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Relationship between T, and X(0): An NMR study of V,Ga, „Si„~
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From the measured normal-state values of the "U spin-lattice relaxation rate and
nuclear-electric-quadrupole interaction in V,Ga, ,Si„, we have determined the bare electronic density of
states at the Fermi level, N(0), using a tight-binding formalism. In the high-Tc compositions, N(0) is
dominated by the n-symmetry d subband that can be thought of as a narrow virtually localized state
on the vanadium atoms (half-width —20 mRy) which is broadened by compositional fluctuations. It is
found that the superconducting transition temperature normalized by the Debye temperature (T,. /Oo)
for the V,Gal xSi„and V,Ga, „Sn„compounds is a universal function of N(0). The relationship
between the mass renormalization X and N(0) is considered in terms of the renormalization of the
phonon frequencies due to electronic screening.

I. INTRODUCTION

In recent years the numerical relationship of the
superconducting transition temperature T, to the
Debye temperature OD, the electron mass renor-
malization &, and the Coulomb pseudopotential p,

*
has been developed for many transition-metal sys-
tems. ~' Because p. * is a slow function of the bare
density of states at the Fermi level, X(0), with
values between 0. 1 and 0. 2 for most transition
metals, attention has been brought to bear on the
systematics of &. McMillan' formulated an approx-
imate expression for X in terms of both the electron
and phonon properties,

X(0)(f')
M((u)/((u ') '

where (I ) is the double average over the Fermi
surface of the squared electron-ion scattering
matrix, M is the ion mass, and (&u ) is the mth mo-
ment of the phonon spectrum. Based on experi-
mental results for transition metals and alloys,
McMillan' argued that X(0)(f') is roughly constant,
and thus the details of the phonon spectrum domi-
nate the variation of X.

In high-T, transition-metal compounds such as
V~Ga and V38i of the AI5 (Cr~O-type) structure,
soft phonon modes and anharmonic behavior of the
lattice modes are thought to play an important role
in superconductivity. In the high-T, 415 com-
pounds VP' and Nb~X, an extremely high narrow
peak in the density of electronic states near the
Fermi level has also been postulated. 4 Since
strongly coupled (X = 1) systems that are anharmonic
can be expected to have finite phonon lifetimes,
electron dressing of the phonons is thought to be
quite important. '

In the A15 structure, the vanadium atoms are
situated on orthogonal linear chains on the cube
faces. The first band calculations were simple
one -dimensional tight-binding calculations that ig-

nored overlap between chains. The dominant fea-
ture is very high narrow peaks in the density of
states. ' Later, Mattheiss used the augmented-
plane-wave (APW) method to calculate the band
structure of a number of VQ compounds. He
showed that large differences from the linear-
chain model exist. He also noted that for X, a
nontransition element, a rigid-band picture was
fairly good. More recently, Goldberg and Weger7
have used a tight-binding calculation to extend the
high-symmetry-point calculations of Mattheiss to
many more points in the Brillouin zone. They have
also calculated the four d-subband densities of
states for V,Ga.

In a previous nuclear-magnetic-resonance (NMR)
study of the pseudobinary compounds V,Ga-V3Sn,
Fradin and Zamir' (hereafter referred to as FZ)
found a correlation between the superconducting
transition temperature T, and the unrenormalized
density of states at the Fermi level in the m sub-
band, N'(0). The bare d-subband densities of
states, determined from the spin-lattice relaxation
rate and the electric field gradient (efg) at the "V
nucleus in the normal state, were found to be in
qualitative agreement with the tight-binding band-
structure calculations of Goldberg and %cger. 7 A
rigid-band picture was assumed in comparing the
experimentally determined values with the theo-
retical calculation for V3Ga; i.e. , it was assumed
that a Sn atom contributed one more electron to the
conduction band than did a Ga atom.

