
PHYSICAL REVIEW B VOLUME 18, NUMBER 1 1 JULY 1978

Superconductivity, magnetic susceptibility, and electronic properties of amorphous
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Results of x-ray diffraction, transmission-electron de'raction, and crystallization studies on amorphous

(Moi Ru )80P20 alloys obtained by liquid quenching are presented and discussed. The alloys are all found to
be superconducting with transition temperatures ranging from —3 to —9'K, The variation of T, with alloy
composition is compared to that obtained by Collver and Hammond for vapor-quenched transition-metal
films. Results of magnetic-susceptibility measurements are used to estimate the variation of the electronic
density of states at the Fermi level N(0) from the Pauli paramagnetic contribution. The relationship between
the variation of T, and N(0) is discussed in terms of the microscope theory of superconductivity. Finally,
results of measurements of the upper critical field H„,and the normal-state electronic transport properties
are presented. and compared with recent theoretical models for amorphous superconductors.

I. INTRODUCTION

Since the early work of Buckel and Hilsch, "'
interest in the study of amorphous superconduct-
ing metals and alloys has steadily increased. A
review of experimental and theoretical work in
this area has been published by Bergmann. ' To
date most experimental results have concerned
thin films obtained by vapor deposition on a cry-
ogenic substrate, as amorphous superconducting
metals and alloys were until recently not available
in bulk form. The authors have reported supercon-
ductivity in bulk amorphous alloys obtained by the
method of liquid quenching. ' These amorphous
alloys are stable with respect to crystallization
at and well above room temperature. Owing to
this stability and to the relatively large quantity
of sample available, it is possible to carry out
measurements of bulk properties such as specific
heat' and magnetic susceptibility on these mater-
ials.

The transition metals and their alloys form a
particularly interesting class of superconducting
materials. Collver and Hammond, ' have shown
that it is possible to obtain transition metals in
amorphous form by vapor deposition on a substrate
held at 4.2'K. For transition metals of a given
series and alloys of neighboring metals in the ser-
ies, they observed that the superconducting transi-
tion temperature T, follows a regular dependence
on d-band occupation or average group number
(AGN). A broad maximum in the T, vs AGN curve
with the maximum occurring at an AGN corres-
ponding to a roughly half-filled d band was found.
This behavior is in marked contrast to the double-
peaked structure characteristic of crystalline al-
l.oys which is commonly referred to as the Mat-
thias rule. The microscopic origin of the varia-

tion of T, in the amorphous state and its contrast
to the crystalline case has been the subject of
several subsequent studies. ' ' Unfortunately, at-
tempts to understand this problem have suffered
from a lack of detailed information regarding the
variation of fundamental microscopic parameters
in the amorphous state. Experimental data re-
garding the electronic band structure and density
of states at the Fermi level, N(0), are not avail-
able. The variation of the Debye temperature and

phonon density of states have likewise not been
studied. Such information is essential to explain-
ing the microscopic origin of the systematics of
Tc'

In the present work, we report on the properties
of several new amorphous transition-metal alloys
prepared in bulk form using the liquid-quenching
technique. The alloys contain 80 at. % of a transi-
tion metal and 20 at. % of a "glass forming" con-
stituent such as phosphorus or boron. Together,
they form an alloy series in which the d-band oc-
cupation is varied systematically. The variation
of T, is found to closely follow that observed by
Collver and, Hammond. Deviations observed are
attributed to the effects of electron transfer from
the transition-metal constituent to the more elec-
tronegative glass- forming constituent. Magnetic-
susceptibility measurements carried out over the
temperature range from 2'K to room temperature
and for fields ranging up to 80 kG are used to eval-
uate the temperature-independent magnetic sus-
ceptibility. These data enable one to estimate the
variation of N(0) with d-band occupation for the al-
loy series provided that it is assumed that the
Pauli paramagnetic susceptibility is the dominant
contribution to the temperature-independent part.
By making this approximation, and neglecting
many-body effects, approximate values of N(0)
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have been obtained. The values of N(0) are found

to vary smoothly with d-band occupation and this
variation ean be correlated with the variation in
T, for the alloy series. The microscopic theory
of superconductivity is used together with the
present data to interpret the systematics of transi-
tion-metal superconductivity in the a.morphous
state. A tight-binding model for electronic struc-
ture of the d band originally proposed by Labbe,
Barasic, and Friedel" and modified by Varma and
Dynes" to include nonorthogonality of the basic
functions is compared with the experimental data.

Several other properties of this series of alloys
have been measured. Structural data, obtained both
from electron diffraction and x-ray diffraction are
discussed. High-temperature- resistivity data and
thermal-scanning data are presented which togeth-
er with the structural data support the claim that
the alloys are amorphous. The temperature de-
pendence of the upper critical field H„(T),and
the field gradient dH„(T)ldT have been measured
for all alloys of the series. These data are com-
pared to theoretical predictions. Finally, the fac-
tors which govern the formation of the amorphous
phase and its stability are analyzed and related
to the present results.

II. EXPERIMENTAL

'The alloy preparation is accomplished in several
steps using 99.9% and 99.99/g pure starting materi-
als. Metal powders are combined and thoroughly
mixed with phosphorous and boron powders then
pressed to form a compact. The compact is sealed
in quartz and slowly heated to -1100 'C over a per-
iod of several days. The reacted compact is melt-
ed several times on a silver boat under an argon
atmosphere to form a homogeneous ingot. The in-
got is subsequently broken into small fragments
which are used in the liquid-quenching process.
The quenching technique is described elsewhere. "
The quenched samples are in the form of foils

having a typical thickness of -60"
LL(,m and an area

of several cm'.
All samples are checked by x-ray diffraction

.scanning with a Norelco diffractometer using Cu
Kn radiation. A time lapse step scanning diffrac-
torneter was also used to obtain a more detailed
x-ray scan with improved statistics. Several foils
were thinned by etching and used for electron dif-
fraction studies in a Siemens transmission elec-
tron mic roscope.

