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We have considered collective excitations in a system of fermions for which attraction in a
state with non-vanishing angular momentum predominates. There are, in such a system,
apart from sound excitations also other collective excitations without a gap in the energy
spectrum. We express the velocity of these excitations in terms of the gap in the single-
particle excitation spectrum. We show that the solution for the ground state function con-
sidered by Anderson and Morel (4] with A(n) ~ Yy(n) is unstable.

IN the usual superconductivity theory [1-3] one
considers the case where attraction in an S-state
predominates in the interparticle interaction. Re-
cently a number of authors [4-6] have also studied
systems in which the predominant attraction is in
a state with an angular momentum [, # 0. Pitaev-
skif [") has shown that this state occurs apparently

in He® where attraction in a D-state predominates.

We consider in the present paper, apart from the
single-particle excitations, also the collective ones
in such systems. The shape of the spectrum of
these excitations is important for an elucidation of
the properties of superfluidity. Moreover, a study
of the collective excitations enables us to solve

the problem of the stability of the state considered.
In the case of non-zero angular momentum pairing
such a study of the stability is not necessary, since
the equation then obtained for the gap A in the en-
ergy spectrum has only two solutions, A =0 and
A=Ay = 0, and the state with the lower energy is,
of course, the stable one. In the case of non-zero
angular momentum pairing it is impossible to find
an analytical solution of the equations for A ina
general form. Each particular solution must thus
be checked for stability.

1. It is convenient for a study of the collective
excitations to use the ‘‘relativistic’’ technique de-
veloped earlier. re] Following this earlier paper
we introduce a four-component operator

v =( Gjlfi"(x,r ) (1)

and four-by-four matrices
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In this notation the usual Lagrangian of a system
of interacting particles ¢
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will become
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Here § = $*vo=¢C, B = pyys + Pivs Pu=iPo
= —9/8t, ps=—(2m)~'8%/6x% - u. The fermion
Green’s function is equal to

G(p) = i{<TY ()Y @) e 7" Vdtx= 1ip+ 2) ()

If we assume the interaction to be weak we can
restrict ourselves for the calculation of the self-
energy part = to the first-order diagram fel

§ = (= — {16 () 1D (0 —p) dp'

d*p = dpdp,/(27)~* =~ pd Qdpdp,/8n® = pdQd*p/4n. (6)
D

We drop in the self-energy part £ the off-diagonal
elements which lead to a renormalization of the
chemical potential and of the effective mass, and
retain only the diagonal terms which determine

the magnitude of the gap in the energy spectrum.

If the attraction in a state with an even angular
momentum predominates in the interaction D(nn’),
the diagonal part of $ does not contain the spin
operators and is of the form

A A O . .
2= ( 0 A’) = Ar11 + iAgts = A+ i,
A, = Re A, A, = Im A. (7)

In the case considered A depends, generally
speaking, on the angles and this dependence may

914



EXCITATIONS WITH NON-ZERO ANGULAR MOMENTUM PAIRING

be different for A; and A,; it is thus impossible,
in contradistinction to the scalar case, to choose
the phase of A to be real and £ to be proportional
to the unit matrix.

Substituting (7) into Eq. (5) for the Green func-
tion, we get

_ 1 _ —ip 4 Ay — iAsts
T ip 4 A idars P*IAP :

2. To determine A; and A, we substitute Eq.
(8) for G into Eq. (6). With logarithmic accuracy
the region near the Fermi surface is the important
one in that equation. In that region D(p —p’) de-
pends only on the angle between p and p’: D(p-p’)
=D(nn’), n=p/p, n’ =p’/p’; A(p) depends also
on the angles of the vector p: A(p) = A(n). We
get from Eq. (6) equations for A; and A,:

®)

Al.ﬁ(n’) El__'_ d2
PP+ AM) P 4w
Performing the integration over the two-dimen-
sional vector p and changing again to the complex
variable A = Ay +iA,, we arrive at the integral
equation [4,%]

AL,=0p SD (nn’) 9)

A (n) =—;—pSD (nn’) mﬁﬁ A@)SE, (10
where A is the energy width of the region in which
the interaction takes place.

