
PHYSICAL REVIE&V B VOLUME 19, NUMBER 7 1 APRIL 1979

Electronic properties and superconductivity of Zr-Pd glasses
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Electrical-resistivity measurements between 1.4 and 300 K and room-temperature magnetic-

susceptibility measurements were performed on the metallic glasses Zr Pd& „, for x =0.59,
0,63, 0.67, and 0.70. The samples, prepared by a modified hammer-anvil technique, exhibit

negative temperature coefficients of the resistivity at temperatures from about 10 to 300 K.
These data can be understood in terms of the extended Ziman theory if it is assumed that Zr

and Pd contribute about 2 and 1 conduction electrons, respectively. Assuming that the magnetic

susceptibility is a qualitative measure of the electronic density of states at the Fermi level,

N'(F~), it is shown that N(EF) does not seem to decrease with composition as the eutectic com-

position is approached. Thus, for this system, there is no obvious correlation between the ther-

modynarnic stability of the liquid phase and the electronic density of states. The superconduct-

ing transition temperature {T,) scales linearly with x and the valence-electron-per-atom ratio

()). However, as in the case for other intertransition-metal glasses composed of distant neigh-

bors in the Periodic Table, T, (p) falls below the Collver-Hammond T, (p) curve for amorphous

metals and alloys of neighboring metals of the 4d and Sd transition series.

I. INTRODUCTION

There is at present a great deal of interest in

developing fundamental descriptions of. electronic, vi-

brational, and magnetic excitations in metallic
glasses. ' Here the term glass means an amorphous
solid formed by liquid quenching. The field is a fer-
tile one because so many of the observed properties
—for example, electrical resistivity, heat capacity,
and magnetic ordering —are drastically different
from those observed in crystalline metals or alloys, .

Under these circumstances it is not surprising that
several controversial suggestions have been made to
explain the observed phenomena, and that even a
qualitative understanding has not been easy to
achieve.

In addition to understanding electronic, vibrational,
and magnetic states in metallic glasses, a significant
problem is understanding the basis for thermodynam-
ic and kinetic stability of these materials. Various
models have been advanced to account for the ob-
served structures and the role of composition on the
ease of formation and the resistance to cry'stallization
of these glasses. These include models based on (i)
the packing of hard spheres, ' (ii) chemical-bonding
effects, and (iii) the energetics of the conduction-
electron system'. 4 The problem is made more difficult
by the fact that quite a number of classes of metallic
glasses can be identified. One class consists of a
"late" transition or noble metal T combined with a
metalloid or glass former G. These glasses typically

have the form T„G~ „with x =0.8. A second class
has the form N„T~ „,where W is an "early" transition
metal, and where x can vary considerably; for exam-
ple, from about 0.4 to 0.7. Examples of these inter-
transition metals are Zr-Cu, Nb-Ni, and Zr-Rh. A
third class of glass-forming alloys has the form
R„T~ „,where R is a rare earth and x =0.6 to 0.7.
Examples of these alloys are Gdp 6gCop 35, Elp64Fep 36,,
etc. A fourth type of glassy alloy is Mgp 7pZnp 3p,

which contains only s and p conduction electrons.
Finally, metallic glasses of the form A„O~ recently
have been reported, ' where A represents an alkali
metal and the oxygen concentration (1-x) is about
15'/o

In part, the difference between the various models
may be a semantic one arising from the approach one
takes to understand solids in general. For example,
the tension between the "chemical-bond" and "band-
structure" approach has been present during the long
history of the study of crystalline metallic compounds
and alloys, and recent work suggests that it is con-
tinuing in the area of metallic glasses. A connection
between the various approaches is suggested, for ex-
ample, by the extended x-ray-absorption fine-
structure (EXAFS) measurements of Hayes er al. 6 on
amorphous Pd-Ge alloys. These measurements indi-
cate that each Ge atom is, on the average, surround-
ed by 8.6+0.5 Pd atoms and no Ge atoms. These
investigators thus conclude that there is a great deal
of chemical order in transition-metal —meta'lloid sys-
tems of this type. This strong degree of chemical
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ordering had been anticipated on the basis of heats of
mixing' and structural models of both glasses and
crystals. ' Recently Nagel and Tauc have shown, us-

