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The heat capacity (from 2 to 700 K), magnetic susceptibility (from 2 to 300 K) and electrical resistivity (from 
T, to 300 K) have been measwed for the superconducting system Zr7,Rh2, in the amorphous and metastable 
crystalline states. A simultaneous analysis of the results obtained enabled the temperature dependence of the 
phonon heat capacity and its anharmonic component to be determined. An anomalous increase in phonon 
heat capacity and an increase in the electron density of states at the Fermi surface was found for the 
amorphous phase of Zr,,Rh,, compared with the crystalline phase. The contributions to the change in T, 
connected with rearrangement of the phonon and electron spectra and the electron-phonon interaction, when 
the Zr7,Rh2, system becomes amorphous, are discussed. The main contribution to the change in T, comes 
from the rearrangement of the electron spectrum: the product of the density of states N(cF) and the mean 
square matrix element of the electron-phonon interaction <J2). The change in the phonon spectrum is small 
and is not a determining factor in the change of T, . 

PACS numbers: 74.70.Dg, 74.70.Lp, 7 1.20. + c, 65.40.Em 

INTRODUCTION 

The  f i r s t  s tud ies  of amorphous superconductors  
were  ca r r ied  out over  twenty five y e a r s  ago  on thin 
f i lms  of s imple m e t a l s  formed by vapor deposition onto 
a cold substrate .  ' 9 '  The investigation w a s  l a t e r  broad-  
ened to transition and quite recently to  a m o r -  
phous meta l s  formed by rapid quenching f r o m  the liquid 
s tate .  5.6  

In sp i te  of the g r e a t  scientific and prac t ica l  in te res t  
aroused by amorphous superconducting s y s t e m s  be-  
cause of the i r  unusual physical p roper t i es ,  and the 
appreciably increased amount of work on them, many 
questions about the nature of the change in supercon-  
ducting proper t i es  on becoming amorphous a r e  un- 
solved s o  fa r .  The absence of long-range o r d e r  and 
the local d i sorder  in amorphous meta l s  has  a n  appre-  
ciable influence in the phonon and electron s p e c t r a  and 
a l s o  on the electron-phonon interaction and, conse- 
quently, on the i r  T,. The quantitative relat ions between 
these changes require ,  in the f i r s t  instance, a n  accu- 
r a t e  experimental  investigation f o r  the c a s e  of a m o r -  
phous alloys which d o  not, in general ,  have crystal l ine 
analogs. 

The grea tes t  p r o g r e s s  h a s  been achieved in under- 
standing the reasons  f o r  the change of T, in amorphous 
f i lms  of transition m e t a l s  evaporated onto a cold sub- 
s t ra te .  1s217 The main resu l t  of the work c a r r i e d  out 
s o  fa r7  was  the discovery of a relat ive growth in the 
low-frequency par t  of the phonon spectrum of an a m o r -  
phous compared with a crystal l ine sys tem and a change 
in T, on becoming d i sordered .  Comparison of the r e -  
su l t s  of measuring the tunneling charac te r i s t i cs ,  the 
low-temperature heat  capacity and the MBssbauer ef-  
fect  made i t  possible t o  understand the main reasons  
f o r  the change in the ~ l i a s h b e r ~  function a2(w)F(w), 
which de te rmines  superconductivity: the change in the 
electron-phonon interaction a2(w) o r  in the phonon spec-  
t rum F(w). The resu l t s  of measuring,  f o r  example, 
the Mgssbauer effect on the f i l m s  and on amorphous 
f i lms  of S n +  (10 to 18%)Cu (Ref. 8)  provide evidence 

f o r  the determining r o l e  of the change in the parameter  
a2(w) on the transition f rom the crystal l ine t o  the amor-  
phous s tate .  However, in s o  f a r  a s  the temperature 
variation of the Debye-Waller fac tor  is s t ronger  in 
amorphous f i lms,  th i s  indicates a change not only in 
the  electron-phonon interaction but a l s o  in the phonon 
spec t rum on becoming amorphous. Measurements  of 
heat  capacity and tunneling  characteristic^^"^ a l s o  
confirm th i s  conclusion. 

