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Measurements of the low-temperature specific heat C, of liquid-quenched Zr-Ni glasses for a
large number of compositions in the range from 55 to 74 at. % Zr revealed an unusual composition
dependence of the density of states at the Fermi level, N (Er). Furthermore, for some compositions
the variation of C, near the superconducting transition temperature T, indicated the presence of
two superconducting phases, i.e., two superconducting transitions were detected. Comparison of the
individual T,’s in phase-separated samples to the composition dependence of T, for all of the sam-
ples suggests that amorphous phases with compositions near 60 and 66.7 at. % Zr occur. We dis-
cuss these results in terms of an “association model” for liquid alloys (due to Sommer), in which as-
sociations of unlike atoms with definite stoichiometries are assumed to exist in equilibrium with
unassociated atoms. We conclude that in the composition range studied, associate clusters with the
compositions Zr;Ni, and Zr,Ni occur. In only a few cases are the clusters sufficiently large, com-
pared with the superconducting coherence length, for separate superconducting transitions to be ob-
served. The variation of N (Er) with composition is discussed, as well as the effects of this chemical
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short-range ordering on the crystallization behavior and glass-forming tendency.

I. INTRODUCTION

In contrast to metal-metalloid glasses, transition-
metal—transition-metal glasses can often be formed over
wide composition ranges, and thus provide an opportunity
for the study of properties as a function of composition.
There has been a growing interest in the electronic proper-
ties of glassy alloys consisting of an early transition metal
(ETM) and a late transition metal (LTM). Photoemission
spectroscopy studies'™> of a number of such binary
glasses have revealed some general features about their
valence-band structures. For example, many such alloys
(including Zr-Ni) exhibit valence bands characterized by a
two-peak structure. The high-binding-energy peak has
been identified with the d states of the LTM (Ni), and the
peak near the Fermi level with d states of the ETM (Zr).
The binding-energy difference between LTM and ETM
sites tends to increase with the difference in group number
between the constituents.* Kiibler et al.® have concluded
from comparisons of photoemission spectra with band-
structure calculations for ordered alloys of similar
stoichiometry, that the electronic structure of the glass is
similar to that of an ordered close-packed state. They at-
tribute the large shifts observed in core-level binding ener-
gy for the LTM to hybridization of the d states of the al-
loy constituents, and to charge transfer between unlike
atoms.

The density of states at the Fermi level N (Er) tends to
be dominated by the d states of the ETM. Thus, N (EF)
should increase with the concentration of the ETM. Re-
cent determinations of N (Ey) as a function of concentra-
tion from low-temperature specific-heat measurements’®
and from superconducting property measurements®!® of
ETM-LTM glasses confirm this conclusion. Altounian
and Strom-Olsen’ studied the electronic properties as a
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function of composition of the binary metallic glass sys-
tems Zr-Cu, Zr-Ni, Zr-Co, and Zr-Fe through measure-
ments of superconducting properties and magnetic suscep-
tibility. For the Zr-Cu and Zr-Ni systems, they found
that N (Er), as determined from the rate of change of the
upper critical field with temperature near the supercon-
ducting transition temperature T, increases approximate-
ly linearly with zirconium content. Samwer and
Lohneysen’ determined N (Ef) from both superconduct-
ing measurements and low-temperature specific heat for
the Zr-Cu system, and also obtained an approximately
linear increase with zirconium content.

We have made detailed measurements of the specific
heat of liquid-quenched amorphous Ni-Zr alloys as a
function of composition from 55 to 74 at.% Zr. Our
determinations of N(Efr) are in approximate numerical
agreement with the results of Altounian and Strom-
Olsen,’ but our measurements also reveal an unusual vari-
ation of N(Er) in the composition range between 60 and
67 at. % Zr, which suggests that short-range order in the
glass varies rapidly with composition in this range. The
occurrence of phase separation in a few of the as-
quenched specimens is conclusively demonstrated by the
appearance of two superconducting transitions. A limited
effort has been made to find the effects of annealing at
low temperatures on these transitions. We have analyzed
qualitatively these results in terms of an “association
model” for liquid alloys discussed by Predel'*'? and Som-
mer*~" according to which short-range order in the
liquid is described in terms of associations or clusters of
associations of specific stoichiometries in equilibrium with
unassociated atoms. The concentrations of the associates
vary with composition, and should be maximal for sample
compositions corresponding to the stoichiometry of the
associate. Thus, according to Sommer,'* the favored asso-

1199 ©1984 The American Physical Society



1200

ciate stoichiometries should be discernible from the varia-
tions with composition of structure-sensitive properties.
From our measurements of the density of states at the
Fermi level, superconducting transition temperatures, and
the enthalpy change on crystallization, and from the resis-
tivity measurements of Altounian and Strom-Olsen,” we
have concluded that in our samples, associates with com-
positions of Zr,Ni and Zr;Ni, tend to occur. The results
are also discussed in relation to a recent paper by Moruzzi
et al.'® on the stability and electronic properties of
transition-metal glasses.