ing pseudopotential theory based on the nearly-free-
electron (NFE) approximation, that electronic-energy
considerations also lead to this type of order. How-

ever, recently reported systems, which may not be
describable in terms of simple pseudopotential
theory, are metallic glasses of, oxidized Rb and Cs.
For these glasses, Bauhofer and Simon' argue that
there is significant charge transfer from the alkali me-
tal to the oxygen ion. Thus the chemical-bonding
model is more appropriate for these materials than a
NFE model. The authors also conclude that strongly
bonded ionic clusters are responsible for the
enhanced tendency for glass formation.

One of the interesting questions regarding glasses
such as Zr-Cu or Zr-Pd is: What effective valence z
must be chosen for each element to obtain the
correct Fermi surface (which must be spherical in a
metallic glass)? The experimental results of Norman
and Harris' suggest that in crystalline Zr-Pd alloys
there is a transfer of electrons from Zr to Pd. In
light of this result, the question regarding effective
valence might be rephrased as follows: How many
electrons contributed by the Zr atoms fill d states of
Pd, i.e., how much smaller than four is zz„?

It is well established that the ease of glass forma-
tion of a liquid increases as the temperature differ-
ence, T —T„decreases. Here T and T, are the
liquidus and glass-transition temperature, respective-
ly. Because T, usually varies relatively slowly with
composition, it follows that the ease of glass forma-
tion will be greatest at compositions near that of a
eutectic. Similarly, the ease of glass formation
should increase with an overall lowering of the
liquidus curve. " To illustrate how such a lowering
might occur, the free energies of an element A, a cry-
stalline compound AB, and the liquid are sketched in

Fig. 1. The dashed line shows what the free energy
of the liquid might be if some extra thermodynamic
stabilization factor were present. . Consider the pro-
cess of cooling. Since the entropy of the liquid is
much larger than that of either the compound or cry-
stal, the free energy of the liquid will increase faster
than that of. the compound or the crystal with de-
creasing temperature. Thus, the eutectic temperature
(the temperature at which one tangent curve touches
all three phases) is reduced by the presence of the
extra stabilization factor. The extent to which the
eutectic temperature is driven down, and the con-
comitant lowering of the liquidus curve, will depend
on the exact form of the extra stabilization factor. A
point of interest is that Nagel and Tauc, 4 using the
NFE model, predict a minimum in the density of
states at the Fermi level, N(EF), when the electronic
structure is such that 2k~ q~, where kp is the Fermi
wave vector and q~ the wave number of the first peak

in the structure factor. Again, such a thermodynamic
stabilization should lead to an over. all lowering of the
liquidus curve (with respect to that curve which
would result if this stabilization factor were absent)
and thus increase the tendency of the liquid to form
a glass. If this stabilization is maximized in the
neighborhood of the eutectic composition (as is sug-

gested by Nagel and Tauc's4 result regarding
metal —metalloid glasses), then one might expect
N(EF) to decrease with composition as the eutectic
composition is approached.

Another point of interest is that the extended Zi-

man theory for electrical resistivity of metallic
glasses" predicts a negative temperature coefficient
(NTC) of the resistivity for concentrations for which

2kF = q, . Such NTC values often are observed for
metal —metalloid and intertransition-metal glasses,
thus providing some confirmation of the NFE model
for these materials.