We expand A(n) and D(nn’) in series in terms

of spherical functions
Am) = Z Almylm (n), (11)
im

D (nn)

Zg' 2041 Py (') = Zgﬁ"m (n) Y;m(“')° 12)

Equation (10) is then reduced to a system of alge-
braic equations

Alm

“‘ngL

L', — RdnY,m ) In —~—

13)

Yim (n). (14)

IA( )
In first order in the interaction we can retain

on the right-hand side of Eq. (13) only the terms

with the largest g7 = g7,. The terms with [ = [,

introduce small corrections of order gﬁAlo

(glo gl)' . In first approximation there remains

only the summation over m in the set (13):

A — g, 2 LA™, (15)

We assume that Alom is non-vanishing only for
a well-defined value of m = m,. It is then clear
from Eq. (14) that ng, is diagonal in m and m’

and thus such an assumption does not contradict
Eq. (15). In that case (15) is of the form
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| = g Lbm = glogdn [ ¥ium, () [F I (A/A™ | Y, () ])- (16)

In the case [j = 2 -we get from (16)
w0 (VI EVE o (— ) = 0.78A exp(— -

A (V3+1> Vs exp ) exp(~ 5 )
A — A% = 307" ™A exp — E) = 0.87A exp( — ?;)'

The difference between the energy of the ground
state of non-interacting particles and that of a state
with pairing is given by the formula

1 ¢ 1

8E =Zp&|A(n)l2dn:ZplzllA,m[2. 17)
In the case considered, where I = 2, the states
with m =2 and m =1 are energetically more ad-
vantageous than the one with m = 0. [4:5] The gen-
eral statement that the most advantageous state is
the one with the largest m = 7[45] is, however, er-
roneous. One can easily solve Eq. (16) in the limit-
ing case 1, > 1. Substituting instead of | Yz |? its
quasi-classical expression

| Vim [2 = (47)™ (sin® 6 — m2/12) ",

we get

AR = At (1 — ml )", (18)

For I, » 1 the state with m = 0 is thus at any
rate energetically more favorable than the one with
m = [,. Moreover, even in the case [, = 2 the state
with m = 2 is not the most favorable. We shall
show in the following that all states in which A(n)
contains only one harmonic Y,y turn out to be un-
stable. They have thus a higher energy than some
states in which A(n) is a superposition of several
harmonics. In the present investigation we did not
find the coefficients A for this state, since this
entails the evaluation of the integrals in (14) and
the solution of the set (15) of five non-linear equa-
tions, which can apparently only be done numeric-
ally.

3. We turn now to a consideration of collective
excitations. It turns out that many properties of
these excitations can be established without a
knowledge of the explicit form of the function
A(n).

The Bethe-Salpeter equations for the spectrum
of the two-particle excitations are of the form

T (n, k) = 4 p SZ% D (nn) Sp,G (p' — L htarvsG(p'+ %)
X d*p'Ty (0, k) — dis pD (0) \Sp1,G (0" — £)
p'ggrs ', k).

X 713G (p' + %)d2 (19)

The two-dimensional vector p’ is defined here by



916 VAKS, GALITSKII,

(9) and the vector q has the components qy = w,
gz = vken’. The system (19) of linear, homogene-
ous integral equations has a solution only for cer-
tain well-defined relations between energy w and
momentum k, and these also determine the exci-
tation spectrum. We shall in the following be in-
terested in the form of the spectrum for small w
and k. The integrals over p’ tend in that case to
zero when one of the indices i or k is equal to 3
or 4. Moreover, we can neglect the annihilation
term—the second term on the right hand side of
(19) (bearing in mind the application to He® we
assume that there is no Coulomb interaction be-
tween the particles). The set (19) for the quanti-
ties I', =Ty + 'y and I'_ =T'; — I'; becomes then
of the form

Fa (n, %) = p (D (') Tlep @'%) T (', ) -,

I = é%dzp Sp 18 G(p' “‘%) Ta’TaT:sG(P' + %) . (20)