II. EXPERIMENTAL PROCEDURES

Alloy buttons of the various compositions were made
by arc-melting high-purity components (Zr, 99.99% puri-
ty; Ni, 99.99% purity) in an argon atmosphere. Samples
were rapidly quenched in an arc-hammer apparatus using
hammer speeds of approximately 8 m/sec, resulting in
(20—30)-um-thick foils. Average cooling rates are es-
timated to be in excess of 10® K/sec.!” All specimens
were determined to be fully amorphous to the resolution
of x-ray diffraction.

Low-temperature heat capacities were measured with a
small-sample calorimeter using elements of designs previ-
ously described by Ride,'® and by Stewart and Giorgi.'®
The thermal-relaxation method was employed with an
electronic system roughly similar to that described by
Schwall et al.?*® The measurement is done inside a vacu-
um can surrounded by liquid helium. The sample holder
was a 1.27-cm-diam, 0.025-cm-thick sapphire disk on
which an amorphous metal heater was vapor-deposited.
The gold leads of a bare germanium resistance thermome-
ter (mass ~3 mg) were attached to the disk and to 0.004-
cm-diam manganin leads with silver-impregnated conduc-
tive epoxy. Heater leads and a 0.005-cm-diam copper wire
(10—15 cm long and wound into a coil, which served as a
heat link between the sample assembly and a large copper
block) were similarly attached to the disk. The copper
block served as a heat reservoir, the temperature of which
could be controlled above the liquid-helium bath tempera-
ture by means of a heater and thermal link to the bath.
Samples were stuck to the disk with weighed amounts
(~200—400 ug) of Apiezon N grease, the heat capacity of
which has been measured by others.??? Sample masses
were 10—20 mg, and sample heat capacities were generally
between 50 and 80% of the total heat capacity of the sam-
ple assembly. Measurements were made from approxi-
mately 1.7 K (which is below the superconducting transi-
tion temperature T, for all compositions) up to about 6.3
K. A 40-mg high-purity copper disk, which has a heat
capacity similar to that of our specimens, was used as a
standard to check operation of the system and the deter-
mination of the addendum heat capacity. Values of the
intercept ¥ and the slope B of C/T vs T? are always
within 3% of the accepted literature values for copper.’
The (20) or 95%-confidence-level limits for the value of
7, as determined by the scatter in the data is about +1%.

A Perkin-Elmer differential scanning calorimeter
(model DSC-II) was used to measure the enthalpy change
on crystallization and to look for glass transitions in a few

KROEGER, KOCH, SCARBROUGH, AND McKAMEY 29

specimens. Low-temperature anneals of a few specimens
were done in vacuum in sealed Pyrex tubes. To minimize
oxygen contamination during the anneals, specimens were
wrapped in zirconium foil, and yttrium filings were placed
in the bottom of the tube.

III. RESULTS

With a few exceptions (to be discussed), plots of C/T vs
T? indicated sharp superconducting transitions (widths
~30—50 mK). All plots were linear from the supercon-
ducting transition temperature T, up to 6.3 K, the highest
temperature at which data were taken, indicating a good
fit to the usual form for C at temperatures well below the
Debye temperature ®p,

C=yT+pBT3. (1

Therefore, we may relate ¥ and S8 to the density of states
at the Fermi level and ®), as follows:

1/3
127*R

Ny (Ep)=3y /m’kj=(14+AN,(E) ,®p = 55

(2)

where kp is Boltzmann’s constant, R is the gas constant,
and A is the electron-phonon interaction parameter, which
can be estimated from ®p and T, through the McMillan
equation.?* N,(Eg) is the band structure, or bare density
of electron states at the Fermi level, and N,,(Ep), the
“specific-heat” value, is enhanced by the electron-phonon
interaction.

Figure 1 shows the variation of N,(Ey) with composi-
tion from 55 to 74 at. % Zr. Also shown for purposes of
comparison are values of N, (Ey) obtained by Altounian
and Strom-Olsen’ from measurements of the supercon-
ducting transition temperature T, the slope of the upper
critical field, H, , as a function of temperature near T,

and the normal-state resistivity at low temperature.
Differences between the two measurements are striking,
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FIG. 1. Density of states at the Fermi level, N, (Ep), as a
function of zirconium content. Circles are the present work and
the squares are from Ref. 9. Arrow shows the change in N, (EF)
for a 62.9-at. % Zr specimen when it was annealed for 30 min at

150°C.
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but it should be noted that for both sets of data the gen-
eral trend is for N, (Ep) to increase with zirconium con-
tent, as expected. The values from H, (T) are approxi-

mately 10—20 % lower than those obtained from specific
heat. A similar difference was found for glassy Cu-Zr al-
loys by Samwer and Lohneysen,” who determined N. +(EF)
by both methods. An interesting aspect of the data is the
rapid variation of N,(Er) with composition between 60
and 65 at. % Zr. It is reasonable to interpret this “struc-
ture” as indicating that the short-range order changes
abruptly with composition.

