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A simple model is applied to calculate electron-lifetime effects on the density of states, Fermi
velocity, and Drude plasma energy in Nb3Sn, Nb3;Ge, and Ti-V-Cr alloys. Formulas are provid-
ed for utilizing these results to estimate a number of superconducting and normal-state prop-

erties of these materials.

I. INTRODUCTION

Electron-lifetime effects on several basic physical
parameters of some 4-15 and bce materials have re-
cently been calculated' using a simple model that
combines theoretical energy-band properties for per-
fect crystals and observed electrical resistivities. In
this paper we extend these previous calculations (for
V3Si and Zr-Nb-Mo alloys) to several additional 4-15
and bcc materials (NbsSn, Nb3Ge, and Ti-V-Cr al-
loys), and provide a catalog of formulas for applying
this model to determine several superconducting and
normal-state properties of these materials for arbi-
trary values of the resistivitiy p.

II. METHOD

In applying this scheme, we have used energy
bands derived from a tight-binding fit to augmented-
plane-wave (APW)? (Nb;Sn and V) and self-
consistent pseudopotential® (Nb;Ge) results to calcu-
late the density of states N (E), Fermi velocity
vr(E), and Drude plasma energy Q,(E) for the per-
fectly ordered materials. Electron-lifetime effects are
introduced by averaging these quantities over an en-
ergy interval Eg = #/ 7 about the Fermi level. The
mean electron lifetime 7 is estimated by combining
the calculated plasma energy (Q2)'2 (lifetime aver-
aged) and the observed electrical résistivity p, using

07 o
4 p?

To test the sensitivity of the results to the detailed
shape of the broadening function, both Lorentzian
and Fermi-Dirac (with T =T = #/k7) functions have
been used.! These yield results which agree to within
<10%, which is the estimated accuracy of this
method. Finally, we expect these calculated lifetime
effects to apply equally to both thermal and defect
resistivities at room temperature and below since -
Ts >> T for the materials considered here.

III. RESULTS

Figures 1, 2, and 3 show the lifetime-averaged
values of the bare density of states, Fermi velocity,
and Drude plasma energy for Nb3Sn and Nb,¢3Sn,
Nb;Ge, and a series of Ti-V-Cr bec alloys. These
results use the Fermi-Dirac form of broadening func-
tion. The large differences in the calculated (N)
and (vr) at low p for Nb;_,Sn in Fig. 1 reflect details
in the tight-binding interpolation scheme band struc-
ture? which we regard as unreliable. Experimental
evidence indicates a high value for N in the low-p
state. For p 230 uQ cm, however, the lifetime-
averaged values are similar.

By using the thermal resistivity p(7) for the ordi-
nates of Figs. 1, 2, and 3 (and Figs. 1 and 2 of Ref.
1), one obtains, implicitly, the temperature depen-
dence of (N), (vr), and (Q2)"? resulting from life-
time broadening. (For example, at 300 K p ~70—80
wQ cm for 4-15 compounds.) These large varia-
tions, which are at least qualitatively in agreement
with experiment for the 4-15 compounds and Nb (we
are unaware of data for V), result from fine structure
in the calculated N (E) results on a scale of 50—100
meV. This is in contrast to the fine structure of sev-
eral meV sometimes invoked in theories of the 4-15’s
to explain these temperature dependences. The im-
portance of the lifetime broadening, compared to the
thermal broadening used in the model theories, is
quickly seen by comparing T (see Figs. 1—3) with T.

We present below a short list of formulas by which
a number of important physical parameters can be
obtained in terms of the calculated quantities. To
simplify their use, practical units have been employed
and these are listed following the equations. The de-
finitions with proper units are given in parentheses.

