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ABSTRACT 

A plausible interpretation for the trend of superconducting 

transition 'temperature T in a.morphous transition metal TM 
c 

alloys is presented from a chemical point of view. We show 

that the T behavior is not a reflection of the dependence of 
c -- . 

the atomic parameter 'T) on the number of electrons per atom, 

but rather due to two other effects. One is the changes in the 

density of states due to the mixing of antibonding and bonding 

states in the b. c. c. amorphous metals. The other is an 

increase in the number of valence d electrons participating in 

·the phonon-induced d-d coupling towards the mid series. 
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It is well known that the dependence of supe.rconducting transition 

temperature T on the number of valence electrons per atom (z) for 
c 

cryst~lline transition metal (TM) alloys exhibits two distinct peaks at. 

z ~ 4. 7 and 6. 5. Collver and Hammond
1 

observed in a.morphous TM 

alloys a triangular peak for T versus z around z ~ 7 for b.oth 4d and 
c 

Sd transition metal series. The difference in the trends of T in the c 
' 

amorphous and crystalline states presents an interesting problem.· 

That 'lS. ·, . the relative importance of atomic parameters on the super-

conductivity in a solid of particular atomic configurations. In this 

paper, we first discuss the validity of the different theories in the past 

on the trends of T in amorphous TM alloys. Then, we present a new 
c 

explanation from a chemical (or atomic) point of view. 

The first explanation
2 

for .the T behavior in amorphous TM alloys 
c 

conjectured the observed trend in T as the manifestation of a similar . . c 
'2 . 

dependence of the atomic parameter i] (or N(o) (I ) as introduced by 

. 3 4 
McMillan ) on z around the .mid series. Later, Kerker et al came 

to the same cop.clusion by presenting the first calculation of T for 
c 

amorphous TM elements. Their calculation was based on the assump-

tion that the atomic v:olume. in the amorphous state increases by t:. V 

which is comparable to the change in atomic volume t:. V observed 
m 

upon melting .. They concluded that the changes in Coulomb pseudo-

potential ~*· density of states N(o), and phonon frequency moment 

(w
2

) due to lattice disorder tend to equalize T ; and it is the dependence 
c 

of i] on z which reflects T c. However, it is doubtful from the experi

mental point of view that the assumption made on t:. V is· realistic. 

Chen et al
5 

observed in amorphous transition metals that the fractional 

t:.'v increase in volume t:. V is of the order of two percent, while m 
v- v 



-3-

is of the order of ten percent. Thus, a significant error can be intro

duced when one evaluates the changes in (w 
2

) using the Gr\ineisen con-

stant yG (R~ 2 in TM elements) in the formula t:.(w 
2

) ~ 1 - { 1 

( (J) 2) 

2y 
+ 6V) G. 
v 

6 . 
We also found that the interpretation of the T behavior in terms 

c 

or' the existence .of a triangular peak in 1'\ rather problematic. For the 

·following discussion, we will assume the same value of i1 for the TM. 

amorphous state and the crystalline state as will be made clear later. 

The values of 11 obtained by Allen et al
7 

for the TM pairs Nb, Mo and 

Ta, W do not show any tendency towards forming such a peak. So far, 

the numerical results of Allen et al are considered most accurate since 

they were obtained from self-consiste.nt numerical solutions of the 

Eliashberg equations using tunneling data. One can also use the Barisic 's 

1 . 8 2 E re at10n · l] ~ q
0 

d (Ed is the d-electron contribution to the cohesive 

energy, q
0 

is the Slater coefficient measuring the decay of the d-electron 

wavefunction) to investigate the behavior of l] by knowing Ed. Since Ed 

remains essentially the same in both the crystalline and amorphous 

state as evident by comparing the heats of fusion and heats of sublima-

tion in·the TM series, it is reasonable to use the same Tl for l:x>th states. 