It is interesting to discuss possible reasons why the data
of Altounian and Strom-Olsen show no indication of this
unusual variation of N,(Ep). First, it should be noted
that over the range of our data, 55—74 at. % Zr, Altouni-
an and Strom-Olsen have only five points, and these are
spaced such that the rapid variations of our N,(Ep)
values might appear only as rather large scatter on their
data. However, their points fit closely on a straight line,
and it is probable that the difference between the two mea-
surements is not merely apparent, but real. In this case,
the difference must be due either to differences between
specimens, or to the fact that N, (Er) was derived in the
two cases from measurements of different physical quanti-
ties. Altounian and Strom-Olsen used melt-spun ribbons,
whereas our specimens were quenched by arc hammer, so
that the difference could result from different cooling
curves during glass formation. However, our results indi-
cate that thermal relaxation of Ni-Zr glasses results in a
lowering of the superconducting transition temperature,
and our T_.’s agree rather well with those of Altounian
and Strom-Olsen, suggesting that cooling-rate differences
are not important. Onn et al.® measured the specific heat
for three samples in this composition range, also made by
melt-spinning. Their T,’s were 0.25—0.3 K lower than
ours and those in Ref. 9, suggesting that quench rates in
this case were lower. We have also found that oxygen
contamination tends to lower T,. Their N, (Ep) values
were, in one case, intermediate between ours and Ref. 9,
and in two cases essentially the same as in Ref. 9.

Another possibility is that the difference between the
two results arises from the fact that heat capacity is a bulk
property, and the value of y derived from our measure-
ments is a characteristic of the whole specimen, whereas a
resistively measured H,, may, in an inhomogeneous or

phase-separated material, be characteristic only of the
higher H,, phase, provided this phase has sufficient con-

nectivity to carry current. Thus, phase separation could
account for some differences between the two measure-
ments. As we shall see, we do have evidence, in the form
of two superconducting transitions, of phase separation
for some compositions. However, the 10—20 % differ-
ences in magnitude of N, (Ey) for compositions where we
do not find evidence of separate phases must have another
reason. Aside from the previously mentioned difference
between specific-heat- and H, (T)-derived values of
N,(Ep) for Cu-Zr glasses’ (which the authors speculate is
due to uncertainties in their resistivity measurements),
most comparisons of the two within measurements (in
both amorphous and crystalline materials) have agreed
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within experimental error.?%26

The 62.9-at. % Zr composition lies at the low zirconium
edge of the plateau in N,(Ep) (Fig. 1), and was unique
among our as-quenched specimens in that its C(T) curve
shows evidence of the presence of two superconducting
phases of comparable volume fractions. For one other
composition, 56.7 at. % Zr, evidence of a small amount of
a second phase is seen. Figure 2(a) shows C/T vs T? for
the 62.9-at. % Zr alloy in the as-quenched condition. As
with all of the specimens, the plot is linear above the su- -
perconducting transition. The value of y places N, (Ef)
on the plateau, equal to N,(Ep) for the 63.2 and 63.6-
at. % Zr specimens. The superconducting transition was
observed to be wider than usual, and a closer examination
of the transition region is shown in Fig. 2(c), which we in-
terpret as indicating two superconducting transitions.
Two points shall be discussed about this interpretation.
First, we are limited in how small a difference in T, we
can resolve by our measurement technique. In the
relaxation-time-constant method which we employed, a
temperature difference AT is established between the sam-
ple assembly and a copper block by means of an electric
heater on the sample holder. Then, the heater current is
switched off, and the time constant for decay of the tem-
perature of the sample assembly to the temperature of the
copper block is measured. The heat capacity thus mea-
sured is an average over the temperature interval covered
by AT. We cannot resolve structure in C(T) which has a
width on the order of or smaller than the value of AT.
We normally use AT between 30 and 60 mK, but for ex-
amining the transition region, we found we could use AT
as small as 10—15 mK without introducing large scatter
in the data. The practical lower limit on AT is deter-
mined by amplifier noise in the circuit used to measure

‘the temperature as a function of time during decay. Thus,

features in C(T), which are on the order of 15 mK or
smaller, cannot be accurately defined. The transition for
the as-quenched 62.9-at. % Zr alloy is approximately 150
mK wide. Second, for a specimen consisting of two su-
perconducting phases with different T,’s to exhibit two
distinct superconducting transitions, the dimensions of the
phases must be at least as large as the superconducting
coherence length £(T'=0) for the separate phases.”’” For
Zr-Ni glasses, £(0)~60 A , and is presumably not very
different for the two phases. We regard the data of Fig.
2(c) as clear evidence of two superconducting phases. The
first, or lower-T,, decrease in heat capacity is smaller than
the second one, indicating that the lower-T, phase is the
minor phase, but it nevertheless occupies a significant por-
tion of the specimen.

