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V" Knight Shift in the VsSi Type of Comyounds in the Normal State
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Gossard has observed in VgSi the effect on the V" Knight shift of the low-temperature structural
transformation discovered by Batterman and Barrett. This effect can be explained in a simple model which
assumes a one d-band structure close to the Fermi level. This model has already given a fairly good ex-
planation of the low-temperature lattice instability in the normal state.

I. INTRODUCTION
'

N the preceding paper' we have analyzed in a simple
~ ~ d-band model the paramagnetic susceptibility X of
the VSSi type of compounds which have a high super-
conducting transition temperature T,. The Fermi level
should fall in a peak in the density of states and X should
consist of two main contributions:

X=Xo+Xs(T).

Here Xs(T) is the strongly temperature-dependent Pauli
contribution from the d electrons close to the Fermi
level, and Xo is the nearly temperature-independent
orbital contribution from all the occupied d-band states.
In this paper we compute the Knight shift k~ at V"
nuclei, Grst in the cubic phase, and after in the tetra-
gonal phase between T, and the structural transforma-
tion T„(T„&T,).

II. KNIGHT SHIFT IN CUBIC PHASE

The Knight shift ky at the vanadium nuclei contains
a positive orbital contribution, ' proportional to Xo and
thus temperature-independent. The Pauli contributions
from the d electrons contribute to ky by the exchange
polarization of the inner s core. This contribution is
negative and proportional to xs(T). By neglecting the
temperature-independent contribution due to the con-
tact hyperfine interaction of the s electrons at the Fermi
level with the nuclei, we can write

Iov =Pxo+px„(T), (2)

with p&0 and p(0. Because of Eqs. (1) and (2), we see
that the X and ky variations with the temperature are
linearly related by

sky =yhX. (5)

This well-veriGed relation makes it possible to deter-
mine experimentally y. Ke Gnd in V3Si

y~—2.5 mole emu —'
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This value is much smaller than the one measured in
pure vanadium metal, ' where it is —15.5 mole (emu)-'.
This may be due to the fact the d-atomic wave functions
are more extended in space in V3Si than in pure vana-
dium metal. ' The result would be a decrease of the ex-
change interaction between the d electrons and the inner
s core.

Now, by using our calculated values' of xs(T), the
estimated value X~~6X10 ' emu mole ', and the mea-
sured values of kv, we find that Eq. (2) is roughly valid
for any temperature if we assume P 10 mole (emu) ',
as an order of magnitude. LOur estimation of Xo and

P is in good agreement with the values Xo=5.2 to
7.5X10 o emu/mole and P=11.25 mole/emu, already
found by Clogston, Gossard, Jaccarino, and Yafet'
from NMR. )
III. EFFECT OF STRUCTURAL TRA5'SFORMA-

TION ON KNIGHT SHIFT AT V" NUCLEI

Let us consider the vanadium sites. In the cubic
phase, all of them are equivalent. In the tetragonal
phase, they can be divided into two families. The sites
belonging to the first family are located in the chains
running in the [100] direction which are assumed to
elongate in the cubic to tetragonal transformation. Ke
shall call them the c sites. The sites belonging to the
second family are located in the chains running in the
L010j and L001$ directions which shorten in the trans-
formation; we shall call them the u sites. The hyperGne
structure magnetic Geld is not the same at the e and c
sites. This leads to a splitting of the nuclear resonance
lines, as observed by Gossard4, between T, and T .

