PHYSICAL REVIEW B

VOLUME 27, NUMBER 3

Superconductivity and the electronic structure of Zr- and Hf-based metallic glasses

M. Tenhover

Department of Research and Development, Warrensville Research Center, The Standard Oil Company (Ohio),

4440 Warrensville Center Road, Warrensville Heights, Ohio 44128

W. L. Johnson
W. M. Keck Laboratory of Engineering Materials, California Institute of Technology,
Pasadena, California 91125
(Received 3 May 1982)

The results of a comprehensive study of the superconducting transition temperatures of
Zr- and Hf-based metallic glasses are reported. The microscopic origins of superconductivi-
ty in these glasses are discussed in terms of recent ultraviolet photoelectron spectroscopy
(UPS) measurements and calculations based on the renormalized atom technique. These
calculations accurately predict the UPS spectra and the results of low-temperature heat-
capacity measurements. The complete description of the electronic structure afforded by
these calculations allows, for the first time, a consistent picture of the variation of T, with X
in the glasses Zr;_,X, (X=3d or 4d transition metals). In addition, the dependence of T
with composition (y) can be understood in terms of the X d subband positions relative to
Ep. The results reported here support our recent contention that the strong depression of T,
observed for X =Fe, Mn, Cr, and V glasses is related to the formation of localized magnetic
moments and spin fluctuations. An alternate explanation for the low T, of X=V and Cr

1 FEBRUARY 1983

glasses based on the idea of an atomic-structure change is also discussed.

INTRODUCTION

Metallic glasses of the form Zr;_,X, have been
the special focus of research in superconductivity! —>
and the electronic structure of amorphous met-
als.>~% In part, the interest in this category of
glasses stems from the variety of elements that can
perform the role of X and the sometimes wide range
of composition (y). In the present work metallic
glasses in which X is a 3d or 4d transition metal are
considered and a comprehensive study of the depen-
dence of the superconducting transition temperature
(T,) on X is reported.

Superconductivity in amorphous metals is often
discussed in terms of the number of electrons per
atom (e/at.), treating this quantity as a fundamental
parameter relating T, and the amorphous alloy. It
will be shown that this approach is inadequate and
that the superconducting properties and photoemis-
sion results on the Zr-based glasses can best be un-
derstood when explicit account is taken of the d sub-
bands associated with the components of the glass.
A simple method of understanding and predicting
the electronic structure of transition-metal glasses
based on the renormalized-atom approach’® is
developed. This approach is shown to provide qual-
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itative agreement with the available photoemission
results and quantitative agreement with experimen-
tal determinations of the density of electronic states
at the Fermi level. These results are used to provide

- the framework for a microscopic understanding of

the origins of superconductivity in these glasses. In
particular, the dependence of T, on alloy identity
(X) and composition (y) in Zr-based amorphous al-
loys can be explained. Also, support is found for the
recent suggestion® that the depression of T, observed
for X=Co, Fe, Mn, Cr, and V glasses is related to
the formation of localized magnetic moments and
spin fluctuations.

EXPERIMENTAL

Alloys of Zr,0X 3y and Hf-X were prepared by lev-
itation melting of the components in a Ti-gettered
Ar atmosphere. The starting materials were at least
99.99% pure. Rapidly quenched foils were prepared
with the use of the splat cooling technique in a flow-
ing He atmosphere.!® The composition of the splat-
quenched foils was checked by x-ray fluorescence
measurements. Careful x-ray diffraction scans (rate
of 0.02°min—!) using Cu Ka radiation were taken of
the as-quenched foils. Those foils that showed a
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TABLE I. Superconducting and normal-state resistivity values for Zr;X 3 metallic glasses.