Electrical resistivity measurements were car-
ried out at two stations. one of which can be used
for temperatures in the range from 4.2-300 K,
and a second for temperatures in the range from
300—1200'K. Thermal traces were obtained by
rapid heating in an evacuated tube with a, platinum-
platinum rhodium thermocouple attached to the
sample foil.

Magnetic-susceptibility measurements were car-
ried out using the Faraday method in a supercon-
ducting magnet system designed by Oxford Instru-
ments. The fields used range up to 80 kG and the
sample temperature can be controlled in the range
from 2-300'K. Measurements of H„(T)were car-
ried out in the same system using a separate
probe. The sample is located in an exchange gas
container and can be mounted in three mutually
orthogonal directions. Below 10 'K, the tempera-
ture ean be measured with an absolute accuracy
of +50 mK and a relative accuracy of +1 mK. The
H„'(T)data were obtained by measuring resistance
versus temperature curves for a series of con-
stant "applied fields. Critical current as a function
of applied field and temperature was also mea-
sured. Transition temperatures reported are de-
fined as the highest temperature for which the
resistivity p= 0 in zero applied field. The transi-
tion temperatures were also measured using an ac
induction bridge (at a separate station). The T,
values obtained by the two techniques are in good
agreement (a maximum discrepancy of +0.1 'K is
observed). A list of all alloy compositions studied

TABLE 1. Transition temperature, critical-field gradient, and resistivity of amorphous superconducting
alloys prepared by liquid quenching.

Alloy composition

(Mop 8 Rup 2)8p P2p

( 0.6 0.4)80 20

(Mop 4 Rup 6)8p P2p

(Mop 2 Rup 8)8p P2p

80 10 10

( 0.8 0.2)80 10 10

T ('K}

7.31 + 0.05

6.18 + 0.05

4.68 + 0.05

3.43 + 0.05

9.00 + 0.05

8.71 + 0.05

dHc2/dT (kG/ K)

24.5 + 0.5
25.5 + 0.5
26.8 + 0.5
27.6+ 0.5
17.6 + 0.5
24.2 + 0.5

Resistivity' (pQ cm)

300+ 50

300+ 50

330+ 50

320+ 50

' Room temperature.
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along with the T, observed at each composition is
given in Table I. The T, values in the table are an
average over at least three samples with the nom-
inal composition. For a given nominal composi-
tion, T, varies by no more than +0.1'K among

, samples. Also given in Table I are values of the
electrical resistivity and upper critical-field grad-
ient for each alloy composition. Again, these data
are averaged over several samples.

(a)

III. RESULTS AND COMPARISON WITH PREVIOUS WORK
V

A. Structure and crystallization

The x-ray scattering intensity as a function of
scattering angle for amorphous (Mo, „Ru„)»P„
alloys can be compared to that observed for sev-
eral other amorphous transition-metal alloys con-
taining phosphorus. An example of data obtained
by time lapse step scanning is shown in Fig. 1 for
(Mo, ,Ru, ,)»P». Three broad maxima with suc-
cessively decreasing amplitude are observed in
the x-ray intensity as a function of scattering an-
gle 20. It was not possible using Cu Kn radiation
to reach sufficient values of the scattering vector
to investigate a fourth possible maximum. Rising
background near the third maximum is due to Com-
pton scattering. Particularly interesting features
in Fjg. 1 include the pronounced shoulder on the
second maximum, the height and width of the suc-
cessive maxima, and the positions of the maxima.
These features are very similar to those observed
by Cargill and Cochrane"'" for Ni„P,4 and Co»P»
amorphous alloys, and by Wagner" for amorphous
Fe80Py3C7 alloys. The splitting of the second max-
imum in the present data was observed for each
of the above alloys. The widths of the first, sec-
ond, and third maxima are also comparable to
those observed in the above mentioned work. It

PIG. 2. (a) Transmission-electron diffraction pattern
for a typical region of an amorphous {Moo 6Ruo 4)8pP2p
sample. The foil was thinned by chemical etching; (b)
Transmission-electron diffraction pattern of a region of
a (Mop 2Ruo 8)80P2p specimen containing a microcrystal-
lite embedded in an amorphous matrix. Most regions of
this sample showed no evidence of crystallization,
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FIG. 1. X-ray scattering intensity as a function of
scattering angle (20) for amorphous (Mop 6Rup 4)8pP2p.
The intensity function is obtained by step scannin~ at
angular intervals of 6(20) = 0.1'. A continuous line is
presented as the data points are too densely dispersed
to be distinguished.

should be noted that, according to the Scherrer
formula, the width of the first maximum corres-
ponds to an effective microcrystal size of about
16 A. Although the radial distribution function
(RDF) has not yet been calculated for the present
alloys, it is probable that the general features will
resemble those obtained by Cargill and Cochrane,
and %'agner. Their data were found to be well de-
scribed by theoretical models for amorphous struc-