The T, value drops monotonically with increasing
Sn concentration in the V,Gag, Sn„compounds from
a high of about 15 'K to a low of about 4 'K at
V3Sn. Although Si and Sn are in the same cotumn
in the Periodic Table, V,Si has a value of T, near
17'K. On the basis of the Mattheiss APW calcu-
lation, some indication exists that the band struc-
ture of VSSi is more similar to V3Ga than to V3Sn.
Considerable controversy exists concerning the
composition dependence of T, in V,Ga, „Si„. Deaton
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TABLE I. Irreducible representation of DM Q =2).

Bases Assignment Atomic functions

(5/4~)'~'{3z'- ~')/2~'

(i5/4~)'"zx/r'

0.5/4~)'~'zy/2

(i5/i 6~)f /2 +2 y2)/y

(i5/4~)'"xy/2

SphericaP
harmonics

yf, c
2

yi,S
2

y'2 vC
2

+2os
2

F (Pf + Ff )/W2; Y) ' = —i (Yg" —F] )//W2 Y (8 (f&)

are normalized spherical harmonics. The polar angle 8

is measured with respect to a z axis parallel to the te-
tragonal or chain axis.

and Gordon reported increases to 18.6 'K in T,
measured resistively at intermediate xin V3oa~,Si„.
However, Otto'0 and Matthias and eo-workers~'
found T, dropped to below 12 'K at intermediate
values of x. Values of T, measured both on our
samples and a sample obtained from Deaton and

Gordon are consistent with a drop in T, at inter-
mediate x.

In the present NMR investigation of "V in

V~Ga& Pi„, we find that T, again correlates with
N'(0). In fact, the main variation with x is a
broadening of the d subband at intermediate x with
attendant drop in N'(0). The variation is discussed
in terms of a Friedel-Anderson type of localized
model. The resonance results for V,Ga, „Sn„and
V,Ga, „Si„taken together show that (T,/8D) is a
universal function of the bare density of states at
the Fermi level.

In Sec. II, we review the theoretical background
necessary for the interpretation of the "V spin-
lattice relaxation rate 1/T, and electric field gra-
dient q. In Sec. III, the experimental procedure
is described, and the results are presented and
discussed in Sec. IV. Section V contains a discus-
sion of a model detailing the role of the density of
states at the Fermi level on the renormalization of
the phonon frequencies and the resulting effect on
the superconducting transition temperature.

laxation rates in transition metals arise from core-
polarization and orbital 3 hyperfine interactions
with the d component of the conduction-electron
wave function at the Fermi level, as well as from
the contact'4 hyperfine interaction with the s com-
ponent. Conduction-electron contributions asso-
ciated with magnetic dipole and electric quadru-
pole ' hyperfine interactions are usually quite
small. FZ discussed the strong dependence of the
various contributions to the spin-lattice relaxation
rate on the point-group symmetry properties of the
d component of the conduction-electron wave func-
tion, i.e. , the ratio of the A„E, B„and 8, orbit-
al admixtures, in tetragonal symmetry.

In the absence of s-d mixing, spin-orbit coupling,
and Coulomb enhancement effects, the spin-lattice
relaxation rate R = (T)T) ' in tight binding can be
expressed as'

R = —(y„h)2ks[N(0) ] PP, (K,')) +KP) sin 8), (1)

where y„ is the nuclear gyromagnetic ratio, k~ is
the Boltzmann constant, and N(0) is the bare den-
sity of states at the Fermi level for one direction
of spin. The sum is over the three hyperfine inter-
actions: s-contact P, = pH„'„, d'-spin core polariza-
tion P~ = (1 —p)Hf„„and d-orbital P„,= (1 —p)H„,~6.

Here p is the average fractional s character at the
Fermi level:

p = &.(0)/&(0);

8 is the angle between the tetragonal axis and the
applied field, and

g' =1 K+'=0
K(1) (F&))2 ) (Fs)2 (Fs))2 (F82)2

KQ) 0 K&1) 2FE(FB2 ~ FB1+6FA))

K"' = Fs(F'~+ F') +—6F") ——.'Fs) .