Amorphous t ransi t ion meta l s  a r e  superconductors 
with weak o r  intermediate  coupling (X<O. 8)  a s  distinct 
f r o m  amorphous non-transition meta l s  which a r e  in 
genera l  superconductors  with s t rong  coupling (A 2 2). 
The reasons  f o r  such a difference a r e  not very clear .  

T h e  main reason  f o r  the change in T, f o r  transition 
m e t a l s  and al loys on becoming amorphous is con- 
s idered  to be  the deformation of the electron spectrum, 
leading t o  a change in the density of s t a t e s  a t  the F e r m i  
surface,  although the phonon spectrum changes s imul-  
taneously, and a s  the inelast ic  neutron scat ter ing stud- 
i e s  showed,12 this  is quite noticeable. The spectrum is 
broadened a s  a whole in the amorphous s t a t e  with an 
i n c r e a s e  in the phonon density of s t a t e s  in the region of 
low and high frequencies  and a shift  of the limiting f re -  
quency into the high frequency region. Such a deforma- 
tion m u s t  be reflected in a change of T,. 

The s t a t e  of the theoret ical  understanding is con- 
s iderably worse  h e r e  than in the c a s e  of amorphous 
non-transition meta l s  f o r  which the f r e e  electron ap- 
proximation is applicable a s  f o r  liquid non-transition 
meta l s .  

The model representat ions developed in Refs. 13  and 
1 4  lead t o  the conclusion that f o r  the given c lass  of 
m a t e r i a l s  (b. c. c .  transition meta l s  and alloys), in the 
McMillan expression f o r  the electron-phonon interac-  
tion constant15 

[M is the mean atomic m a s s ,  (w2) is determined f rom 
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Eq. (4), see below], and (J2)/(w2) i s  constant, s o  that 
the change in X is determined by a change in N(E, ) .  
This is evidently not satisfied for a number of transition 
metal alloys. Is 

It is apparent that because of the absence of a consis- 
tent theory of transition metals in general and of amor- 
phous transition metal alloys in particular, a compari- 
son of normal and superconducting transition metals 
alloys with their crystalline analogues takes on a spec- 
ial  importance. Unfortunately, of al l  the known amor- 
phous superconducting systems of transition metals (ex- 
cept for pure metals), only Nb,$Ji,, goes over on crys- 
talline to a stable single-phase system. It is therefore 
necessary for studying changes in physical properties 
(including superconducting) on becoming amorphous, to 
look for single-phase metastable crystalline phases 
with the same short-range order a s  in the amorphous 
phase. Structural studies of amorphous systems in- 
dicate the existence of such phases among a number of 
alloys, a typical representative of which can be con- 
sidered to be the well studied compound Fe,B (Ref. 17) 
with trigonal structure. 

In the present work we report the results  of measur- 
ing the heat capacity, magnetic susceptibility and 
electrical resistivity of the superconducting system 
Zr,,R&, in the amorphous and metastable crystalline 
states. The choice of this system was determined by 
the existence of a metastable crystalline phase for it. 
The amorphous system Zr,,R&, with Tc=4. 23 K goes 
over, after annealing, to a metastable crystalline sin- 
gle-phase system of E9, structure and Tc=2. 90 K 
(Ref. 8). The purpose of this work is to study the ef- 
fect of becoming amorphous on the electron and phonon 
spectra and on the electron-phonon interaction, and to 
establish a correlation between these changes and other 
physical properties, in the first  place with supercon- 
ductivity. 

EXPERIMENT 

1. Sample preparation 

The Zr,,R&, system was prepared from electroly- 
tically pure zirconium (99.99%) and pure rhodium 
(99.95%). The specimens were melted in an induction 
furnace in a suspended state under a small  helium pres- 
sure, and were quenched from the liquid state through 
a metering system onto the outer surface of a rotating 
copper disc. The quenching rate, according to esti- 
mates was -10, K- s". 