Flectr6n diffraction studies of amorphous
(Mo, „Ru„)„P„alloysalso support the conclusion
that they possess an amorphous structure. The
transmission electron diffraction pattern of an
(Mo«Ru, ,)»P2O sample which was thinned by
chemical etching is shown in Fig. 2(a). Three dif-
fuse halos are visible and a fourth can be seen on
close inspection. Electron diffraction patterns of
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FIG. 3. (a) Electrical resistivity of an amorphous
(Moo 6Ruo 4)80P20 sample from low temperature up to
1200 C. The sample was heated at a rate of 5 K/min;
(b) Thermal trace of an amorphous (Moo 6Ruo 4) SOP20 sam-
ple obtained by rapidly heating the sample with attached
thermocouple in an. evacuated quartz tube. Crystalliza-
tion is accompanied by a sharp temperature rise 4 T
indicated on the plot.

other alloys of the (Mo, „Ru„)80P,O
series are simi-

lar. A few isolated regions of an (Mo, ,Ru, ,)„P„
specimen were found to give diffuse halos plus
spots indicating that microcrystallites had formed
in the amorphous matrix during quenching. An ex-
ample is shown in Fig. 2(b). This composition
must lie near the upper limit of Ru concentrations
for which it is possible to obtain an amorphous
phase by liquid quenching. It was not possibIe to
obtain amorphous samples of MospP p which indi-
cates that a lower limit for Ru concentration also
exists.

The crystallization of amorphous (Mo, „Ru„)„P»
allogs was studied both by measurement of high-
temperature resistivity and by carrying out a ther-
mal. trace. The resistivity versus temperature
for (Mo, ,Ru, ,)„P„obtainedusing a heating rate
of 5 'K/min is shown in Fig. 3(a). The data spans
the range from 4.2-1200'K (the superconducting
transition at -6.1'K is not shown). The resistivity
exhibits a negative temperature coefficient (1/p)
(dp/dT) over the temperature range up to -600 'K.
The resistivity is observed to drop abruptly at
about 980'K. This precipitous drop is taken to
indicate spontaneous crystallization of the alloy.
Such a drop provides additional evidence of a well-
defined amorphous state. It should also be noted
that further heating to 1200'C results in a sub-
sequent cooling curve having a positive coefficient

of resistivity as expected for a crystalline materi-
al.

The thermal trace was obtained by heating the
sample at a rate of 5 'K/sec. The sample is sealed
in an evacuated quartz tube a,nd plunged into a
preheated furnace. The sample temperature as
monitored by an attached thermocouple is record-
ed as a function of time. The results are shown
in Fig. 3(b). A sharp rise in temperature is ob-
served at 1040'K. The temperature rise ~T is
-120'K. This value can be used to obtain a lower
bound (the measurement is not strictly adiabatic)
for the heat of crystallization of the amorphous
phase. Since the temperature involved must be
several times the Debye temperature of the alloy,
the Dulong-Petit value of 3R for the heat capacity
can be used. The heat of crystallization MI, is
then given by 3RAT. This gives ~,~ 0.72 (kcal/
mole). The melting point of (Mo, ,Ruo, )«P» can
be roughly estimated from the liquid-quenching
procedure to be of order 1800'K and the heat of
fusion ~~ will thus be of the order of several
(kcal/mole). MI, represents a significant fraction
of 4IIz as would be expected if the alloy is initial-
ly in the amorphous state. Thermal trace data
were taken on other alloys of the (Mo, „Ru„)»P».
All alloys of the series show an abrupt tempera-
ture increase which occurs at a temperature be-
tween 1000'K and 1080 K. The Mo„P„B,„and
M06{)Re aPy B„alloys crystallize at -1100 'K as
measured by the thermal trace using the same
heating rate.

The discrepancy between the crystallization tem-
perature obtained from resistivity versus temper-
ature and that obtained from the thermal trace
data can be attributed to the difference in the heat-
ing rates used in the two cases. 'The faster heating
rate in the thermal trace allows a much shorter
time lapse per unit of temperature scanned and
thus a smaller time interval in which nucleation
of the crystalline phase can take place.

8 Superconductivity

The superconducting transition temperature T,
for each of the alloys is listed iri Table I. T, was
found to be a systematic function of the AGN of
the transition-metal component where the AGN of
Mo and Ru are six and eight, respectively. This
dependence is illustrated in Fig. 4. For compari-
son, the dependence of T, on AGN observed by
Coliver and Hammond' fox' Mo-Ru alloys prepared
by vapor quenching on a cryogenic substrate is
shown. The general features of the two curves
are similar although some differences are appar-
ent. 'The peak in T, vs AGN curve occurs at some-
what lower AGN than that obtained by Collver and
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FIG. 4. Superconduc+ing transition temperature as a
function of the AGN of the transition-metal constituent

alloy. The dashed line indicates the trend of the pre'sent
experimental data while the solid line exhibits the be-
havior observed by Collver and Hammond for cryo-
quenenched transition-metal films.

Hammond. The two curves join for AGN values
Otto Meyer&6a &7 has pointed outnear elg . 0

ththe T of transition-metal films ion implan eo wlC

group A elements at low-temperature approach
those given by the Collver-Hammond curve for
su lclen y 1ff' tl h'gh dosages of implanted ions and

hmidtprovided that the electronegativity and Goldschmi
radii of the implanted species fall in a certain
range. Meyer s worM ' work suggests that chemical fac-
tors play a role in determining T,. In the pres-
ent work, the phosphorus (and boron for some of
the alloys) atoms probably interact chemically
with the transition-metal species. 'I he Pauling
electronegativitles of Mo„Ru, an

