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Strong depression of superconductivity in VN by spin fluctuations
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In this paper we argue that spin fluctuations prevent VN from being a superconductor with a

transition temperature of about 30 K instead of the experimental value of 8.6 K. Thus, besides
V and Nb for which similar results have been reported recently, VN provides a further and

even more pronounced example for spin-fluctuation-limited high-T, superconductivity. Our

results are obtained from microscopic calculations of T, for the refractory compounds TiN, ZrN,

VN, and NbN and from magnetic susceptibility data. Among these four compounds VN is ex-
ceptional in exhibiting both a large theoretical overestimate of T„ if spin fluctuations are omit-

ted, and a high magnetic susceptibility. Incorporating spin. fluctuations within the theory of Berk
and Schrieffer, the theoretical value of T, can be brought into agreement with experiment. Cal-

culations of the magnetic susceptibility and of T, in nonstoichiometric VN„(0.75 «x ~ 1.0)
and their comparison to experimental results of Ajami and MacCrone provide further support
for our ideas.

I. INTRODUCTION

Since the discovery of superconductivity a huge ef-
fort has been put into the search for materials having
high transition temperatures T, . But in spite of the
wealth of different alloys and compounds investigated
at low temperatures success has remained very mod-
est: Until now T, has never exceeded 23 K, and for
almost all known superconductors it is below 20 K.
Within this context the immediate question has
arisen whether there is a mechanism limiting T, in-

herent in superconductivity. There are several
answers to this question, ' the most common being
that the electron-phonon interaction underlying su-
perconductivity is limited: An increase of this cou-
pling (caused, e.g. , by changes in the electronic
configuration) will be accompanied by lattice soften-
ing. As a consequence, there wi11 be a maximum
coupling strength at which any attempt of a further
increase will resuit in a collapse of the crystal into a
structure which is more stable but has a lower T, ,"

Most of the high-T, superconductors are either
compounds of 315 structure (e.g. , Nb3Ge with

T, —23 K) or refractory compounds with NaCI
structure (e.g. , NbN with T, —17 K). If lattice insta-
bilities are essential in limiting high T, superconduc-
tivity then they should show up especially in materi-

als belonging to these two classes. Now, some of the
315 compounds show indeed tendencies towards lat-
tice instabilities. So, V3Si and Nb3Sn undergo a mar-
tensitic phase transition from cubic to tetragonal at
low temperature. On the other hand, it is known4'
that T, differs only little in the different phases and it
seems doubtful that these martensitic transformations
impose a limit on T, . A'clear answer could be given
if one were able to calculate the electron-phonon cou-
pling strength and to find out what T, it allows. Un-
fortunately, due to the complicated lattice dynamics
and electronic structure of the 315, such calculations
can hardly be performed at present.

Let us now turn to the refractory compounds.
Many among them obviously exhibit high electron-
phonon coupling strength which is manifest in soft-
phonon anomalies and high T, . Nevertheless, they
are stable against structural transitions and one may
ask again why in this class T, does not exceed 18 K?
In contrast to the 315, for the refractory compounds
we are able to calculate the coupling strength and to
find out whether the limit in T, is due to a limit in

