VoLUME 41, NUMBER 23

PHYSICAL REVIEW LETTERS

4 DECEMBER 1978

res and C. T. De Dominicis, Phys. Rev. 178, 1097
(1969); S. Doniach and M. Sunjié, J. Phys. C 3, 285
(1970).

%D, M. Newns, Phys. Rev. 178, 1123 (1969).
%0bserve that Eq. (3) is valid only if the band states
above €r are excluded from the model.

Electron Lifetime Effects on Properties of 415 and bcc Materials

L. R. Testardi and L. F, Mattheiss
Bell Labovatovies, Muvray Hill, New Jevsey 07974
(Received 3 August 1978)

Electron lifetime effects on several basic physical parameters of A15 and bcc materials
are calculated using theoretical band structures and observed electrical resistivities.
Notable changes in properties result from resistivities accessible thermally or by in-

duced defects.

Many transition metals and alloys have inter-
esting physical properties that may be strongly
modified by electron scattering processes involv-
ing, for example, phonons, defects, and impur-
ities, The materials scientist is often faced with
the problem of establishing to what extent these
properties are dependent on the sample quality.
Theoretical treatments of this problem have been
given previously.! We report in this Letter a
simple model for estimating these effects in the
A15 compounds and bcce transition metals and al-
loys with no adjustable parameters. The input to
this model is a single experimental number (the
electrical resistivity p) plus several band-theory
results.? Application of the model provides the
density of states N(E), Fermi velocity vy, Drude
plasma frequency Q,, and other properties as a
function of the thermal (o,;) and residual (p,) re-
sistivity. Finally, with one assumption, we ob-
tain the relation between T, for superconductivity
and the residual resistivity.

For electrons near the Fermi level in an im-
perfect crystal, lifetime effects may be included
in an approximate fashion® by using the uncertain-
ty principle (see, for another example, Weismann
et al.t). If X(E) is a quantity whose energy depen-
dence near the Fermi level is known for the per-
fect crystal, lifetime effects may be incorporated
with the prescription

(X)= [X(E)S(E,)dE, (1)

where S(E,) is a broadening function which de-
pends upon E, =7%/7, The mean electron lifetime
7 can be estimated with the Drude plasma fre-
quency?® Q, using

p=1= (@, 7/ 4. (2)

The exact form of the broadening function is not
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too crucial when the broadening is large com-
pared to any fine structure in X(E). Dingle® has
shown from a semiclassical argument that the
proper weighting function may be a Lorentzian
with half-width Z/7, Another possible choice for
S is the analogous (though physically different)
one for thermal broadening where S = -8f/8E and
f is the Fermi-Dirac function with T replaced by
Ty =%/kT. We have made calculations* with both
forms of S and find the results differ by < 10%
which is the estimated reliability of the calcula-
tions. (Calcultions given below are, in fact, with
S=-9f/9E to avoid complications from the broad
Lorentzian wings).

One can thus obtain an approximate correction
for lifetime broadening and calculate band-struc-
ture quantities at T=0 as a function of p, by aver-
aging such quantities using Eq. (1) with Ez or kT
(=xT3) replaced by #/7. Furthermore, since Ty
is considerably greater than T in all cases con-
sidered here we can, by these arguments, ne-
glect the usual thermal broadening effects and
use the results below to characterize, qualitative-
ly, all sample states with the same resistivity,
whether defect or thermally induced.

Normal-state properties—Figure 1 shows the
calculated bare density of states V), Fermi ve-
locity (v, and (Q,»"2 as a function of Tz and
p for V,Si and V,,,Si, assuming a rigid-band
model, The slight shift (~ 35 meV) in Fermi lev-
el between these two compositions leads to ap-
preciable differences in (N) for the perfect crys-
tal (p =0) but an accurate determination of such
fine structure is not possible in the present cal-
culations, Indeed, {N) for nearly perfect V,Si is
experimentally found to be ~ 2.5 states/(eV spin
V-atom). However, for p>25 2 cm the calcu-
lated fine structure is largely washed out and at
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FIG. 1. (N), wp), and (Qf}m as a function of p (non-
linear scale) and the equivalent broadening temperature
for V3Si and V2‘94Si.