~ ~

and P are 3. .8„
2.2, and 2.1, respectively. Some electron trans-
fer from Mo to P is expected while little or no
transfer is expected from Ru to P. Transfer of
an electron having a predominant yl s-like charac-

f theter fr'om Mo to P would result, ln R lowering 0

On the ~vlO Si e.th 7vI te A net relative increase in d-band
t' ould result. Electron transfer prob-occupa ion cou r

one Rtlvltyably does not occur for Ru since the electroneg
difference between Ru Rnd P is of opp osite sign and

small. Such considerations zaay underlie the ap-
parent discrepancy in the T, vs AGN curve jFig.
4) with respect to that of Collver-Hammond. A
shift occurs for the Mo-rich alloys but not for Hu-
rich alloys as expected,

The superconducting transition as measured by
resistance versus temperature for amorphous
( pu ~I P is shown in Fig. 5 for the case o(Mop 6+up q I'Bp 2p 1

no a lied magnetic field (II= 0) along with transi-
tion in various nonzero fields. For =- e

l

of. the superconducting transltlon T, —=40x 10-' 'K
as measured by the 10% and 90%%ug points on the re-
sistance versus temperature curve. This value
of &T, is comparable to that observed in numerous

to be due to superconducting fluctuations and is

superconducting transition in the presence of an
. Rppl3. 80 le Rs' f' ld h also been discussed in the above
references and is probably attributable to the ef-
fect of surface superconductivity. 'The resistive
transitions for other alloys studied are very simi-
lar to that shown in Fig. 5.

The upper critical field II„and its temperature
de endence can be defined in terms of the curves
in Fig. 5. Taking the temperature for which .
resistance is ~ of the normal-state value for a
given Rpp le 1l d fieM defines the temperature-de-
pendent upper critical fieM. One could adopt other
criteria such as 8, = 0 in defining the upper criti-
cal field. Using the 8 =0 criteria will give a
slightly reduced field gradient (dH„/dT) but does
not significantly alter the functional dependence

T dataobtained for II„ontemperature. The H„
P are shown in Fig. 6 along withor (Mop. 6Rup. ~ Bp 2p ar

those of all alloys studied. In all cases, H„,is
well described by the formula

H„(T)= (1 —T/T. )H„(0),
where H„(0)is defined by linear extrapolation of

1.0

50k

0.8

70

—0,6—
(A

CD

u
CD
N 04
C3

E
O

0,2—

0,0
I I II 1

5 6
Tempera ture (oK)

FIG. 5. The normalized resistivity Ip(T)/p(10 K)] of
o Bu & P as a function of temperatureamorphous (MoO 6 uo Il 80

the presence of a transverse magn . Thetic field. The
field ranges from H=O to B=80 ko.
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the data to 7.'= 0. Within experimental error, little
deviation from linearity is observed'for the H„(T)
curves over the range of fieMs and temperatures
available. For several of the alloys, this range
covers over half of the total range of reduced tem-
perature f = T/T, . Previous studies of amorphous
transition-metal alloys have also given a linear
H„(T)is dependence. """ Deviations from line-
arity have been observed for amorphous V and

Zr»Rh», '""but a,re not as large as those predic-
ted by the Maki theory" even %hen spin-orbit cou-
pling and paramagnetic limiting are included.

Critical current-density measurements in both
zero and nonzero applied magnetic field have also
been carried out for most of the alloys. For H=O
typical values of J, range from 5x 10' to 3x].0'
A/cm' for high-T, and low-T, alloys, respectively.
Weak flux pinning forces are observed in some al-
loys. The flux pinning profiles and other data re-
lating to flux pinning will be discussed in a sep-
arate publication. "

C. Magnetic neasmements

Magnetization M as a function of applied field
was measured for each of the alloys. Data were
taken for a series of fixed temperatures by vary-
ing the applied field of H. 'The magnetization in
both the normal and superconducting state was
studied. The data taken for temperatures above
T, were used to determine the temperature and
composition dependence of the normal-state mag-
netic susceptibility. A typical set of data is shown
in Fig. 7 for amorphous (Mo, ,Ru, ,)„P„.The T,

I IG. 7. Magnetization as a function of applied field H
for amorphous (Moo 68uo 4)80P20 for various temperatures
as indicated on the graph. The solid j.ines were used to
determine X(T), the temperature-dependent magnetic
susceptibility of the amorphous matrix.

of the alloy is 6.15'K so that all of the data shown
were taken in the normal state. The sharp rise
in magnetization for II& 10 kG arises from contam-
ination of the sample during laboratory handling
and cutting by particles of Fe (or other magnetic
materials). This contribution changes only slightly
with temperature and is therefore not due to mag-
netic impurity atoms dissolved in the matrix.
very small temperature-dependent term corres-
ponding to such impurities is present. The mag-
netization due to such contamination is well satur-
ated at II= 20 kG so that the change in ma, gnetiza-
tion above 20 kG is governed by the susceptibility
y(T) of the amorphous matrix. Fmm 20 to 80 kG,
ihe M vs H curve is linear and y(T) is well defined.
For low temperatures (7-20'K), X(T) shows a tem-
perature dependence. The data taken at 40'K and
80 'K are nearly identical. A well-defined temper-
ature-independent contribution to X(T) can thus be
defined by the high-temperature data. Similar
results were obtained for other alloys of the
(Mo, „Ru„)„P„series.A summary of the tempera-
ture-independent part of X(T) defined by data taken
at 80 'K (or higher when necessary to establish
temperature independence) and referred to as y
is presented in Fig. 8(a). In Fig. 8(b) the suscep-
tibility l;as been converted to units of (states/eV
atom) for later convenience by plotting the quantity
)t/2p~ where p~ is the Bohr magneton. It can be
seen that X follows a regular dependence on the
AGN of the transition-metal constituents. The
variation is similar to that observed for T, vs
AGN; this correlation will be discussed at length
in Sec. IV. Previous measurements on other am-
orphous transition-metal-phosphorus alloys with
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temperature-independent susceptibility X, it is
necessary to examine the role of various contri-
butions to it. The following procedures are gen-
erally used to interpret such data. X is taken as
the sum of two main contributions

Xcore+ Xcond ~ (2)

X cond X sp Xd

Contributions to X,& include the Pauli spin term
X,~ and the Landau term X,

P L
Xps X sp+Xsp &

while X~ contains the above two terms plus an or-
bi.tal term"

XQ Xg +X/ +X/

where X„„refersto core electrons and X„,d re-
fers to conduction-band electrons. X„,„naturally
divides into contributions from the sp (nearly free)
and d (tightly-bound) electrons.