The indices o and B take on the values + or —;
Y+ =Y1% Vs

We shall show that Egs. (20) have solutions
with w =0 for k = 0. To do this we note that the
Green’s function G of (5) does not change into it-
self under several transformations which leave
the initial Lagrangian invariant. Such transfor-
mations are the gauge transformation u — uel®
for which G changes into G’ = exp (iay;)G, and
the transformation consisting of a rotation around
an arbitrary axis. The invariance of the initial
Lagrangian means that the new G must satisfy
the same equations as the original one. We shall
show that the equations obtained for the change
in the self-energy part £ are the same as Eqgs.
(20) as k = w = 0. We write the equation for b>
in the form

p) =—’—§S (nn') o — +ATstP i 1)

Performing an infinitesimal transformation and
subtracting Eq. (21) from the equation thus ob-
tained for £ +3/ we get

3= SD(nn)’rs SR (22)

p+3 EE'

This equation is the same as the set (20) as k=0
if we put

dn’
PG -

Ti=1Sp(1£1)3 ().

The equations (20) for the collective excitations
possess thus non-vanishing solutions.

We consider as an example the case of scalar
pairing when D(nn’) is independent of the angles.

23)
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Under a gauge transformation the phase is changed:

A — Aeia, 2 — 2 ei“"“z 2 + Z,‘ays.
If A were chosen to be real, I’ = Aiay;, Equa-
tions (20) must then be satisfied if ', = -T'_. In-

deed, the equation 1 = ggll;s has a corresponding
solution as k = 0 which describes the gap-less
sound vibrations. (8]

In our case A depends on the angles between
the vector p and an arbitrarily chosen direction;
apart from sound vibrations there must also exist
excitations which correspond to a periodically
changing rotation of the chosen direction. An in-
finitely large wavelength corresponds to the gen-
eral rotation of the chosen direction which does
not change the energy of the system. Thus the
spectrum of these excitations has likewise no gap.
The form of the functions I'j(n) and I';(n) for
k = 0 can be determined using Eq. (23) if the func-
tion A(n) is known. Under a rotation over a-small
angle the unit vector n transforms into n + € x n,
where € is an 1nf1mtes1ma1 vector along the axis
of rotation. In that case 3 (n) changes into ) (n)
+(e><nV2), i.e.,

[, =T = (e [nyA ). (24)

Under a gauge transformation £ -3+ ia75f:, i.e.,
T, = I’ = icA. (25)

4. From the form of the functions (24) and (25)
which are the solutions of Egs. (20) as k = 0 we
can find the excitation spectrum for small k. We
write Ilgg in the form H(O)ﬁ + II“) where Hg) is
a small correction tending to zero as k=0. \ge
also write the function I' ,(n) in the form of a
sum

T (1) = D cnlO™ () + T (n),

where m is the number of the solution for k = w
=0. The I'{PM  je., the functions (24) and (25),
satisfy the equations

’ m ;. dn’
IO @) = (D @n) 0% @) 19" @) 4. (26)
Retaining in Eqgs. (20) the first-order terms,
we get

I @ =5 \D () 1 @) 1’ ()=

m L‘g-. @7)

+ 'tZP‘SD (ﬂﬂ') n(l) (ﬂ ) r(O)m

Multiplying (27) by r;“’m(n)n%(n), summing
over «, integrating over n, and using (26) and the
fact that Ilgg is Hermitian, we get

Sdn 59" () TIY (n) TO™ (0) cm = O. 28)
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We get the quantities Hgb by expanding (20) in
a series in q; we take into account that for the ex-
citations considered I'_ = '} (in the following we
omit the superscripts 0 and 1). As a result the
set (28) becomes of the form
Egdnmz—(vkn)z

AR aplerT

(2riry + 2riry” — als

_ I%”Fr;"r;'") em = 0. (29)

The condition that this set have a solution de-
termines the spectrum of the collective excita-
tions. It is clear from (29) that w depends lin-
early on k. There is, apparently, always a branch
representing sound waves with the hydrodynamic
velocity v/V3; one can verify this from a number
of examples, one of which is considered below.
The velocity of the remaining excitations depends,
generally speaking, on the direction of the vector
k and may tend to zero for certain directions.