The observation of superconductivity in an amor-
phous material was reported first in 1954." In the
years since, a wide variety of amorphous metals have
been found to exhibit superconductivity. ' A particu-
larly interesting and ambitious experiment was car-
ried out by Collver and Hammond, "who measured
the superconducting transition temperature T, of
highly disordered vapor-quenched metals and alloys
of neighboring metals of the 4d and Sd transition

CRYSTALLINE

COMPOSITION

FIG, 1. Gibbs free energy 6 vs composition for an element

A, a crystalline compound AB, and the liquid. The dashed
line shows what the free energy of the liquid might be if
some extra thermodynamic stabilization fa'ctor were present.
The free energies are shown at the eutectic temperature of
the system before the extra stabilization factor is operative.
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series. They found that T, varies slowly with the
valence-electron-per-atom ratio (g) and has a single
broad maximum near the middle of the d series.
(twas determined by considering all the electrons
outside of the filled inert-gas core shell as valence
electrons. ) It has been suggested' that such a varia-
tion might correlate well with N(EF), which varies
slowly with d-band occupation and also has a broad
maximum. An interesting question is how important
is the effect of the electronic structure compared
with, say, the real-space structure on the supercon-
ductivity of metallic glasses,

The purpose of the present work was to examine
some of the questions raised above for the Zr„Pd& „
system, for 0.59 ~x ~0.70. The electrical resistance
of several alloys was measured across this cornposi-
tion region to look for NTC and for comparison with
the extended Ziman theory. The magnetic suscepti-
bility, which is proportional to N(EF), was measured
at room temperature in the hope of determining
whether N(EF) decreases with composition as the eu-
tectic composition is approached. Finally, measure-
ments of the superconducting transition temperature
for these alloys were made as a function of x. These
temperatures are compared, as a function of p, with
other superconducting 'glasses to look for NFE
behavior or charge-transfer effects.

II. EXPERIMENTAL

Buttons of Zr Pd~ (0.59 ~x ~0.70) were
prepared'by arc melting in a Centorr Series S furnace.
The starting materials were 99.99%-pure Zr rod and
99.99%-pure Pd sponge. The furnace was operated
using a continuous flow of prepurified argon gas.
Approximately S g of sample were melted initially,
with each button turned over and remelted four or
more times to insure homogeneity. Based upon
negligible weight changes observed after melting, the
compositions were known to well within 1%.

The amorphous samples were produced by melting
about 0.1 g of alloy in a modified arc-melting furnace
equipped with a copper plunger. " The alloys were
quenched into foils about 60-p, m thick by ripidly pro-
pelling the plunger onto the melted alloy. From the
velocity of the plunger (almost 10 m/sec), a cooling
rate of 10 —10' K/sec was estimated. In order to in-
sure the amorphous character of the samples, x-ray
diffraction measuremcnts were performed. An ex-
ample of a diffractogram, taken with Cu Ka radia-
tion, is shown in Fig. 2. The first peak for the sam-
ple (Zrp63Pdp37) occurs at 28=39 deg. At the rela-
tively unsophisticated level of these measurements,
all the compositions had similar structure factors. All
measurements were made using as-quenched material.

The electrical-resistivity messurem|!nts were per-
formed with standard four-probe techniques employ-
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FIG. 2. X-ray diffractograrn of amorphous Zrp 63Pdp 37.

ing a digital data-acquisition system. The current and
potential leads were spot welded to the samples. Be-
cause the specimens were so thin, this was somewhat
difficult. Good welds were obtained by first flatten-
ing that section of wire (about 2 mm) being welded.
Number 383 WG copper wire was used. In the im-
mediate vicinity of the welds, of course, the speci-
mens were no longer amorphous; however, by cut-
ting them and attaching their leads as shown in Fig.
3, only the resistance of the amorphous material was
measured.

The magnetic susceptibility was measured with a
standard Faraday technique. ' Measurements were
made only at room temperature to search qualitative-
ly for concentration dependences in the Pauli suscep-
tibilty and N(EF), as discussed in Sec. I.