The 62.9-at. % Zr specimen was annealed for 30 min at
150°C (T, ~400°C), and its heat capacity was measured
again. Figure 2(b) shows C/T vs T2, and Fig. 2(c) shows
details of the superconducting transition. After this short,
low-temperature anneal, the value of N ,,(Ep) was lower
and in line with the values for lower zirconium composi-
tions (see arrow, Fig. 1). The sample still has two super-
conducting transitions, but the volume fraction of the
higher-T, phase has apparently decreased greatly. In Fig.
2(c) the solid lines through data points above the transi-
tions for each curve are the least-squares fit of all the data
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FIG. 2. (a) C/T vs T? for the 62.9-at. % Zr as-quenched specimen. The step at the superconducting transition is broader than
usual, and its shape suggests the occurrence of two transitions [see Fig. 2(c)]. Above the transition the plot is linear, as it was in all of
the specimens. (b) C/T vs T? for the 62.9-at. % Zr specimen after annealing for 30 min at 150°C. The main transition is sharp, and
apparently corresponds to the lower-T, transition in the as-quenched condition. The high-T, transition at T, C'z now involves a small
fraction of the sample. (c) Expanded view of the transitions for the 62.9-at. % Zr specimen as-quenched and annealed for 30 min at
150°C. In the as-quenched condition the transition clearly involves two steps, implying the presence of two superconducting phases.

T; and T, identify the temperatures at which those phases have completely transformed to the normal state. After annealing, the

step at the higher-temperature transition at TC'2 is small, indicating that only a small portion of the specimen is involved. The lines
are least-squares fits to all of the data above the transition region. (d) C/T vs T? for the 62.9-at. % Zr specimen after annealing for
20 h at 275°C. The high-temperature tail now extends to Tc'; =2.83 K, and the step at T, C'; remains small. The main transition was

broadened by this anneal and the shape (see inset) now suggests the presence of a third phase.

from the transition to T2=40. The tail lying above this
line, which remains after the sharp main transition has
occurred, indicates that a small fraction of the specimen
remains superconducting up to T=T, » The increase
in T, of the higher T, phase is presumably a result of
coarsening of the phases, with a consequent lessening of
the proximity effect. The lower T, transition moved
downward slightly. The decrease in volume fraction of
the higher-7, phase upon annealing suggests that this
phase is more stable near the melting point than at the an-
nealing temperature. The low 7, changed very little dur-
ing the anneal, which suggests that the low-7, regions in
the as-quenched condition were sufficiently large so that
their T, was not strongly affected by proximity to the
higher-T, phase. It should be stated that identification of

the higher-T, phase after annealing with the one present
before annealing is an assumption for which we have no
corroborating evidence.

An additional anneal was performed on the 62.9-at. %
Zr specimen for 20 h at 275°C. The apparent volume
fraction of the high-T, phase did not change significantly,
as can be seen from the height of the tail in Fig. 2(d), but
both of the T,’s changed. The T_’s are all indicated on
the plot of T, vs Zr content in Fig. 3. N,(Ep) was essen-
tially unchanged by this additional anneal. The peak in
C/T vs T? at the superconducting transition is not sharp,
but rounded and rather broad, in contrast to the curve
after 30 min at 150°C, and to the transitions seen in most
of the as-quenched specimens. It is usual for anneals at
temperatures below crystallization to result in sharper su-
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FIG. 3. Superconducting transition temperatures 7, as a
function of zirconium content. For samples showing two transi-
tions the higher T, is indicated by a square. Arrows indicate
changes caused by annealing. For the 61.2- and 62.9-at. % Zr
compositions, annealing resulted in lower transitions with 7,.’s
similar to the value at 60 at. % Zr, and higher transitions with
T,’s similar to the value at 66.7 at.% Zr (interpolated value
=2.92 K). The labeled T,.’s for 62.9 at. % Zr correspond to
transitions identified in Fig. 2. The 56.7-at. % Zr specimen as
quenched showed two transitions, the upper one having a T,
similar to the value at 60 at. % Zr.

perconducting transitions, presumably because structural
relaxation leads to a more homogeneous structure with
fewer long-range defects or strain fields.”® A careful,
long-time x-ray-diffraction examination of the specimen
revealed no evidence of crystallinity. Structure within the
transition [see inset, Fig. 2(d)] suggests that there are now
two phases with very similar T,’s making up the bulk of
the sample. We cannot say from superconducting T,
measurements whether annealing has created a new phase,
or whether coarsening of phases already present has made
them distinguishable in their superconducting properties.
DSC traces (Fig. 4) for the 62.9-at. % Zr alloy annealed
for 20 h at 275°C indicate two glass transitions separated
by a small exotherm. The as-quenched alloy shows one
endotherm, indicating a glass transition, just before crys-
tallization. The annealed material shows two endotherms
and an exotherm of comparable size. At 80-K/min scan
rate, the small exotherm and the first crystallization peak
nearly obscure the second endotherm. At 160 K/min the
exotherm lies between the two endotherms and at 320
K/min the exotherm is nearly obscured by the first en-
dotherm. It is unclear whether these results indicate the
presence of two endotherms separated by an exotherm or a
single broad endotherm interrupted by an exotherm.
These curves are similar to DSC results presented by
Predel for Ni;4Pd,sP;s glass.!! Predel identified the small
exotherm with the process of phase separation. The
changes in DSC traces brought about by the 20 h at 275°C
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anneal suggest that the anneal resulted in an amorphous
phase which was not present as-quenched. This interpre-
tation is consistent with the low-temperature specific-heat
result.

