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A recent study on composite solitons in *He-A is extended to more general configurations and to all
temperatures. The texture free energy and the NMR satellite frequencies are determined. In particular, the
satellite frequency associated with the splay composite soliton appears to account for the transverse satellite

observed by Gould and Lee.

I. INTRODUCTION

In recent papers!'? we have shown that among
planar structures in *He-A a twistlike composite
soliton has the lowest energy. In the composite
soliton both the [ (designating the symmetry axis
of the quasiparticle energy gap) and the d (describ-
ing the spin component of the condensate) vectors
rotate within the same plane but in the opposite
direction. In an open system this composite soli-
ton has also been shown to be the end product of
the decay of a pure d soliton. We have further
calculated the satellite NMR frequencies in the
presence of the twist composite soliton and found
excellent agreement with that observed in the
longitudinal experiments by the Orsay-Saclay
group® and by Gould and Lee.? On the other hand,
the predicted transverse satellite frequency was
a little larger than that observed by Gould and
Lee.* We suggested that the transverse satellite
may arise from a related but different texture. In
fact, we will show that the experimental procedure
used to observe the transverse satellite by Gould
and Lee* produces the splay composite soliton.
Furthermore, the corresponding transverse satel-
lite frequency accounts beautifully for the ob-
served transverse satellite.

The object of this paper is to consider the other
possible composite solitons and study their NMR
response. We have noted earlier the three typical
planar textures®; splay, bending, and twist. The
twist structure has already been studied in Ref. 2.
This classmcatmn is based on the relative orien-
tation of k the unit vector normal to the domain
wall, and l (or do) the asymptotic orientation of ]
(or d). In a (long) cylinder for example the lowest-
energy texture would require 2 to be parallel to
the cylindrical axis, since in this configuration the
surface area associated with the planar texture is
minimized. More generally in any container with
two open ends, the most favorable textures ap-
pear to be those with the domain walls parallel to
the end surfaces. % is furthermore the direction of
the space inhomogeneity, which is assumed fixed
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in the following analysis In the presence of a
static magnetic field HO, we can further assume
that { and d lie in a plane perpendicular to H
Therefore, in a long cylinder, the direction of the
static magnetic field determines un}guely the tex-
ture involved. In particular, when H, is parallel
to the cylindrical axis as in the longitudinal ex-
periment by Gould and Lee, we have the pure twist
texture. On the other hand, in their transverse
experiment ﬁo was applied perpendicular to the
cylindrical axis. In this situation we cannot have
the twist texture but the splay-bending texture.

(We shall call hereafter the splay-bending com-
posite soliton with the lowest energy simply the
splay composite soliton.) More generally, if H
makes an angle § to 2, the relevant texture changes
continuously from the pure twist texture for §=0
to the splay texture for 6= /2 as § increases from
0 to 7/2. We predict that, if the experimentis
done with a static magnetic field ﬁo with an angle

6 to the axis of the cylinder, one can see a con-
tinuous change of the texture involved in the form
of continuous changes in satellite frequencies from
the pure twist case to the splay case. An obvious
advantage in this setup is that one can pick up both
the longitudinal and the transverse signal simul-
taneously with a single rf field alongthe cylindrical
axis.

Another particular feature of the Cornell satel-
lites* is their temperature dependence. The longi-
tudinal satellite frequency normalized by the Leg-
gett frequency has been found to be weakly temper-
ature dependent, whereas the transverse one is
almost insensitive to temperature. We have sug-
gested earlier that this temperature dependence
can be understood in terms of the temperature-
dependent Fermi-liquid corrections to the Ginz-
burg-Landau free energy as proposed by Cross.®
Basically the coefficients in the texture free ener-
gy are expressed in terms of the superfluid densi-
ties (mass as well as spin) which have different
temperature dependence. This results in tempera-
ture-dependent satellite frequencies. We find that
the transverse satellite frequency is in general
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less sensitive to temperature variations than the
longitudinal satellite frequency.