The amorphous specimens prepared in this way a r e  
1.5 to 2 mm wide strips, 0.03 mm thick. The speci- 
mens were etched for 1 to 2 min in a mixture of hydro- 
chloric and nitric acids and then dried in a vacuum of 
lo-' Torr  to remove traces of crystalline phase which 
might ar ise  during the process of becoming amorphous. 
The electrical resistivity measurements were carried 
out on the str ip specimens. The s t r ips  were pressed 
into 5 mm diameter and 2 mm high pellets for measur- 
ing the heat capacity and magnetic susceptibility. The 
pressed pellets were used a s  the specimens. Mea- 
surements were carried out simultaneously on four 
pellets of total weight 0.8 g. After the measurements 

FIG. 1. X-ray diffraction pictures from Zr,Rhz, specimens 
in the amorphous (a) and metastable crystalline (b) states. 

the amoprhous specimens were annealed a t  a tempera- 
ture of 530 "C for 10 min to obtain the metastable crys- 
talline state. The transition to the metastable phase 
was recorded by the appearance of a jump (-10%) in the 
temperature dependence of the resistivity. 

After this the whole array of investigations was re- 
peated on the specimens in the metastable crystalline 
state. 

2. Specimen characteristics 

The structure of the specimens was studied by x-ray 
and electron diffraction. Identification of the phases 
and determination of the lattice parameters was car-  
ried out by x-ray diffraction. The x-ray picture of a 
Zr,,R&, specimen quenched from the liquid state is 
shown in Fig. l(a). The overall form of the curve is 
typical for an amorphous metal and shows the absence 
of long-range order. The f i rs t  broad maximum is lo- 
calized around 2 0  = 37" and the breadth of the maximum 
at  half height, A20 = 5" (Cu K ,  radiation). Using the 
standard formula for the distance between nearest  
neighbors 

where A = 1.54A for Cu K, radiation, the value of the 
effective distance was found to be 3 . 0 3 ~ ,  which is in 
good agreement with earl ier  measurements. l8 

Analysis of the x-ray and electron diffraction on 
specimens after annealing indicate the appearance of the 
metastable crystalline state with the E9, structure. 20 
The structure is a complicated face-centered cubic lat- 
tice of the Fe,W,C type with lattice parameter a, 
= 12.447 A .  An x-ray diffraction picture for the meta- 
stable crystalline phase is shown in Fig. l (b). An elec- 
tron diffraction photograph for a Zr,,Rh,, specimen in 
the amorphous and metastable crystalline states is 
shown in Fig. 2.  

We should note that when measuring the heat capacity 
of the metastable crystalline phase, the presence of 
amorphous phase (-1O0/0) was found, i ts  heat capacity 
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noid. The design of the apparatus was similar to that 
described by ~lekseevski :  et al. 23 Systematic e r r o r s  
in measuring susceptibility were 3% and random e r r o r s  
not more than 0.5%. 

The electrical resistance of amorphous and crystal- 
line specimens of Zr,,R&, was measured by a four- 
lead system with constant current in the temperature 
range from T ,  to 300 K .  It should be noted that the 
main e r r o r  in determining the absolute specific re- 
sistivity is introduced by uncertainty in the geometri- 
cal  dimensions s / l  of the specimen, which is -10%. 

The density was calculated by weighing the speci- 
mens in distilled water and in a i r  in order to deter- 
mine the molar volume. The isothermal bulk modu- 
lus was determined by measuring the longitudinal and 
transverse velocities of sound in amorphous and crys- 
talline specimens. The coefficient of volume thermal 
expansion was determined by measuring the coeffi- 
cient of linear expansion in the range from 4 to 300 K. 