Further evidence of phase separation was found in the
heat-capacity measurements of an as-quenched specimen
at 56.7-at. % Zr and in a 61.2-at. % Zr sample which had
been annealed. The 56.7-at. %Zr sample had a narrow
transition for most of the sample at 2.01 K, and a high-T,
tail, which extended to 2.24 K. Two 61.2-at. % Zr sam-
ples were run, neither of which showed evidence of phase
separation as quenched. One of them was annealed for 1
h at 200°C, after which the C/T-vs-T? plot showed a nar-
row transition for the bulk of the material at 2.26 K
(down from 2.44 K as-quenched) and a high-T, tail ex-
tending up to about 2.9 K. Table I shows values of the
various properties, which can be derived from the heat-
capacity measurements at low temperatures.

A study of the crystallization process by DSC is in pro-
gress and will be published soon.”’ One experimental re-
sult from this study is especially pertinent to the interpre-
tation of the present results from low-temperature specific
heat. Figure 5 shows the enthalpy change AH on crystall-
ization as a function of composition. Above approximate-
ly 65 at. % Zr, AH is essentially independent of composi-
tion except for a shallow minimum at the eutectic at 75.9
at. % Zr. The most interesting feature is a deep minimum

T ] T I T ] T | T ]

AS-QUENCHED, 160 K/min

ANNEALED 20 h/275 °C
80 K/min

EXOTHERMIC EFFECT —#= (arbitrary units)

160 K/min
320 K/min
] | ] | - | ! | 1 |
500 540 580 620 660 700

T (K)

FIG. 4. DSC traces for 62.9-at. % Zr alloy. As-quenched,
there is a single endotherm prior to crystallization. The corre-
sponding specific-heat curve indicates two major phases, but as
we see in Figs. 2(b) and 2(c), annealing at low temperature rapid-
ly reduces the volume fraction of one phase. After annealing for
20 h at 275°C, two endotherms separated by an exotherm are
evident. The specific heat for this condition is shown in Fig.
2(d).
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TABLE 1. Quantities derived from specific-heat measurements. Superscripts a and b distinguish dif-

ferent samples of the same composition.

Zr content N, (Ep) ®p Tc1
(at. %) (states/eV atom) (K) (K) T., Condition A (u*=0.14)

55 1.61 220 1.85 as-quenched 0.555
56.7 1.79 215 2.01 2.24 as-quenched 0.569
58.4 1.86 212 2.22 as-quenched 0.584
60.1 1.96 207 2.30 as-quenched 0.593
61.2% 1.92 207 2.44 as-quenched 0.602
61.2% 1.91 212 2.26 2.90 1 h at 200°C 0.587
61.2° 1.87 203 2.42 as-quenched 0.603
61.8 1.84 204 2.49 as-quenched 0.607
62.6° 1.82 206 2.52 as-quenched 0.607
62.6° 1.80 203 2.57 as-quenched 0.613
62.9 1.98 207 2.52 2.60 as-quenched 0.607
62.9 1.78 210 2.48 2.72 30 min at 150°C 0.602
62.9 1.79 219 2.24 2.83 20 h at 275°C 0.581
63.2% 2.00 194 2.63 as-quenched 0.624
63.2° 1.98 199 as-quenched

63.6* 1.99 199 2.64 as-quenched 0.621
63.6° 1.96 201 as-quenched

64 1.84 201 2.65 as-quenched 0.620
64.6 1.88 198 2.70 as-quenched 0.625
65.4 1.95 198 2.80 as-quenched 0.631
67 2.01 194 2.94 as-quenched 0.644
69 2.12 191 3.12 as-quenched 0.658
73.9 2.40 189 3.56 as-quenched 0.687

at 58—59 at. % Zr, a composition at which the equilibri-
um phase diagram shows no feature.

IV. DISCUSSION

These results will be discussed in relation to ideas
presented by Predel'"'? and Sommer'>~'> on the impor-
tance of “atomic associations,” i.e., short-range order to
the process of glass formation. According to Sommer’s
association model for liquid alloys,'>!* alloy melts with
compound-forming tendencies contain associates, or clus-
ters of associates of unlike atoms, which are in dynamic
equilibrium with the unassociated atoms. This equilibri-
um is governed by the mass-action law, so that the volume

fraction and stoichiometric composition of the ordered re-
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FIG. 5. Enthalpy change on crystallization AH as a function

of zirconium content.

gions are functions of temperature. Stoichiometric com-
positions of the ordered regions are limited to simple
whole-number ratios of the constituents, such as 4,B,
A3B,, AB, etc. The spatial extent of the associate clusters
remains undefined. It is Sommer’s thesis that glass-
forming tendency is enhanced by the occurrence of such
associates provided that their stoichiometry is different
from that of nearby equilibrium crystalline phases. Not
only do the associations tend to reduce the free-energy
difference between the liquid and crystalline states, but the
presence of associations with a different stoichiometry
from nearby equilibrium crystalline phases tends to slow
the kinetics of crystal-nucleus formation.

