Contribution of paramagnons to the free energy of He

A. I. Larkin and V. 1. Mel'nikov

3

L. D. Landau Institute of Theoretical Physics, USSR Academy of Sciences

(Submitted July 16, 1974)
ZhETF Pis. Red. 20, No. 6, 386-389 (September 20, 1974)

The temperature dependence of the paramagnetic increment to the specific heat of normal He® was
calculated and compared with experiment. The relative contribution of the paramagnons to the free

energy of superfluid He? is estimated.

The specific heat of He® becomes linear only at tem-
peratures lower than 0.1°K, 1 which is much less than
the Fermi energy. The strong deviation from the linear
law can be explained by recognizing that He® is an al-
most ferromagnetic Fermi liquid. The temperature de-
pendence of the specific heat can be expressed in terms
of two adjustment parameters, one of which is obtained
from the magnetic susceptibility and the other from its
spatial dispersion. The same parameters determine
the correction to the free energy of the superfluid state.

The exchange amplitude of the scattering of particles
of an almost magnetic Fermi liquid is given by
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where the smallness of 1 + F determines the proximity
to the ferromagnetic transition, and % is the total mo-
mentum of the particle and the hole. The coefficient a is
not expressed in terms of the Fermi-liquid parameters
and is equal to the interatomic distance in order of
magnitude.

In the calculation of the paramagnon increment to
the free energy, it is necessary to sum ring diagrams
that contain a maximum number of amplitudes ['* hav-

173 JETP Lett., Vol. 20, No. 6, September 20, 1974

ing one and the same 2. As a result we obtain for the
increment to the free energy
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where 51 is the increment to the static value of the
polarization operator and the trace is taken over the
indices of the matrix 6II,

In the normal state we have
anii =—5iirr|w]/2kv, &)
and formula (2) takes the form
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It is necessary to subtract from (4) the term that
does not depend on the temperature and the term pro-
portional to 7%, which gives the renormalization in the
linear law of the specific heat. Expression (4) can be
regarded as the free energy of a gas of Bose-type exci-
tations—paramagnons.

After summing over » and differentiating with respect
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to T we obtain for the total specific heat C(T) the
expression
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which determines the relative contribution of the
paramagnon to the specific heat, is shown in the
figure.

At high temperatures we have
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where (x) is the logarithmic derivative of I'(x), and
£(x) is the Riemann zeta function.

At low temperatures we have
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where B, are Bernoulli numbers. The first term of this
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expansion makes a contribution of the form 7%1InT to
the specific heat, 37 but the low-temperature asymptotic
form of the function f(#) exists only in the region 50,1,

In the region from ¢t=0.2 to t=1, the plot of f(t) is,
with good approximation, a straight line with slope 0.13.
The experimental™? value of C{T)/T, in the region from
0.01 to 0.05°K, decreases linearly like C(T)/T
~(1—4.8 T). Comparing the indicated slopes, we obtain
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Susceptibility experiments yield 1+ F~0.25, so that
(app)? =0.36. (10)

In the ladder approximation we have (apz)2=1/12,
but one cannot use the ladder approximation to calcu-
late (@pz)?. More complicated diagrams as well as
regions that are far from the Fermi surface make a
large contribution, so that apr should be regarded as
an adjustment parameter, and this is what we do.

At the indicated values of the parameters, the relation
C — yT ~T%InT holds true for temperatures less than
one-hundredth of a degree. Owing to the superfluid
transition, this region may not exist at all.

Formula (5) is valid so long as the relative value of
the paramagnon increment to the specific heat is small,
since no account of the dependence of the effective mass
on the temperature and on the energy was taken in its
derivation. In the experiment, the value of C(T)/T
changes by a factor of two when T changes from 0 to
0.1°K, so that it is meaningless to compare formula
(5) with experiment at 7 >0, 05 °K.

Let us discuss now the influence of paramagnon on
the properties of superfluid He®. The corresponding
calculations were made by Brinkman ef al.®! The rela-
tive contribution of the paramagnons to the difference
between the free energies takes in our notation the form
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In®®?! they used the value (apy)?=1/12 for the estimates
and obtained &=3, which is much higher than the esti-
mates of 6 from the experimental data. Substituting our
value apr =0.6 we get 6=1.5, which agrees better with
experiment.
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