, 77551y 145Cug, o¢ s a func-
tion of temperature 7.

our results, as do data for crystalline Pd*? over
an extended temperature range. The latter com-
parison shows that o of PdSiCu at high tempera-
tures (T > 10 K) behaves rather normally. For T
=300 K, we calculate I"=3aVB;/C,=2.33 for
PdSiCu. Here V is the molar volume," B, the
isothermal bulk modulus,™ and C,=23.85 J/mole
K the molar heat capacity.’* The above room-
temperature I" of PdSiCu is in good agreement
with I'=2.37 for crystalline Pd.*

The low-temperature thermal-expansion data
are shown in Fig. 2 in a plot of a/7T vs T? in or-
der to facilitate the separation of electron and
phonon contributions. Between 4.5 and 10 K, «o
=qT +bT?® is inferred from the straight line in
this plot, with @ =(1.2+0.2)x10"°K"? and b = (7.3
+0.5)x 10" K™%, The most important observa-
tion, however, is the dramatic fall of o below
~4 K. « turns negative at 2.5 K and reaches
-(1+£0.3)x10"8K ' at 1.5 K. This behavior
bears resemblance to the negative thermal ex-
pansion observed in insulating glasses and hence
suggests a contribution by TLS., Before discuss-
ing this feature in detail, however, we have to
treat the electron and phonon contributions to «.

Neglecting, therefore, the anomalous contribu-
tion to a below 4.5 K temporarily, we can write
a =TT +BT3)/3VB,, where yT and T° are the
electron and phonon specific heats. With the low-
temperature specific-heat data for PdSiCu,™ we
obtain I';; =4.7 and I';,=2.8 when evaluating elec-
tron and phonon contributions to . The relative-
ly large value of T',; as compared with crystalline
Pd** (T, =2.22) implies that the reduction of the
electronic density of states at the Fermi level by
a factor of ~ 8 when going from crystalline Pd to
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FIG. 2. Low-temperature thermal-expansion data for
Pdy, 175510, 165CU, o¢ plotted as o/T vs T7.

amorphous PdSiCu is not totally cancelled by a
corresponding reduction of the electronic contri-
bution to . Thus our data add one more item to
the long list of physical quantities that show
strong deviations from free-electron behavior in
amorphous transition metals, for which I',;=0.67.

The value of I';, for PdSiCu is close to that for
Pd** (T';=2.18). The small difference could be
due to the fact that we have fitted the phonon con-
tribution to o with a T® dependence up to 10 K
while the phonon specific heat shows positive de-
viations from gT? already well below that temper-
ature.’™® As a result of the limited accuracy of
our measurement, a possible corresponding be-
havior of a could not be resolved. In brief, our
data suggest that the electronic and phonon con-
tributions to the thermal expansion in a metallic
glass behave quite similarly to those of the crys-
talline counterpart.

For the remainder of this article, we want to
discuss the anomalous behavior of o at low tem-
peratures under the assumption that electron and
phonon parts of a as determined above can be ex-
trapolated to below 4.5 K. The negative a’s be-
low 2.5 K strongly hint at a contribution by TLS
whose existence in PdSiCu has already been
proven with ultrasonic experiments.'® The value
I'=—=(20+6) for T =1.5 K inferred from our «
measurement is of the same magnitude as those
found in insulating glasses. This coincidence is,
however, circumstantial, because in amorphous
metals the Gruneisen parameter arising from
TLS has to be evaluated according to T'=}},I';C,;/
>, :C; where i denotes the contributions by elec-
trons, phonons, and TLS, respectively. Unfor-
tunately, C;;s can only be accurately determined
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in amorphous superconductors and therefore is
not available for PdSiCu. We estimate y1s=1
% 10" % J/mole K? for the linear specific coeffi-
cient due to TLS in PdSiCu, i.e., the value for
superconducting Pd, 3,21, 4.'" Taking the above
values for T',) and T';, we then obtain I'pg
=~(3504+100) at 1.5 K. This is unusually large
even for glasses, where I't 3= — 20 has been ob-
served in vitreous silica.*"® |T'y ¢l in PdSiCu de-
creases strongly with increasing temperature
(Trs= =60 at 3 K). This temperature dependence
is stronger than that of T in vitreous silica.® !®

While I'’s of the order of 10* are conceivable
for a single tunneling system® (values of up to
=~ 300 are indeed observed for some tunneling cen-
ters in alkali halides), the necessary averaging
over the ensemble of tunneling systems in glass-
es reduces I'r s remarkably. For a given energy
splitting E = (A2 +A%)"Y? of a subset of TLS, there
is a distribution of both the tunneling splitting A,
and the asymmetry A of the double-well potential.
It has been suggested® that the large negative I'’s
observed in glasses arise mostly from asymmet-
ric TLS (E = A) although this is not universally
accepted.**® The very large value of IT'r ¢! in
PdSiCu is only explicable if one assumes a cor-
relation® between A and 8A/8V and rules out an
explanation in terms of symmetric TLS for which
IT'1= 20 at most is conceivable.®

In the absence of a detailed microscopic model
for TLS we cannot at present give a more spe-
cific account of our observations. In particular,
future work should show if the large IT'rgl in
PdSiCu is unique to this material or representa-
tive for a wider class of amorphous metals. In
the latter case, our results would hint at consid-
erable differences in the microscopic structure
of TLS in metals as compared with insulating
glasses.
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