The values of Ed are estimated by applying Brewer's technique 9 of 

decomposing the total cohesive energy E c into Ed. and the sp-electron 

contribution to E . In Figures 1 and 2, we plot both the values ~f 11 
c 

and Ed obtained from references 7 and 9 respectively. The value of 

Tl for Re is quoted from Evans et al. 
1° For those points where reliable 

2 
values of l] are missing, we just plot the values of q

0 
Ed. One can 

conclude from these plots that no distinct peak for either 11 or Ed 

around z R~ 7 can be observed. In view of the above arguments, a new 
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--experimental dolo 
• present theory 

8 ---71 by Allen et ol. 

o qo2E~ . 

4 

Zr Nb Mo Tc Ru 

Superconducting transition temperature T and ato.mic parameter c 

11 in the 4d transition metal series. 

experimental data in reference 1. 

Solid curve traces the 

Calculations of T for alloy 
c 

systems are only performed in the Mo-Te and Ru-Tc alloys. 
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-experimental data • 
• present theory 

---"1 by Allen et ol. 

o qo2Ed 

w Re Os 

7 

~ 
N 

5 <{ 

~ 
QJ -!="" 

Ir 

Same plots as in Figure 1 for the Sd series. Calculations of 

T for alloy systems are only performed in the Os-Re and .Ir-Os 
c 

alloys. 
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approach to understand the trend of superconductivity in amorphous 

transition .metal alloys is in need. 

We propose in this paper a plausible explanation for the trend of 

superconductivity in amorphous TM superconductors using a chemical 

approach. We first discuss the important assumptions on the parameters 

involved in the theory. Our theory is based on the detailed interplay of 
E 

the four parameters 1-L*• N(o), Ed (where Eb is the bonding enthalpy), 
. b 

arid wd (the effec~ive d-band width} which yield.~ the observed T c 

dependence as can be seen later. We assume that d-band superconductivity 

accounts for the magnitude of T in TM_ elements and alloys as can be 
c 

justified either from our previous plots in Figures l and 2, or from 

reference 6. · We also assume that the minimum in the electron density 

of states of the b. c. c. structure is less pronounced due to the .mixing 

of antibonding and bonding orbitals in the amorphous state. 
11 

The above 

assumptions when tak~n together suggest that the product 2N(o)wd' (N(o) 

in spin states per eV atom) should give approximately the number of 

valence d electrons zd in the amorphous state. 

equivalent to knowing the values of 1-L::•, zd, and 

Thus, the proble.m is 

Ed 
E. The last parameter 

b 
which is approximately given by the crystalline value measures the 

fraction of bond energy available for strong electron .... phonon coupling. 

However, our theory cannot predict the actual values of T since they 
c 

involve a detail knowledge of the electron-phonon interaction spectrum 

a
2

F(w}, but it demonstrates a triangular peak dependence of T on z 
c 

once the T of an amorphous TM is known. 
c 

We will first calculate the values of T in TM e.le.ments using 
c 

McMillan's T e'quation, then will extend our calculation to alloys c . 

using a dense-random-packed (DRP) model for amorphous solids. 12 
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According to the solution of the Eliashberg gap equations given in 

refe renee 3 . 

J _ L 04 (I + 'X.) 1 exp! 'X. - J..L* (1 + 0.62'X.), ( 1) ' 

2 . 
where A..: is the Debye temperature, _A. is given by N(o) (I ) with M 

"'U M (w2) 

the ionic mass. Since we will be dealing with superconductors where 

'X. ~ 1. the accuracy of the solutions to equation ( 1) should be satisfactory 

as proved in reference 7. The Coulomb pseudopotential 1-L* in the 

amorphous ·state is given by 

N(o)V 
c 

J..L* = ---~--___;-
wd 

1 + N(o)V ctn~) 

assuming the same value for the Fermi surface averaged Coulomb 

repulsion V in both the crystalline and amorphous states, and 
c 

.tn (wd) ~ 5. For small changes in N(o), equation (2) reduces to 

aD 

t1N 
( 1 + 1.\T) 1-L* ___ __:o;__.....;.o _____ , where the subscript 

I I 

o refers to the 
· t1N · w 

1 + ---w-- 1-Lb .tn (-d-) 
o aD 

(2) 

crystalline values. The remaining discussion involves the evaluation of 

'X. and 8D for equation ( 1). 