The calculations for the temperature dependence
will be reported both for the splay composite as well
as twist composite solitons. For the twist com-
posite soliton, the temperature dependence can be
obtained exactly in terms of a parameter k., (to be
defined later in Sec. IV) which depends on the spin
and the mass superfluid density and the Fermi-
liquid parameters. For the splay composite soliton
the result is given only for T near T,. Comparison
of our results with the observed temperature de-
pendence of satellite frequencies yield a value for
F{ (=-1.02 at the melting pressure) quite similar
to values estimated earlier.”®

In Sec. II, we first calculate the free energy and
the profile associated with the composite soliton,
where the space gradients (direction of l;) makes
an arbitrary angle 6 to H, (0<6< 7/2). In Sec. III,
we present the calculation of satellite frequencies
for the longitudinal as well as transverse magnetic
resonance. Section IV includes generalization of
the texture free energy for all temperatures and
a discussion of temperature dependence of satellite
frequencies due to the temperature-dependent Fer-
mi-liquid corrections. Section V includes a sum-
mary of results. In the Appendix, we present the
results for bending structure.

In all of the calculations reported here, the A-
phase order parameter is given by A,;=d, 4;, with

A= (A,V2)et0(8,+148,);, 1)

where 5, 8,, and1 (= 5, x 8,) constitute an ortho-
gonal triad of unit vectors describing the orbital
component and d represents a unit vector describ-
ing the spin component of the order parameter.
The spatial variation of these vectors is deter-
mined in the Ginzburg-Landau regime® by the free
energy F=F,, +E,, where

Fra= 3 & [ @r[3]7-EF+|FxEF42|E-Dif
+ BT ap+|Fxap1, @
where in the weak coupling theory K is given by'°

(o8 N 1)
"5 (8m*) (2nT 2"

In the presence of a strong magnetic field ﬁo in
the z direction, both d and { are constrained in the
x-y plane;

d = sinpx+ cosyy ,
['=sinyx+cosy y,
and

- Ao -3 - : AL aa
A= e (—cosxx+ siny ¥ +iZ) . (3)

For planar textures Eq. (2) can be processed
with the assumption that ¢, x, and ¥ depend only
ons=k- X, where k is a unit vector normal to the
domain wall.

This has already been done in detail in Ref. 2.
Minimizing the free energy F,,, in terms of &, we
can express &, in terms of x,. Then eliminating
¢, we have

_F _1 ) 2k§a2>2
f—m—EAfds[<l+2a - 2_a2'xs

+2(2 - )P+ % sin®(x — z/))} .
(4)

Here A=3 KA2=%Y,C?, where C is the spin-wave
velocity with the propgation vector perpendicular
to I, a=k, siny+k, cosy with k= (k,, k,, k;) and &
=C/Q,, is the dipolar-coherence length. €, is the
longitudinal NMR frequency in 3He-A, o(k) is the
surface area of the domain wall. In Eq. (4) we in-
clude the dipolar interaction energy E, (the last
term). We also have

&, =kyax,/(2-a?). (5)

The phase current is thus nonvanishing only if 2k,
=0 with k= (k2+£3)!/2. Therefore, in the limits
H,ll & and ﬁO.LE, the phase current vanishes iden-
tically.

II. TEXTURE ENERGY AND PROFILE

We study the case when £= (0, sing, cosé) the
vector normal to the domain wall makes an angle
6 with respect to the direction of the static mag-
netic field. For 6#0, the free energy [Eq. (4)] is
nonseparable and we resort to two approximations.
In the first approximation, recalling that the prin-
cipal independent variable in the twist composite
soliton was the relative angle v=y - ), we express
the free energy in terms of v and y = av+ c, where
ais a variational parameter and c, (a constant) is
fixed by the orientation of the vector in the middle
of the domain wall. If y=3 7 at the center (v=3 7)
we have c=(1 - a)i7 and the structure obtained has
a splay conformation for the I vector but a bend
conformation for the d vector. This texture is the
same as the case 6 =37 analyzed below. If x=0 at
the center, c=-ai7, the texture obtained is bend-
like for i, , and is discussed in Appendix A.

For the second approximation, we assume sinv
=sech(ns). Again n which represents the width
of the domain wall istreated as avariational param-
eter. The approximation is necessary in order
to calculate the resonance frequencies [see Sec.
III]. A numerical calculation has been done without
the last approximation to test its validity and is
reported in Appendix B.



1090 KAZUMI MAKI AND PRADEEP KUMAR 17

TABLE I. Results for the arbitrary angle field.