X T. (k) dH,,/dT (T/K) p(300 K) (uQ cm)
Cu 2.7 2.67 165
Ni 2.8 3.09 180
Co 32 3.32 145
Fe 1.9 343 148
Mn <12 140
Cr <12
A% 1.3
Pd 2.5 2.65 180
Rh 4.4 2.90 150

Coy,sNig.s 2.9

Niy sFeg s 2.2

Mny sFeg s <12

Nig,66V0.34 2.8

smooth featureless band in the x-ray scans were
classified as amorphous. The following completely
amorphous Zr;,X 3, foils were prepared: X=Cu, Ni,
CO, Fe, Ml’l, CI', V, Pd, Rh, C00_5Ni0.5, Feo.sNioj,
Mny sFeg 5, and Nig ¢6Vo.34- In addition, amorphous
foils of waVw, Hf7oFe30, Hf7oNi30, Hf72Pd28, and
HfgyPt,y were prepared. In the case of X=V it was
necessary to increase the V content (i.e., ZrgVig) to
obtain good glassy samples. All measurements re-
ported here are on materials that appeared from x-
ray diffraction scans to be completely amorphous.
The superconducting transition temperature (7T,),
and for some samples the perpendicular upper criti-
cal magnetic field [H,,(T)], were measured resis-
tively with the use of a standard four-point probe
down to a temperature of 1.2 K.

EXPERIMENTAL RESULTS

The results of the T, and H,,(T) measurements
are summarized in Tables I and II and Fig. 1. For
X=Cu, Ni, Co, Pd, Rh, and Nij ¢V 34, and for
Hf,(Nisy, Hf5,Pd,s, and HfgoPtyg, very sharp super-
conducting transitions (AT, <0.05 K) were ob-
served. In the X=Fe and Nig ;Fey s samples the
transition width was relatively broad (AT, >0.15
K). This may indicate that these samples are not

TABLE II. Transition temperatures for Hf-based
glasses.

Alloy T, (K)
Hf7oF630 <12
Hf7oNisg 1.5
Hf7,Pd,s 1.3
Hf3Pty 1.4

homogeneous or, despite the x-ray diffraction evi-
dence, not completely amorphous. Karput and
Hake'! have reported that the T, of ZrsoFes,-
quenched ribbons is less than 1.2 K. The reason for
this discrepancy is not clear and is perhaps related
to sample preparation methods; for now it seems
safe to assume that the T, of ZrsoFe;, reported here
(1.90 K) is an upper bound.

Starting with X=Cu and moving to Ni and Co, a
gradual increase in T, is observed. In Ref. 12 the T,
of amorphous Zr;Ag was reported to be 2.3 K.
Combining this with the X=Pd and Rh data, the
same trend for T, that was observed for the 3d ele-
ments emerges; however, the rate of increase is no-
ticeably larger. In the X =3d series a strong depres-
sion of T, is observed for the elements to the left of
Co. The T, values of the X=Mng sFeg s, Mn, and
Cr glasses are below 1.2 K. At X=V superconduc-

50 T T T LI T T T
T ZroX30
40} -
3.0 S .
T(K)
2.0 °
' Zrea Vag /
« ® Zr,(3d),,
woF > ¥ e . Zr(4d),,
O Ternaries
OoL_1 1 1 1 L 1 1
v* cr Mn Fe Co Ni Cu
Rh Pd

X(Transition Metal)

FIG. 1. Results of T, measurements on Zr;,X3y metal-
lic glasses. Downward-pointing arrows on some of the
points indicate that T is less than 1.2 K.
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tivity reappears, although the T is still quite low.
There is no available information concerning T, of
X=Nb, Mo, Tc, or Ru metallic glasses. From
Collver and Hammond’s work on cryogenically
deposited thin films of transition metals'® we can
roughly estimate the T, of amorphous Zr (T,=3.0
K), Zl'70Nb3o (Tc =4.0 K), and ZI'70M030 (Tc=5.0
K). From this information and the X=Ag, Pd, and
Rh data, T, appears to increase as X moves to the
middle of the 4d row and a maximum value of T, is
expected to occur near X=Tc or Ru. The behavior
of the 4d series is in sharp contrast to that of the 3d
additions.