Q0—
I

5
(Nb)

6
(Mo)

7
(Tc)

8
(Ru)

9
(Rh)

IO
(Pd)

The Pauli spin susceptibility of the sp electrons
in the simplest approximation is given by

y~ = 2p,~2N„(0),

FIG. 8. (a) Temperature-independent part y of the
magnetic susceptibility y(T) (defined by high-temperature
magnetization data) for the amorphous alloys of this
study. Also shown are data for amorphous (Pd& „Cu„)80
P2p alloys taken from a previous study IG. Tangonan,
Ph. D. thesis(California Institute of Technology, 1976
unpublished)]. The data are plotted as a function of AGN

for the transition-metal constituents. (b) Density of
states (X/2p~) obtained from the magnetic susceptibility
shown in (a). The electron density of states at the Fermi
level N(0) for crystalling 0. phase Mo-Re and Mo-Ru al-
loys as determined from low-temperature specific-heat
data is also shown for comparison with the values of
X//21(L& obtained for the amorphous alloys.

higher AGN values give values of X which join
smoothly with the present data on a X vs AGN plot
as shown in the Fig. 8. For example,
(Pd, „Cu„},~,P„,alloys (AGN= 10) have values of

X which are extremely small (-10 ' emu/g G} and

of either positive or negative sign depending on
composition. " The smooth decrease of X as a
function of increasing AGN (for AGN& 6) appears
to be a general characteristic of amorphous transi-
tion-metal-metalloid alloys. A summary of the
present data along with various data from other
work are given in Table II. Included are data for
the density of states for cystalline Mo„Ru39 and

Mo42Re» alloys (having the a-phase structure) as
determined from low-temperature specific-heat
measurements.

In order to understand the significance of the

where N,~(0) is the sp-band density of states (per
spin) at the Fermi level and the Landau term for
sp electrons is given by

(7)

with m the free electron mass and m* the actual
effective mass for s electrons near E~. The core
term X„„in Eq. (2) and the terms defined by Eqs.
(6) and (7) all give contributions to y which are be-
tween one and two orders of magnitude less than
the observed values of X." Thus, . the dominant
term in X are X~ and X„since

x,' =-s(m/m*)y, (8)

and m*»rn for d electrons. Thus, X~~ is neglect-
ed. In the simplest approximation

X, = 2V)N, (0),
while the orbial susceptibility X„is difficult to
calculate. X„is probably less than though compar-
able with X„.We shall for the purpose of simpli-
city assume that X~ does not change with AGN and
that X„is the dominant contribution to X. In this
picture, the variation of X observed in Fig. 8(b)
then reflects mainly the va, riation of N„(0)(the den-
sity of state per spin) which is roughly given by

)(~ /2p~ =)(/2p~. It should be stated that the above
discussion ignores many-body effects. The possi-
bility that many-body corrections systematically
effect the estimated values of N~(0) cannot be ruled
out.

Finally, the magnetization data taken for T& T,
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TABLE II, Magnetic susceptibility at high temperature, corresponding density of states N(0), structure,
and AGN of alloys in the' present study along with related data for other amorphous alloys and crystalline

61 Ru39 and Mo42 Re58 '

Alloy

Average

molecular

weight X (emu/gG) 10 N(0) (states/eV atom spin) Structure AGN

0.8 u0.2)80 20

(Moo.6 Ruo.4)80 20

( 0.4 0.6)80 20

(Mo0 2 RU0 8)80 P20

Mo80 10B,()
(Pd0 8 CU0 2)80 P20

Pd80 P20

M 61R 39

Mo42Re58

83.8
84.6

85.4

86.2

80.9

84.45

91.3

0.72 + 0.05

0.52+ 0.05

0.40+ 0,05

0.28 + 0.05

0.70 + O.OS

0.02 + 0.005

-0.02 + 0.005

0.93 + 0.07

0.68 + 0.07

0.53 + 0.07

0.37 + 0.07

0.88 + 0.07

0.87'

0 70'

amorphous

amorphous

amorphous

amorphous

amorphous

6.4

6.8

7.2
7.6
6.0

amorphous 10.2

amorphous 10.0

o phase

(crystalline)

'Taken from thesis by G. Tangonan, California Institute of Technology, 1976 (unpublished).
"Extrapolated from (Pd1 XCu&)80P20 data.' From specific-heat data [F.Heiniger, E. Bucher, and J. Miller, Phys. Kond. Mater. 5, 243 (1966)].

show the characteristic M vs II curves of a high-
& type II superconductor. For some samples, ir-
reversibility in the M vs II curve is observed and
can be interpreted in terms of flux pinning. These
data will be discussed in a separate publication. "

IV. DISCUSSION

A. Amorphous-phase formation and stability
I

The liquid-quenching technique can be used to
obtain amorphous alloys which fall into two more
or less separate categories. " The first, referred
to as metal-metalloid alloys consists of a transi-
tion metal (TM) alloyed with typically 20 at. % of
a nontransition group A element such as phos-
phorus, silicon, carbon, or boron. The group A.

element is frequently termed a glass former. The
second category of alloys consists of a rare earth,
actinide, or early transition metal (e.g. , Zr, Ti,
etc. ) alloyed with a late transition metal (e.g. ,
Rh, Ni, Pd, etc). The common feature of both
classes of alloys is the existence of a deep eutec-
tic in the alloy phase diagram near the composi-
tion of interest. Turnbull" has noted that a deep
eutectic can be interpreted ig terms of a compari-
tively large negative heat of formation of the liquid
alloy. Since the amorphous structure is closely
related to that of the liquid, alloys having composi-
tions near a deep eutectic are prone to amorphous-
phase formation.