III. RESULTS AND DISCUSSION

A. Electrical resistivity

Figure 4 shows the normalized resistivity R (T) for
three of the samples. Data below about 3 K are not
sho~n because of the presence of superconducting
transitions that develop there. These superconduct-
ing transitions are presumably the origin, through
fluctuations, of the maxima seen in R (T) at about
10 K for the three samples. The major points of Fig.
4 are that NTC values exist above I0 K for all sam-
ples, and that R (T) changes only by a few percent
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for 3 ( T ( 300 K. In this temperature range the
resistivity of all samples is about 300p, O cm. Several
attempts were made, with different samples, to meas-
ure R (T) for Zrp59Pdp4], but a smooth curve over
the entire temperature range was not obtained.
Discontinuities in the R (T) data, which were not
reproducible, occurred as the samples were heated
and cooled. These jumps were of the order of 1% of
R (T). It seems likely that the specimens at this
composition developed microscopic cracks when heat-
ed and cooled. Nevertheless, by piecing these data
together, it was clear that R (T) for this alloy was

very similar to that exhibited by the other alloys.
With respect to theoretical models to account for

the NTC, it must be noted that there is no region
where R (T) has a ln T temperature dependence.
This Kondo-like dependence was suggested, by
Cochrane et al. ,

" to arise from the presence of elec-
tron scattering from tunneling levels produced by
atoms fluctuating between two configurations in the
glass. In particular, this model gives

p(T) = pp
—C ln (T'+ 6'),

where C is a constant and 3 is a temperature charac-
teristic of the splitting between the two levels.
Tsuei' has found several examples of metallic
glasses for which Eq. (1) can fit the data, albeit with
fairly high values of h. Since Eq. (1) does not ap-
pear to be appropriate for Zr„Pd~ „, the extended Zi-
man theory as developed by Cote and Meisel, and
Nagel' was considered. Following Meisel and Cote,
who have made detailed comparisons of this model
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FIG. 4. Electrical resistance of Zr„Pd& „above about 3 K.

300

with data on a number of systems, we shall in the
following call this extended Ziman theory the diffrac-
tion model. In previous work we have shown that this
model is consistent with R (T) data on Zrp 4Cup6.
In addition, Clarke and Nagel2' have shown for
another intertransition-metal glass, Nb06Ni04, that
the NTC of R (T) is consistent with the measured
temperature dependence of the x-ray structure factor
S(q), evaluated at the first peak q~.

Kith respect to Zr„Pd~ „, the interesting question
is: Can one rationalize 2kF = q„where q~ is given by
Fig. 2, in terms of reasonable z values for Zr and Pd~
The detailed work of Meisel and Cote has shown that
NTC are predicted by the diffraction model if 2kF is
within about 10'/o of q, . Values of the effective
valence for Zr (zz„) and Pd (zpd) consistent with this
criterion may be determined as follows. The qp value
corresponding to 20=39 deg is q~ =2.72 A '. kq is
calculated from

FIG. 3. Sketch showing shape of resistivity samples. By at-
taching the leads as shown, only the resistance of amor-
phous material is measured.

kF = (3m'n)' '

where n is the conduction-electron density. n is cal-
culated by assuming that the density of glass (which
has not been measured) is roughly the weighted aver-
age of the densities of crystalline Zr and Pd; that is
for x =0.63, p =8.53 g/cm3. (The actual density is
probably no more than a few percent less than this
value. ) The average number of conduction electrons
for the glass is

z rI=zz'x +zpd(1 x) . ' ' ' '(3)

For elements like Zr and Pd, it is by no means clear
what the effective valences should be. Various au-
thors have suggested that the 'late transition me-
tals act as if they have i values between 0.5 and 1.0.
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8. Magnetic susceptibility

In this section we describe an attempt to determine
whether N(EF) decreases as the eutectic composition
is approached. Again, if the electronic factors are im-
portant for glass formation, and if they are at the
root of the abnormally deep eutectics seen in many
of the phase diagrams, then such a correlation might
exist, as suggested in the work of Nagel and Tauc. 4

The other assumption that must be made is that the
Paul& susceptibility is given by

XF =2@,aN(EF)S, (4)

where S, the Stoner enhancement factor, is given by

S = [1 —J,ffN(EF)] ', (S)

J,ff being an effective exchange interaction. Assum-
ing that S is approximately independent of x, then
any structure or trends observed in XF(x) would be
related to corresponding structure in N(EF(x)).