the coupling. We shall show below that for the re-
fractory compound VN the electron-phonon coupling
would allo~ T, —30 K in contrast to the experimen-
tal value of 8.6 K. Thus, at least in this case T, is
not limited by a maximum coupling strength.
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In a recent letter, ' it has been shown that in the
superconductors V and Nb spin fluctuations ("para-
magnons") as a precursor of band ferromagnetism
lead to considerable depression of T, and may possi-
bly be considered as the main limitation of high T,
values. ' In this paper we want to corroborate this
idea by presenting VN as a further and still more pro-
nounced example for these effects. For this purpose
we perform microscopic T, calculations for the refrac-
tory compounds ZrN, TiN, NbN, and VN and
'analyze their magnetic susceptibilities. Within this
group of compounds we find VN to be exceptional in
two respects: T, calculated omitting spin fluctuations
is much higher (32 K) than the experimental value
(8.6 K), simultaneously the magnetic susceptibility,
X, is about eight times that of the other three com-
pounds. We consider this coincidence between a
large theoretical overestimate of T, and an unusually
high magnetic susceptibility to be a strong hint for
pararnagnon depressed superconductivity. A con-
venient measure for the influence of paramagnons on
superconductivity' is the Stoner enhancement factor
S of the magnetic spin susceptibility X,„;„. It is de-
fined by S = x,„;„/x,, where the Pauli spin susceptibil-
ity Xp is given by Xp= 2t(, ((N (t(:) [N (tt. ) is the elec-
tron&c band-structure density of states at the Fermi
level]. We calculate the influence of spin fluctuations
on T, by solving the Eliashberg equations including
the q- and (u-dependent particle-hole t matrix t(q, (u)
which depends on S. S is evaluated in the frame of
the local density functional formalism and leads to
susceptibilities which compare favorably to experi-
ment. Furthermore, the same S causes a large reduc-
tion of T, compared to the calculation without spin
fluctuations, and reconciles theory with experiment.
In addition, the exploitation of T, and susceptibility
measurements performed on understoichiometric
samples of composition VN„(0.75 ~ x ~ 1.0) by
Ajami and MacCrone9 will provide further strong evi-
dence for the importance of spin fluctuations in the
superconductor VN.

II. THEORY

We calculate the superconducting transition tem-
perature T, by solving the linearized Eliashberg equa-
tions including the influence of spin fluctuations. On
the imaginary axis they read''

h((u;) = T, X [X ((u; —«(t) —p, "] h((u~)
J (ug

(uj = (ug + rr T, X sgn«(()(. +((uq —(u()
l

( g=(urr I (2J + 1 ) T

+( ) 2
f"d, «([n'I'(~) +P(«))

(u + ((u —(u )

Here, the Eliashberg function c('F ((u), the unretard-
ed Coulomb repulsion p, ', and the paramagnon spec-
tral weight function P ((u), reflect normal-state prop-
erties and represent the ingredients which determine
T, . In all calculations, we set p, '=0.13 with a cutoff
at 5(u((. P((u) is related to the particle-hole t matrix
t(q, (u) by"

P( )
( F) ~ qdq

1
2~ & o 2kF

For t (q, (u) we use the RPA (random-phase approxi-
mation) ansatz of Schrieffer" allowing for a q-

dependent interatomic interaction J(q) in addition to
the contact potential U,

t(q, (u) =- U+J(q)
3 1 —[U+J(q ) ) N (eF) u (q, (u)

+2 U
3 1 —UN( «)tu(q, (u)

(3)

where u (q, (u) is the Lindhard function and
c =1/J2kt. We are aware of the fact that Eqs. (3)
represent an oversimplified description of t(q, (u).
However, as already discussed in Ref. 7, for medium
Stoner enhancements (S —2—3) the physical conclu-
sions do not depend critically on details in the calcu-
lation of t (q, (u) in contrast to situations where, S is
so large that the system is near a ferromagnetic insta-
bility.

Introducing the quantities

S = 1/ [1 —N ( )altl

K= Jp/I
(4)

where I = U +Jo is energy dependent and taken at
I = I (et'), we study T, as function of S consider-

ing K as a parameter. K is a measure for the nonlo-
cality of the electron-electron Coulomb interaction
and paramagnon effects are weakened for increased
K. K = 0 reduces the Coulomb interaction to a con-
tact potential, and this leads to an overestimate of the
paramagnon effects. " Since'at present we are un-

able to calculate t(q, (u) microscopically, we perform
our calculations for two different K values, namely,
K = 0 and 0.3. K = 0.3 has proved to describe the
right electron mass enhancement in the strongly-
Stoner-enhanced Pd, " and we expect K to be not too
different in other d-electron metals.

