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It is proposed that the paramagnon effects which enhance 7, for triplet pairing in He®
are also important in selecting the particular component of the triplet p-wave state ob-
served. It is found that the component favored is the original Anderson-Morel state.

To an increasing extent most of the experimen-
tal data on the recently observed 2.7-mdeg K
transition in 3He ! support the suggestion®?® that
the stable state just below T, is an anisotropic
superfluid state whose orbital angular momentum
L is odd. The observation of a shifted spin-reso-
nance line clearly indicates an odd L while the
fact that the susceptibility does not change below
the “A” transition indicates an anisotropic state*
since the pseudoisotropic Balian-Werthamer®
(BW) state has a strongly reduced susceptibility.
Previous weak-coupling calculations® have indi-
cated, however, that the BW state should be the
most stable state.

As pointed out by a number of authors,® the fact
that ®He has an exchange-enhanced spin suscepti-
bility and has other characteristic strong spin-
fluctuation effects” probably has large effects on
the nature of any superfluid state; certainly the
even-L, singlet states are strongly suppressed,
and the odd-L triplet states are relatively fa-
vored.

The main point we make in this Letter is that
the spin-fluctuation (‘paramagnon”) behaviors of
the various possible p-wave states are different,
and that these differences stabilize the original
Anderson-Morel state (AM) by an amount we can
estimate quantitatively. The new physical effect
which we consider is that the superfluid state
changes the various susceptibilities and that
these changes react back very strongly on the ex-
change enhancement effects.

We will use the conventional Doniach-Engels-
berg? exchange-enhancement model in order to
quantify these ideas. We assume there is an ef-
fective short-range repulsive interaction / which
is so strongly affected by exchange, because of
its short range, that it does not act between par-
allel-spin particles. In addition, there is a con-
ventional interaction V which is not so affected.

In a strongly enhanced Fermi liquid such as
*He at high pressure, the usual arguments given
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originally by Berk and Schrieffer® show that it is
essential to correct the particle-particle interac-
tion responsible for superconductive pairing for
the two kinds of particle-hole diagrams shown in
Fig. 1. One can show that the resulting modifica-
tion of the interaction I for triplet scattering is
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(related equations have been given by Layzer and
Fay®). We distinguish the different components
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FIG. 1. The two types of diagrams that contribute to
the effective interaction involving either a spin or
charge-density fluctuation.
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of the susceptibility because the anisotropy of the
states considered will be essential. The last
term is slowly varying and repulsive and we shall
simply absorb it into V. x,z%4¢, ) is the bare
particle-hole susceptibility given by the product
of particle and hole propagators:

XO(BO(q5 w): %fdt}p Gii'(p +q7p0+ w)ij'(p,pO)
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and of course if there is an anomalous self-ener-
gy (i.e., if the system is superfluid), this must
be included in the G’s. The p indicates the densi-
ty-density response function.

First we note that at T, (1a) and (1b) are the
same because X,,=X,.= X', and the result is a
very large enhancement of T, for triplet pairing.
For instance, let us calculate the /th component
of the effective interaction 2, at w=0:
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and making the assumption 1/[1 - 1x,%(0, 0)]>1
which is characteristic of strong enhancement
(this is the enhancement factor for the Pauli sus-
ceptibility which, in the simple theory, is about
20 at the melting curve in He), we can write
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[defining Xa' = X220, 0)]. The result for the para-
magnon term is large. There is every reason to
expect that the net effect of the ordinary interac-
tion is also large and repulsive (negative V).
The enhanced X will disappear and the interaction
become normal and repulsive at w =E (1 —1x,").
Using the experimental results for He® at 27 atm
atm,*' 1-17y,’=% and w,=E;/20=0.3°K, we find
that A = —4.5, where 2, is the second term in
Eq. (4). Defining an effective coupling constant
as Aegs = [In(w,/7,)]"* we find A ¢;= &. There is
clearly a large cancelation of attractive and re-
pulsive terms.

A remark should be made regarding the validity
of the spin-fluctuation model being used. In the
past few years most of the results of spin-fluctua-
tion theory have been incorporated into the lan-
guage of Fermi-liquid theory.!! One of the re-
sults of this work is that the characteristic fre-
quency involved in the spin fluctuations is the
same experimental number, namely w =(x,/

XyT)E ; (the superscript F denotes the noninter-
acting values) in both theories. Fermi-liquid
theories do not attempt to calculate cutoff-sensi-
tive results such as A, above and therein lie the
uncertainties (usually overestimates) of many
calculations using spin-fluctuation theory. The
estimates made below of the free-energy differ-
ences will not be so sensitive to this cutoff prob-
lem but there is some uncertainty as to how to
properly interpret the result.