Summing over the three orthogonal vanadium chains
in the cubic 215 structure, we find the 8-indepen-
dent orbital reduction factor

K,~= +~F (F 3+F )+6F")+8 Fs),

with

II. REVIEW( OF THEORY ~~t+ 2~~+ g~&+~32 = 1 (4)
The 215 (Cr,O) structure in which the V,X com-

pounds crystallize is a cubic lattice with the X
atoms on a body-centered-cubic sublattice. %'e

focus attention on the V sites that have tetragonal
symmetry. The point group is D2~(42m), and the
vanadium atoms lie on chains arranged in. three
orthogonal families. In Table I we list the irreduc-
ible representation of the d wave functions (I = 2)
for a vanadium atom on a chain with axis parallel
to the z direction.

The important contributions to the observed re-

The F"' ' terms are the average values of the frac-
tional admixture coefficients at the Fermi level that
have the same value for all m, which form a basis
for a given irreducible representation I'(m),

F"'=Z Z l~...I'l~(~., -~.)I+0» 1 ', (5)

where the C„~ terms are the fractional admixture
coefficients, E„~ is the energy of the electron with
band index p, and wave vector k, E~is the Fermi
energy, and N(0)N is the total number of states per
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unit energy interval at the Fermi level for one di-
rection of spin.

If the A. , functions are expressed as linear com-
binations of the form 5„fF00+(I —p f)'~~F20, the s-d
interference term is given bys

R,.~ = (Sw/k)(y„k) [N(Q)] H„'f ~ Hb'~,
'

&& &((&„g)' 5'g&1 —t'„f))),
where the angular brackets denote an average over
the Fermi surface. Since H„"f,' and Hh„are of op-
posite sign, this term interferes destructively with

Eq. (1).
Although the relaxation rate for cubic-point sym-

metry is specified by a single d-electron orbital
admixture parameter, and for hexagonal symmetry
by two independent admixture parameters, the te-
tragonal-point symmetry requires three indepen-
dent admixture parameters because of the lower
symmetry.

The foregoing analysis contains two tacit as-
sumptions. First, it was assumed that the expan-
sion of the conduction-electron wave functions at
the Fermi level could be limited to 1=0 and k=2
atomic functions, i.e. , N(0) =N, (0)+NQQ} It is.
likely, however, that the /=1 admixture is often
comparable to the E = 0 admixture. Nevertheless,
the $ = 1 hyperfine interaction may be safely ne-
glected, since P hyperfine fields are generally quite
small compared with s and d hyperfine fields. The
major effect of an appreciable p admixture at the
Fermi level is the reduction of N(0) relative to the
total bare-electron density of states by an amount
proportional to the fractional P character. This
reduction is probably small since the density of
states in transition metals is dominated by the d-
band contributions. Second, a potentially more
serious defect in the analysis is the assumption
that the four d orbitals have identical radial depen-
dences. In other words, the d-spin and d-orbital
hyperfine fields are assumed to be constants. This
assumption is reasonable only if the potential with-
in the atomic volume is nea, rly spherically sym-
metric.

%'e have consciously ignored the effects of elec-
tron-electron exchange enhancement on T„because
the relaxation rate is dominated by the orbital hy-
perfine interaction (see Sec. IV). The enhancement
effect is spin coupled and would enter the orbital
relaxation rate only by means of spin-orbit cou-
pling, which is probably small in vanadium. In the
absence of spin-orbit coupling, electron-electron
enhancement would enter the relaxation rate through
R„R~, and 8 ~. As is well known, phonon renor-
malization effects do not enter the relaxation rate. '~

To extract the electric field gradient q from the
measured nuclear-electric-quadrupole interaction,
a value of the nuclear quadrupole moment Q must

be known. In our discussion we will use the value
Q(~'V) =0. 052 b determined by Childs and Good-
man. ~7 Following the treatment of Watson, Gos-
sard, and Yafet" (WGY), we write the measured
efg as

e = (1-y.)qg«g+ (I -Ro)e',

where (1-y„}and (I -Ro) are the Sternheimer
antishielding and shielding factors, respectively;
q' is a local field gradient caused by the redistri-
bution of occupied conduction-electron states near
the Fermi surface, and qy gt is the point-charge
contribution given by~8

q, «t = (I/ao) (15.6Z» —5. 9Zr),

where ao is the lattice parameter, Z~ and Zx are
the point charges of the vanadium and X sites, re-
spectively. %'e neglect qo and q" of WGY that
arise from nonspherical potential and orbital dis-
tortion, respectively. The reader is referred to
the paper by WGY" for the detailed discussion of
q'. Briefly, q