300 K where p=75 4 cm one finds (N)= 1,0
states/eV spin per vanadium atom. This large
reduction in (N) with increasing 7T is in agree-
ment with that obtained from magnetic-suscepti-
bility (x) measurements using values for the back-
ground paramagnetism and the Stoner enhance-
ment factors which are within 10% of Clogston’s
estimates,’ Thus, because of the high Ty of
these materials, anomalous temperature depen-
dences can arise from (calculable) fine structure
in {(N) on a scale of 500-1000 K instead of 50 K
as assumed in many models.

A somewhat better test is provided by defect-
induced resistivity., Recent measurements at low
temperatures on single-crystal V,Si show that
neutron irradiations which lower T, from 17 to
~ 7 K raise the residual resistivity p, to® ~ 92 uQ
cm and lower (N) to 0,93 (from specific heat)®
and ~ 1.0 (from y)? states/(eV spin V-atom).
These are in reasonable agreement with the pre-
dicted value of 0.85 from Fig. 1. Finally, note
that the calculated reduction of (N) with p gradu-
ally saturates for p 2150-200 uQ cm. This is
the range of resistivities experimentally observed
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FIG. 2. (N), (@), and (2,)1/? as a function of p for
Nb and its alloys with Zr and Mo.

in the defect saturation state,® and also proposed
for the thermally induced saturation of p.°

Figure 2 exhibits corresponding results for Nb
and its bee alloys with Zr and Mo, assuming a
rigid-band model. (Similar findings have been
obtained for Ti-V-Cr alloys.) For pure Nb the
calculated (N) at p =0 is about 10% —-15% below
the experimental value,'® It thus seems possible
that a monotonic {N) vs p curve (see the dashed
line) may replace the one with the calculated weak
maximum, Lifetime-broadening effects are most
pronounced for Nb, .Zr, . (N) calculated for this
alloy with p =0 is about 60% larger than that for
Nb while the experimental difference®® is only
several percent. However, this alloy has strong
disorder scattering, and a typical* p,=40 pQ cm
reduces {N) by 50% placing it within 10% of the
value for Nb., Similar agreement is obtained with
Nbg,752L0,250 FOr Nbg, 75M0g, 55 and Nbg,sMog,; the
calculated (N) at the experimental p,’s are 0,60
and 0,34 states/(eV spin atom) in agreement with
McMillan’s values'® of 0.65 and 0.34, respective-
ly.

Further experimental tests of the defect-state
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calculations come from Ginzburg-Landau k. This
quantity, however, is enhanced by electron-pho-
non renormalization and some estimate of McMil-
lan’s X is required. For nearly defect-free V,Si
measurements of Guha ef al.” give Kk 4, =20.5
while the calculated value k ;. = 15 using the ex-
perimental estimate® A =0,9. However, following
the neutron dose described above, k 4,=57 and

K ca10=55 (using the experimental®*” A= 0,6), Thus,
again, the dirty state is easier to predict than
the clean one, For a saturation p,= 150 uQ cm
from radiation-induced defects, the calculations
predict k 4.~ 70 (with A= 0.52; see below).

For thermally induced p we also calculate
774300 K)=1,45%10% sec”! at w=0 for intrinsic
V,Si which can be compared with the value ~ 1.0
X 10 sec ! obtained by Yao and Schnatterly? by
extrapolation from near-infrared measurements,
[For Nb the calculated and observed 7~ (300 K)
are 2,2X10™ and (2.0-2.6) 10 sec™?, respec-
tively.] This experiment also yields ,~ 2.8+ 0.2
eV compared to.our calculated value (at 300 K) of
3.2 eV. The mean free path I ={v)7T is calculated
tobe ~13 A at 300 K, and ~ 8-9 A at the satura-
tion-state resistivity of 150 uf cm. The V-atom
chain spacing is 2,36 A.