The only unknown parameter in ·calculating 'X. is the moment (w 
2

) 

since the values of 'T1 are known a priori from references 6 and 7. To 

2 
calculate (w ) , we adopt the first-principles theory due toG omersall 
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and Gyorffy. 13 By including only the first bubble diagram in the series 

expansion for the dressed phonon frequency w in the lattice dynamical 
q\J 

equations and· av~raging over the spectrum JF(w), they obtained 

2 2 4 ' 1 2 
( w ) ~ ( 0 ) - ·S e: d N ( o) M- [ N ( o) ( I ) J {3) 

The second term on the right hand side of equation (3) represents the 

d-electron-phonon screening physically. Here, we ignore the sp·-electron 

contribution to the electron-phonon interaction as discussed earlier. 

Equation {3) has been proved applicable to TM elements in reference 13. 

Here e:d is the d-band Fermi energy, and 0 · 's are the so.called band 
q\J 

structure independent phonon frequency which are the results of direct 

interactions between ions. Now, we propose two further approxima

tions fro.m a chemical point of view. First, it is obvious that (n
2

) 

depends on the bonding strength of the valence electrons including the 

·screened sp contributions. We suggest a Lindemann type relation for 

2 · 2 CEb 
(Cl ) in the form (Cl ) ~ 

213 
where C is a crystal structure {or 

MV 

short range order in the amorphous state) dependent cons~tant and Eb 

is the bonding enthalpy per ato.m. Second, we set e:d ~ wd by supposing 

that it is mainly the electrons in the valence d state participating in the 

conduction process. The number of valence d electrons 

zd ~ 2N(o)wd discussed earlier can be determined from the Engel-Brewer 

rule. 9 The latter expresses the valence state in the form dn-x-y sxpy 

which is determined from both empiricism and microscopic analysis of 

the electronic energy levels in TM elements. We assume that the value 

of n-x-y remains unchanged in the amorphous state. This is reasonable 

because the valence d electrons have very little to do with long range 
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ordering as shown in reference 9. Putting equation (3) into the definition 

of ).. together with the above suggestions, we obtain 

2 
5 

).. ) 1 

The values. of Bn can thus be obtained from BD ~ BDo ( : z· 

In calculating ~~·. we assume that N(o) in the amorphous b. c. c. 

phase varies from"'"' 0. 6 spin states/eV atom on the two subband.s to 

,.... 0. 4 spin states/eV atom at the central minimum instead of using a 

( 4) 

uniform value at U. ~ as in reference 4. This assumption also allows for 

the conservation of the number of electrons in the conduction band. In 

Table I, the Engel-Brewer valence state configurations for TM elements 

together with the values of ~* and X. .in the crystalline and amorphous 

states are given. The corresponding. values of T c are plotted in 

Figures 1 and 2 for the 4d and 5d series respectively~ We emphasize 

again that the calculation of exact T 's are impossible without a knowl
c 

2 
edge of a F(w). At the present time, we can only assume that the T 1s 

c 

for b.c.c. Nb and h.c.p. Ru are known a priori in order to determine 

the structural factor C in (4) throughout the 4d series. In the 5d series, 

we use the known T of b. c. c. Ta to generate other values of T • The 
c c c 

value of Ch for the 5d series is determined from (CRNbu )CTa· . c. p. . . 

There is generally good agreement between our calculated results 

for T and the experimental ones as can be seen in Figures 1 and 2. 
c 

The fundamental concepts in our theory involve the changes in the 

density of states due to the mixing of antibonding and bonding orbital~ 

in the amorphous. state; and an increase in the number of valence 
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TABLE I.· The Engel-Brewer valence state configurations for transition 

* a Asterisks denote metals together with values of IJ. and A • 

elements where the experimental values of T are taken to 
c 

I I 

d·etermine the structural factor c. Subscript 0 denotes 

crystalline values. 