4. Results of the measurements and discussion 

Results of measuring the heat capacity of the same 
Zr,,R&, specimen in the amorphous and metastable 
crystalline states from 2 to 700 K a r e  shown in Figs. 3 
and 4. 

Figure 3 shows the behavior of the low-temperature 
heat capacity from 2 to 7 K without and with a field of 
- 6  T ,  using C / T  and T 2  a s  coordinates. The Debye 
temperature, 0(0), and the coefficient of the electronic 
heat capacity, y(O), were deduced from these data. 
The temperature of the transition into the superconduct- 
ing state. T , ,  and the width of the transition, AT,, and 
also the value of the normalized jump in the heat capa- 
city, AC/YT, ,  were determined from the jump in the 
heat capacity in the absence of a field. 

FIG. 2. Electron diffraction photographs from ZrT5Rh, spec- 
imens in the amorphous (a) and metastable crystalline @) C/T, m.t(psrom)-' K-' 

states. 

being calculated from the total capacity, taking normal- 
ization into account. 

3. Experiments 

The heat capacity of the specimens was measured in 
the temperature range from 2 to 700 K in the absence of 
a field and from 2 to  15 K in a magnetic field produced 
by a -6 T superconducting solenoid. The method of 
measuring heat capacity is described in detail in ea r -  
l ier  papers. 21*22 The random e r r o r  in determining the 
molar heat capacity was 2% in the range from 2 to 5 K 
and 1% from 5 to 100 K. Measurements above 100 K 
were carried out with a differential scanning calorime- 
ter  and the e r r o r  did not exceed 1. 5%. 

Magnetic susceptibility was measured on the same FIG. 3. Heat capacity of amorphous (I) and metastable crys- 
specimens in the temperature range from 2 to 300 K. talline (11) specimens of ZrT5RhZ5 specimens in the absence 
The susceptibility was measured with a string mag- of a field (full circles) and in a field - 6T (open circles) in the 
netocieter in the field of a - 7 T superconducting sole- temperature range from 2 to 7 K. 
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FIG. 4. High-temperature heat capacity of amorphous (I) and 
metastable crystalline @) specimens. 

The results of measuring the heat capacity from 100 
to 700 K a r e  shown in Fig. 4 a s  the relation between 
( C ,  - 3R) /T  and l / T S .  

The high-temperature parameters, the Debye tem- 
perature Oh,, and the combined term A + y were ob- 
tained from the 

where C ,  is the total heat capacity a t  constant volume 
obtained by separating out from C, the contribution 
connected with thermal expansion, y  is the coefficient 
of the electronic heat capacity a t  high temperatures and 
A is the anharmonicity parameter. The electronic heat 
capacity coefficient a t  high temperatures was calcu- 
lated from results on the magnetic susceptibility and the 
low-temperature heat capacity. 

The experimental results obtained a r e  shown in Table 
I. It follows from a comparison of them that the tem- 
perature T ,  increases 1.5-fold when the Zr7,R&, sys- 
tem becomes amorphous; y(0)  also increases then and 
the Debye temperature falls. At high temperatures, 
0, is greater for the amorphous phase. These 
changes indicate rearrangement of the phonon spec- 
trum, an increase in the phonon density of states both 
in the low-frequency and also in the high-frequency 

TABLE I. 

parts of the spectrum, which is characteristic for  
amorphous metals, and an increase in the electron 
density of states a t  the Fermi  surface for the Zr,,R&, 
system. 

Zr,,Rh,, amorphous 
Zr,,Rh,, 

metastable crystalline 
Rdative change 

in % 

It follows from a comparison of the values of a C / y T ,  
that the crystalline phase is a superconductor with 
weak coupling and that this coupling becomes stronger 
on becoming amorphous. An intermediate coupling 
character is observed for  the amorphous phase. 