The dependence of T, on composition for the ter-
nary glasses is particularly interesting and revealing.
The X=Co, 5Nij s glass has a T, that falls slightly
below the line connecting the X=Co and Ni glasses.
In the X=Nig V.34 glass the replacement of a
third of the Ni in the X=Ni glass by V does not
change T, significantly. Despite having the same
value of e /at. as the X=Co glass, the X=Ni, sFe 5
glass is found to have a considerably lower T,.
From the limited data on the Hf-based glasses in
Table II it is clear that T, is lower for the Hf-X
glass than the corresponding Zr glass. However, the
same trend with X identity emerges as the Hf-Ni
glass has a higher T, than both the Hf-Pd and Hf-
Fe glasses.

The upper critical magnetic field [H,,(T)] was
measured as a function of T for X=Cu, Ni, Co, Fe,
Nig sFeg 5, Pd, and Rh. Near T, the H.,(T) curves
were linear permitting a determination of the field
gradient. A more detailed report on the H,,(T)
measurements and flux pinning measurements in the
X=Co, Ni, Nij sFe; 5, and Fe samples is planned to
be given.!*

From the field-gradient measurements and the
normal-state resistivity the density of electronic
states at the Fermi level can be estimated from the
relation’®

dH,,
daT

7*h
8e 2k B ¢d)

where ¢y is the fundamental flux quantum. The
D(0) values are listed in Table III and are compared
to those obtained from Ilow-temperature heat-
capacity measurements. The agreement between the
two determinations of D(0) is excellent. This same
level of agreement has been observed in a wide
variety of metallic glass superconductors.'® A clear
correlation exists between the values of D (0) and T..
With the exception of X=Fe and Co, a higher D(0)
corresponds to a high 7,. The X=Co case is not a
serious discrepancy in that its D(0) and T, are
higher than X=Cu, Ni, and Pd. In the next section

D(0)=

b

T,

TABLE III. Dressed density of states from heat-
capacity and critical-field measurements.

D*(0) D*(0)
(states/eV atom spin)  (states/eV atom spin)
X (critical field) (heat capacity)
Cu 0.90 0.85
Ni 1.06
Co 1.41
Fe 1.43
Pd 0.96 1.00
Rh? 1.22 1.20

#For Zr;Rh.

emphasis will be placed on the relation between T,
and D(0), and it will be shown that this is the key to
understanding superconductivity in these materials.

DISCUSSION

In Ref. 16 the authors have discussed the micro-
scopic origin of superconductivity in metallic glasses
and have related it to the electronic structure of me-
tallic glasses. The starting point for a discussion of
this nature is McMillan’s approximate solution to
the Eliashberg equations,'’

_lo) —1.04A
1.45 A—p*(1+40.621) |’

T,

where A is the electron-phonon coupling constant,
u* is the effective Coulomb coupling constant for
electron repulsion, and (w ) is the average phonon
frequency. The electron-phonon coupling constant

can be expressed as

A DOKI%)
M{w?),, '

where (I?) is the square of the electronic matrix
element associated with the change in crystal poten-
tial as an atom is moved and (w?),, is the average
squared phonon frequency defined by McMillan.!”
Varma and Dynes!® have derived the approximate
relation A=D(0)8, where §=(I%)/M{(w?) should
be roughly constant for transition-metal alloys of a
given series. In Fig. 2, from Ref. 16, the validity of
the Varma-Dynes relation is demonstrated for the
amorphous alloys Zr-Pd, Zr-Rh, Zr-Cu, Mo;_,Ru,,
and Nb;Ge and crystalline bece alloys of Nb, Zr, Mo
and Tc. The data fall on two values of § depending
on whether the states at the Fermi energy Er lie in
the lower half (bonding) or upper half (anitbonding)
of the 4d band. To a good approximation A can be
taken as a simple function of D(0) for amorphous
and crystalline materials in which the states at Ep
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FIG. 2. Electron-phonon coupling parameter plotted as
a function of the density of states at the Fermi energy for
crystalline and amorphous alloys based on 4d transition
metals.

are primarily 4d orbitals. In principle, knowledge of
D(0) permits the calculation of A and therefore of
T..