Long. Trans.
0 a s8/e R v R, M

90.0 0.6981 0.495 0.635 0.415 0.823 0.309
82.3 0.7 0.494 0.637 0.413 0.825 0.307
70.3 0.71 0.489 0.646 0.402 0.832 0.296
62.9 0.72 0.484 0.655 0.392 0.840 0.285
56.7 0.73 0.479 0.664 0.382 0.847 0.274
51.1 0.74 0.474 0.673 0.371 0.854 0.263
45.7 0.75 0.470 0.682 0.361 0.861  0.253
40.3 0.76 0.465 0.691 0.350 0.868  0.242
34.6  0.77 0.460 0.700 0.340 0.875 0.232
28.1 0.78 0.456 0.709 0.329 0.881  0.221
19.9 0.79 0.451 0.719 0.318 0.889 0.211

0.0 0.80 0.447 0.729 0.306 0.894  0.200

A straightforward calculation following Eq. (4)
yields

f=mE)re, (6)
where
4(nt)? = a’+4(a - 1P+ 5 o? sin’0
X (2a -1 ~-%a?cos?d), W)

where f?=8A¢! is the surface energy of a twist d
soliton. In deriving Eq. (7), we have first inte-
grated the integrand over s, by expanding the in-
tegrand in powers of ¢ and retaining the terms up
to the order of a*. Then we have minimized the
expression in terms of 1. The free energy f; is

(a)

(c)

FIG. 1. Three possible conformations for a composite
soliton: (a) a splay structure, (b) a bending structure,
and (c) a twist structure. The solid arrows are the
directions of the 7 vector, the dotted arrows represent
the d vectors.
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FIG. 2. Textures in a cylinder in the presence of
magnetic field. Only the I vectors are shown: (a) Shows
the static field H; at an angle § with respect to the
cylinder axis. (b) and (c) show the twist and splay com-

posite with the field, respectively, parallel and per-
pendicular to the cylinder axis.

c)

then obtained by minimizing (n£)™ separately for
each angle 8 by varying « and the results along
with the satellite resonance frequencies are sum-
marized in Table I. One of our approximations
(i.e., the expansion in power of a) is justified a
posteriori, since a®<0.64. In particular, for 6=0
(the pure twist case) the variational function to the
exact solution already found in I. For 9A=»§-1r, the
composite soliton consists of splaylike [ texture
and bendlike d texture. See Figs. 1 and 2 for the
definition of twist, splay, and bend. The calcula-
tion of resonance frequencies is described in Sec. III.

III. MAGNETIC RESONANCES

We have already discussed the possibility of a
localized mode of oscillation of the d vector. This
mode can be magnetically excited and may be re-
sponsible for the satellite observed in the longi-
tudinal or transverse resonance. In order to cal-
culate the resonance frequencies we begin with the
d vector given by

d=cos g [sin(d,+ f) X+ cos(d,+ f) ¥]+sing?,
(8)

where ¢, describes the equilibrium d configuration
in the presence of a composite soliton, and f and
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FIG. 3. ¢ dependence of the ratios for the longitudinal
R, and transverse R, satellite frequencies. The texture
at 9=0 is a twist composite, while the one at f=7/21is a
splay composite soliton.

g describe small fluctuations of d around the equili-
brium configuration. The spin-fluctuation free
energy is then obtained by substituting Eq. (8) into
Eq. (4) and expanding in powers of fand g. Re-
taining the terms quadratic in f and g we have
when £ makes an angle 6 to H,,

5f=2A fds [(1 - 3 sin®8 cos®x )( 2+ g2)

+ E2((1 - 2 sin?p,) f2+{1 - [1+ (a - 1)*(nE,)?
x (1 -  sin®6 cos?x,) | sin*v} g?)], 9)

where x, and v, are corresponding variables de-
scribing the equilibrium configuration. As to the
equilibrium configuration we have made use of a
solution determined variationally in Sec. II; for
example, x,= a cosv,=atanh(ns), and both a and
n are functions of angle 6 as given in Table I.