The alloys of the present study represent an
intermediate case between the above two alloy
classes. The melting temperature T of Mo and
Ru are 2610 C and f280'C, respectively. The

4

phase diagram of the Mo-Ru system" exhibits a
eutectic at the composition Mo„Ru4, with a eutec-
tic temperature of 1945'C. The addition of phos-
phorus to form the ternary alloy (Mo, »Ruo 4,)»P»
gives a deep eutectic in the ternary diagram. The
liquidus temperature for the ternary alloy is esti-
mated to be -1400-1800'C. The estimate is based
on observations made during the liquid-quenching
process. The Mo-Ru eutectic is the limiting case
of a TM-TM eutectic where the separation of the
AGN of the TM's is small. For larger separation
of the AGN (e.g. , the Nb-Rh and Zr-Rh systems')
of the TM's, the eutectic is more pronounced.
The addition of phosphorus to Mo-Ru alloys lowers
the liquidus temperature in a manner character-
istic of the metal-metalloid class of amorphous
alloys. Use of this ternary alloy is essential for
obtaining an amorphous phask by liquid quenching.
Attempts to prepare amorphous Mo58Ru4p& MO8pP20,
and RuspP20 by liquid quenching we re unsuccessful .

Collver and Hammond"" have determined the
crystallization temperatures T„ofvapor-quenched
transition-metal films. They observed crystalli-
zation well below room temperature for pure metal
films and most of the alloy films studied. Two
notable exceptions to this observation were Nb-Zr
and Mo-Ru alloys which were found to have rather
high crystallization temperatures. The Mo-Ru al-
loys, for example, had T as high as 700'C. The
crystallization temperature of liquid-quenched
amorphous (Mo, „Ru,)«P» alloys was found to be
of order T„-700-800'C,very near to that of the
Mo-Ru films. It is noteworthy that a number of
alloys such as Nb»Rh„, (Mo, „Ru„)»P,o,
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Nb, „Ni„,"having an AGN (for the transition-metal
components) of -6.5 can be obtained in amorphous
form by liquid quenching. These alloys also yield
stable amorphous phases when prepared in thin-
fil» form. Based on this observation, it is con-
jectured that amorphous phase stability (and the
existence of a eutectic) can be associated with
certain preferred AGN values. Using the Collver
Hammond results and those on liquid-quenched al-
loys, one can determine that alloys having AGN
values of -4.5 and -6.5 are prone to amorphous-
phase formation. It is remarkable that these pre-
ferred AGN values coincide with the Matthias pre-
ferred AGN values for obtaining high-T, super-
conductors. McMillan" has shown that enhanced
superconductivity in transition metals is typically
accompanied by an overall softening of the lattice
against harmonic displacements. Gomersall and
Gyorffy" have discussed%he stability of crystal-
line phases in terms of this effect and have at-
tempted to explain Matthias rules. It is tempting
to attribute both lattice softening and the tendency
toward amorphous-phase formation to a common
origin. Both can be traced to the response of the
d electrons to atomic distortion or rearrangement.
When the d-electron gas becomes highly polariza-
ble as occurs when the electron-phonon coupling
constant. is large, one expects that lattice distor-
tion will be energetically easier. In this situation
the amorphous phase will have a comparitively
lower internal energy with respect to its crystal-
line counterpart.

dH (T) 4Kse (0)g= -z pN (10)

where z is a numerical constant very nearly equal
to 4, p is the normal-state electrical resistivity
of the sample, and N(0)* is the electron-phonon
dressed density of states at the Fermi level (E~
= 0). KB have discussed application of Eq. (10)
to their results. In the present study, we have ob-

B. Upper critical field and electronic properties

Koepke and Bergmann" (KB) have measured the

upper critical field H„(T)for amorphous Mo films
obtained by low-temperature vapor deposition.
They report a linear temperature dependence of

H„in agreement with the present results (Fig. 5).
On the other hand, they find an upper critical-
field gradient dH„(T)/dT= 45 (kG/'K) which is con-
siderably larger than that observed for amorphous
(Mo, „Ru„)SOP»alloys for which dH„(T)/dT-24-28
(kG/'K). It is noteworthy that dH„(T)/dT is nearly
independent of x. For a strong-coupling supercon-
ductor, dH„(T)/dT has been theoretically expres-
sed as

served values of p-300 p,Qcm while KB found p
-450 p, Acm for Mo films. For the alloy
(Moo, Ruo 2)SOP, O

we find T, = 7.3 'K, close to that
obtained by KB for Mo films. Making the crude
assumption that N(0)* is nearly the same for these
two cases, one can account for most of the differ-
ence in dH„/dT by considering the difference in

