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We investigate the influence of gap distortion, caused by the dipole interaction or by magnetic or electric
fields, ‘on the order-parameter collective modes in 3He-B by the method of continual integration. The
dipole-interaction-induced gap distortion splits the pair breaking, squashing, and real squashing modes at

zero momentum q.

Furthermore, a branch crossing of these modes with different J, appears at nonzero

q. Electric and magnetic fields also produce gap distortion with similar consequences.

I. INTRODUCTION

The condensate wave function of superfluid *He, or the
order parameter (OP), determines all the main properties of
the superfluid state. External fields and the dipole interac-
tion cause a deformation of the OP, which leads to a
number of interesting effects. Such phenomena as the
longitudinal NMR in the 4 and B phases and the shift of
the transverse NMR frequency in the 4 phase are connected
with the dipole-interaction-induced distortion of the OP,!
while the nonlinear field splitting of the real squashing
mode in the B phase>—which has recently been
observed®*—is connected with the magnetic-field-induced
distortion. .

In this Rapid Communication, we use the continual in-
tegral method to investigate the influence of the OP distor-
tion on collective modes (CM) in superfluid *He-B as
caused by either dipole interaction (DI) or by magnetic field
(MF) or electric field (EF) in the weak-coupling approxima-
tion.

We shall show that the gap distortion induced by dipole
interaction splits the pair breaking e=2A mode at zero
momentum ¢ and makes possible the existence of pb (pair
breaking) modes as resonances and the observation of
them. A similar splitting takes place for the squashing and
real squashing modes. Furthermore, a branch of these
modes with different J, appears at nonzero §. In addition,
this distortion generates gaps in the spectrum of the Gold-
stone modes associated with NMR phenomena. Electric
and magnetic fields also produce gap distortion with similar
consequences. In the case of the magnetic field we derive,
in particular, the well-known nonlinear field splitting of the
real squashing modes as well as of the squashing modes.

II. GAP DISTORTION BY DI, MF, AND EF

The OP in 3He-B is proportional to the matrix R;; which
rotates the spin space with respect to the orbital space
A;=A(T)R;(#, 6). The energy gap A(T) is isotropic,
whereas the rotation axis 7 and the rotation angle 6 are arbi-
trary in the absence of DI and external fields.

The DI
Fp=2gp(Audj; + A;A; — %A,,-A,-}")

introduces anisotropy in the energy gap, so that its values
parallel (A;) and perpendicular (A;) to the direction of 7
(which remains arbitrary) are different.! A}—A3=3Q3.
The DI also fixes 6=arccosl — 4 (A,/A;)]=arccos(— ).

Here gp is the dipolar constant and (3 is the longitudinal
NMR frequency. -
A moderately strong' MF, H= HZ with

Feona >> Fz=gzH,(44") jH; >> Fp

causes a similar anisotropy of the energy gap*
Af=A2+ 73 (3B1+ Baes) T'B5dB 18z H?
A3=A2— 3 (3812 + Baes) T'B54 (2812 + Baas) gz H?

where A = (681,+ 2B345) "' is the gap in the absence of the
MF and By = B:+ B, + Bk, B: are the coefficients in the ex-
pansion of F 4. In addition to this, the MF fixes the direc-
tion of 7 Il H, because of the same corrections to the OP,
and the DI fixes 8 = arccos(— ¥ ).

An EF with energy
Fp=—ge(EiAuAGE; — 5 |E124A)

has a similar effect.’ But, unlike the MF and the DI, the
EF causes the gap to increase in the direction of the field
E(llz). In the case of strong EF (Fz >> Fp) one has

A?=A%— (6B345) "'ggE?% A3=A%+ (3B34s) “'grE? .
The EF fixed n 1 E and the DI now fixes
0 =arccos[ —A;/2(A;+ Ajy)] =arccos(— %—) .

One can describe the OP distortion for all three cases (DI,
MF, and EF) by using a unified approach with the OP ma-
trix in the form (for the cases of MF and EF only, see Ref.
5)

Ay=[AR (3,0)]; .
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Here A is a diagonal matrix with the elements Ay, A1, A3,

M=A1=A2+ Q% \=A}=A%+aQ? .