The magnetic susceptibility was measured on the 
same specimens a s  for measurement of heat capacity. 
It was found that the magnitude of the magnetic suscepti- 
bility, x ( T )  was constant, independent of temperature, 
over the whole temperature range studied, from 2 to 
300 K .  However, x(T)  for the amorphous specimens 
was 11% greater than the susceptibility of the metasta- 
ble crystalline phase. This confirms the result of an 
increase in the electron density of states on becoming 
amorphous, obtained from measurements of heat ca- 
pacity. 

The temperature dependence of the electrical resisti- 
vity, R(T)/R(SOO K )  of the system in the amorphous and 
metastable crystalline states is shown in Fig. 5. The 
resistivity of an amorphous specimen of Zr7,R$, hardly 
changes with temperature. The decrease in resistivity 
when the temperature increases between 5 and 300 K is 
-5%. On the other hand, the resistivity of the crystal- 
line specimen depends appreciably on temperature and 
is less  than that of the amorphous specimen in absolute 
magnitude. The values of p(T,) for the specimens 
studied a re  also shown in Table I. 

0.66 

0.59 

13 

Zr,sRh,, mo lphous  
Zr,,Rh,, 

metastable crystalline 
Relative change 

in % 

The experimental results  obtained were used to ex- 
t rac t  the temperature dependence of the phonon heat 
capacity of the Zr,,R4, system in the amorphous and 
crystalline states. For this purpose it was essential 
to calculate the electronic heat capacity correctly from 
the magnetic susceptibility and low-temperature heat 
capacity results. On the assumption that the diamag- 
netic and orbital contributions to the susceptibility a r e  
independent of temperature, and using the low-temper- 
ature electronic heat capacity coefficient y ( 0 )  and the 

4.23 

2.92 

449 

I I 

n rco zoo 300 
1.K 

437 

2.95 

48.1 

0.15 

0.22 

289 

277 

4 

FIG. 5. Temperature dependence of the electrical resistance 
of a specimen of ZrT5RhZ5 in the amorphous (I) and metastable 
crystalline @) states. 
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electron-phonon interaction parameter A, determined 
as in Ref. 15 and obtained from the calorimetric ex- 
periment, the electron density of states a t  the Fermi  
surface, N(cF) ,  was determined for both systems. 

The temperaturedependenceof A(T) for the tempera- 
ture tange from 2 to 300 K  was determined from the 
values of 0 ( 0 )  and X(0) obtained from the low-tempera- 
ture calorimetric experiments and from the theoretical 
dependence of A(T)/A(O) on T / 0  obtained in Ref. 25. 
The combination of the results on the electron density 
of states N ( c F )  and on the temperature dependence of 
A(T) enables the total electronic contribution to the 
heat capacity to be calculated: 

The heat capacity a t  constant volume, C,, and the 
measured heat capacity a t  constant pressure,  C,, a r e  
connected by the well-known thermodynamic relation 

where V is the gram-atomic volume, p is the isobaric 
volume coefficient of thermal expansion, and B ,  is the 
isothermal bulk compression modulus. 

The heat capacity, C,, of the systems studied can a s  
usual be represented by the sum 

where C; is the phonon heat capacity in the harmonic 
approximation, AC, is the correction to the heat capa- 
city resulting from reduction of the volume V ( T )  to a 
fixed volume V ,  a t  0  K (the estimate of this correction26 
i s  not more than O.2%), and CLh is the anharmonic con- 
tribution to the heat capacity a t  high temperatures 
( T  >I00  K ) ,  which in this range can be represented by 

The anharmonic component of the heat capacity was 
calculated from the results  of measuring the high-tem- 
perature heat capacity and the magnetic susceptibility. 

The analysis made it possible to calculate the temper- 
ature dependence of the phonon heat capacity and to 
compare the phonon heat capacities of the amorphous 
and crystalline specimens. 