p. On the other hand, Eq. (10) does not account
for the constancy of dH„/dT throughout the
(Mo, „Ru„)„P»alloy series. From the magnetic-
susceptibility data (Fig. 8) and the discussion in
Sec. IIIC, it is reasonably clear that N(0) decreas-
es rapidly with increasing Ru concentration. The
accompanying rapid decrease in T, (Fig. 4) implies
that the electron phonon coupling constant X also
decreases with increasing Ru concentration. Thus,
N(0)*=N(0)(1+ X) must be a rapidly decreasing
function of AGN. On the other hand, p remains
nearly constant (Table I) so that Eq. (10) predicts
a significant decrease in dH„/dT with increasing
AGN. As de„/dT is experimentally found to be
nearly constant, it is concluded that Eq. (10) fails
to describe its dependence on AGN. As mentioned
by KB, the combined effect of d and s electrons
can render Eq. (10) inapplicable since the trans-
port mean free path is determined mainly by s
electrons while the superconductivity most prob-
ably involves d electrons as will be discussed in
Sec. IVC. It should be added that recent tunnel ng
data on amorphous Mo-base alloy films"'" sug-
gests that these superconductors are well described
by the BCS weak-coupling theory. Previous work'
on amorphous simple metals has shown them to be
strong-coupling superconductors. KB point out
that a value A. = 2 is required if Eq. (10) is to pre-
dict the correct magnitude of dH„/dT for amor-
phous Mo films. In view of the tunneling data,
such a large A. seems highly unlikely. The nearly
free-electron model on which Eq. (10) is based
cannot it appears account for the complex behav-
ior of amorphous transition metals. The role of
d electrons must be considered if one is to under-
stand this behavior.

C. Microscopic origin of the variation of T

Several attempts have been made to explain
the systematic variation of T, , observed first by
Collver and Hammond, for amorphous transition
metals of a given series. ' ' We can use the data
obtained in the present study to help to clarify the
role of the various microscopic parameters which
determine T, . It is clear from the previous dis-
c~xssion and by comparison of Figs. 4 and 8 that the
electronic density of states at the Fermi level N(0)
plays a major role in determining the variation of
T, . Evidence that N(0) plays a significant role in
the behavior of T, has also been obtained by ultra-
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violet photoemission spectroscopy on amorphous and
bcc films of Mo." Thoughnot quantitative, the photo-
emission studies indicate a loss of d-band structure
and an increase in N(0) on passing from bcc crystal-
line to a.morphous Mo. The function N(E), as qualita, —

tively reflected in the photoelectron energy spec-
trum, is a smoothly varying function of E (for E& E~
= 0) for amorphous Mo. The present results compli-
ment this picture. In Fig. 8 the variation with
AGN of X and the corresponding density of states
for the (Mo, ,Ru„)»P20alloy series along with
data from (Pd, „Cu„)»P»alloys leads to the folow-
ing picutre of the 4d band of these alloys. It is
assumed that phosphorus makes only a- small con-
tribution to N(0) arising from s-p electrons as
discussed in Sec. IIIC. The d-band density of
states N, (0) varies smoothly with d-band occupa-
tion following a "bell shaped" curve. This curve
exhibits a broad peak at a value of AGN corres-
ponding roughly to a half-filled d band. This vari-
ation is in marked contrast to the crystalline den-
sity of states which show a series of sharp peaks
in N(0) as a function of AGN. " It is interesting to
compare data for amorphous alloys with data for
Mo ~Ru39 and Mo„Re„crystaQine alloys having the
o-phase structure. The 0. phase has a complex
unit cell containing 30 atoms in five nonequivalent
positions, and o-phase alloys typically exhibit a
high degree of atomic disorder. Such a low-sym-
metry poorly ordered structure might be ex-
pected to have an electronic band structure sim-
ilar to.an amorphous phase. The density of states
N(0) for the above mentioned o-phase ailoys as
deduced from specific-heat data (see Table II) is
included in Fig. 8(b). It is observed that these
values of N(0) fa.ll on the amorphous N(0) vs AGN
curve to within experimental uncertainty. It is
noteworthy that the superconducting transition '

temperatures T, = 7.0 and 8.4'K (respectively,
for Mo„Ru» and Mo„Re„)also fall close to those
observed in the amorphous alloys having the same
AGN. Although this close agreement in Fig. 8(b)
may be fortuitous, it provides evidence that the
density of states deduced from the magnetic-
susceptibility data is a meaningful quantity. It
is reasonable to proceed by assuming that the
variation of N„(0)is well represented by the
dashed curve in Fig. 8(b). The consequences of
such a d-band structure for the microscopic
theory of electron-phonon interactions and super-
conductivity are now examined.

McMillan" has shown that the superconducting
transition temperature can be related to several
microscopic parameters through the following
equation:

-1.04(1+X)
T, =e I1.45ee0 —0 (1 0.62&])'

where OD is the Debye temperature (or a suitably
defined average phonon frequency), X is the elec-
tron-phonon coupling constant which may be ex-
pressed in the form

X = N(0)(I ') /M(ur') (12)

and p, * represents the Coulomb interaction. In
the expression for X, (I') is an average of the
squared electron-phonon matrix element, M the
ionic mass, and (e') an average square phonon
frequency. The tight-binding approximation has
been shown to give a successful description of
superconductivity in d -band metals. '"" Labbe,
Barasic, and Friedel" were the. first to point out
that simple relationships among the parameters
of Eq. (12) follow from a tight-binding model. A

simple tight-binding picture predicts the approxi-
mate constancy of the product N(0) (I ') by the
re lationship

where q, is the Slater coefficient for exponential
decay of a d orbital and E, the principal d-band
contribution to cohesive energy. Varma and
Dynes" extended this picutre to include non-
orthogonality of the basis functions as .parameter-
ized by the overlap integral S. They derive the
interesting approximate relationship