From the discussion above it is clear that a
comprehensive description of superconductivity in
the Zr-based glass requires information on D (E) for
each alloy. At present, low-temperature heat-
capacity data are available for Zr-Cu,® Zr-Rh," and
Zr-Pd,” while photoemission spectra have been re-
ported for Zr-Cu, Zr-Pd,® Zr-Ni, Zr-Co,” and Zr-
Fe.! To complete the description of the electronic
structure of the Zr glasses a simple theoretical
method for predicting D (E) is now developed.

The chemical and topological disorder inherent in
an amorphous material makes the determination of
the electronic structure especially difficult. There
are two common approaches to this problem. One is
to use the atomic coordinates of hard-sphere or
computer-generated models to perform a tight-
binding analysis for a finite number of atoms.?"??
The other approach is to carry out a cluster calcula-
tion assuming that a finite number of local
geometrics occur in the amorphous structure.?*?
The present approach is to determine the atomic-
structure—independent features of the electronic
spectrum with the use of the concept of the renor-
malized atom.

The renormalized-atom approach was first used
by Chodorow?’ and Segall?® for crystalline Cu metal
and was later extensively developed by Hodges
et al.’ for 3d and 4d transition metals. In this ap-
proach, free-atom s and d wave functions are used
which have been truncated at the radius of the
Wigner-Seitz sphere and renormalized within this
sphere. This renormalization prepares the atoms in
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approximately the condition in which they exist in
the solid. Using the definition of the renormalized
wave functions above, Hodges et al.’ have shown
how to construct renormalized-atom potentials and
calculate d-band centroids and bandwidths. By al-
lowing the renormalization to account for the two
Wigner-Seitz cell volumes appropriate to each com-
ponent, it becomes possible to treat the binary alloy
case. The results of the renormalized-atom calcula-
tion for the atoms of interest are displayed in Table
IV. They are in good agreement with the values re-
ported by Ref. 9 in Figs. 5, 6, and the bottom of Fig.
8. The renormalized-atom energies and bandwidths
provide good estimates for the centroids and widths
of each separate subband. Because of the large de-
gree of disorder in the atomic structure of these al-
loys it is reasonable to assume that the separate sub-
bands are relatively featureless. For convenience,
the shape of each d subband is taken to be Lorentzi-
an. No physical significance is associated with this
choice of the subband shape, and other shapes might
be more appropriate. In particular, the form sug-
gested by Hubbard?’ could also be used. The impor-
tant approximation is the use of a symmetric sub-
band shape. A complete coherent-potential (CP)
calculation would be required to determine the com-
positional dependence of the subband widths for the
alloys of interest.?® For simplicity, the dependence
of the subband width with composition is deter-
mined by the relation derived by Velicky et al.?® for
the dilute split-band limit, namely that the subband
width should vary as the square root of composition.
This amounts to a scaling of the Zr subband width
by (0.83) and the X-subband widths by (0.55) for the
alloys ZrjX3,. Using this approximation for the

TABLE IV. Results of renormalized-atom calculations
of d-band centroids (E,) and bandwidths (W,).