Figure 6 shows the temperature dependence of the 
relative difference between the phonon heat capacity of 
an amorphous specimen compared with a crystalline 

FIG. 6. Temperature dependence of the relative change in 
phonon heat capacity o f  an amorphous specimen of Zr75Rh25 
(1) compared with the metastable crystal and, for comparison, 
an alloy of V with 1 at. % of heavy U impurities. 

specimen: 

It can be seen from Fig. 6 that a maximum is observed 
in the temperature dependence of AC,JC,, a t  T  - 12 K with 
the maximum difference in phonon heat capacities of 
-40%. Since the low-temperature phonon heat capacity 
is sensitive to the low-frequency changes in F ( w ) ,  the 
anomalous growth in phonon heat capacity on becoming 
amorphous indicates a rearrangement of the phonon 
spectrum in the low-frequency region. 

For  comparison, the results  of measuring the heat 
capacity of an alloy of vanadium with heavy uranium 
atom impurity (1 at. %) is also showna7 in Fig. 6. The 
introduction of heavy impurity atoms into vanadium and 
the weakening of the force constants which results, 
leads to a deformation of the phonon spectrum and the 
appearance of quasilocalized modes in the spectrum, 
which in turn leads to the appearance of a maximum in 
the temperature dependence of the relative change in 
phonon heat capacity. 

CalculationsZ8 showed that an increase in low-tem- 
perature heat capacity on becoming amorphous can be 
explained by the existence of low-frequency singulari- 
t ies in F ( w )  connected with the change in force con- 
stants. Localized fluctuations in force constants in a 
disordered system lead, on the one hand, to an in- 
crease in the low-frequency density of states, and on 
the other to a shift of the limiting frequency towards 
high frequencies. These two effects lead to a smearing 
out of F ( w ) .  A maximum i s  obtained in the frequency 
dependence of the relative change in phonon density of 
states F,(w)/F, , (w)  a t  w/w, , ,=O.  15, which leads to 
the anomalous behavior of the phonon heat capacity 
observed by us experimentally. 

We shall pass directly to consideration of the effect on 
T ,  of becoming amorphous. In order to establish the 
scale of the change in the contributions to T ,  from the 
rearrangements of the phonon and electron spectra and 
the electron-phonon interaction, we carried out calcu- 
lations using the experimental results and those of other 
 worker^.'^.^^ According to McMillan, IS 

where the symbol (. . .), here and in what follows is to 
be interpreted as: 

In Eq. (4), a 2 ( w )  was considered constant. The e r r o r  
in such an approximation is small since a 2 ( w )  enters 
into both integrals. 

On the basis of Butler's workS0 we calculated &, 

= 6.79 eV. It was assumed that &, does not change on 
becoming amorphous. We may note that the value 
of &, has a weak influence on the final result. For ex- 
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ample, a 20% change in &, leads to a 1 o r  2% change in 
A, while the relative change (A,- ACr)/A,, is an order of 
magnitude smaller. 

For  evaluating the screening parameter y we used the 
expression 

(a, is the Bohr radius). 

The value of K, was determined from a quasi-free 
electron model from the relation 

Calculation of the parameters y, y*, A, N(E,) and K, 
was carried out by a self-consistent iterative method 
based on the solution of the system of equation (I), (51, 
to (9) and 

and a second iteration already sufficed to obtain the 
final result. 

The experimental phonon spectrum obtained for the 
Zr,CU,, system in the amorphous and crystalline 
states1' was used a s  a model for an approximate deter- 
mination of the characteristic phonon frequencies. 
For this system the low-temperature calorimetric 
Debye temperature 0(0) (Ref. 13) and the calculated 
high-temperature 0,, =(w2):/' practically coincide with 
the experimental values for Zr,,R%,. The calculated 
results obtained a re  shown in Table 11. 

Calculation of the partial components of 6T, = AT,/ T, 
on changing the magnitudes of G, (w),, N(E,), (52) and 
P* [where, according to Eq. (4), w' =(w2),/(o), ] was 
carried out by varying the parameters: 

S 

6~,=z Adzi, 
i - 3  

where {. . .} is the argument of the exponential in Eq. 