Besides the calculation of Ta'F ( )(aund P ( )«(
can be used to evaluate the phonon and paramagnon
contributions A.» and A.„;„to the electron mass
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enhancement factor m "/m

m'/m = I + &,„+),„,„,
goo

k,p,
„——2 „dpiP (cu)/piJo

n'F(ru)
OJ

(5)

which determines the electronic specific-heat coeffi-
cient y through the relation

m'/m = 3y/2rr'kg'N (eF ) (6)

The Eliashberg function n'F (pi) has been calculated
using a nonlocal version of the Gaspari-Gyorffy
theory

N(aF) r d3 iv (p, p-
a'(cu)F(pi) =

q X 8(2kf —q) V (q) & (q)e16+k~, " q
A, A

[e- (~) ql[e- (~') q]
ru „(MM, ')'i'

(7a)

' [/2 ' ' [/p
2m pr

X
ni ni+i

V q
rrkfN (ay) ft i n p7n pi+i

I 2

sin( gi —ai+i ) X (2l'+ I )P,
I 2kF~

(7b)

Here, e~„(a) is the amplitude of a phonon with wave
vector q of the vth branch and at the nth ion with

position p in the unit cell, co-„ is the corresponding
frequency, and 7 is the reciprocal-lattice vector which
reduces q to the first Brillouin zone. The n~ are the
contributions to the crystalline density of states with
angular momentum l at site a and the nfl are the cor-
responding single scatter quantities. 5& denotes the
phase shifts for the partial wave with angular
momentum l scattered from site a. The n& and 5& are
taken at e = e~, the 5~ are restricted to the interval
[0, w ]. In order to ensure correct counting of states
in k space, kp = (3m'n ) '~' has to be used where n is
the number of conduction electrons per unit volume.

The electronic quantities entering Eqs. (7) have
been obtained using the self-consistent cluster ap-
proach described extensively in Ref. 13. Exchange
and correlation have been treated according to the
ansatz of Hedin and Lundqvist. '4 Scattering up to
angular momentum l =2 has been taken into account
for both metal and nonmetal atoms, whereas for the
metal atoms l =3 was treated by perturbation theory.
Self-consistency was reached after 6 to 8 iterations. 7
shells of atoms have been used in order to obtain the
potentials and 15 shells for the final calculation of the
electronic parameters entering the Eliashberg func-
tion. In this way, boundary effects could be eliminat-
ed even in energy regions where phase shifts and
densities of states vary rapidly. The self-consistent
electronic densities and radial wave functions have
also been used to calculate the Stoner enhancement S
in the frame of the spin-density formalism (see Ref.
15 and references therein) according to Eqs. (4).

As a model for the lattice dynamics providing the
phonon frequencies and amplitudes which enter Eqs.
(7) we chose the double-shell model of Weber. '6 For
the different refractory compounds, this model has
been fitted to phonon dispersion curves measured in

I

inelastic neutron scattering experiments on single
crystals. Details and the model parameters for TiN,
ZrN, VN, and NbN can be found in Refs. 17—20.

III. NUMERICAL RESULTS AND DISCUSSION

The electronic quantities resulting from the cluster
calculations are given in Table I. Together with the
lattice dynamics model they have been used to gen-
erate via Eqs. (7) the Eliashberg functions n'F(pi)
which are shown in Fig. 1. Examples of the
paramagnon spectral weight function P (pi) for
S =2.5 and several ~ values are shown in Fig. 2.
The Fermi energy eF which enters the Lindhard func-
tion u (q, cu) in Eqs. (3) has been put equal to the en-
ergy separation between the Fermi edge and the
lower bottom of the d band (2.9 eV for VN). As can
be seen from Fig. 2, P(pi) is long ranged in energy
and one has to sum over a large number of Matsu-
bara frequencies cuj in Eqs. (I). We overcame this
difficulty by replacing the gap function h(pij) by a
series of 30 step functions in the region where P(ru)
is slowly varying (i.e., for pi & 0.5 eV). A further in-
crease in the number of steps had little effect on the
results. The numerical solution of Eqs. (I) was then
performed by the use of the iterative algorithm of
Culetto and Rainer ' which is particularly suited for
the case of a strong Coulomb (and paramagnon)
repulsive kernel.

First we calculated T, without consideration of spin
fluctuations, i.e., for P(pi) =—0. These values are
denoted by T,'"""and listed in Table II together
with their experimental counterparts T,'"". In the
same table, A.» and the specific-heat coefficient y'"""
as calculated from Eqs. (5) and (6) (with h.,p;„=0)
and the experimental value y'" ' can be found. The
last column lists measured magnetic susceptibilities
~tot.
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TABLE I. Electronic quantities resulting from the self-consistent cluster calculations for TiN, ZrN, VN, and NbN.