What we do now is to insert the change in x due
to the superfluidity into formulas (1) in order to
compute X, to the first order in A*>. We examine
the BW state and the original (AM) state which is
equivalent to the state with d(k)=(k,+ik,)2, where
d(K) is defined by BW as d(k)-Go,= A(K). This
state is not the same as the AM-type state used
by BW and subsequent work by one of us® in dis-
cussing this problem. Following standard ap-
proximations used by BW, plus techniques for
evaluating x(q) used elsewhere,'? we write

X =x,"(q, w) - 6)°, (5)
6X°= [x»’K(q, @)/K(0)]T(A/T). (6)
Here K(q, w) is the well-known BCS response

function which enters into the nonlocal electrody -
namics of superconductors:

K(g, w) 3
K(0,0) 4q&)’

which is the relevant range, and &, is the coher-
ence length 7Zv/14,. 7(A) is a tensor function
in spin space of the gap and the temperature,
given by BW. The principal values are

& «<q<ky, (7

Taw(isotropic) = 3[1 - ¥(a/T)],
T AMsxx™ T aMyy= 0, (8)
T amee =1 = (Y(4, sin(6)/T)),
where Y is Yoshida’s function
Y(A/T)= 3B desech?(BE /2)
1 2E(3)A%/7T % -+ (9)

When we insert (5) and (6) into (1), we find that
the interaction of BW, since it is isotropic, can
be written as
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This can be integrated to give an effective change
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in coupling constant:
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(y is Euler’s constant). This change in coupling
constant occurs over a range of energies of or-
der 7. For the AM state the interaction is given
by (1b) and the reduction of x,,° causes a reduc-
tion of the first term. The net effect is that 6,
is attractive and 3 times larger than (10) when
written in terms of A, normalized so that the
second-order terms in the free energies are
equal.

The resulting perturbation in the free energies
can be estimated by first perturbing the gap equa-
tion,

1= [ “*deE*[x+6ME)] tanh(2BE),
since the terms in this equation of order A% must
have come from functionally differentiating the

fourth-order terms in the free energy.’® For the
BW state,

(11)

o L 0.1a*
(AFS) gy= 20w T (1 =TIy, "?" (12)
In the AM state,
(AF®) pp= — 3(AF°) gy . (13)

The fourth-order terms in the weak-coupling
theory (AF°) are such that

(AF®) pp= (AF®) g1y = (AF®) pppepw
=g U3)AY/(aT,)3.

Therefore, if we plot the free energy versus the
ratio (AF®) gy /(AF®) gpepw, We find that the two
states cross and the AM state becomes stable
when the ratio is greater than +. We have been
able to show that the AM state is the most stable
unitary state in this regime from general invari-
ance arguments'? for the fourth-order free ener-
gy. The state identified by BW as the AM state
is never the lowest energy state. For He® near
the melting curve, w,=0.3°K, 1-1x,°=0.05, T,
=3.0 mK, and x=#, we obtain

(AF9)pw 8T, _18
(AF°) appw Aw (1 =Ty, 7

which is a factor of 7.5 times that needed to sta-
bilize the AM state. If we had set 1-1x,° equal
to the enhancement of the susceptibility over its
value obtained using the Fermi-liquid mass,® i.e.,

(14)
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1-1y,’=0.25, the above estimate would have
given 0.8. Recently, Webb ef ql.'® have measured
the discontinuity in the specific heat, which is a
factor of 1.2 larger than BCS theory predicts.
This enhancement is equivalent to a reduction of
the fourth-order terms in the free energy. If we
attribute this reduction entirely to the spin-fluc-
tuation effect calculated here (BW being the same
as BCS), we find a value of 0.6 for (AF®) g,/
(AF®) gppw compared to the 0.8 obtained above.
This number is still sufficient to stabilize the
AM state.

If the spin-fluctuation effects are strong, it is
surprising that the B transition ever takes place
(interpreting it, as we would like to, as an aniso-
tropic to isotropic transition). It seems possible
that in the “B” state y has been considerably en-
hanced analogously to what occurs in a supercon-
ductor in the presence of magnetic impurities.

In any case, the above arguments suggest that
the “B” and “A” transitions should converge to-
wards each other as the pressure decreases and
spin fluctuations become less pronounced.

We are indebted to C. M. Varma and D. D.
Osheroff for many stimulating discussions and
to V. Ambegaokar and N. R. Werthamer for con-
versations.

*Work at the Cavendish Laboratory supported in part
by the U. S. Air Force Office of Scientific Research,
Office of Aerospace Research, under Grant No. 73—
2449.

TAlso at Cavendish Laboratory, Cambridge, England.

'D. D. Osheroff, W. J. Gully, R. C. Richardson, and
D. M. Lee, Phys. Rev. Lett. 29, 920 (1972).

%A. J. Leggett, Phys. Rev. Lett. 29, 1227 (1972).

3P, w. Anderson, Phys. Rev. Lett. 30, 368 (1973).
This paper examines the anisotropy of an AM state dif-
ferent from the one considered here. However, the
qualitative results should remain correct.

‘p. W. Anderson and P. Morel, Physica (Utrecht) 26,
671 (1960), and Phys. Rev. 123, 1911 (1961).