The concentration of associated atoms varies with com-
position and is a maximum when the overall composition
matches that of the associates. Therefore, structure-
sensitive properties are likely to exhibit peculiarities in
their concentration dependences near these concentrations.
Assuming that the structure of the liquid is preserved in
the glass (as has been demonstrated by Sakata et al.>° for
CuTi glasses), property variations in the glass can be used
to identify the compositions of the associates. The super-
conducting transition temperature and the density of
states at the Fermi level as determined from low-
temperature specific-heat measurements, as well as the
enthalpy change on crystallization AH have been used
here for this purpose.

Consider first the enthalpy change upon crystallization
AH shown in Fig. 5. The changes in free energy and en-
tropy upon crystallization both contribute to AH. Since
the crystallized specimens in this composition range con-
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sist of a mixture of Zr,Ni and ZrNi phases, the free ener-
gy and entropy of the crystalline state should vary slowly
with composition. Therefore, the minimum in AH at
58—59 at. % Zr indicates a strong reduction of the free
energy and/or entropy of the supercooled liquid just above
the glass transition temperature T, from which crystalli-
zation takes place. We expect the free energy and the en-
tropy both to be reduced by associate formation, and in-
terpret the AH variation as suggesting the presence of
Zr;Ni,-type associates. The slight displacement of the
minimum from 60 at. %Zr is probably a consequence of
the combined variations of entropy and free energy in the
liquid and crystalline states.

conducting transition in their specific-heat curves also
provide information about stoichiometry of the associates.
In most cases the transitions were sharp, indicating that
any compositional clusters present are so small that the
proximity effect prevents them from being seen as
separate transitions. In those cases where separate transi-
tions are seen, dimensions of the clusters must be at least
on the order of the superconducting coherence length
£(T =0), which for these alloys is approximately 60 A .
The proximity effect and the decrease of T, with structur-
al relaxation are complicating factors in the identification
of phases from their T,.’s. Nevertheless, the evidence in
Fig. 3 points toward both Zr;Ni, and Zr,Ni associates.
The T, for as-quenched 66.7-at. % Zr glass, as can be seen
from Fig. 3, is 2.9 K, and the T, for as-quenched 60-at. %
Zr glass is 2.3 K. After the 62.9-at. % Zr specimen was
annealed for 20 h at 275°C, it had transitions at 2.83 and
2.24 K, and the 61.2-at. % Zr specimen, after annealing
for 1 h at 200°C, had transitions at 2.9 and 2.26 K. These
results point to a high-7, phase with T, ~2.8—2.9 K and
a low-T, phase with T, about 2.25 K, values which are
close to but somewhat lower than the T,’s for as-quenched
Zr)Ni and Zr;Ni, glasses. The 56.7-at. % Zr specimen, as
quenched, also exhibited a small high-T, tail extending to
2.24 K, while the main superconducting transition was
sharp and occurred at 2.01 K. We may suppose from this
result that the majority of that sample consists of unasso-
ciated atoms or unassociated atoms along with clusters too
small to have distinguishable superconducting properties,
and that the high-T, tail results from a small percentage
of large Zr;Ni, clusters. The possible third phase with a
T, less than 2.24 K indicated by breadth and structure in
the superconducting transition of the annealed 62.9-at. %
Zr sample [see inset, Fig. 2(d)] may also be due to unasso-
ciated atoms.

Further evidence that the 60-at. % Zr and 66.7-at. % Zr
compositions are special is seen in the electrical resistivity
measurements of Altounian and Strom-Olsen’ plotted in
Fig. 6. The variation from 30 to 60 at. % Zr is smooth,
but peculiarities are evident near both 60 and 66.7 at. %
Zr.

Assuming that we have correctly concluded that clus-
ters of compositions Zr;Ni, and Zr,Ni both tend to occur
in the composition range studied, we can speculate as fol-
lows about the variations of N, (Er) and of the concentra-
tions of clusters with composition. The concentration of
an associate is expected to be maximal for the composition
corresponding to the associate stoichiometry. Thus, as
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FIG. 6. Electrical resistivity p as a function of zirconium
content for melt-spun Zr-Ni ribbons (from Ref. 9).