TABLE 11. 

(1) and 6x, is the relative change in 3, (o) ,, N(E,), 
(J2) and y* corresponding to i =  1 to 5. 

The orders  of magnitude of the partial contributions 
(in $) of the various factors to AT, on becoming amor- 
phous a r e  shown below 

atom 

As was shown above, an anomalous increase in the 
phonon density of states in the low-frequency region 
is observed on becoming amorphous. Renormalization 
of A due to electron interaction with this type of low- 
frequency modes leads to a small  positive contribution 
to T,. However, a s  a result  of the increase in 8,,, 
the phonon spectrum a s  a whole becomes stiffer and 
this fact leads to a negative contribution to T,. As a 
result, the change in the phonon spectrum of the 
Zr,,R&, system on becoming amorphous leads to a 
reduction in T, (- 24%). 

Zr,,Rh,, amorphous 039 
Zr,, Rh, , metastable 

crystalline 
Relative change 

The increase of T, when the Zr,,Rh,, system is amor- 
phous is  mainly due to an increase in the electron den- 
sity of states a t  the Fermi surface. Because of a re- 
duction in p* connected with the weakening of the elec- 
tron-phonon interaction, a positive contribution is then 
introduced into AT,. The contribution of the mean 
square matrix element of the electron-phonon interac- 
tion (J" to AT, is negative. 

20.0 2.07 0.151 0.078 170.2 223.4 

17 9 1.95 0.155 0.079 176.3 212.3 

A second analysis of the nature of the change in T, 
when amorphous was carried out on the basis of the 
work of Zhernov et a1. ,'' by taking explicit account of 
the frequency dependence of the energy gap A (the pa- 
rameter q). Results were obtained for an irregular 
isotropic superconductor with intermediate coupling, 
without any assumption about the nature of the electron- 
phonon interaction and the form of the phonon spec- 
trum. In this work the following relations a r e  given 
which determine T,: 

Tc=1.140. exp {-l/(g-p')), 

o.=exp<ln o)., =A P' p.=-, pa= P 
I ' l+h l+pln(sdo.)  ' l+,,v/2 ' =- 

Calculation of the parameters determining T, can be 
carried out using these relations and an iterative pro- 
cedure. Their values a r e  shown in Table III. As can 
be seen from the results for the partial contributions 
(in %) of the various parameters to the change in T, on 
becoming amorphous given below, a reduction in the 
preexponential w, leads to a reduction in T,, while a 
corresponding change in p* leads to a small  increase 
in T,: 

in % 1," 1 5 5 6  2 1 - 1 3  1 -3.5 1 5.2 

TABLE LII. 

Zr,, Rh,, amorphous 
ZI,, Rh, , metastable 

crystalline 
Relative change 

in % 
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195.0 

193.4 

0.8 

- 
297 3.542 2.69 0.57 423 

287 0.50 2.92 
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If A is written in the form A =  h,A,, where 

and we consider the contributions of both quantities to 
T,,  then i t  turns out that the increase in T, in the 
Zr7,R4, system i s  mainly related to an increase in the 
electron component of A. The contribution of A, to the 
change in T ,  is about six times greater than the corre- 
sponding contribution of A,. 

The increase in the parameter q in the amorphous 
state i s  evidence, a s  for A,, of the gzf0wth in the role 
of the low-frequency part of the phdnon spectrum. 
Since q in the denominator of the exponent in Eq. (9) 
enters a s  the product qvjl*, while in the numerator it 
i s  without p*,  where /.i < I ,  in the upshot i ts  change 
leads to a negative contribution to T,.  Taking account 
of the change in all  the phonon characteristics w,, A, 
and q on becoming amorphous gives a negative contribu- 
tion to AT,. Consequently the increase in T ,  in the 
amorphous system is mainly due to changes occuring in 
the electron spectrum. 

Both analysis of the experimental results carried out 
on the basis of McMillan's work15 and relations (9) and 
(10) thus lead to one and the same result. 