' is the shielding response of the
conduction electrons within the spherical potential
of the APW sphere to the external potential im-
posed by the field gradient of point charges. It is
therefore linear in -q„«and related to the densi-
ties of states at the Fermi level for the various
bands. WGY show that, to order the phonon energy
divided by the Fermi energy, the electron-phonon
interaction can be neglected in the calculation of
q'; i.e. , q' is related to the bare density of states
at the Fermi level N(0).

III. EXPERIMENTAL PROCEDURE

A series of pseudobinary compounds, V,Ga~ „Si„,
were prepared by arc melting. The ingots were
annealed at 1PPO'C for one week followed by a one-
week anneal at VOO 'C. Metallographic examination
was made to determine the existence of second
phases. In all cases, second phases accounted for
less than 10-15/o of the sample. Lattice param-.
eters were determined from x-ray powder patterns.
The T, was measured on a Faraday balance.

The NMR measurements were made on powders
crushed from the ingots. Two phase-coherent
pulsed spectrometers with phase-sensitive detec-
tors were used. Measurements at 4 and 12 MHz
were made on a fixed-frequency spectrometer with
radio-frequency magnetic field amplitude B~ be-
tween 100 and 150 Oe. The magnetic field was sup-
plied by a Varian electromagnet with fieldial con-
trol. Measurements between 48 and 51 MHz were
made on a variable-frequency spectrometer with

H, between 25 and 60 Oe. The magnetic field was
supplied by a Westinghouse superconducting sole-
noid. Signal averaging was accomplished with
either an analog or a digital dual-channel boxcar
integrator.
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FIG. 1, Composition dependence of the superconduct-
ing transition temperature T~ and the lattice parameter
ao for the V3Ga,~i, compounds.

The composition dependence of the spin-lattice
relaxation-rate -reciprocal-temperature product
R -=(TtT) ' at 77'K is shown in Fig. 4. Note the
similarity of the composition dependence of T, and
R -=(T,T) '. This relationship was also observed
in the V,Ga~,Sn„compounds.

In Table II, we list the axial Knight shift K~, the
nuclear-electric-tluadrupole interaction esqsQ/h,
and the width n,q/qs =4IC„/K„of the distribution
(assumed Gaussian) of these parameters. These
parameters were determined by fitting the experi-
mental spectra obtained at 4 and near 51 MHE with
the computer-generated synthetic resonance ab-
sorption spectra, e.g. , see Figs. 2 and 3. The
mean electric field gradient qo has a weak compo-
sition dependence. Figure 5 illustrates the com-

NMR measurements were made at 77'K with the
sample immersed in liquid nitrogen. The 'V nu-
clear-resonance profiles were obtained by integrat-
ing either the free-induction decay or the echo fol-
lowing a two-pulse sequence. A boxcar gate much
greater than the free-induction-decay time was
used while the magnetic field was swept. The T,
values were obtained by saturating the nuclear-
spin system with a comb of rf pulses and measuring
the recovery of the longitudinal magnetization M(7)
at a time ~ later. Single exponential recovery was
found in all cases, and nearly complete saturation
was obtained.

Spectrum parameters were determined by com-
paring the experimental spectra with computer-
(IBM 360/195) generated synthetic powder-pattern
spectra involving distributions of electric field
gradients and axial Knight shifts. '9

IY. RESULTS AND DISCUSSION

In Fig. 1, the composition dependences of the
superconducting transition temperature and the lat-
tice parameter are shown for the samples used in
the present investigation. A sample of V,Gao stSis 7,
supplied by Deaton and Gordon with a reportedo T,
near 18.6 'K was found to have a broad bulk transi-
tion between V. 1 and 11.5 'K with a trace near
15.5 'K. The 15.5 'K transition temperature could
be due to a trace of V,Si second phase in their
sample.