Equation (9) is recast into the eigenvalue equa-
tions

A,f:A,f:-%. 2 ;;-ly- [(1+ sin®y,) £,]+ (1 - 2 sinp ) £,
(10a)
and
M’g:Axg: ‘% i % [(1 + Sinzxo) gy]
+ {1 - [1+ % (o -1P(ng,)?
x(1+ sinzxo)] sinzvo%g. (10b)

-

The corresponding eigenvalue equations are solved
variationally for each angle assuming that f

« (sechns)” and goc(sechns)”. The results are
given in Table I. The parameters R,(=}/?) and
R,(= 7\1.’ 2) which appears in the satellite frequency?®
as

W;=R; Q4

(w%‘w(z))l/2=RtQA ()

are also shown as function of 6 in Fig. 3. Here
w,; and w, are the longitudinal and the transverse
satellite, respectively. From Fig. 3 we see that
both R, and R, decrease continuously from the
values corresponding to the pure twist composite
soliton to those of the splay soliton as § increases
from O to 7.

Of particular interest is the case 6 =37 (i.e.,
the splay composite soliton), where we have

R,=0.635 and R,=0.823 (12)

for the longitudinal and transverse resonance,
respectively. We believe that the splay composite
soliton is responsible for the transverse satellite
frequency in the Gould-Lee (GL) experiment.*
This identification is based on not only that the
present satellite frequency is in excellent agree-
ment with the observed value, but also that it is
the unique stable texture when the static magnetic
field is perpendicular to the axis of the cylinder as
in their experiment.

IV. BEYOND THE GL REGIME

The frequency ratios R, and R, within the weak
coupling theory are pure numbers independent of
pressure and/or temperature (at least in the GL
regime). However, at lower temperatures they do
acquire the temperature dependence due to the
temperature dependence of the Fermi-lquid cor-
rections as discussed by Cross.® Cross has noted
that near T, the effect of Fermi-liquid corrections
is to simply replace m by m*. This has no effect
on the above frequency ratios. Below T, however,
the spin and the mass superfluid currents acquire
different Fermi-liquid corrections, resulting in
an additional temperature dependence on R, and
R,.

According to Cross® the generalized free energy
is given by

Fen= 2 xyC? f {1+ 8P+ ky(IX TP+ ky(V) + [curll - I - curll)] - k,(¥ &) - I(I curll)

+ kg(AivD)? + ko(I X curld)+ k(I - curld+| (I x VYA [+ 2| (- V)d [}, (13)

where
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Ky = Psu/Pii"“, Ky = psl/pii’", Ky = Ko pg../pgl), Kq=Kys Ks= i1+ %FL)-lng/p:Tn ’

spin

1 -1 1 0 1 Fl 0 pgn 2z
ke=(1+3Fy) 3Pt 13 1+1F,(p3,/p) Ds.,—b—+§‘yp /o (14)

a! 1 F
k=5 (1435 Fy) 1<Z PeL+ Pt 7 _-_/1+LF1(1p° 70) pg,,(pg|./p)> /o3,
3 nl

A= p3Rin/p3in, X, Ch= (12 /2m)? PR,

and p,,, p$3'", and p3; are the mass, the spin, and
the irreducible superfluid density, and vy is another

quantity introduced by Cross,

- . (de Pt -
r=3 | 4 -17%545(17)

and
#(5)=1-§ [ desech’} E(H)
2]
with
E(p) =&+ A% (1 - p)'/2. (15)

Here we have written F,;, in terms of [and @ ra-
ther than in A=v2A/A,, which is more convenient
in this general circumstance. Furthermore y, is
the normal state-spin susceptibility and C, is the
spin-wave velocity with the propagation vector
perpendicular to I. Now the temperature-depen-
dent Fermi-liquid corrections are easily incor-
porated into Eq. (13), making use of the relation
due to Leggett!!

[N (1- 9., ll)/(l +%F1¢L. ll)
and
p:f::::(l""%F:)/(l“'%Fl)'(l - ¢1,n)/(1+§F‘11¢1,u) ’

with ¢, ,=p3, ./p, where F, and F? are the P-wave
Landau coefficients.