Transition metal E; (eV) W4 (eV)
Zr —0.9 8.5
Cu —5.8 3.7
Ni —4.3 4.7
Co —-3.3 54
Fe —2.4 6.5
Mn —1.3 7.4
Cr —-0.2 8.4

\" —-0.2 8.1
Ag —8.9 4.2
Pd —6.2 6.6
Rh -39 8.5
Ru —2.6 104
Tc -2.0 10.7
Mo —-1.0 11.0
Nb —0.8 10.4
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case of overlapping subbands leads to an underesti-
mate of the subband width. Likewise, the use of a
single Wigner-Seitz radius for each element also re-
sults in an underestimate of the effective subband
widths. A more realistic approach might be to use a
distribution of Wigner-Seitz radii to account for the
range of interatomic spacings observed in amor-
phous alloys. For each value of the Wigner-Seitz ra-
dius, a different value of the average subband energy
will result. This of course means that the actual d
subband will be broader than that predicted by the
use of a single Wigner-Seitz radius. This effect, plus
the failure to take into account the CP corrections to
the subband widths in the cases of overlapping sub-
bands, means that the widths used in the present cal-
culations should be considered as lower limits to the
actual widths. As will be mentioned later, this un-
derestimate of the subband widths will result in an
overestimate of D (0) for the amorphous alloys. The
purpose of the present work is to understand the
gross features of the electronic structure of the Zr-
based glasses, without input on the details of the
atomic structure. In this spirit the simple treatment
of the subband positions and widths described here
is appropriate. The contributions of s states to D (E)
is expected to be small and is ignored here. Further-
more, s-d hybridization is neglected and the ele-
ments are assumed to have either the 3d" ~!4s! or
4d~ —1551 (N is the total number of conduction elec-
trons) configuration. No attempt is made to account
for charge-transfer effects or level repulsion due to
band formation.?

The projected density-of-states plots for some
Zr3d and Zr4d alloys are shown in Figs. 3 and 4.
The density-of-states scale is determined by requir-
ing the subbands to contain a total of the ten elect-
ron states per atom. Likewise, the Fermi level is
found by requiring the occupied electronic states to
contain the proper number of d electrons for each
alloy. The D(E) plots are in excellent agreement
with existing ultraviolet photoelectron spectroscopy
(UPS) and x-ray photoelectron spectroscopy (XPS)
data.~® The nature of the photoemission spectra
and the dramatic changes that occur as X is varied
can be readily explained. In Fig. 3, starting with
X=Cu, the two distinct peaks in the spectrum
represent contributions primarily from Zr4d (cen-
tered at about + 2 eV) and Cu 3d (centered at about
—2.8 eV). This alloy is a classic example of the
split-band limit.2® Moving to the left in the 3d row,
the renormalized energy levels of the 3d component
approach those of Zr until at Fe and Mn the two
subbands completely overlap. The glasses X=Fe
and Mn are, therefore, examples of the virtual-
crystal limit.?® Similar behavior is observed for the
Zr4d alloys (Fig. 4). The displacements (A) of the
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FIG. 3. Predicted density of electronic states has a
function of energy for several Zr 3d glasses.
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FIG. 4. Predicted density of electronic states as a func-
tion of energy for several Zr 4d glasses.
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3d and 4d subband positions from the Fermi energy
(Ep) are listed in Table V and compared to the ex-
perimental data. The agreement between the experi-
mental values and the predicted values is quite good.
The values also provide a convenient parameter for
describing the nature of the electronic states near
Er. For example, the large negative value for
X=Ag means that the Ag4d states are far below Ey
and make very little contribution, while the small
value of A for X=Fe indicates that the Fe3d sub-
band is roughly centered at Er and that these states
play an important role in determining the properties
of the alloy.

From the projected D (E) functions, the density of
states at the Fermi energy [D(0)] can be determined
and these values are listed in Table VI. For compar-
ison, the dressed D (0) values from low-temperature
heat-capacity experiments have been converted to
bare density of states using the A values: Cu(0.53),
Pd(0.60), and Rh(0.71).”’ The good agreement ob-
tained here encourages the use of the calculated
D(0) values in the discussion of superconductivity
in the materials. In Fig. 5 the calculated values of
D(0) are plotted for the Zr4d amorphous alloys
along with the T, values from Table I. The broad
maximum in the D(0) curve is primarily the result
of the X-component subband lining up with the Fer-
mi energy, as is evident upon comparing Table V
and Fig. 5. The height of this maximum is of
course dependent on the choice of the subband
widths. In particular, narrow X-subband widths will
give a sharper maximum in D(0). The neglect of
the CP corrections to the subband widths in the
overlapping subband cases and the use of a single
Wigner-Seitz radius does affect the details of the

TABLE V. Positions of the X d subbands relative to
Er from theory (Aiheor) and experiment (A for ZryoXs0
glasses.

