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Effective-mass corrections due to emission and reabsorption of persistent spin fluctua-
tions are shown to be large in Pd and to have a temperature dependence which fits qual-
itatively that of the low-temperature specific heat of Hes.
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+(x-x', t-t') =+i(T/v (x, t)o+(x', t')j), (2)

A characteristic feature of two strongly in-
teracting Fermi liquids, namely thed-band
holes in metallic palladium, and liquid He,
is the considerable enhancement of the observed
static paramagnetic susceptibility at low tem-
peratures over the Pauli susceptibility deduced
from the observed value of the low-ternpera-
ture specific heat using noninteracting Fermi-
gas theory. The work of Slater and of Stoner'
on the magnetic properties of fermion systems
show. s that the physical origin of this enhance-
ment can be represented, within the framework
of a molecular field or random phase approx-
imation (RPA), as resulting directly from a
semiphenomenological short-range repulsion
between fermions. We take this to be

II. t=ffd'xn (x)n (x')a(x-x'),

where ny(x) = y~~(x)g~(x) is the spin-up number
density.

In this Letter we show that there is a class
of corrections to RPA which become increas-
ingly important as the exchange enhancement
is increased, and we discuss some of their
consequences. These corrections are the con-
tributions to the one-particle self-energy, and
hence effective mass, arising from the emis-
sion and reabsorption of persistent spin fluc-
tuations (or critically damped spin waves) anal-
agous to the phonon corrections to the effective
mass resulting from electron-phonon interac-
tion. ' These are taken into account by sumrna-
tion of the particle-hole t-matrix contribution
to the self-energy. The propagator for the spin
fluctuations, which results from this summa-
tion, is defined by

where v+(x) = gy~(x)gy(x). This has been dis-
cussed by Izuyama, Kirn, and Kubo' who. show
that the Fourier transform of (2), y(k, ko), is
given in RPA in terms of yo(k, ko) for the non-
interacting Fermi gas by

The persistence of the spin fluctuations repre-
sented by X is now seen by looking at y in the
region of small I k I/pF when y' may be expand-
ed in powers of k/PF to give

N(0)
Ko + (t/12)k'-i(m/4)I Iko I /k

for k0=k0/elF&2k=2lkl/pF«1. For k, &2k
the imaginary term in the denominator goes
to zero N(0) is t. he density of states, mPF/
2m', at the Fermi level; I=IN(0); and K,'= (1
-I) is the inverse of the Stoner enhancement
factor. For paramagnets for which K,'«1,
this function is strongly peaked at k0 = e FKp'k
so that although the spin fluctuations are strong-
ly damped, their characteristic excitation en-
ergy is reduced by the factor Ko by the effect
of the interactions, i.e., they tend to persist
for very long times as Ko'-0 at which point
the Stoner criterion for transition to the fer-
rornagnetic state is satisfied.

We now consider the following correction to
the ground-state energy based on the use of
the RPA formula (3) for the particle-hole cor-
relation to evaluate (t'fint), which may then be
integrated with respect to the coupling constant
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to give

+I@0(k,k0)j, (5)

where the contour is closed in the upper —,
' plane.

Here
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(k, k, ) = -J —Imp +(k, Q)D0(Q, k0),
0

where D0(Q, k, ) = 2Q/(k, '-Q'+ i5). Introducing
a cutoff momentum p„with pl=pl/pF, as an
arbitrary parameter which gives some measure
of the inadequacy of (4) at large k and also of
the range of the forces in (1), (7) may be eval-
uated at the Fermi level, leading to

ReZ(p, p )= J, —, -Imx '(k, Q)
I'm tPi kdk ' dQ

F 0 ( 0

8f' p0 e'+ Q-
86' p -f -Q~00 0

where f- are the Fermi functions and e-= p'/
p p

2m-eF. At finite temperatures (5) provides
an approximation to the free energy, on using
the temperature-dependent Fermi functions.
The one-particle self-energy, Z(p, P,), result-
ing from the spin fluctuations may be derived
from the diagram in Fig. 1 to be

Zq (p, p, ) = -zI'J[d'k/(2~)']

x Qy0(p+ k, p, + k0)y (k, k0). (7)

The same expression results, on the energy
shell ep-- p0, by functional differentiation of
b,E with respect to fpj The in. tegral (7) may
be evaluated by using the spectral representa-
tion

seen to be very closely related to the critical
scattering discussed by Izuyama, Kim, and
Kubo' and this divergence represents the phys-
ical effect of the long range of the spin fluctua-
tions on the one-particle spectrum as the fer-
romagnetic instability is approached. In order
to apply these results to experiment, we will
determine K0' in terms of the measured sus-
ceptibility. For this purpose we need to cal-
culate both the susceptibility and the low-tem-
perature specific heat consistently within the
proposed approximation scheme. To consider
the effects of the effective mass corrections
(10) on the measured susceptibility, we con-
sider the dependence of b.E, Eq, (5), on a lo-
cal field k expressed in units such that spy = ep
-k, spy

= op+ k. The magnetization I= -aE/ak
at finite k is calculated by differentiating (5)
as

de eX0
(1-I)M = 2Ã(0)k-iI', (k)y +(k).

(Z~)4 sk

The first term on the right-hand side gives the
unperturbed static susceptibility in the pres-
ent units. We now show the second term to
be identically zero to the order in which the
effective mass (10) was calculated. ' This re-
sults from a cancellation in ax0/sk: The de-
rivative of the first term in Eq. (6) is

Q(~ '-e -z5) '—(f (1-f '))+Qf (1-f )—8 I 8

Bh 4 4 0 4 eh

x[(e&'-e -k0+i5) '].