N Zf N N Nb N

Sp

5)

52

83
l1 p/I1 pp

11 )//lpga

fl 2/Il p2

»3/»p3

&F (ev)
X(.F)

(spin at eV) '

-1(~F) (ev)
S

2.19
2 ~ 81
1.32
0.005
0.18
0.1

0.36
2. 1

11,8

0;404
0.71
1.4

1.37
1.72
0.016
0.0
0.17

0.33
1.8

2.0
2.6
0.97
0.01
0.13
0.07
0.33
1.72

0.28
0.69
1.24

1.41
1.76
0.018
0.0
0.2
0.4
2.3

2.26
2.86
1.92
0.004
0.12
0.17
0.78
4.1

12.2

0.79
0.83
2.9

1.34
1.44
0.016
0.0
0.54
0.61
3.0

2.01
2.62
1.55
0.013
0.15

0.09
0.53
3.0

12.2

0.44
0.69
1.44

1.35
1.75
0.02
0.0
0.6
0.61
1.98

The best agreement between T, xp' and T,'""' is ob-
tained for NbN and would possibly be even better if
the experimental T, were determined on stoichio-
metric samples for which our calculation actually
holds. Unfortunately, T, values for NbN samples
without an appreciable amount of vacancies on Nb
and/or N sites are not available. In any case, the
difference between T,'""' and T,'"""is not significant
and spin fluctuations should be, if at all, only of
minor importance in NbN. This is in accordance with
the low magnetic susceptibilty, X„„and low Stoner
enhancement, S.

For TiN and ZrN, T,'""' is too small, for TiN by a
factor of 2. Both compounds are weak coupling su-

perconductors in the sense that they have X» signifi-
cantly below one. In that case T, depends exponen-
tially on X~„and just a small increase of h.ph (0.45 to
0.53 for TiN and 0.60 to 0.69 for ZrN) would be suf-.
ficient to raise T,'""' to the experimental value. In
other words, the relatively large errors in T,'"""may
arise from small errors (less than 20%) in X~h and
therefore in o.'F(&o). This can be considered as satis-
factory, especially in view of the remaining uncertain-
ties in lattice dynamics, electronic quantities, and
electron-phonon coupling. Because of the low sus-
ceptibilities and Stoner enhancements we believe that
in TiN and ZrN there is only a small influence of
spin fluctuations on T, . We note that we have al-

TABLE I1. Theoretical values for T, (K) Xph and y(mJ/K mole) calculated with omission of spin fluctuations together with

experimental data for T„y, and x«t (10 emu/mole).

y theor
C y expt

C A, ph
theor expt ~expt

tot

TiN 2.8 5.5' 0.45 2.7 3 3a,b 38a

ZrN 7.4 10.0' 0.60 2. 1 2 7a, b 22a

VN 32.3 8.6' 1.54 9,5 8.6a b 240c

23.0 173 1.23 4 1e

'Reference 23.
Reference 22.

'Reference 10.
dM. W. Williams, K. M. Rails, and M. R. Pickus, J. Phys. Chem. Solids 28, 333 (1967).
'P. Roedhammer, E, Gmelin, W. Weber, and J. P. Remeika, Phys. Rev. B 15, 711 (1977); a more recent evaluation of the same
specific-heat data lead to a y appreciably above 4.1 [P. Roedhammer (private communication)], thus underlining the difficulties
in extrapolating C(T) to T=0.
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FIG. 2. The param ~gnon spectral weight function P(~)
for a Stoner enhancement S = 2.5;~nd several ~ ~s calculated
from Eqs. (2) and (3).
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Table I). This suggests that the high susceptibility in

VN is at least partly due to a high spin susceptibility,
an assumption which will be confirmed in Sec. IV by
analyzing susceptibility data of understoichiometric
VN. These results lead us to recalculate T, for VN
under consideration of spin fluctuations via Eqs.
(I)—(3). In Fig. 3 T, is shown as a function of the
Stoner enhancement, T, = T, (S), for K =0 and
K = 0.3. From T, (S) = T,'""' we obtain S = 2.2 for
K = 0 and S = 3.3 for K = 0.3, respectively. The calcu-

FIG. 1. Histogram of the Eliashberg function o.2F(co) for
TiN, ZrN, VN, and NbN as calculated from Eqs. (7); note
that for ZrN the optical part has been reduced before plot-
ting and must be multiplied by 4.