For DI,
Q=303 a=-2 allz;
for MF,
=(gz/1080)H?, a=—4, allz ;
for EF,
Q= —(gg/6B))E% a=—2, Al: .

For all three cases we put 0=arccos(—%). Furthermore,
we work in the weak-coupling approximation:

—2B1=B2=B3=B4= —Bs=Bo
=7¢(3)(1207) "IN (0) (kpT.) ™2 .

III. CALCULATION OF THE SPECTRUM OF
THE COLLECTIVE MODES

For calculating the collective modes in the B phase with a
deformed OP, we have used the method developed earliet
by us.’ In this method, we describe the initial fermions by
Fermi fields and transform to Bose fields c,(X,7), which
correspond to Cooper pairs. In terms of these Bose fields,

EAuab(p Yed(p)ep(p) ++

we construct the functional of ‘‘hydrodynamical action’’

Sh=g""' 3 calp)calp)

pia

+ % IndetM (c,c")/M(0,0)

Here ci,(p) is the Fourier transform of c¢,(X,7), a nega-
tive constant g is proportional to the pair scattering ampli-
tude of the quasiparticles, and M is an operator dependent
on the Bose fields and quasifermion parameters.

The functional S, determines all physical properties of the
system and, in particular, the spectrum of the collective ex-
citations. In the region T,— T = T,, we expand Indet in S,
in powers of the deviation of c,(p) from the condensate
wave function ¢ 9 (p). In the cases of DI and MF we ob-
tain

, Ajcosd —A;sing 0
cO(p)~|Aising Ajcos® 0
0 0 A,
and EF
Ay 0 0
cis?(p)~]0 Ajcosd —A;sing
0 Aj;sind Ajcosé

“After the shift ci(p) — ci®(p) +ci(p), one finds the

Bose spectrum from the quadratic form of S,

EBuab(p)[cfa(p)cjb(—p) +em(pep(—p)]

The equation for the spectrum is detQ =0, where Q is the matrix of this quadratic form.
The tensor coefficients A4y, and By, are proportional to the integrals (sums) of the products of the Green’s functions of

the fermions and are given by

3

(iw1+£1) (ot §r)

i 472 :
Ajjab = dap —&‘:j"*'_ S

nyny;
BV p‘+p2=p [

472 (2fafs— fa5)

wi+el+A%0) o3+ 3+A%(601 | °

Bjpp=——= 3

nyiny;
BV p1+p2=p [

Here

A2(0)=A¥nf+n$)+A%n?

=A2+ QY a+(nt+ni)(A—a)l ,

nt +n#=sin%’ ,

T={A1(n1c080 + n,5in8);A,(— n1sin + n,cos0);A,n )
in the cases of DI and MF, while

= {n1A ;1241080 + n3A,5in0;— nyA1sind + n3A,cosé)

in the case of EF; 8= T"1, Vis the volume of the system,

&i=vr(ky—kr),m= k;/ kr, Z is normalization constant, and
w=(2n+1)# Tis the Fermi frequency, p = (k, w).

wl+ 1+ A2(0") 1wl + 3+ A2(6")]

IV. RESULTS (Gd—Goldstone, pb— pair breaking,
sq—squashing, rsq—real squashing modes)

For the DI, the energies €2 are equal to the following.

Gd: -—-—(l,ilr) 20301;0;r), 0(0;0;)

Q2 v
pb: 4A2—TB(1;il;i), 4A2— 2 Q0 3(1;05i), 4A2(0;0;r) ;

rsq: 342 _
s
1242

sq: 5

In parenthesis we have given (J,J,,r or i), where J is the to-
tal angular momentum, J, is the projection of J on the z

2
.Q
D25 (5, 41;),882 , 205

(2;+£2,0;r)

+——(2,i1 i),

125A 208(2,:2 0:i) .
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axis, and r or /i mean the real or imaginary parts of OP,
respectively. Thus a gap of order )z appears in the spec-
trum of the spin waves. One of these modes, the longitudi-
nal spin wave (1,0,r), can be excited by longitudinal NMR.
No gap appears in the spectrum of Anderson-Bogoliubov
sound (0,0,/), that is a consequence of the broken gauge
symmetry. As it was shown in Ref. 7, the velocity of
Anderson-Bogoliubov sound is not changed by the DI, ei-
ther.