Figure 2(a) is a field sweep at 4 MHz through the
s - - s transition of "V in V,Gao sSio s. Figure 2(b}
is the computer-generated synthetic resonance
profile for the central transition with the param-
eters given in Table II. Figure 3(a) is the field
sweep at 51 MHE through the ~ - —g transition of
"V in VsGao. sSis s. Figure 3(b) is the correspond-
ing synthetic resonance profile with the same pa-
rameters as in Fig. 2(b}.
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FIG. 2. (a) Field sweep through the 5~V central
{$ —$) transition in VBGao, &Sio & at 4 MHs and 77'E.
Magnetic field increases to the left. (b) Synthetic reso-
nance profile for the V central transition obtained with
s qadi/h =9.9 MHz, K~= —0. 015%, and Eqlqo=nKQK~
= 0.4. Magnetic field increases to the left.
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TABLE II. Spectrum-fitting parameters and electric-field-gradient calculation.

x (%)

e2qoq/a (MHE)

b q/qo =(5K~/K~

qo (10 cm+)

qoa0

-q /qsatt

4Fo 2E'N(0) (states/Ry V-spin)

—0, 06

0. 1

1.72

8. 5

—0. 015

2.9

0.4

1.6

177

9.9

—0. 01

2. 5

0. 6

1.5

+0.01

2, 9

0.4

1, 6

173

10.3

+0.03

3.3

0.3

1.8

8.5

V36a V36ao &Sio 2 V3Gao. &Sio 4 V3Gao 4Sio ~ 6 V3Gao 2Sio ~ & V3Si

+0, 025

0, 05

1.63

172

10.4

position dependence of K,„, which changes sign
near x= 0. 5, and the fractional width of the Gauss-
ian distribution of q and K„, which peaks near x
= 0. 4. The isotropic Knight shifts K,~ are deter-
mined after the shape of the spectra are fit with the
computer-generated synthetic powder patterns and
reported relative to v/H = (11.198 MHz)/(10 kOe).
The absolute magnetic fields are measured with
respect to pure aluminum. Figure 6 illustrates the
composition dependence of K„,.

Following FZ, ' we set (1 -Re) equal to 1 and

(1-y„)equal to 27 in Eq. (I) and use point-charge
assignments Zv=+1. 8 and Zo, =+8 in Eq. (8}. If
by analogy to Sn, we set Zs, =+4 we obtain an un-
physical result for q '; i.e. , we find a negative
density of states at the Fermi level N(0} Aphys. i-
cal result obtains if we decrease the valence by 1
so that Zs, =+3. This value has the virtue of being
consistent with the band calculations of Mattheiss
in that the V,Si bands are more similar to those of
V,Ga than to V,Sn. The value of the total density
of states at the Fermi level is only weakly depen-
dent on the assumptions made in the calculation of
q, and is determined principally by the value of
R = (TIT) '. The calculated values of 4E IF'N(0)
determined from case (a) of Fig. 4 of WGY" for
the calculated values of q '/II„«are shown in Ta-
ble II.

Following the tight-binding calculations of Gold-
berg and %cger, ~ we mill assume, as in the earlier
work of FZ, that N22(0) = 0 and that N'(0) is essen-
tially constant at 8 states/(RyV-spin). We also
assume for the V,Ga,„„Si„alloys that the s-band
density of states at the Fermi level N, (0) does not
vary with composition. In the work of FZ, N, (0)
was set equal to zero. However, the use of a value
of N, (0} of between about 1 and 2 states/(Ry V-spin)
does not qualitatively affect the composition depen-
dences of the d-subband densities of states at E~
but has the virtue of bringing the total density of
states into better quantitative agreement with the
values of X determined from T, and the low-tem-
perature electronic specific-heat coefficient.