30-

ready calculated T, for the refractory compounds
ZrC, NbC, and YS without consideration of spin fluc-
tuations and have obtained fairly good agreement
with experiment. '4 This is in accordance with our
present results for TiN, ZrN, and NbN since all of
these compounds have low magnetic susceptibilities. "

In VN, T,'"""is more than three times the experi-
mental value. We believe this large discrepancy to be
significant and inexplicable by errors in X» [i.e., in
a'F (c») ], since a reduction of X» from 1.54 to
0.72(!) would be required in order to make T,'"""
agree with T;""' (see Sec. IV). In addition, the mag-
netic susceptibility of UN (see Table II) is about eight
times larger than for the other three compounds.
Moreover, we calculate a Stoner factor 5 =2.9 for
VN, whereas S ( 1.5 for TiN, ZrN, and NbN (see

10-

0
2 3
Stoner factor S

FIG. 3. The superconducting transition temperature T, as
a function of the atoner enhancement S for VN. Closed cir-
cles, contact model of Ref. 9 (K = 0); open circles, K = 0.3;
solid line, guide to the eye; broken line, T, (S) = T,'"r".
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lated Stoner factor S = 2.9 fits into this scheme thus
demonstrating that spin fluctuations are able to ac-
count for the large difference between T,'""' and
T expt

C

Let us try to investigate the compatibility of our
theoretical results with experimental specific-heat
data and contrast two extreme assumptions:

(a) The overestimate in T,'""' is completely due to
errors in A.», and spin fluctuations have no influence.
Then, X» must be reduced from 1.54 to 0.72 in order
to get the right T, which implies a reduction of y'"""
to 5.9 mJ/K' mole which is 32% below the experi-
mental value.

(b) The overestimate in T,'""' is completely due to
the omission of spin fluctuations and mph= 1.54 is
correct. The correct T, is now obtained including
spin fluctuations. Then X,~;„=0.54 (almost indepen-
dent of K), and y'"'" is increased [see Eq. (5)1 to
11.5 mJ/K' mole which is now 34% above y'""'.

If the experimental value y'""'= 8.6 mJ/K mole
were reliable within few percents, neither (a) nor (b) .

could be true and we would have to assume some in-

termediary situation. [Solving Eqs. (1) with u2F(co)
reduced by a constant scale factor shows that then

Xph 1 1
& X»,„—0.3, and T,'""'—22 K would give

the right answer. ] However, y,„„has been derived
by extrapolating the specific heat C(T) for T 0
from experimental data above T,'" '= 8.6 K. This
may lead to large errors in y, particularly in view of
the unusually soft phonons which are typical for
many refractory compounds and also present in VN. '5

Therefore, we estimate a 30% uncertainty in the
quoted value of y'" '. Assuming that our error in X»
for VN is comparable in size to that for the other
three compounds (about 18%), the lower limit for k»
is about 1.3 resulting in T,'""'—28 K. In this case in

order to bring down T,'""' to T, ""',
Xsp&p 0.4 would

be needed implying y =10 mJ/K2 mole. From these
considerations it follows that additional specific-heat
measurements under magnetic fields & H, , are high-

ly desirable in order to give a more precise answer.

O
E

E

200-

100
0.7 0.8 0.9

nitrogen content x

I

1.0

FIG, 4. The total magnetic susceptibility X as a function
of x in understoichiometric samples of composition VN„.
Closed circles, experimental values from Ref. 10; opened
circles, rigid-band calculation assuming an x independent or-
bital contribution of 88 && 10 emu/mole.

sider this decrease in T, as contradictory to the con-
clusions of the preceding chapter since any drop in
the magnetic susceptibility should be favorable for
superconductivity due to a corresponding drop in spin
fluctuations. However, not only the spin susceptibili-
ty changes with changing x but also the Eliashberg
function n2F(co), the latter in such a way that T, is
strongly depressed. We shall now show that it is just
this combination of two counteracting effects which
enables us to explain quantitatively the observed
T, (x) in VN„.