zirconium content decreases from 66.7 at. % Zr, the con-
centration of Zr,Ni associates decreases. If Zr;Ni, associ-
ates are present near 66.7 at. % Zr, their concentration
should increase as zirconium content decreases. At ap-
proximately 64 at. % Zr, the concentrations of both types
of associates apparently increase sharply, since N, (Ef)
abruptly increases to the value at 60 and 66.7 at. % Zr
(these happen to be the same). We may speculate that in
the approximately 1-at. %-composition interval of the
N, (Ef) plateau, the concentration of unassociated atoms
is relatively low. The specific-heat curve for the as-
quenched 62.9-at. % Zr specimen indicates that the
higher-T, transition, which we identify with Zr,Ni associ-
ates, involves around one-half of the specimen. The pla-
teau lies halfway between 60 and 66.7 at. % Zr, so that if
half the specimen has one composition, the remainder
must have the other composition. On this basis, we specu-
late that on the plateau, the specimens have low concen-
trations of unassociated atoms. At 62.6 at. % Zr, the con-
centration of Zr,Ni clusters in the as-quenched sample de-
creases abruptly, and N, (Ey) is characteristic of a mix-
ture of Zr;Ni; clusters and unassociated atoms. As the
zirconium content approaches 60 at. % Zr the concentra-
tion of Zr;Ni, clusters increases, and N. y(EF) increases to
a maximum at about 60 at. % Zr. It is interesting to note
that the equilibrium phase diagram shows a eutectic at
63.5 at. % Zr, just halfway between the compositions cor-
responding to the two types of associates we infer to be
present, and coinciding with the N, (Er) plateau.
Although we find that most of our observations are
consistent with the above interpretation, there are some
points which remain confusing. For instance, annealing
the 62.9-at. % Zr sample at a low temperature apparently
resulted in a decreased concentration of associates. The
tendency to form associates is expected to increase with
decreasing temperature. It is also unexpected that such a
short-time, low-temperature anneal (30 min at 150°C)
should result in a drastic change in the apparent fraction
of the specimen with higher T,. As evidence counter to
our interpretation we might also mention that the partial
radial distribution functions determined by Wagner and
Lee’! for ZrgsNiss glass indicate a weak preference for un-
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like neighbors in the first coordination shell. This result
appears to be inconsistent with the presence of associates
of unlike atoms. We make two comments. First, at 65
at. % Zr, the variation of N,(Ey) suggests that the con-
centration of associates is indeed small. Second, there is
reason to question the applicability of these partial distri-
bution functions to our specimens. Wagner and Lee’!
used Hf in an isomorphous substitution for zirconium in a
series of Niss(Zr-Hf)gs alloys. Zirconium and hafnium
have similar atomic radii and the intermediate crystalline
phases in the two systems Zr-Ni and Hf-Ni are iso-
structural, but the eutectic between ZrNi and Zr,Ni occurs
at 63.5 at. % Zr and the eutectic between Hf-Ni and
Hf,;Ni is at 62 at. % Hf. Since the effects which we ob-
serve are a sensitive function of composition in this range,
the consequence of substituting hafnium for zirconium is
unknown.

Much of what is known about crystallization and
glass-forming tendency of Zr-Ni in this composition range
is consistent with the presence of Zr;Ni, and Zr,Ni associ-
ates. In the composition interval from 60 to 66 at. % Zr,
Dong et al.3? and Buschow et al.3* found that DSC traces
show two crystallization peaks, the relative heights of
which vary with composition. In some cases, a third ex-
otherm was observed. Dong et al.’? found, from x-ray-
diffraction patterns taken from specimens heated to vari-
ous temperatures within the crystallization range, that the
first DSC peak for a 62-at. % Zr alloy involved crystalli-
zation of Zr,Ni, and the second crystallization of the com-
pound ZrNi from the nickel-enriched glass. We have
similarly concluded for 63.6 at. % Zr that the first peak
involves crystallization of Zr,Ni. Also, Scott et al.*
found that the first crystalline phase to appear during iso-
thermal crystallization of 63.5-at. % Zr glass is Zr,Ni, and
we have determined that for 60-at. % Zr alloy the first
crystalline phase to appear is ZrNi. We conclude that for
zirconium content greater than 62 at. % Zr the first DSC
peak involves crystallization of Zr,Ni, and that between
60 and 62 at.% Zr, the character of the first peak
changes. For zirconium content less than 60 at.% Zr,
only one DSC peak occurs, during which both ZrNi and
Zr)Ni crystallize. We interpret these results to indicate
that the presence of Zr,Ni associates in the glass (more
importantly in the supercooled liquid just above Tg) pro-
motes crystallization of the compound Zr,Ni. As the zir-
conium content decreases to 60 at. % Zr the concentration
of Zr,Ni associates decreases, and crystallization of Zr,Ni
is no longer favored. For zirconium content greater than
62 at. % Zr, crystallization of ZrNi is apparently impeded
by the presence of Zr;Ni, associates, since ZrNi crystal-
lizes in a second DSC peak only after the composition of
the supercooled liquid has been altered by crystallization
of Zr,Ni. A more complete discussion of the effect of
these associates on the crystallization process has been
published elsewhere.?’