The interatomic distances are weakly changed by
the structural transformation, so the wave functions
and the potentials undergo only small distortions. Thus
we shall assume that the variation of P and. p in Eq. (2)
can be neglected in Grst approximation. On the other
hand, the electronic distribgtion in the d band, close to
the Fermi level, is strongly aQected by the structural
transformation. In Ref. 1 we have described the Gne

d-band structure associated with the lattice distortion.
The occupancy of the d band in the cubic phase is shown
in Fig. 4 of Ref. 1.In the tetragonal phase, the electronic
distribution in the two widest sub-bands is not appreci-

'L. E. Drain, Proc. Phys. Soc. (London) 83, 755 (1964).
4 A. C. Gossard, Phys. Rev. 149, 246 (1966).
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ably changed. But in the third sub-band, which con-
tains very few electrons, this distribution is strongly
perturbed. The peak at the bottom of this sub-band
splits into a L100] peak and a L010]+$001]peak as
shown in Fig. 6 of Ref. 1. The Fermi level Eg' lies be-
tween the bottoms E» and E„2of these two new peaks.
Numerical estimate in our model, for V3Si, give E»
—E 2 7.10 ' eV and E»—F'g 3.10 ' eV. At ab-
solute zero, the contribution of this sub-band to the
density of states at the Fermi level vanishes on the c
sites. All the electrons of the sub-band are transferred
to the u sites. On these sites, the Fermi level moves
away from the peak in the density of states, at the
bottom E 2 of the sub-band (Fig. 6 of Ref. 1). So the
density of states at the Fermi level becomes n2(E&')
=Z/s E~2)sinks'u. In the cubic phase it was' n(E&)
=2/s E

i sink& a. Because of the electrons transferred
from the c sites to the a sites, we have k~' ———,'k~. As
E 2 E (1+-,'aq«) E„(1+0.5 10 '), we get rit(E&')

3n(E»). Of course, at the c sites we should get
ttt(Ep') =0.

At finite values of the temperature, the t 100] sub-

band (Fig. 6 of Ref. 1) no longer remains empty. At
temperatures lying between T, and T, but not too
close to T, the diRerence E»—E 2 is of the same order
of magnitude as kT. So the occupation of the c sites by
electrons of the sub-band, although still reduced, can no
longer be neglected.

We shall calculate the eRect of the structural trans-
formation first on the Pauli susceptibility Xd(T), and
then on the orbital susceptibility Xo. Finally, the eRect
on k& will be deduced from (2).

course, the Fermi level has the same value Ep' in Eqs.
(5)—(8). This value is obtained, at any temperature, by
writing the number of electrons in the sub-band as a
constant. This gives

—Em»

m1

f(E)mt(E)dE+2
—Em2

f(E)~2(E)dE=3Q (9)

In all these equations, the distortion e is a function
of the temperature, numerically given by the curve in
I ig. 7 of Ref. 1.

We did numerical calculations for p'e&'(T) and
p'e&' (T). The results are shown in Fig. 1.These results
hold only for T) T„because in the superconducting
state the pairing causes the Pauli susceptibility to
vanish.

We have seen that in our model the structural trag. s-
formation is 6rst order. Indeed, at T= T we find very
small discontinuities as shown Fig. 1.The order of mag-
nitude of these discontinuities is about 10 ' emu mole '.
Their smallness can be understood from the fact that at
T= T the residual distortion «(T ) is small (Fig. 7 of
Ref. 1.) So the difference E t—E 2 is small with respect
to kT, and the temperature spreads the electrons al-
most equally between the u and c sites.

We see in Fig. 1 that Ii'N(T) slightly decreases on the
u sites and much more on the c sites, when the tempera-
ture decreases from T to T,. Numerically, we 6nd, for
the variation of &i,'n, (T) from T to T„—0.12X10 «

emu mole ' on the u sites, and —3.3)&10 4 emu mole '
on the c sites,

A. Pauli Susceptibility between T, and T

The Pauli susceptibility per vanadium atom is, at
the c sites,

x«&'&(T) =fi, 'e&'&(T)/(1 JN&'&(—T)) (5)

where J arises from exchange interactions, p is the Bohr
magneton, and

Eml

B. Effect of Structural Transformation on
Orbital Susceptibility

To show this eRect to be negligible, we shall use Eqs.
(15)—(18) of Ref. 1.These give the orbital susceptibility
Xo at absolute zero. When the lattice is distorted, 6»,
A2, k», k2, and k3 undergo small variations. By diReren-

n&'&(T) =— f'(E)nt(E) dE. (6)
&0A n(T)in emu mole-'