In particular, within the weak-coupling model
the above coefficients are given by

K,=Kk,=3+3(3A, -B)e, k,=1+3(4,-B)e,

and
A=3-%+ B for T=T,, (16)
with
e=(T,-T)/T,, A,=F,/(1+3F),
and
B,=F!/(1+% F?),
and

spin

Ky=Ky=Ky=K,=(3+ F)/(3+ FD), ks=5(1+3F)7?,
Ke=Kg [2+ % Fy+81In(2yAa/nT) - 2], 17)
K, =5k, (5+ F,), A=1

for T =0 where y=1.76 is the Euler constant.

We note first that the anistropy in p,; and p3?*®
disappear completely at T7=0 K. On the other
hand, k4 diverges logarithmically as T approaches
O. Since any composite soliton except the pure
twist soliton involves the term with «; coefficient,
these solitons become pure d solitons as the
temperature is lowered. However, even in the
case of the pure twist composite soliton, it be-
comes very close to the d soliton since k; > 1 for
T =0.

We shall first consider the twist composite soli-
ton, which can be solved exactly at all tempera-
tures. Assuming that [i, f, and A are given by Eq.
(3) and that £=2, Eq. (13) is reduced to

c

F 1 L
twist™ GF) "8 xwCi f dz [Y2+ K)o+ E% sin®(x = ).
(18)

We note here that the composite soliton depends
only on k,. Introducing new variables by

U=p+kx, v=x=1. (19)

Equation (18) is reduced to

1 U? K .
C it = = szdz< £ 1.2+ ‘gsm“z> s
Fiuist g Xn 1+r<.,+ 1+, Vet £

(20)
which has a soliton solution with U =const and
tanv/2=exp [(k;1+1)1/22/¢,]. (21)
This solution yields
Fiwsr= 1+ 31/ 2f0
and
‘= xpCIEL (22)

The spin fluctuation around the composite soliton
can be treated similarly and we have

R,= L [((k3t+ 1)k + 92 — (k314 3) /2

and
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| |
0 2 K-! 4
7

FIG. 4. Temperature dependence of R; and R, for a
twist composite shown here in terms of dependence on
the parameter x;‘ defined in Eq. (15). At the melting
pressure k;! varies from 4 at T=T, to around 0.1 at
T=0.

R, = [k /(1+ k)2 (23)

for the ratios in the longitudinal and the transverse
satellite frequencies. The above ratios R, and R,
are shown as functions of «;! in Fig. 4. Since «,
increases as the temperature decreases below

T,, R, and R, decrease monotonically as the tem-
perature decreases. Substituting «, given in Eq.
(16) and expanding in ¢, we can estimate the tem-
perature dependence of R; and R, for the twist
soliton in the vicinity of T,

R,=0.729 - (0.0274, - 0.11 B,)¢
and
R,=0.894-(0.0154, - 0.06B, )¢ . (24)

Now let us consider the case of the splay com-
posite soliton. In this case the solution can be
determined only approximately. In particular,
variational parameters have to be determined at
each temperature separately. However, if we lim-
it ourselves in the vicinity of T,, we can deter-
mine coefficients of € in R, and R, by perturba-
tion, by making use of the already known solution
in the GL regime. This procedure yields, after
a long but straightforward calculation

R,=0.635 - (0.00034, - 0.07B,)c
R,=0.823 - (0.00015A, — 0.009B, )¢ .

(25)

Then, if we take our identification that the longi-
tudinal satellite of the GL experiment is due to the
twist composite soliton, while the transverse
satellite is due to the splay soliton, we should
have

(0.0274, - 0.11B,) ~0.35 (26a)
and
(0.000154, - 0.009B,) =0, (26b)

which follows from the use of the GL data R;=0.74
-0.35¢ and R,=0.835. Since F,=15.66 at the
melting pressure, we can deduce F{ from Eq.
(26a), we have F!=-1.33. Substituting this in the
left-hand side of Eq. (26b), we have

(0.000154, — 0.009B,) = 0.02 ,

which is appreciable but not inconsistent with the
experimental data. We note that the above F} value
is very close to that obtained by Osheroff ef al.®

by analyzing the spin-wave velocity in *He-B with-
in the weak-coupling theory.