The calculation of R is illustrated in Table III,

where we have used the values of 4EIE'N(0) of
Table I and Eqs. (1) and (8). Note the slight mini-
mum in the total density of states N(0} that reflects

I
I

~ ~

FIG. 3. (a) Field sweep through the 5~V central tran-
sition in V3Gao &Sio 2 at 51 MHE and 77'K. Magnetic field
increases to the left. (b) Synthetic resonance profile ob-
tained with the same parameters as in Fig. 2(b). Mag-
netic field increases to the left.
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FIG. 4. Composition dependence of the spin-lattice
relaxation-rate-reciprocal-temperature product at 77 'K
for V in the VSG@ Pi„compounds.
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FIG. 6. Composition dependence of the isotropic
Knight shift in the V3Ga& Pi„compounds.

the minimum in N'(0); the composition dependence
of N(0) and N'(0) correlates with the composition
dependence of T,. As in the V36a~ „Sn„alloys,
the relaxation rate is dominated by the orbital
term.

We assume the width of the distribution in the
efg is due to local variations in the magnitude of
the m-subband density of states, which dominates
N(0). Here we treat the w subband as a virtually
localized state on the vanadium atoms. The sharp-
ness of the peak in the m subbands suggests that the
d-d overlap is relatively modest. 7 We therefore
suggest that in both V3Qa and VSSi the m subband
can be treated as a nearly resonant virtually lo-
calized state associated with the vanadium atoms.
The position of the peak E& relative to the Fermi
energy, as well as the width of peak W, ean be
affected by the local atomic environment of the
vanadium atoms in the alloy. The statistical varia-
tion in. local environment in the VSGa, „Si„alloys,

due to the disorder on the nontransition-metal sub-
lattice, can have a strong effect on the localized
state through a variation in hybridization of the d
state with the s and P derived states in the conduc-
tion band. With this model, we calculate the loga-
rithmic variation of the efg in terms of the varia-
tion in the v-subband density at Ez, &N'(0),

hq 4KE ~0N'(0)

q~ (1 -y„) —4KE'uE'N(0) '

where we have made use of Eq. (7) and case (a) of
WGY. Here K is a constant equal to 1.25 for the
range of N(0) of interest. " The values of 5N'(0)
that correspond to the experimental values of b.q/qo
are given in Table IV. For numerical purposes,
we assume the localized peak has a Gaussian shape

2&~& n
(E E ) i

&-8(s zg& /w-
e& 8'

with width W and area n states/V-spin. We also
assume that statistically the position of the peak
centroid E& is distributed according to a Gaussian
distribution of second moment b,~,

I-
Cl

QS
I-
O

0

XI-~ ca

$ Q.2
I-
O

0

0
YgGa

I

Og
i i i i I

OA Ok 08
X

-PB
l

lg)
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FIG. 5. Composition, dependence of the mean axial
Knight shift K~ and the fractional width of the Gaussian
distribution of the electric field gradient and K~ in the

VSG@ Pi„compounds.

Folding No(E -E&) with G(E,), we find the shape of
N'(E) for each alloy,

(12)

where n is taken as one electron per spin direction
per vanadium atom in the n subband. With this
model, the composition dependences of $V, 4, and

Na(0} are obtained (Table IV and Fig. 7). It can
be seen from the variation in W', and therefore
No(0), that the local peak in the w subband varies
by about a factor of 2 in amplitude. This probably
indicates the importance of d-d overlap, which has
been ignored in this localized model of No(E) The.
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TABLE III. Calculated spin-lattice relaxation rates and derived densities of states.