Equations (20) may have solutions which are
not described by Eqs. (24) and (25). The frequency
of the corresponding excitations does not tend to zero
as k— 0. If w?> 0, these are the normal excita-
tions with a gap. If, however, for some excitation
it turns out that w? < 0, this means that the state
considered is unstable with respect to these ex-
citations.

5. As an example we consider a state for which
the angular dependence of A is given by the for-
mula A(n) = AyyYyy(n). From (24) and (25) we
find the form of the functions I'. A rotation
around the z axis is in this case equivalent to a
change in the phase of A. The functions I' ob-
tained from (24) and (25) are thus the same and
equal to iA if € is along the z axis. For € along
the x or the y axis the functions I' obtained from
(24) are proportional to Y, (n). Substituting such
a form of I' into (29) we find the excitation spec-
trum. Taking it into account that the off-diagonal
elements with m = n vanish, we get for the exci-
tation spectrum with I" = iA the equation

2 2
Sdnm—m('l;k—")ﬁlAﬁs 0,

and hence w? = v2k2/ 3, i.e., the excitation is a

sound wave. We find the excitation spectrum with
T ~ Yy (n) from the equation

(ante? — @k P2 8E o,
whence w? = v2k%: the velocity of these excitations
is thus equal to vk /k and vanishes for directions
of k perpendicular to the chosen axis. We note
that if k% /k%< Y, then w has an imaginary part
indicating the presence of damping due to the pos-

917

sible decay of a collective excitation into two
single-particle ones. For small k, however, the
imaginary part tends to zero faster than the real
one and it is thus meaningful to speak of collective
excitations if vk « A.

Solving (20) we find the spectrum of the remain-
ing excitations. For the case considered, A
~ Yyy(n), the functions I' have the form I,
~ Yyp(n), T'_ = :&I‘f. In the case m = —1, the
spectrum is the same as for the case considered
above where m = 1. For I' ~ Y,_,. Eqgs. (20) have
no solution for w? near the real axis; this means
that there are no long-lived excitations of such
symmetry.

8. We show now that the solution considered
with A ~ Y,, is unstable. To do this we consider
the excitation spectrum with I' ~ Y,,. It is deter-
mined from the equation

1 = g2§Y§OH++(n) dn. (30)
We verify that for k = 0 this equation has a solu-
tion with negative w?. Indeed, when — w? » A?,

the right hand side of (30) is equal to g, In (A/|w|)
and less than unity, while if w? = 0 we get, taking
(16) into account that the right hand side is equal
to 1+ Ygé> 1. There is thus a solution with some
w? < 0. As we noted earlier this means that the
state considered, for which A ~ Y,, is unstable,
i.e., does not have a minimum energy. Indeed, let
us determine the energy of the system as the aver-
age of the Hamiltonian over a Bardeen-type wave
function: [1:4]

v = [l + vagas). (31)
P

We can then check that the solution with A ~ Yjy,(n)

corresponds not to a minimum of the energy, but

to a saddle point: an extra term of the form

| E[ Yo (n)

E41Al

leads in second order in « to a decrease in the
energy.

As indicated, of all solutions for which A is
proportional to only one of the harmonics Yy,
the solution with m =.2 corresponds to the lowest
energy. Its instability means thus that all these
states are unstable and that the energy minimum
corresponds to a solution which is a superposition
of harmonics with different m. Thouless (private
communication) was the first to draw attention to
this fact.

In a paper by Gor’kov and one of the authors [¢]
a solution was proposed with a A independent of
the angles. Such a solution does not satisfy Eq.

o (uv') =«
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(10), i.e., the wave function is not of the form (31).
We were unable to find a consistent scheme lead-
ing to the results of that paper.

Note added in proof (April 12, 1962). We have recently seen

a paper by Anderson and Morell®] in which a number of solu-
tions of Eq, (15) were obtained. One can use the method de-
veloped in our paper to check the stabi lity of these solutions
and to determine the spectrum of the collective excitations.
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