IV. INFLUENCE OF STOICHIOMETRY

5-

V

The physical properties of VN depend strongly on
the nitrogen content of the sample. Ajami and Mac-
Crone have performed measurements of both the
magnetic susceptibility X„,and the superconducting
transition temperature T, on samples of composition
VN„with 0.74 «x «1.0. The susceptibility data for
T =77 K are shown in Fig. 4 and the T, data in Fig.
5. A remarkable feature is the drastic decrease of Xg

for 0.85 «x «1.0 followed by a nearly constant
behavior for 0.75 «x «0.85. At the same time, T,
decreases almost linearly with decreasing x, reaching
T, = 2 K for x =0.75. One could be tempted to con-

0
0.7 0.8 0.9

nitrogen content x

1.0

FIG. 5. The superconducting transition temperature T, as
a function of x in understoichiometric samples of composi-
tion VN„. Circles, experimental values from Ref. 10; full

triangles, rigid-band calculation taking account of spin fluc-
tuations and their fast decay with decreasing x; open trian-

gle, rigid-band calculation omitting spin fluctuations; solid
lines, guides to the eye.
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TABLE III. The quantities S, A», Asp;n, and T, for different x in compounds of composition VN„calculated in a rigid-band

model; ~ = 0.22 so that for x = 1.0 T, = T,'"p'.

A.ph ~spin

1.0
0.93
0.86

2.9
1.9
1.4

1.54
0.92
0.62

0.54
0.24
0.085

8.6
6.2
4. 1

For this purpose we need information on both the
electronic structure and the lattice dynamics in VN„
for x ( 1. Inelastic neutron scattering experiments"
on samples of composition VN

~ p, VNp 93 and VNp 86

reveal a considerable hardening of the phonon fre-.
quencies for decreasing x. In terms of a mean-
squared phonon frequency (ru') it turns out that
(ct) ) o 93/(co') ~ o

= 1.32 and (&o') o s6/(o) ) ] o
= 1.60 for

the acoustic-phonon spectrum while the optic fre-
quencies are scarcely affected. Since the underlying
lattice dynamics model was obtained by a fit to the
phonon dispersion curves of a single crystal of com-
position VN086 (the only available single crystal), we

generated the corresponding models for VN~ p and
VNp 93 simply by rescaling the frequencies of the
acoustic branches according to the above-mentioned
ratios.

A more difficult problem is to obtain information
about the x dependence of the electronic quantities.
Strictly speaking, one has to recalculate the potentials
V (q) occurring in Eqs. (7) for x & 1. Such calcula-
tions have been performed by Ries and Winter' in
the limit of dilute nitrogen vacancies in VN but can-
not be adopted for the finite concentrations x =0.93
and 0.86 where the vacancies interact. Instead, we
calculated V (q) for x & 1.0 within a rigid-band
model. Omitting 5 valence electrons for each nitro-
gen defect, we determined the Fermi energy eF and
the electronic quantities N (eF), n~(CF), 5[(tF), and
for x & 1.0, which allows the calculation of V (q ).
and X,~;„, respectively, via Eqs. (7) and (4), respec-
tively. As a first test of this approximation, one may
compare the x dependent change in the spin suscepti-
bility X,„;„to experiment. Following Ref. 9 we as-
sumed the orbital contribution, X,„b, to the magnetic
susceptibility to be roughly constant and put X,„b
=88 X 10 emu/mole independent of x. The result-
ing total susceptibility Xt I X p' +X „b as function of
x is shown in Fig. 4. The agreement with the experi-
mental data is excellent, and one may hope that the
rigid-band approximation would also work well for
the remaining quantities.

In order to calculate T, (x), we fixed «=0.22
which for S =2.9 and x =1.0 leads to the measured
T, = 8.6 K. We then calculated n2F(co) and S for
x =0.93 and 0.86 and finally solved Eliashberg's

equations (1) for T, . Table III summarizes S, X»,
h. ,„;„,and T, for different x, a comparison of T, (x) to
T,'""(x) is given by Fig. 5. There is excellent agree-
ment between theory and experiment.