S~ n(T)

At the a sites, it is

Xq& &(T) =y'it&~&(T)/(1 —jn&~&(T))
with —Em2

n &'(T)=—
Em2

f'(E) ti2(E)dE.

ttt(E) and e2(E) are related' to n(E) by

et(E) = exp(aq«)ALE exp(aq«)],

e«(E) = exp( ——',aq«)e[E exp( —~aq«)],

(7)
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tiating these four equations, we find

4p' 4Riohi 6Ro8ho 4h(kia)
bx0=3&

3' Ay coskyu

Ay cosk2u A2 cosk2u

E i'& sinkiab(kia) =E„&'&

6b(kou)
b(koa)+ (1o)

A2 cosk3u

&(sinkoab(koa) =E„i'& sinkoab(koa) . (11)

The narrowest sub-band is nearly empty, in VSSi. Thus
kia is very small and, by (11), 8(koa) and 8(koa) are
small with respect to 8(kia). Therefore, the last two
terms in (10) can be neglected. On the other hand, the
distortion e being small, the sub-band widths only
undergo small variations. We then have Ski/Ai ——84o/

~ups on the u sites arid —uqe on the c sites, with, in
our case, ago~10 '. Therefore, the first two terms in (10)
can also be neglected. Finally, as k&u«1, we get

even at T=O, bXo is smaller than the change in p'e(T)
from T„ to T, can easily be understood. For it is only
near the Fermi level that the occupancy of the d band
is strongly perturbed by the structural transformation.
Now, unlike Xq(T), Xo depends on all the occupied
states in the band, not only on these states which remain
close to the Fermi level.

C. Knight-Shift Results

The Knight-shift variation when T decreases from
T to T, is given by Qv=PSXo+7&X~(T), from (2).The
strongest effect comes from the second term. By taking
into account the negative value of y, given by (4), we

see that ky slightly increases on the u sites and much
more on the c sites. Numerically, we find that, between
T and T„kv increases by 0.003% on the a sites, and

by 0.08% on the c sites. Experimentally, Gossard' has
found that. on the u sites kz increases by a quantity
which is of the same order of magnitude as its experi-
mental incertitude, i.e., 0.02%. On the c sites, he has
found that ki increases by 0.06+0.02%.

SX~~—31'(16''/3ir) 8(kiu)/hi. (12)

In (12), 5(kia) is not the same at the c and a sites. Even
if XD does not depend on the temperature, its variation
6X0 does depend on the distortion amplitude e, @which

itself depends on the temperature T. More precisely, in

(12), 8(kin) depends on the number of transferred elec-

trons, thus on e and finally on T.
Thus, between T, and T, SX0 is smaller than. at

T=O. Now, we shall give an estimate of 5XD at absolute
zero. On the c sites, the sub-band (Fig. 6 of Ref. 1) loses
all its electrons, 8(kia) = —kia and thus, by (12)
Ro 3E(16''/3s ) kia/Ai, On the a sites, the Fermi level

moves away from the peak, h(kia)=-', kia and thus
bXp —3E(8y /3m. )kia/Ai. Numerically, with kig

2.8&(10 ' rad and 6~=0.5 eV, we find that 5XD is
equal to —0.046&(10 emu mole ' on the u sites, and
to 0.092X10 4 emu mole ' on the c sites. The fact that,

IV. CONCLUSION

Our model seems in reasonable agreement with
Gossard's results. Here, we may notice that, if the [100]
sub-band would not lose all its electrons, at zero tem-
perature, i.e., if the Fermi level would stay in this sub-
band, Xq(T) would increase on the c sites. Thus ki
would decrease on these sites in disagreement with ex-
periments. So Gossard's results seem to confirm the oc-
curence of a Jahn-Teller type of effect with the complete
cutoG of the occupied states of a d sub-band, as in Fig.
6 of Ref. 1.
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