X Atheor (€V) Aoyt €V)
Cu —2.96 —-34
Ni —1.70 —-19
Co —0.85 —14
Fe —0.15 0.0
Mn + 0.45

Cr + 1.82

\' +2.20

Ag —6.00

Pd —3.30 —-34
Rh —1.40

Ru —0.31

Tc 4041
Mo + 1.40

Nb + 1.96

Zr + 2.50

TABLE V1. Density of states at Er of Zr;0X3, metallic
glasses from theory and experiments.

D (O)theor D(0 )expt

X  (states/eV atomspin) (states/eV atom spin)
Cu 0.58 0.56
Ni 0.78

Co 1.01

Fe 1.07
Mn 1.04

Cr 0.83

\4 0.75

Ag 0.50

Pd 0.59 0.63
Rh 0.82 0.70*
Ru 0.87

Tc 0.85
Mo 0.78

Nb 0.71

Zr 0.60

2For Zr;Rh.

D(0) curve in Fig. 5. However, the basic character
of the D(0) vs X curve should remain the same since
it is primarily the result of the X subband position
relative to the Fermi energy. In the discussion
below, the Varma-Dynes relation will be used to re-
late D(0) and T,. Strictly speaking, an extension of
this idea is needed to treat the cases of different sub-
band widths and types of orbitals (3d or 4d). In the
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FIG. 5. Predicted density of electronic states at the
Fermi energy for Zr4d amorphous alloys (solid circles)
and the experimental values of 7, (open circles). For
X=2Zr, Nb, and Mo the T, values are estimated from Ref.
12, and for X=Ag the T, mecasurement is for amorphous
Zr;Ag.
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absence of such an extension the discussion will be
of a qualitative nature. On the left-hand side of Fig.
5 (X=Zr, Nb, and Mo) the states at Ey originate
from 4d bonding states and the Varma-Dynes
parameter () is expected to be roughly constant. In
this case A is expected to be proportional to D(0),
which means that the increase in D(0) directly
translates into an increase in T,. For the split-band
glasses X=Pd and Ag the states at E, are once
again the 4d bonding states, this time originating
primarily from only the Zr4d subband. A similar
relation between D(0) and 7, is expected. For
X=Tc, Ru, and Rh, the states at Er have both a
bonding and anitbonding character. This, plus the
fact that the bandwidths of the two separate sub-
bands are different, makes this a more difficult case
to consider. The Varma-Dynes parameter (8) is not
constant here but probably varies from the values
for the bonding and antibonding cases. A maximum
in T, for the Zr4d glasses is thus expected to occur
for X=Tc or Ru.

The D(0) vs X curve for the Zr 3d glasses is very
similar to that of X =4d materials. The values are
listed in Table VI. The maximum D(0) occurs in
the region near X=Co, Fe, and Mn and is consider-
ably higher than the maximum in the X =4d case.
This is the result of the narrow bandwidths calculat-
ed for the 3d components compared to the 4d com-
ponents. In the case of the split-band glasses X=Cu
and Ni, the states at Ep originate primarily from the
Zr4d bonding orbitals. As discussed above for the
X =4d glasses, T, is expected to be related directly
to changes in D(0). Comparing the four split-band
limit glasses (X=Ag, Pd, Cu, and Ni), T, is found
to follow nicely the trend of the calculated values of
D(0). Surprisingly, the large increase in D (0) that
results on moving from X=Ni to Co does not in-
crease T, much. The relatively high D (0) values for
X=Fe, Mn, and Cr also do not translate into high
T, values. It has been suggested that the unexpect-
edly low values of T, for X=Co, Fe, Mn, and Cr are
the result of the formation of spin fluctuations and
localized magnetic moments.” The conditions for
forming a localized moment are to have the intra-
atomic Coulomb energy greater than the width of
the 3d subband and to have the centroid of the 3d
element less than a bandwidth away from Ez.3° The
A values from Table V clearly show that the second
condition is satisfied for X =Co, Fe, Mn, and Cr,
and since the intra-atomic Coulomb energy is rough-
ly the same for all of these elements, magnetic mo-
ment formation is likely. This finding supports the
claim that the mechanism depressing 7, in the 3d
glasses is magnetic in origin. Other than the ob-
served depression of T, in the Zr 3d glasses, there is
no reported experimental evidence for magnetic mo-