The mean free path is given by

491 x 10*
1=vr'r=———-3—v£ )
Q,p
The relaxation time is given by
491 x 10712
r=llvp=—"""r0— . 3)
F 2
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FIG. 1. Density of states (N), Fermi velocity (vg), and
Drude plasma energy (Q})m as a function of resistivity for t + t +
Nb;Sn and Nb, gSn. 0 5 10 15 20 25 30 35 40 45 50

P[pQ-cm]

FIG. 3. Density of states (N), Fermi velocity (vg), and

Drude plasma energy (Q,f)‘/2 as a function of resistivity for
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04l
The BCS coherence length*® at 0 K is given by

03

. 0.18fvy
! & (0) = ot

kT,

_ 1.38 x10%
(1+MNT,

Q)

0.2

‘ ' : : The London penetration depth*> at 0 K is given by

3 1/2
sl osoe A (0) = ﬂ] _1.98x 1(})(1 +012 ©)
V4 V4
tor The Ginzburg-Landau « near T, is’
I 2
05+ o= 0137(1 +}\) Tchz (7)
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FIG. 2. Density of states (N), Fermi velocity (vr), and —dH,, 3.18(1 +2)2 Tmncz

Drude plasma energy () 2) 172 35 a function of resistivity for r = ,
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_ where

_ 0884 (0) _ 0.24607p
o (1+NT,

z 9)

and
3 Qv+D)Qr+1+2)™

X(Z2) =22 . (10)
3@+
v=0

One may approximate X by

X.(Z) =

-1
Z ,
+ 1
1+ L ] , an
which is exact in the clean [£,(0)// —0] and dirty
[£0(0)/1 = oo] limits and makes a maximum error of
~6% (X, too large) at Z between 2 and 3. In the
dirty limit

—dH,, |y 349 X101+ M) Npny, .
ar i1, ag ’

Finally, Q,, N, and vf are related by

Units and definitions. N [states/(spin eV unit-cell)]
("bare"). (The calculated N's in Figs. 1—3 are per
transition-metal atom.) vy (108 cm/sec) ("bare"). |,

& (0), )\’-*a and ag in (A). a@ is the volume of the
unit cell (A%). po (uQcm); Q, (eV); dH,,/dT
(oersteds/K). N, is the strong-coupling correction

of Rainer and Bergman.® ("”cz =1 for weak coupling

and ~1.25 for T,/(w) =0.1). X is the electron-
phonon renormalization parameter. Equations
(2)—(13) are evaluated with the lifetime-broadened
parameters, (Q2)'2, (vr), and (N), respectively.

Tables I and II summarize some calculated prop-
erties of these 4-15 and bcc materials which are
derived from Eqgs. (2)—(13) for representative values
of p.” For the 4-15 materials the lower chosen
values of p are typical of "as-grown" materials at low
temperatures while the higher value (150 xQ cm) is
about twice the room-temperature resistivity and is
characteristic of the "saturated defect state".? For Nb
and V the lower and higher p’s correspond to residu-
al resistivities of clean materials at low T, and to
thermal resistivities (very roughly) at 300 K, respec-
tively. Typical residual resistivities have been chosen
for Nbg,SZroj and Nb0,5M00_5.

5.24 x 10°vEN e .

sz — (87 5232,,}1\/] = —% . (13) The calculated quantities in Tables I and II include

3 a0 electron-phonon renormalization where applicable,

TABLE I. Calculated properties of 4-15 compounds.
V3Sl Nb3Sn Nb3GC

p (unQcm) : 3.75 150 10 150 40 150
7* (10714 sec) 11.2(1 +2) 0.30(1 +)) 4.35(1+2) 0.30(1 +\) 1.0(1 +2) 0.25(1 +))

1 (,&) 160—190 7.7 90-120 8.7 21 8.8

* o 115-140 1630 95—130 810 79 864

b0 @ (A) 1+ 1+2X 1+ (Y Y 1+X

* * o 112 84 87
0) =(& D2 (A) —_— —_— —
ta fo (1+n'2 (1+0172 (1+0)172

A (0) (A) 584(1 +1)172

i 1/2
& o
g (0) =1 (0) l—‘l’ () 8700
K"*/n,,c2 @=5)(1 +032F  57(1 + N1
—dH,
-1 c2 kOe _ 2 ra
", T, l——K (2-2.8)(1 +M)*F 211 +)
T, (K) 17 22