A similar analysis based on McMillan's work', was 
carried out for the Lq,Zn,, system in the amorphous 
and metastable crystalline states for which the results 
of measurements carried out have been reported. l6 

The experimentally observed doubling of T ,  on be- 
coming amorphous i s  accompanied by a reduction in 
the coefficient of the electronic heat capacity, y(O), a s  
distinct from the Zr,,Rh, system. Just  because of 
this it would be interesting to carry out an analysis of 
the reasons for the change in T ,  in the La,,Z\, system 
and to compare the results with the Zr,,Rh,, system. 

Calculation of the influence of the phonon spectrum 
on the change in T ,  was made on the basis of Eq. (1) 
with the preexponential factor 0(0)/1.45 using two pho- 
non characteristics: 0 (0 )  and (w2)i1 which a r e  more 
like integral features than the variables (w), and 3. 
(w2), was estimated from the similar change which 
takes place in it when the Zr,,Rh,, system i s  amor- 
phous and the value of 0 (0 )  for La,,Zn,,. The results 
of the analysis a re  shown below (contributions of the 
different factors to AT,, given in %): 

It i s  found that the pronounced softening of the phonon 
spectrum in the low-frequency region due to the pre- 
exponential gives a negative contribution to the change 
in T,; the change in (wz), gives a positive contribution. 
As a result, the rearrangement of the phonon spectrum 
on becoming amorphous leads, overall, to an increase 
in T,. 

It follows from experiment16 that the coefficient of 
the electronic heat capacity of the amorphous La,,Zn,, 
system i s  30% less than in the crystalline system. 

This difference leads to a large negative contribution 
due to the electrons, to the change in T ,  on becoming 
amorphous. 

The calculations carried out show that the increase 
in T ,  observed experimentally when the La,,Zn,, sys- 
tem becomes amorphous i s  apparently mainly connected 
with the strong increase in the electron-phonon interac- 
tion, which confirms earlier  work.16 The weakening of 
the electron-electron interaction on becoming amor- 
phous leads to a small  increase in T,.  

The following conclusions can be drawn a s  a result 
of the analysis of experimental results obtained in the 
present work for Zr,,R&, and ear l ier  work1' on 
La,,Z\,. In spite of the considerable softening of the 
phonon spectrum in the low-frequency region on be- 
coming amorphous, the overall change in the phonon 
spectrum i s  small  and is not the determining factor in 
the change in T,.  The main changes in T ,  a re  due to 
rearrangement of the electron spectrum and the elec- 
tron-phonon interaction: the electron-phonon interac- 
tion weakens'with an increase in the electron density of 
states a t  the Fermi surface, a s  in the case of 
Zr,,Rh,,, while on the contrary, a strengthening of the 
electron-phonon interaction is observed with a reduc- 
tion in the electron density of states, a s  in the case of 
La,,Z%,. For  both systems N(c,) (J2)  then gives the 
main contribution to the change in T, (-80%). 

We note finally that there i s  t h e o r e t i ~ a l ~ ~ * ~ ~  and 
e ~ p e r i m e n t a P ~ 1 ~ ~  work in which the existence of phonon 
excitations of low energy and high momentum in an 
amorphous system i s  shown, leading to the appearance 
of a heat-capacity term linear in temperature. In ad- 
dition, it has been that a stronger electron- 
phonon interaction is assumed for these specific pho- 
nons (of the so-called roton type). 

Unfortunately the temperature range in which the ex- 
perimental studies of the Zr,,R\, system were carried 
out did not allow any conclusions to be drawn about the 
existence of specific phonon excitations in the system 
investigated. Further work is essential for a deeper 
understanding of the change of superconducting proper- 
t ies on becoming amorphous. A study of tunneling char- 
acteristics and of phonon spectra obtained by inelastic 
scattering of neutrons would be of great interest in this 
connection, a s  would a more precise measurement of 
structure factors. 
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