SR. Balian and N. R. Werthamer, Phys. Rev. 131,
1553 (1963).

®A. Layzer and D. Fay, Int. J. Magn. 1, 135 (1971);
H. Bookbinder, Phys. Rev. A 3, 372 (1971).

’S. Doniach and S. Engelsberg, Phys. Rev. Lett. 17,
750 (1966).

®N. F. Berk and J. R. Schrieffer, Phys. Rev. Lett. 17,
433 (1966); N. F. Berk, thesis, University of Pennsyl-
vania, 1967 (unpublished).

%J. C. Wheatley, in Quantum Fluids, edited by D. R.
Brewer (North-Holland, Amsterdam, 1966).

1w, F. Brinkman and S. Engelsberg, Phys. Rev. 169,
417 (1968). —"_

p, J. Amit, J. W. Kane, and H. Wagner, Phys. Rev.
175, 313 (1968); see also C. F. Pethick and G. M. Car-



VoruME 30, NUMBER 22

PHYSICAL REVIEW LETTERS

28 May 1973

neiro, to be published.

2p. w. Anderson and H. Suhl, Phys. Rev. 116, 898
(1959) .

BN, R. Werthamer, in Superconductivity, edited by

R. D. Parks (Dekker, New York, 1969), p. 321.
14w, F. Brinkman and P. W. Anderson, to be published.
15R. E. Webb, T.J. Greytak, R. T. Johnson, and J. C.
Wheatley, Phys. Rev. Lett. 30, 210 (1973).

Two-Roton Raman Scattering in He’-He" Solutions
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The two-roton Raman spectra of superfluid solutions of He® and He* are measured at a
temperature of 1,3 K for molar concentrations of He® up to 81%. At 31% He® concentra-
tion, the shift in the roton energy is inferred from these spectra to be + 0.3+0.,5 K, in
striking contrast to the — 3.5-K shift inferred from previous measurements of normal-
fluid density. The width of the two-roton peak is resolved and is a measure of the He-

roton interaction.

In spite of extensive study of the roton excita-
tion in superfluid helium, many facets of its be-
havior remain to be explained. In particular,
the effect of He® impurities on the phonon-roton
dispersion relation of superfluid helium has been
studied both experimentally and theoretically.'™®
It has recently been predicted®® that the addition
of a few percent He® would drastically modify the
phonon-roton curve by essentially hybridizing
the phonon-roton branch and the He® quasiparticle
branch. Experiments involving fourth-sound
propagation,’ ion mobilities,? and an “oscillating
disk-stack’” measurement of normal-component
density® have been used to infer a significant de-
crease in the roton energy A in superfluid solu-
tions of He® and He?, Specifically, A was found
to decrease from 8.5 to 5 K when the molar con-
centrations of He® was increased from 0 to 30%.
These experiments, however, do not investigate
the roton directly, but measure quantities such
as normal-fluid density. It is, therefore, partic-
ularly desirable to study the roton in these solu-
tions with a more direct probe. Since neutron
scattering is difficult in strong solutions of He®
because of the large nuclear absorption cross
section, inelastic light scattering is a unique
choice for such a study. Since the light has a
small wave vector compared to that of the roton,
light couples only to pairs of rotons with nearly
equal and opposite wave vector, The high density
of states near the roton minimum produces a
sharp peak in the spectrum of the scattered light
at a frequency shift corresponding to the energy
of the roton pair.® We report here measurements
of two-roton Raman spectrum in He®-He* solu-

tions containing up to 31% molar concentration
of He®, In striking contrast to the work referred
to above, we infer an increase of 0.6+ 1 K in the
energy necessary to create a pair of rotons, An
increase in the two-roton linewidth due to the
He®*-roton interaction was also measured and
was found to be approximately linear with He®
concentration,

The experimental apparatus has been described
previously,” except that for these experimehts
the sample cell was made from beryllium-cop-
per. An argon-ion laser beam at 5145 A with
power of 100 to 200 mW is focused through in-
dium-sealed 0°-sapphire windows into the sam-
ple cell, Depolarized scattering at 90° to the
incident beam is collected with f/3 optics, ana-
lyzed with a 0,75-m double-grating spectrometer,
and detected with a cooled Channeltron photomul-
tiplier. The noise in the spectra is predominant-
ly statistical arising from the low level of scat-
tered light (~10 counts per second per resolution
interval), The possibility that laser heating
might cause “heat flush” effects and thereby de-
crease the concentration of He® in the laser beam
was checked by observing that the spectrum of
scattered light is independent of laser power
when the sample cell is maintained at a fixed
temperature,

In Fig. 1 is shown the Stokes-shifted Raman
spectrum of superfluid helium for several con-
centrations of He®. These spectra were taken
at a temperature of 1,30 K with an instrumental
resolution [half width at half-maximum (HWHM)]|
of 0.75 cm™!, The peak at a frequency shift of
approximately 17.5 K is due to scattering from
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