On replacing s/sk by [s/aey'-s/say] in the sec-
ond term, performing a partial integration on
& and e', and neglecting end-point contributions,
these two terms cancel identically. The same
cancellation also occurs in the second term
of (6). This result indicates that the Stoner
enhancement factor usually calculated for Pd
from the observed specific heat should really
be calculated using the bare band mass of the
d holes for the unenhanced Pauli susceptibi:l-
ity. This is rather difficult to calculate with

Using the approximation (4) this leads to an
effective mass correction at 7" = 0 of

-1= —lim Z(P, P )=3Iln 1+ '
2 ~ (10)

0

which diverges as K0'- 0. In fact (10) may be
FIG. 1. Spin-fluctuation contribution to fermion self-

energy.
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any precision owing to uncertainty in the cut-
off momentum p, in Eq. (10). However, the
recent estimate of Freeman, Furdyna, and
Dimmock, ' based on an augmented-plane-wave
calculation of m*/m = 2, enables us to apply
formula (10) to estimate this cutoff. The ex-
change enhancement in Pd, calculated on the
basis of the observed specific heat, is' of or-
der 6.7; using m*/m=2 leads to an estimate
of 1/K, ' —= l3 leading to a cutoff of order P, = 0.6.'
The existence of a large mass enhancement
hag also been proposed in nickel. ' It seems
likely that corrections similar to those proposed
here might also apply in that case if suitably
modified for the ferromagnetic state.

We now consider He'. Data on the low-tem-
perature susceptibility of He' given by Wheat-
leye lead to a value of K02= &o at 0.28 atm and

K,'= 1/21 near the melting pressure (27 atm).
If we take an extreme point of view, and assume
that all the observed specific-heat mass" arises
due to the mechanism proposed here, these
can be fitted to formula (10) using cutoff val-
ues p, =1.3 at 0.28 atm and p, =1.6 at 27 atm.
These estimates may now be used to discuss
the temperature dependence of the low-temper-
ature specific heat in He'. From (5) we have
the shift in entropy given as

(12)

This is evaluated using the approximation (4)
and constant density of states via Eq. (9) to
give a leading contribution at low temperatures
of

temperature dependence of X. Use of the es-
timates of K,' given above, in formula (13),
leads to a variation in the low-temperature
specific heat which is much faster than that
observed. " However, a variation of order of
that observed may be obtained by choice of soine-
what lower values, 1/K, '= 7 at 0.28 atni and

1/K, '= 11 at 27 atm. This renormalization of
K,' may indicate breakdown of the approxima-
tion used above to show that the susceptibility
is not renormalized. Using TF =5.0 and 6.2 K
at 0.28 and 27 atm, we then find TF = &.3 and
0.78'K, respectively. The resulting variation
of the specific heat is plotted in Fig. 2. The
qualitative fit rapidly becomes bad above 40
mdeg. There may be a number of contribu-
tions to this: use of constant density of states,
neglect of the temperature dependence of the
spin propagator, and use of the small-A approx-
imation of Eq. (4). The temperature dependence
of (13) is to be contrasted with that'from acous-
tic phonons which will also contribute to mass
enhanceme'nt and will lead to a simile, r T'1nT
variation in C„/T. However, the scale on which
this variation occurs will be determined by
some effective Debye temperature which may
be expected to be of order or 1arger than TF
in contrast to the characteristic temyerature
TF for the spin fluctuations which becomes
censiderably reduced as K,'- 0." Our main
conclusion is, therefore, that it is the magnet, -
ic fluctuations which have sufficiently low ex-

+ol (13)
35

where o 30

and
2.5

0 10 20 30 40 50
T m'K

In the calculation, the k' in the denominator
of (4) has been neglected in the second term
as the contributions come mainly from the low-
@ region of the integral; we also neglect the

FIG. 2. (C„/NRT) for He~. Full curves are given by
Kq. (13). Use of the cutoff parameter fits to observed
value at 7' = 0, but does not affect significantly the pre-
dicted temperature dependence. Points are data of the
Illinois group.
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citation energies to account qualitatively for
the low-temperature variation of the specific
heat in liquid He'.
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Experimental measurements of the phonon dispersion relation for SnTe suggest that
the phase transition of GeTe and SnTe/GeTe alloys is of a displacive character, similar
to that of the perovskite ferroelectrics. They therefore provide the first examples both

of diatomic ferroelectrics and of "ferroelectric semiconductors, "with a narrow band gap.

These measurements are part of a program
to study the phonon dispersion relations of di-
atomic crystals having high dielectric constants

by means of the method of inelastic neutron
scattering. ' SnTe has the sodium chloride struc-
ture, and as-grown crystals are slightly non-

stoichiometric with a relatively high-carrier
concentration' which prevents any direct mea-
surement of the static dielectric constant, e(0).
The value of the high-frequency dielectric con-
stant is e (~ ) = 42 + 4.'

Figure 1 shows the phonon frequencies v (q)
for the optic branches, for wave vectors in

the [001]direction, at a number of tempera-
tures. The transverse optic (TO) branch is
very temperature dependent, in contrast to

the weak temperature dependence of the other
[001]branches of the dispersion relation. Fig-
ure 2 shows the square of the frequency of the

TO mode at small wave vector q, as a function
of temperature. The bars indicate uncertain-

ty mainly due to the difficulty of correcting
these particular measurements for the effect
of the finite resolution of the triple-axis spec-
trometer.

It is evident from Fig. 1 that as q approach-
es zero the frequency of the longitudinal optic
(LO) mode falls sharply. A similar effect has
been found in PbTe' and in PbS, ' although it
is much less marked in these materials. This
effect can be understood in terms of the screen-
ing of the LO mode by carriers in the conduc-