ment formation. Clearly, this is a very interesting
area and hopefully some experimental support will
be reported for the ideas discussed above.

The measured values of T, for the ternary
glasses X=Coyg sNig s, NigsFeps, MngsFeys, and
Nig.¢6V0.34 provide additional insight concerning the
formation of localized magnetic moments. In the
X=Cop sNij 5 case the observed increase in T, that
occurs as Ni is replaced by Co can be qualitively ex-
plained by the expected increase in the bare density
of states D(0). Although, like the X=Co glass, the
increase in T, is smaller than what would be expect-
ed for the predicted increase in D(0), a similar in-
crease in D(0) is expected as Ni is replaced by Fe;
however, a sharp drop in T, is experimentally ob-
served. This behavior is a clear example of a break-
down in the rigid-band model. The Fe levels result-
ing from the substitution of Ni fall at Er and satisfy
the conditions for forming localized magnetic mo-
ments. In fact, because of the relation between sub-
band width and composition mentioned above, the
tendency toward localized moment formation
should actually be enhanced at low Fe concentra-
tions. The pair-breaking ability and therefore the
depression of T, depend on both the magnitude and
number of magnetic moments formed.’! The T,-
versus-composition behavior will depend on the in-
terplay of these two properties. One important fac-
tor to consider in deciding whether a given 3d ele-
ment will form a moment in a metallic glass is the
variety of local atomic environments available for
the 3d element to occupy. Even if the average local
atomic environment is unfavorable for moment for-
mation, it may still be possible for some of the 3d
atomic sites to satisfy the necessary requirements.
This analysis leads to the important conclusion that
the disordered atomic sturcture of amorphous alloys
enhances the tendency of forming localized magnet-
ic moments and spin fluctuations. In the 3d series it
appears likely that Co, Fe, Mn, Cr, and perhaps V
behave magnetically in Zr glasses. The final ternary
system investigated was the Zr-Ni-V glasses. This
ternary system was chosen for study because D (0) is
expected to be nearly constant across the Ni-V com-
position range. The X=Nig ¢V 34 glass has a T,
(2.8 K) that is virtually identical to that of the pure
X=Ni glass. This result is somewhat puzzling in
light of the discussion above if it is assumed that V
forms localized magnetic moments. The endpoint
of the Zr-Ni-V series, X=V, has a much lower T,
than that of X=Ni. Clearly, a sharp decrease in T,
must occur at some ¥ concentration.

An alternate explanation for the low T, of the
X=V and perhaps Cr glasses is that the higher mo-
ments of the D(E) spectrum become important due
to a change in the atomic structure. Evidence for