One may again assume that the overestimate in

T,'"""is completely due to errors in X» and ask
whether then T, (x) could be equally well described.
In other words, one may try to calculate the degrada-
tion in T, under omission of spin fluctuations and
only through the changes in n'F(cu). We did this in

the following way. For'x = 1.0, we multiplied the
function n'F(cu) by the factor 0.47 which leads to
T, = T, ""for S =1. Reducing for x =0.93 and 0.86
the functions a'F(cu) by the same factor we then got
T, = 1,6 K for x =0.93 while for x =0.86 no finite T,
could be found. In other words, if spin fluctuations
are not taken into account, the relative change in
a'F(cu) is sufficient to destroy superconductivity
completely for x & 0.9, in contradiction to experi-
ment (see Fig. 5).

V' EXCHANGE ENHANCEMENT OF Tc

Apart from pair breaking and reduction of T„spin
fluctuations may imply changes in the phonon renor-
malization and vertex corrections of the electron-
phonon coupling. Using a simple local exchange
model, Kim" has shown that under favorable condi-
tions those effects may give rise to an increase of A, ph

which even overcompensates the pair breaking thus
leading to an.enhancement of T, . Let us recapitulate
briefly some results of Ref. 27 and then discuss how
relevant these considerations might be for our inves-
tigations. In short, we limit the discussion to the jel-
lium model and adopt the notation of Ref. 27. Then,
A, ph is given by

(8)

where the double brackets indicate a momentum
average over the Fermi surface. O~ is the ion plas-
ma frequency and co~ the renormalized phonon fre-
quency. u(q ) is the screened and vertex corrected
electron-phonon coupling function. In terms of the
static polarizability F(q), the usual Coulomb interac-
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tion V(q ), and an effective exchange and correlation
potential V(q), n(q} can be written

a(q ) = n(q )/{ [I +2F(q }V(q ) ] [1—F(q ) V(q ) ] }

(9)
F(q) =F(q)/[I —F(q) V(q)],
where n(q) is a well-behaved function. co~ is related
to O~ by

~2 I) 2/[I +2F(q ) V(q )] (10)

and the Stoner enhancement S is given by

S = I/[ I —F (0) V(0) ]

Now, for S ~ the system is at a ferromagnetic
instability. This singular behavior is also reflected in

co, leading to a vanishing velocity of sound and to an
appreciable phonon softening for finite q. It is main-
ly this softening of au~ which, through Eq. (8), gives
rise to possible enhancement of A.». Since in our cal-
culations we have used lattice dynamics models fitted
to experimentally determined phonon spectra, such
effects have already been properly taken into account.
A possible second source for enhancement of A.»
may lie in an exchange enhancement of a(q) due to
vertex corrections. Within Kim's theory these
corrections induce only minor changes since even for
S ~ n(q ) remains finite for all q. In addition,
there is some tendency ' for vertex corrections to
cancel against a proper renormalization of the elec-
tron Green's function, though it can only be proven
in the long-wavelength limit.

ZrN, NbN, and VN using self-consistent electronic
cluster calculations and double-shell models in order
to describe the lattice dynamics. For the compounds
TiN, ZrN, and NbN the difference between theory
and experiment is explainable by remaining errors in
the electron-phonon coupling of at most 20'/0. How-
ever, the deviation for VN is much larger (T,'""'=32
K compared to T;"~'=8.6 K). This discrepancy could
be removed by including the effect of spin fluctua-
tions into the Eliashberg equations. The required
Stoner enhancement S was found to agree well with
measured susceptibilities and with the value S =2.9
calculated in the frame of the local density functional
approach. The measured electronic specific-heat
coefficient y'" '= 8.6 mJ/K mole supports at least
qualitatively our results. Further strong evidence for
our ideas is provided by the x dependence of T, and
the magnetic susceptibility in compounds of composi-
tion VN„(x ( 1) (Ref. 9): The relatively modest
decrease in T, for decreasing x can only be under-
stood if, in addition to the degradation of the
electron-phonon coupling, the rapid breakdown of
spin fluctuations is taken into account. Thus, we
have found VN to be a further and very characteristic
example for paramagnon depressed superconductivi-
ty. We are convinced that it is only one member of a
wide class of superconductors where spin fluctuations
act as a drastic limitation for the occurrence of high
T, and that many other well-known superconductors
belong to this same class.
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