The pb modes €=2A split into a set of three modes with
energies lying between

2= 402+ 2 QP
28 min= (402 Q32

In A phase, where gap A =A,sin# is anisotropic too, the
collective excitations with energies less than 2A .« attenuate
moderately and can be regarded as resonances.® By the
analogy with theé 4 phase we can say that pb modes can ex-
ist as resonances. As Schopohl and Tewordt have shown’
among pb modes only one mode, (0, 0,7 ), couples to densi-
ty (a sound wave), and we can observe one peak in sound

absorption experiments at e=2A. In Ref. 10, it was shown
]

2 _
15q: —8—?———-2;H2(2;i-1;r), %—-+ H2(2; £2;r), BA?
2 _ 2
sq: —125A +3H%(2; £ 150), —125A %HZ(Z;iZ;(), __125A

- Here Hz-‘ (gz /IOﬁo)If2

Thus the MF splits the rsq and sq modes 1nto sets con-
taining three modes each. This field splitting leads to two
kinds of branch crossings for the modes. If we also include
the linear MF splitting of the rsq and the sq modes,>!! in
strong enough MF, we find crossing in the J,=-—1,0
branches and in the J;=2, 1 branches for the rsq modes as
well as in the J;=0,1 branches and in the J,=—1, -2
branches for -the sq modes. The crossing of rsq-mode
branches with J; =1, 2 was predicted by Schopohl, Warnke,
and Tewordt? earlier and was observed by Shivaram et al.?

Another kind of branch crossing of the rsq and sq modes
occurs at nonzero . For the rsq mode, branches J,= +2
cross the branches J,=0, =1, and for the sq modes, the
branch J, =0 crosses the branches J;= +1.

The MF also splits the pb mode into a set of three modes
with energies below 2Ama= (4A2+4H?)V2 that leads to
the possibility of existance of pb modes as resonances. One
has for €2

pb: 4A%2+ 3 H2(0,0,r), 4A%(1,0,i), 4A2—2H*(1;+1;i)
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- that all imaginary J=1 modes (pb modes) couple to spin

density (an electromagnetic wave) via particle-hole asym-
metry (weak coupling). It means that we can observe two
peaks in NMR absorption experiments near the continuum
edge (at pressure p =29 bar and T < 0.3T,, the energies of
these modes < 1.99A). Note that the observability of
mode splittings is limited by the collision-induced line
broadening. We recall that if the DI is not taken into ac-
count, the energies of all pb modes exactly equal 2A and the
dispersion coefficients « are complex.® The physical cause
is the possibility of the decay of the Bose excitation into two
fermions.

The DI leads to a splitting of both the sq and the rsq
modes. Modes of each type are obtained in two sets: two
modes with J,= *1 and three modes with J,=0, £2. The
dispersion law of these modes is e2= Q2+ ag? for nonzero
momentum q. Because® a(J;1) > a(J;;) for J;; < J;,, the
sq-mode branch J,=0 crosses the branches J,= *1, and
the rsq-mode branches J,= +1 cross the branches J,= *2
at nonzero q.

The MF induced gap distortion leads to H’-dependent
corrections in the CM spectrum. ' For the J =2 modes, €?
takes the following values:

-‘g——+ l5H2(2' 0,7')

— B H*(2;0;i)

The MF creates also a gap (e?=2H?) in the spectrum of
the transverse spin waves, but does not change the spec-
trum of the longitudinal spin waves.

The EF causes similar changes. The gap dnstortlon by EF
leads to the possibility of the existence of pb modes as reso-
nances and to the possibility of their observation (for one of
the pb modes, one has e€2=4A2—2E2 where E?
= grF?/6B8y). The EF also creates gaps in the spectrum of
the Gd modes (for one of the spin waves €2= %—Ez), and
splitting the rsq and sq modes through the appearance of
different corrections of order E2. Note that within each
kind of mode (pb, rsq, sq, or Gd) there are some modes
which do not change in the EF case.

Thus the gap distortion induced by DI, MF, or EF leads
to important changes in the spectrum of the OP collective
modes. '
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