The above weak-coupling analysis may be too
simple for *He-A, as the axial phase is unstable
in this limit. An approximate!? way to incorporate
the strong-coupling effect is to assume that the
most important strong-coupling correction is in
the normalization of Ay(T)?. (This we may call
the naive strong-coupling theory.) This effect can
be incorporated in our analysis by replacing ¢ in
Egs. (24) and (25) by ¢*= [(AC/C) exp/(aC/
C)weak]e =1.5¢ at the melting pressure, where
AC is the jump in the specific heat at T,. Then
comparing the predicted temperature dependence
of R, for the twist composite soliton with the ex-
perimental data, we have now F{=-1.01, which is
rather close to the value deduced by Wheatley”’
(F{=-0.55) with the assumption F;= F}=0 for [ > 2.
More generally, from the position of the satellite
resonance we can extract pS?'® and p%P'® experi-
mentally, if the temperature dependence of the
superfluid density p,, and p,, are known.

V. CONCLUDING REMARKS

We have extended previous study of composite
solitons into two directions. First we have studied
variationally a class of new textures which appear
in the presence of a tilted magnetic field with re-
spect to the normal vector of the domain wall. In
particular, we identify two composite solitons,
which are responsible for the longitudinal and the
transverse satellites in 3He-A. Furthermore, we
propose an experimental setup, which enables one
to explore a class of composite solitons. The cor-
responding satellite frequencies are obtained.

Secondly we generalize the texture free energy
following the suggestion by Cross, which enables
us to consider composite solitons at arbitrary
temperatures. In particular, the temperature de-
pendence of the observed ratio R, and R, are inter-
preted in terms of the temperature-dependent Fer-
mi-liquid correction. This interpretation yields



1094 KAZUMI MAKI AND PRADEEP KUMAR 17

an estimate of F{, which is consistent with values
deduced previously.

APPENDIX A

In Sec. II, the case with C = -a37 has been men-
tioned. In this case, the [ vector bends while the
d vector splays. Substituting the functions y and v
in Eq. (4), we obtain (we consider only 6 = 7/2)

lc)ending= (ggi)-lfd ’

(A1)
4(LE)?=a?+4(a-1)%+2(2a - 1)[1 - 3 a?].
After minimization this yields
a=0.413
and
(L)1 =0.5524 . (A2)

The energy is larger than the splay case.

APPENDIX B

We now analyze the validity of the second ap-
proximation sinv=sechns. With y=av+c; the
splay profile [c=(1 - a); 7] is the solution of 6=4% 7

v2=4sin®v/[£ F(a,v)],

(B3)
F(a,v)=o?+4(a-1)*+2(2a - 1) cos?y.
The energy is found to be the integral
S = 2AE! f dv sino[F(a, 0) M2, (B4)
0

which can be evaluated numerically and found to be
Co1ay=0.499 /% (¢ =0.695); the agreement with Eq.
(7) is excellent.

*Work supported by the NSF under Grant No. DMR76-
21032,

IK. Maki and P. Kumar, Phys. Rev. Lett. 38, 557
@977).

%K. Maki and P. Kumar, Phys. Rev. B 16, 182 (1977).

0. Avenal, M. E. Bernier, E. J. Varoquaux, and
C. Vibet, in Proceedings of the XIV International
Conference on Low Temperature Physics, Otaniemi,
Finland, 1975, edited by M. Krusius and M. Vuorio
(North~Holland, Amsterdam, 1975), Vol. 5, p. 429.

iC. M. Gould and D. M. Lee, Phys. Rev. Lett. 37,
1223 (1976).

SK. Maki and P. Kumar, Phys. Rev. B 16, 174 (1977).

M. C. Cross, J. Low Temp. Phys. 21, 525 (1975).

'J. C. Wheatley, The Helium Liquid, edited by J. G. M.
Armytage and J. E. Farquhar (Academic, New York,
1975).

8D. D. Osheroff, W. Van Roosbroeck, H. Smith, and
W. F. Brinkman, Phys. Rev. Lett. 38, 134 (1977).

’p. G. de Gennes, Phys. Lett. A 44, 271 (1973).

10y, Ambegaokar, P. G. de Gennes, and D. Rainer,
Phys. Rev. A 9, 2676 (1974).

A, J. Leggett, Phys. Rev. 140, A1869 (1965); also see
Ref. 6, and R. Combescot, Phys. Rev. A 10, 1700
(1974).

'2R. Combescot, Phys. Rev. Lett. 34, 8 (1975).