{Ry V-spin) Vs Gao.s»o.2 VsG o gSi0. 4 VSGao 4Sio 6 VsGao 2Sio.s VsSi

x, (o)

M(0)

x'{0)
x'2{o)

x{03

(sec K) '

2. 0

5.0

27. 0

4. 8

2. 56

0.36

0. 95

—0. 50

3.37

2, 0

5. 0

19.0

32, 4

1.86

0.29

0.95

—0.50

2.60

2. 62

2. 0

5, 0

14.0

9.0

30, 0

1.45

0.34

0. 95

—0. 50

2. 24

2. 22

2. 0

5.0

15.0

7.3

29.3

0.28

0. 95

—0. 50

2.22

2. 17

2. 0

5. 0

18.0

5, 6

30.6

1, 72

0.95

—0. 50

2.42

2. 0

5. 0

6. 0

35.0

2. 14

0.32

0. 95

—0. 50

2. 91

2. 91

~H~&~I& = o.14' 1o' Oe. "H~& = - 0. 117~1O' Oe. H@&=1.12x 10 Oe.

width of the distribution 4 varies by about a factor
of 5, indicating the importance of compositional
fluctuations on broadening N'(8). Note that d is
considerably larger for V,Ga than for VsSi, which
is in accord with the fact that V,oa forms with a.

much broader range of stoichiometry. The value
of 4 is always small compared with the intrinsic
width 8', indicating the nearly resonant character
of the localized state.

V. RELATIONSHIP BETWEEN Tc AND N(0)

In Fig. 8 we illustrate the main result of the
present work. %e have plotted the values of T,
normalized by en as a function of the total density
of states at the Fermi level. These data represent
values of N(0) taken from the V,Ga~ „Sn, system, '
which have been recalculated to allow a value of
N, (0) of 2 states/(Ry V-spin), as well as from the
V~Ga, Pi„system presented in Sec. IV. As we
have argued in Sec. II, these values of N(0) repre-
sent bare or unrenormalized values of the density
of states. The values of e~ are taken from a fit to
the peak in the C~ T/-ver ussT data of Knapp and

X —= 2 n~(u) dc@ .
E &u

0 (d
(13)

Here n (&a&) is an average of the electron-phonon
interaction, and F(~) is the phonon density of
s~ates.

Gomersall and Gyorffy ' have shown that the
generalization of MCMillan s approximation to X

for systems with more than one atom per unit cell
is given in the rigid-atom approximation by

N(0) g (f', )
((o2) ( Mq

The density of states in the VSX compounds is dom-
inated by the states derived from the vanadium
atomic d levels. If we assume the dominant elec-
tron-ion scattering is from the nearly resonant

Culbert. ' The quite surprising result is that T,/8~
appears to be a universal function of N(0) for two
415 alloy systems that exhibit marked differences
in their composition dependences of T, and GD.

The electron-phonon mass enhancement is de-
fined by~

TABLE IV. Parameters of the localized peak in the d band.

VsGa VsGao. sSio.2 VsGao. e»o.4 VsGao 4Sio 6 Vs Gao.2Sio.s VsSi

1P(0) (Ry V-spin)

MP(0) (Ry V-spin) ~

6 {mRy)

X,'(0) (Ry V-spin)-'

27. 0

1.4

27, 5

1.9.0

2. 7

19.9

14.0

1.7
55

14

14, 5

15, 0

2. 1

15.6

18.0

2. 9

13

19.0

22. 0

0.4

22. 2
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FIG. 7. Composition dependence of the localized
vanadium d-state peak width 8' and root second moment
4 of the Gaussian distribution of peak centroids in the
V3Ga~ Pi„compounds.

vanadium d state in the V,X compounds, the elec-
tron-phonon interaction is given by

, N(o) (I',)
(ur ) Mv' (15)

and the variation in X is due to the variation in
N(0) (&v)/(sP). If we follow McMillan and assume
N(0) (Iv) is nearly constant, then the dependence
of T,/8D and therefore X on N(0) (Fig. 8) must be
through the phonon renormalization. The phonon
spectra are temperature dependent, ' in part, be-
cause of temperature dependence of the electronic
screening in the high-T, A15 compounds. There-
fore, we have no reliable means of estimating the
zero-point moments of the phonon spectra entering
Eq. (15).