(I') (1+S)[l+N(0)W(1+ S)]
M(m') N(0)

= W(lv S), (14)

where 8' is the width of the d band, and the upper
and lower signs refer to the lower and upper half
of the d band, respectively. We can take these
results as a rough guide to interpreting the pres-
ent data in the context of the tight-binding approxi-
mation. We assume that the Fermi level lies in
the nonbonding (upper half) of the d band for the
series of alloys in the present work as the alloys
fall in the range of AGN greater than 6. The
positive sign is then appropriate. A rigid-band
picture implies that the bandwidth W is roughly
constant for our alloy series. S is taken to be
constant as the Slater coefficient q, of the d orb-
itals for Mo and Ru will be nearly equal, "and
the mean interatomic distance between neighboring
atoms does not change with composition. " Equa-
tions (12) and (14) then predict that the electron
phonon coupling constant X is proportional to N(0) .
We can compare this prediction to the present
experimental results by assuming that the density
of states curve of Fig. 8(b) accurately represents
the variation of N~(0) with AGN. As previously dis-
cussed, we ignore the role of phosphorous in de-
termining N„(0)as the d levels of phosphorus all



I. . JOHNSON, S. J. POON, J. DUR+ND, AND P. DU%K/

lie well above the Fermi energy of the alloy and
are not involved in superconductivity. Hybridiza-
tion effects are also ignored within the spirit of
the Varma-Dynes model.

The experimentally observed decrease in T,
with increasing AGN (Fig. 4) is then seen to be
governed mainly by the variation of N~(0). Quanti-
tative comparison requires that we deduce X from
T, using the McMillan equation [Eq. (11)]. To do
this, a knowledge of the variation of 6D is re-
quired. As no specific-heat, neutron-scattering,
or tunneling data are yet available, one can only
speculate as to the variation of OD and the details
of the phonon spectrum. A few somewhat quantita-
tive statements can be made. First, if N~(0) de-
creases as rapidly with increasing AGN as indi-
cated by Fig. 8(b), then the corresponding de-
crease in X predicted by Eq. (14) would result in
a more rapid decrease of T, than experimentally
observed if it were assumed that 8~ does not
change with AGN. If the Varma-Dynes picture is to
give a quantitative- account of the data, then e~
must also increase with increasing Ru concen-
tration. The required increase of O™Dwould be
of the order of 50% or more on going Mo-rich to
Ru-rich alloys. Although this seems un1. ikely, it
should be observed that e~ = 460 and 550 K for the
pure metals Mo and Ru, respectively. This varia-
tion is in the right direction required by the Var-
ma-Qynes model. Considering the approximate
nature of the model, it can be said that the data
are at least qualitatively consistent with it. More
detailed analysis must await further data from
low-temperature specif ic-heat measurements.
Such measurements are currently in progress in
this lab and should both confirm the variation of
N(0) deduced from the magnetic susceptibility data
as well as give additional information on the varia-
tion of 6D. It is expected that a detailed under-
standing of the variation of the microscopic
parameters which govern T, in amorphous transi-
tion metals and alloys can be obtained. This in-
formation should be very useful in understanding
the systematics of superconductivity in crystalline
transition-metal alloys as well.

V. SUMMARY

It has been demonstrated that alloys based on
the 4d-transition metals Mo and Ru may be ob-
tained in amorphous form using the technique of
rapid cooling from the liquid state. The amorphous

,phases so obtained are stable up to temperatures
of 700-800'C. The structure of these materials
has been investigated both by x-ray and trans-
mission electron diffraction techniques and found
to be similar to that of other amorphous alloys

for which radial distribution functions have been
computed. Superconductivity has been observed
in all of these alloys. The transition temperatures
of the alloys follow a, systematic behavior (with
the AGN of the transition-metal constituents)
closely resembling that observed by Collver
and Hammond for vapor-quenched transition-metal
films.

The upper critical field H„depends linearly on
temperate~re and is characterized by a large
gradient dH, ,/d T- 25-30 kG/'K for all alloys of
the series. This temperature dependence is not
well described by the. theories of Maki or Wertha, -
meter. The values of the gradient were compared
with a theoretical expression derived by Bainer,
Bergmann, and Eckhardt. This expression does
not account for either the magnitude or the com-
position dependence of the gradient.

Magnetization measurements as a function of
temperature show that it is possible to determine
the temperature-independent contribution to the
normal-state magnetic susceptibility of the alloys.
The Pauli paramagnetic contribution can be esti-
mated and used to give an estimate of the elec-
tronic density of states at the Fermi level N(0).
It is found that the estimated N(0) values de-
crease systematically with increasing AGN of the
trans ition-metal constituent. This variation can
be correlated with the variation in T, . Several
relationships derived by Varma and Dynes based
on the tight-binding approximation for the d band
of transition-metal alloys are compared with the
present data and are found to be in qualitative
agreement with it. It was pointed out that addition-
al information from specific-heat measurements
will be required if one is to understand the micro-
scopic origin of the variation in T, in detail. Super-
eonductive tunneling experiments would also be of
great value in providing information concerning the
microscopic parameters which govern super conduc-
tivity. By understanding superconductivity in amor-
phous transition metals, one might hope to obtain a
better under standing of crystalline transition-metal
alloys. Long-range structural order in crystalline
superconductors can perhaps be considered to
result in a refinement of a basic model for elec-
tronic structure which emphasizes the local coor-
dination and short-range order present in both
the crystalline and amorphous state.
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