The relation between the measured susceptibility
and X~ is complicated by at least two effects. One is
that the diamagrietic contribution from the cores
should be removed. This contribution should change
smoothly with x in a straightforward way. However,
a much more serious problem in using X, (x) to
gauge N(EF(x)) is that the effect of unwanted

paramagnetic impurities must be removed. This can
be attempted by measuring the susceptibility as a
function of temperature and removing a Curie-like
term, or by using the Honda-Owen technique. '
There are uncertainties in both methods, especially in
alloys containing Pd, but we have used the Honda-
Owen method because it obviates lengthy measure-
ments as a function of temperature.

The electronic configuration of Zr is [Kr]4d'Ss', thus
one might expect zz, to be between 2 and 4. Assum-
ing various values for zz, and zpd leads to the 2kF
values and vl = (2kF —

qF) /qF values listed in Table 1.
The first two assumptions for the valences of Zr and
Pd leads to q values which do not satisfy Meisel-Cote
criterion for NTC (q & 0.1). The table suggests that
conduction-electron contributions of 1 or somewhat
less for Pd, and approximately 2 for Zr, are required
to be consistent with the R (T) data. A zz„of about
2 also has been suggested for Be Zr&, glasses
(0.30 «x «0.45), on the basis of superconducting
properties. In addition, the assumption in Zr04Cu06
of zq„=1 and zz, =2 leads to q =0.04, which again is
consistent with the NTC observed in that system.

In summary, then, it appears as if the normal-state
electrical resistivity of the Zr„Pd~ „glasses can be un-
derstood, along with several other intertransition-
metal glasses, 2 in terms of the diffraction model
which relies on a spherical Fermi surface with
2kF = qp.

TABLE l. 2kF vlues and q = (2kF —q )/qI values.
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FIG. S. Susceptibility X and estimates of the ferromagnetic-

impurity content (Imp. Est.) vs concentration for Zr„Pd~ „.
Data determined from Honda-Owen plots.

Using the Honda-Owen technique, one assumes
that the sample contains only saturated magnetic im-
purities of total moment p, The measured Faraday
susceptibility X is then related to the pure-sample
susceptibility X as

(6)

Thus, by plotting X vs H ', both X and p, , can be
estimated, Figure 5 shows the susceptibilities deter-
mined from room-temperature Honda-Owen plots.
The data were taken in fields up to 10.4 kOe. The
reason for the downward arrows in the figure (be-
longing to the susceptibility data) is that a field of
10.4 kOe may not have been large enough to saturate
all the impurity moments, whence the plotted values
of X may be only upper bounds to the host suscepti-
bility. (This is an intrinsic limitation of the Honda-
Owen technique. ) Estimates of the ferromagnetic-
impurity concentrations, also shown in Fig. 5, were
determined from the Honda-Owen plots assuming a
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TABLE II. Superconducting transition temperatures and

widths for Zr„Pd& „.

T (K)' 4T, (K)b

0.59
0,63

0.67

0.70

1.76
2.20

2.37
2.66

«0.2

«0.06
«0.03
«0.03

'Uncertainties in T, are approximately +0.08 K.

5T, was estimated on the basis of 10 to 90% of the
I

normal-state resistance.

C. Superconductivity

Table II lists the superconducting transition tem-

peratures T, and widths b T, for the four concentra-
tions. For x =0.70,' the T, measured is slightly

higher than that measured by Johnson and Poon (2.4
K)30 or by Graebner et al. (2.53 K).3' Figure 6

shows T, as a function of x or the p ratio. This ratio
was calculated by assuming zz, =4 and zpd = 10, so
that the resulting T, curve could readily be compared
with the Collver-Hammond curve. " (As discussed in

Sec. III.A, these z values may not have any funda-
mental significance. ) The T, values scale iinearly
with x (and g), but fall below the T, (p) curve of

saturation magnetization contribution of 1 pa per im-

purity atom. The upward arrows indicate that the es-
timates are too low if the impurity moments did not
saturate. The impurity content indicated is higher
than that suggested by the nominal materials analyses
and, because X(x) crudely scales with the estimated
impurity content, it is possible that the data may not
be a good measure of W(Et:).