Superconductivity.— Calculations for the defect
state cannot be extended to superconductivity
without additional assumptions relating T, (or
McMillan’s 1) and a band-structure quantity. We
therefore further assume that x «<{N) (see, for
example, Dynes and Varma'?®) yielding A (p,), and
use McMillan’s equation®® to obtain T.(p,). Fol-
lowing Labbé, Barisié, and Friedel'* and Nettel
and Thomas'* we also take (N) to be averaged
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FIG. 3. Electron-phonon parameter A and calculated
and observed T, vs p, for V;Si.
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over an energy @~©p. Since 6p~400 K in V,Si,
the inaccuracy of the fine details in N(E) for the
pure crystal is relatively unimportant when p,
<20 uQ cm (see the equivalent scale of T in
Fig. 1). Since p(300 K)~ 75 uQ cm in all A15
materials, this yields 7, independent of resis-
tance ratios greater than ~3-4, in agreement
with experiment.®

Figure 3 shows the calculated range of A (p) as-
suming @ =300-400 K and, for the unnormalized
scale, A =0,90 for perfect V,Si, Again, for the
neutron-damaged sample with p,= 92 uf cm the
experimental estimates of A= 0.5 (from x)” and
0.62 (from specific heat)® are in reasonable agree-
ment with the calculated range (~0.57-0.65). The
graph also shows the electron-phonon coupling co-
efficient for transport process A, = 77 %/2nkT ob-
tained from Eq. (2) and p, at 300 and 100 K in
intrinsic V,Si. However, for the saturated defect
state one finds p;, * 0, and therefore A, =0, even
though superconductivity (at 2.2 K) persists.

This relation, then, breaks down at high p.

The dependence of T, on p,, calculated from
McMillan’s equation, A (p,), and assuming O, to
be a constant, is given in Fig., 3. The observed
dependence, reflected in the T -resistance ratio
correlation,® is also shown. While such close
agreement is somewhat fortuitous (O varies by
~15%), the combination of broadened-band calcu-
lations and the assumption A <{N) yield, with no
adjustable parameters, the rapid fall of T, with
Py up to py=150-200 uf cm, in general agree-
ment with experiment.

Similar calculations for 3d and 4d bcc metals
reveal appreciable lifetime effects also, Figure
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FIG. 4. Calculated and observed T, vs p, for Nb and
V.



VoLUME 41, NUMBER 23

PHYSICAL REVIEW LETTERS

4 DECEMBER 1978

4 gives the predicted dependence of T, on p, for
Nb and V calculated in a manner similar to that
for V,Si. The dashed lines in Fig, 4 correspond
to the dashed-line extrapolation of (N) in Fig. 2.
While some inaccuracy in the calculations again
occurs at low p,, the overall agreement with the
data of Koch, Scarbrough, and Kraeger! and
Teplov et al,'® appears reasonable at higher p.

For the bcc metals, as for the A15 compounds,
the broadened-band calculations predict dT, / ap,
~~0.1t0 0.2 K/u9 cm. As an example of alloy
scattering effects, ternary mixtures of Zr-Nb-
Mo show'® dT,/dp,~ - 0,12 K/ cm in qualita-
tive agreement with the Nb results and a rigid-
band model. Of greater importance is Nb, ;Zr, ,
where, as noted above, {(N) may be reduced by
~50% due to the high P, from the solid-solution
disorder. Without such scattering, and assum-
ing A « (N), the calculated 7', would be ~ 15-20 K.

A principal result of this model calculation is
that lifetime effects from large p’s, no matter
how they are caused, can seriously alter the nor-
mal- as well as the superconductivity-state prop-
erties of these materials. I is a tentative con-
clusion that, for uniformly degraded samples,
such effects may be calculated with reasonable
accuracy by combining band calculations of mod-
erate precision and a single, easily obtained, ex-
perimental number., The experimentalist may
then be able to estimate to what extent T, and
other properties have been altered by poor sam-
ple quality.
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