* * Metal Valence Configuration 1-L . IJ. A 
0 0 

y dsp 0. 15 0. 15 0.35 0.37 

Zr 
2 

dsp 0. 17 0. 17 0.49 0.53 

Nl:,* d
4

s o. 17 0. 14 0.93 0.69 

Mo d
5

s 0. 10 0. 12 0.40 0.71 

Tc 
5 

d sp. o. 13 0. 13 . 0,, 72 0. 67 

* d3.7 0.7 Ru sp 0. 16 0. 18 0.46 0.57 

Hf 
2 

d sp o. 14 0. 15 0.38 0.49 

* d3.5 0.5 Ta sp 0. 15 0. 14 0.72 0.52 

w d
5

s 0.06 0. 10 0.20 0.56 

Re 
5 

d sp o. 11 0.14 0.47 0.74 

Os 
4 

d sp 0.14 0. 15 0.43 0.59 

Ir . d3 sp 0.20 0.20 0.49 0.46 

a * Values of 1-1 and A are taken from K. H. Bennemann and J. W. Garland; 
0 0 
I I I 

Theory, d-Band Metals; in Superconductivity in d- and f-band Metals , ed. 

D. H. Douglas (AIP, New York, 1972). 
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d electrons participating in the electron-phonon coupling towards the 

half filled d-shell. The latter effect is .manifested in the amorphous 

state due to the smearing out of the fine structures in the d subbands. 

The result is an increase in A towards the mid series where the electron 

1 t t £. t• . d 5 
va ence s a e con 1gura 1on lS sp. The values of 1-1~~ decreases 

towards the .mid serie.s due to the presence of a local mini.mum in the 

density of states of the b. c. c. phase •. These two effects add to yield 

the observed triangular peak. Another basis in support of our theory 

is that it can explain the relative shift in the locations of the triangular 

T peaks in the 4d and 5d series. This is obvious from Figure 3 
c 

where we plot zd versus the 4d and 5d TM elements. It is just due to 

the differences between the Engel-Brewer values of zd in the corresponding 

series. Using the value of CNb' we predict the transition temperature of 

·amorphous vanadium to be ,..... 0. 1 °K in contrast to the value of - 9°K 

given in reference 4. Recently, Kuz 'menko et a1
14 

observed a T of- I °K . . c 

in thin films of amorphous vanadium which is significantly lower than the 

corresponding crystalline value • 
..... 

To calculate the values of T for amorphous alloys of the form 
c 

A B 
1 

, we assume a two-sphere DRP model constructed with the .use 
x -x 

of localatomic configurations of the one-sphere DRP structure extended 

to two types of spheres. The values of ~ can thus be given by 

xa! + {1-x) a~ using a classical model of the force constants. The 

calculation of A AB involves a knowledge of z AB which can be 

represented by xzA + (1-x)zB using the coherent potential approxima

tions (CPA) for x close to unity or zero. 
15 

The values of f.L* AB can also 

be approximated in the sa.me form by CPA. However, the form for 
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E 
0 -0 5 ~ 
Q) 
a. 
(/) 
c 
0 4 
~ -· u 
Q) 

Q) 

"'0 3 
~ 

0 

""""' x 4d element 
Q) 
.0 2 o 5d element 
E 
~ 
z Zr Nb Mo Tc Ru Rh 

Hf To w Re Os I r 

Fig. 3. Number of valence d electrons per atom for 4d and 5d transition 

metals. Straight lines show an approximate trend in the corres-

ponding alloys. 
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Eb C 
(----:=;--) -2/3 in the alloy case is rather uncertain at the present 
N(o) (1

2
) V 

ti.me. Thus we are only able to perform calculations of T c for alloys 

where those values for the corresponding elements are about the same. 

In summary, we see no evidence that the T behavior in amorphous · 
. . c 

transition metal superconductors is a refle.ction of 11 on z. We have 

demonstrated a plausible interpretation for the trend of T in amorphous 
c 

TM superconductors from a chemical point of .view. The .main idea 

involves the changes in the density of states due to the mixing of 

anti bonding and bonding states in the b. c. c. amorphous TM elements, 

and an increase in the number of valence d electrons participating in 

the phonon-induced d-d coupling towards the mid series. The latter 

effect is only _manifested in the amorphous sta,te when the fine structures 

in the d subbands are smeared out by strong lattice disorder. 
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