It is clear from Fig. 5 that X(x) does not decrease
as the eutectic composition is approached, i.e., as x
increases. 27 In fact, if any trend exists, it is that X(x)
increases with x. If this result is not an artifact of
magnetic impurities, then it appears that N(EF) in-

creases as the eutectic composition is approached. It
follows that if there does exist a stabilization of the

liquid owing to a lowering of the electronic density of
states, then this stabilization factor is not maximized

at a concentration near that of the eutectic and,
perhaps, has a small effect on the liquid-glass-

forming tendency. Systematic measurements involv-

ing, for example, soft-x-ray and photoemission" stu-

dies, would be useful in determining whether a corre-
lation exists between Ã(EF) and the ease of glass for-

mation. It should be mentioned that Mizutani

et al. recently have reported low-temperature
specific-heat measurements on Pd-Si alloys which in-

dicate that there exists a maximum in W(EF) near

the eutectic composition.

IV. SUMMARY AND CONCLUSIONS

The major results of this study can be summarized
as follows:

(i) Zr„Pd~ „glasses exhibit negativ'e temperature
coefficients of the resistivity between about 10 and
300 K. If conduction-electron contributions of about
2 and about 1 are assumed for Zr and Pd, respective-

ly, then the data can be rationalized in terms of the
diffraction model for metallic glasses. This relies on
a spherical Fermi surface with 2kF = q~.

(ii) W(EF) does not seem to decrease with compo-
sition as the eutectic composition is approached. This
result does not lend any support to the idea that the

energy of the conduction-electron system is connect-
ed in a simple way with the thermodynamic stability

of the liquid state, and thus to the ease of glass for-
mation of a liquid,

Io
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FIG. 6. Superconducting transifion temperatures for
Zr„Pd~ „. The dashed-dotted lipe is a portion of that curve
initially determined by Collver and Hammond (Ref, 15).

0

Collver and Hammond. Johnson and Poon, Collver
and Hammond, ' and Hasegawa and Tanner 4 have
measured T, for a variety of amorphous supercon-
ductors and the pattern of behavior that is becoming
established seems to be that, for amorphous materi-
als composed of transition metals widely separated in

T, (s) lies near or below the Collver-Hammond
curve for close-neighbor elements. Collver and Ham-
mond'2 have suggested that this decrease in T, may
be due, to a transfer of charge from the more electro-
positive to the more electronegative elements, e.g. ,
from Zr to Pd. It should be noted that in the case of
Be-Zr glasses, Hasegawa and Tanner'4 concluded that
the increase of T, with Zr content was due, not to a
change in the. electronic structure, but rather to an
increase in structural disorder. Additional measure-
ments on both relaxed and as-quenched glasses may

be useful in assessing the effects of charge transfer,
real-space structure, and electronic structure on the
superconductivity of metallic glasses.
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(iii) The concentration dependence of the super-
conducting transition temperature was found to in-
crease linearly with x. However, the T, values do not
correlate in a simple way with previous measure-
ments on amorphous alloys composed of near neigh-
bors in the Periodic Table. The observed rounding of
the superconducting transition over a relatively large
temperature region probably is due to superconduct-
ing fluctuations above T, and reflects a very small
coherence length.

In conclusion, the present results suggest that the
most critical need to further the understanding of
intertransition-metal alloys is information on charge

transfer, Fermi-surface diameters, and electronic
structure in general. Measurements such as positron
annihilation, soft x-ray spectroscopy, and photoemis-
sion should be of great interest for this class of ma-
terials.
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