such an atomic-structure change has recently been
observed in Mo-Ru-B glasses.”? Here, an atomic-
structure change is claimed to result in nearly a
factor-of-2 drop in the electronic specific-heat coef-
ficient. Johnson et al.>3 have noted a correlation be-
tween glass-forming ability and the occurrence of
high-temperature superconductivity. They suggest-
ed that the softening of the crystalline lattice against
harmonic displacements expected for a high-
temperature superconductor and amorphous phase
formation might be linked to a common mechanism,
namely the polarization of the d-electron gas. Im-
plicit in this discussion is the idea that the glass-
forming ability is pronounced in regions of composi-
tion in which there is competition for stability be-
tween bee and hep crystalline phases. In the Zr;oX 3
materials studied here the difficulty in preparing
glasses increases as X moves to the left of the
Periodic Table. Attempts to prepare glasses of
Zr;0Ru;p have been unsuccessful, although a study
of Zr-Ru-Rh and Zr-Ru-B glasses is planned to be
reported.>* The difficulty in preparing X=Ru
glasses is believed to be due to an overwhelming ten-
dency to form bce solid solutions. In the X=3d
series the small metallic radii of these elements
reduce the tendency to form bcc solutions and
enhance the glass-forming ability. The difficulty in
preparing X=V and Cr glasses may be a manifesta-
tion of a change in the local atomic structure to one
having a predominate bec-like character. A differ-
ence in short-range atomic structure has been report-
ed for the related glasses Yq734 depending on
whether T=Cu and Zn or T=Ni, Co, Fe, and Mn.*’
The point of this discussion is to suggest the possi-
bility that the low T, of X=V and perhaps X=Cr
may be due to a change in the atomic structure from
closed packed to one having a bcce-like packing and
low D(0) instead of the formation of localized mag-
netic moments.

The electronic structure of the Hf glasses is ex-
pected to be very similar to that of the Zr-based
glasses. The lower T, for the Hf-X glasses results
from the higher ionic mass of Hf compared to Zr
and the resulting decrease in the Debye temperature.
Like the case of the Zr 3d glasses, magnetic moment
formation is likely to occur in the Hf 3d glasses.

A subject of some interest has been the composi-
tional dependence of T,.(dT./dy) in glasses of the
form Zr;_,X,. The available experimental values
are the following: X=Cu (0.095),° Pd (0.082),> and
Zr-Ni(0.063).* A simple explanation for this be-
havior is suggested by the positions of the X sub-
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bands and the contribution they make to D(0). In
the case of X=Cu, as Zr is replaced by Cu, electron-
ic states are transferred from the Zr4d subband
[where they contribute to D(0)] to the Cu3d band
[where they make almost no contribution to D(0)].
This transfer of states is expected to decrease T,
sharply. The X=Pd glasses are similar to the Cu
case except that the larger bandwidth of Pd means
that in replacing Zr by Pd the Pd states contribute
somewhat to D(0), thus reducing the value of
dT,./dy. Moving to X=Ni, the Ni subband is ex-
pected to make more of a contribution to D (0) than
Cu or Pd, thereby having the smallest value of
dT,/dy. Based on this reasoning, the compositional
dependence of T, is expected to be largest for glasses
such as X=Ag and smallest for glasses such as
X=Rh, Ru, and Tc. For cases in which X is expect-
ed to carry a localized magnetic moment, the com-
positional dependence of T, will be larger than that
predicted by the positions of the subbands relative to
E,.
fUltraviolet and x-ray photoemission experiments
are in progress on the glasses X=V, Cr, and Mn.
Preliminary results are in excellent agreement with
the predicted D (E) spectra. This work is planned to
be reported in the near future.*®

CONCLUSIONS

A comprehensive study of superconductivity in
Zr- and Hf-based metallic glasses has been reported.
The observed T, values can be understood in terms
of the electronic structure of the glasses. A simple
method of calculating D(E) with the use of the
renormalized-atom approach was developed and
shown to provide a useful basis for understanding
and predicting the results of photoemission and
low-temperature heat-capacity experiments. The
conditions for formation of localized magnetic mo-
ment formation and spin fluctuations were exam-
ined and appear to be satisfied by the X=Co, Fe,
Mn, and Cr glasses. An alternate explanation for
the low T, values of X=V and Cr involving an
atomic-structure change was suggested. Finally, the
composition dependence of T, in Zr;_,X, glasses
was described in terms of the subband positions.
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