We do not know in detail how glass-forming ability
varies as a function of composition in the Zr-Ni system.
We believe from our experience at making splats, that
glass formation is easier near the eutectic at 63.5 at. % Zr
than near either 60 or 66.7 at. % Zr. The only effort to
obtain quantitative estimates of critical cooling rates for
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glass formation in this system was made by Nishi et al.3
who found that the cooling rate required to produce par-
tially amorphous specimens is reduced in the range from
60 to 70 at. % Zr, but they found no minimum in this
composition range in the cooling rate required to make
fully amorphous samples. This result is consistent with
the presence of Zr,Ni associates in the melt, since they
would promote the formation of Zr,Ni crystal nuclei.

Moruzzi et al.'® recently presented a discussion of the
relationship between the electronic properties and stability
of transition-metal glasses. They present evidence that the
density of electron states for the glass is similar in those
aspects determined by short-range interatomic interactions
to that of highly coordinated close-packed structures (e.g.,
fcc), which the alloy might assume on crystallization.
They argue that glass formation is more probable for alloy
systems and compositions at which these close-packed
crystal structures have a high energy, and are therefore
less stable. Because of the similarity between the density
of states of the glass and that of the corresponding close-
packed crystal structure, they argue that the liquid at
glass-forming compositions also has a high energy and
therefore is also relatively unstable. Basic to their argu-
ment is an observed correlation between the density of
states at the Fermi level and the total energy, so that a
high N(Er) implies a high-energy, less-stable configura-
tion. Thus, they anticipate that at easy glass-forming
compositions the glass will have a relatively high N (Ep).
Moruzzi et al.'® point out that this conclusion is essential-
ly opposite to the Nagel-Tauc model,*® from which one
expects stable liquids with low N(Er) at easy glass-
forming compositions.

Surprisingly, the variation of N (Ey) near the eutectic at
63.5 at. % Zr could be interpreted to provide support for
either of these views. There is a tendency toward a
minimum in N(Eg), but for reasons not understood, in
the immediate vicinity of the eutectic there apparently is a
sharp increase in the concentration of associates of both
types, resulting in the N(Ey) plateau. Moruzzi et al.'¢
suggest that the liquid may support small, local
stoichiometry fluctuations and that these may promote
glass formation. Perhaps these stoichiometry fluctuations
should be identified with associate formation and cluster-
ing. There is an alternative, and perhaps a more appropri-
ate interpretation of the N(Er) dependence which does
not involve a minimum at the eutectic. The N(Ey) pla-
teau and the maximum at 60 at. % Zr may be viewed as
positive deviations from the expected general decrease in
N (Ef) with increasing nickel content. The data then ap-
pear to be in general agreement with the ideas presented
by Moruzzi et al.'® The maximum at 60 at. % Zr would
result from the liquid assuming short-range order charac-
teristic of a high-energy crystal structure, which is un-
stable since it is not present in the equilibrium phase dia-
gram. This structure would of course have the
stoichiometry of Zr;Ni, associates. N (Ep) for the glass is
not elevated near 66.7 at.% Zr. The Zr,Ni associates,
which we expect to have maximum concentration at this
composition, may have near-neighbor coordination similar
to the equilibrium Zr,Ni intermetallic compound, which
has a tetragonal structure (C 16, CuAl, type) with an aver-
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age coordination number of 13+.%
V. CONCLUSIONS

Low-temperature specific-heat measurements of Zr-Ni
glasses with compositions ranging from 55 to 74 at. % Zr
reveal an unusual variation of the density of states at the
Fermi level for compositions between 60 and 67 at. % Zr.
Also, for a few compositions in the as-quenched condi-
tion, the temperature variation of heat capacity indicates
two superconducting transitions, providing clear evidence
of phase separation. By comparing the transition tem-
peratures of the individual phases in both as-quenched
and annealed samples exhibiting phase separation to a plot
of T, versus composition for all of the samples, we could
identify the individual phases as having compositions near
60 and 66.7 at. % Zr. A minimum in the enthalpy change
on crystallization near 60 at. % Zr, and peculiarities in the
variation of electrical resistivity at 60 and 67 at. % Zr
(from Ref. 9), confirmed identification of these composi-
tions as special. These results have been discussed in
terms of Sommer’s association model for liquid alloys, ac-
cording to which the liquid contains associations or clus-
ters of atoms with definite stoichiometries, in equilibrium
with unassociated atoms. Our results indicate that in the
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composition range studied, both Zr;Ni, and Zr,Ni clusters
occur. The most unusual feature of the N, (Ey) variation,
a sharp maximum or plateau in the interval from 62.9 to
about 64 at. % Zr, is thought to result from sharply in-
creased concentration of both Zr;Ni, and Zr,Ni clusters in
those samples. For other compositions it appears likely
that samples contain primarily one type of cluster, with a
small concentration of clusters of the other type. N,(Ey)
has a maximum near 60 at. % Zr, coinciding with an ex-
pected maximum concentration of Zr;Ni, clusters. We
find this interpretation to be consistent with recent work
on crystallization and glass-forming tendency in the Zr-Ni
system. The variation of N(Er) with concentration ap-
pears to be consistent with a recent discussion by Moruzzi
et al.'® of electronic properties and stability of transition-
metal—transition-metal glasses.
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