Allen and Silberglitt have recently discussed
the effect of the full dynamic nature of the phonon
spectral function B(q, &u) that is of importance when
the phonons have finite lifetimes and temperature-
dependent frequency shifts due to the self-energy
corrections. They find that

~ =[N(0)/I] « lf(k, f') I'/~-„-„, (o)')), (18)

where

f(k, k')=e &k}VV}k'&

is the electron scattering matrix element and the
angular brackets indicate averaging k and k' over
the Fermi surface. They emphasize that ~;(0) is
the frequency the phonon would have if the real papt
of the phonon self-energy were frequency indepen-
dent (i.e. , if the restoring force at the phonon fre-
quency were the same as the restoring force to
static deformations). The frequency &o;(0) differs
from the experimental frequency ~~, which is de-
fined as the frequency at which the phonon spectral
function peaks. If the phonon self -energy results

from electron-phonon interactions only, the equali-
ty of v; and &o;(0) is a statement of the adiabatic
approximation. Recent experiments ' on the high-
T, compound Nb, Sn have shown &u~ differs markedly
from ur-(0) for certain phonons. For the (110)q

2transverse-acoustic branch, &u~(0) is found to be
much smaller than ~;.

Chan and Heine'4 have shown that the renormal-
ized frequency co; is related to the bare frequency
A; by the generalized linear response function of
the conduction electrons given by

N(o) ((I',/n'))
M„1—BN(0)

' (2o)

Although some phonon modes may stiffen while
others soften, Eq. (20) indicates the manner in
which we expect X to vary.

We have used Eg. (20) and the two-square-well
form for T„

T /8 e-(1+x)/(L g4&

1.45 (21)

to fit the data in Fig, S. Here we have used Benne-

5.0

P 2.0

0*

I.O

0.9

0.7—

0.6
I6

I I I } I

20 24 28 32

N{0) ($TATE$ Ry-IV-}$PIN" I )

FIG. 8. Superconducting transition temperature nor-
malized by the Debye temperature as a function. of the
bare density of states at the Fermi level. Open circle,
V3Ga; closed circles, V3Ga-VSSi compounds; triangles,
VSGa-VSSn compounds. Solid curve is a fit to the data
obtained with a, two-square-well model and X =Xo/
[(1 -BN(0)}with X0 = 0. 36 and B = 0. 015 Ry V-spin.

K+q (18)
kmq

We take an approximate form for ~g.l.(0) suggested2

by the work of Chan and Heine,

2- — 2-
&a I (o)=fl~i (I-BXwt ),

where 0 is the bare-phonon frequency, and 8 is a
constant. In the limit of T- 0, Eqs. (18) and (19)
yield, after factorization and appropriate averaging,
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TABLE V. Superconducting and normal-state param-
eters for V3X compounds.

Con&pound

V, Ga

V, Si

V)Ga() SSn()

V3Gad sSI)) 2

VSGad 2Si,).8

)),gsi)). g

VSGa|),Si

V3Ga, ) -Snp 3

V;Ga„5Sno s

~ 3G' |).j ~ I) .8

V3Sn

N(0)
(Ry V-spin)

38, 8

35. 0

33.9

32. 4

30.6

:&0.0

29, 3

28. S

26 4

21.3

16.8

14. 5

16.7

10.7

11,9

10.5

9, 5

7. 2

5. 6

3. 8

3.4

360

416

360

,')60

360

:&60

0. 193

0. 1S7

0. 186

0, 1S3

0. 180

0. 179

0. 178

0, 177

0. 172

0. 159

0. 144

0. 86

0. 76

0.73

0. 70

0. 67

0. 65

0.64

0.63

0. 60

0.53

0.48

mann and Garland's numerical approximation for
The use of McMillan's equation~ for 7,/en re-

sults in only small numerical differences. We as-
sume, for the V3X compounds of interest, that 0
and 8 are essentially independent of composition.
Although a poor fit to the data in Fig. 8 is obtained
if we use the full explicit dependence of X on N(0),
i.e. , & N(0)/[I BN(0)], -a quite good fit is ob-
tained if we treat

low Hopfield ' and assume VV to be local interac-
tion. Since overlap contributions are considered
to be small for the d bands in the V,X compounds,
only p-d matrix elements appear in Eq. (17). Thus
((Iav)) has the form

() ()(
[N(0)]'

(22)
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