598(1 + )12 585(1 +\)1/2

(0.8—1.4) (1 +1)2F2

603(1+N)'2 565(1+1)1/2 549(1 + )12

5820 5440

(4.3-59 0 +N3¥2F2 5200+072 70 +032F  46(1 + V)12

41+ L70+M2F2 130+

18 3.0 23 35

AF=1+C/(1 +1), where C =0.54, 1.33, and 4.7 for V3Si, Nb3Sn, and Nb;Ge, respectively.
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TABLE II. Calculated properties of bcc materials.
Nbg sZrg s NbgsMogs -

p (uQcm) =0 15 40 15 =0 25
7* (10714 sec) 0.44(1 +2) 0.20(1 +1) 0.55(1 +) 0.39(1 +2)
1.(A) 27.4 10.8 41.4 13.6

* 0 0 840 1300 828 1.5x10° 833 2420
RORCY 1+ 1+ 1+ 1+ 1+A 1+

* * 0 189 94.6 2490 181

0) = (g DV2 (A) SELEAN _ 181

¢a (00 ={& T+ 1+ 017 A+017 (1+0)12

A (0) (R)

222(1 + V)12

230(1 + )12

252(1 + )12

255(1 + )12

257(1 +2)1/2

279(1 +\)1/2

1/2 -
*

o

MO =2 | (A) 1585
k*Iny, 0.25(1 +1)32 71+ 012
c
—dH, :
-1 c2 kOe 2
’anz _dT" — TC _K_' 009(1 + X) 23(‘ + k)
T, (K) 9.2 ~6.6

2210 1.54 x 10* 3720
1670 +0Y2  520+0Y2 03000 +0)32 1460 +N)12
5.6(1+2) 0.07(1 +2) 0.17(1 + )2 6,851+
9.0 0.07 5.3 ~2.0

and the renormalization factor is explicitly shown.
Strong-coupling corrections are given only for « * and
(—dH,,/dT) T, For several 4-15 materials, a range of
values is given for the low-p state. These reflect our
estimate of the uncertainties in the calculated fine
structure in N(E) and vg(E) which originate from
inaccuracies in the tight-binding fit to the APW
results as well as the APW bands themselves.

In general, the results in Tables I and II are less re-
liable for the low-p state. Independent APW band-
structure calculations® !° utilizing more precise inter--
polation techniques indicate that larger values of
N (Ep) and smaller values of vy are appropriate for
Nb;Sn. Similar discrepancies also occur in Nb;Ge
where two independent calculations®® yield values of
N (Er) which differ by a factor of 2.

For all materials high p is accompanied by a re-
duced A and 7,. The values chosen for the latter
(see Tables I and II) in calculating the superconduct-
ing properties are experimental, but they are also
consistent with those calculated from lifetime-
broadened properties.! All calculations can be extend-
ed to any value of p, of course, using Eqs. (2)—(13)
above, and Figs. 1 to 3 of this paper and Figs. 1 and
2 of Ref. 1.

Note that typical as-grown 4-15 compounds (see
values in the low-p columns of Table I) do not well
satisfy the clean limit approximation / >> &,. There-
fore, in these materials the coherence length will be
somewhat different from &, and the field penetration
depth will be somewhat greater than A,, at absolute
zero. The saturated defect state, however, is well
described by the dirty limit approximation / << &; so
that £, and A, are appropriate. However, due to the
unusually large changes in vy, T,, and A with increas-
ing p one obtains in 4-15’s the unusual result that &,
(high p) is not much different than & (low p) and
should, in fact, be larger than & (low p).

Accurate values for A are not known in most cases.
For V3Si estimates range from A ~—0.8—0.9 (specific
heat and magnetic susceptibility!!) to A ~1.29 (a?F
measurements by far infrared transmission!?) for
low-p material. From tunneling (o?>F measurements)
the values A ~ 1.67 for Nb;Sn, ! and A ~0.95 for
Nb, !4 have been reported for the low-p materials.
Significant reductions in A occur in the high-p states
with \ in the A4-15 saturated defect state probably be-
ing ~% its value in the low-p state."*%'! The
strong-coupling correction® MH,, probably lies
between 1 and 1.35 for the materials considered here.
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