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Inverse Fourier transforms of dynamic correlation functions of order-parameter fluctuations in
the singlet-spin-pairing and equal-spin-pairing states of an interacting Fermi system are calculated
in a mean-field approximation. The behavior of these functions in the corresponding critical re-
gions, i.e., in the neighborhood of a critical point for an anisotropic, singlet superfluid (and for a
superconductor) and for an equal-spin-pairing-type triplet superfluid, are examined. It is found
that these functions do not conform to certain generalized homogeneity assumptions. The static
counterparts of these functions are found to be nonsingular at corresponding critical points. A
comparison of these findings with corresponding findings for a Bose system, reported in a previous
work, highlights the role of Fermi statistics in the critical regions under consideration.

Static critical behavior of an interacting Bose system is
known!~? to be independent of the microscopic detail in
the Hamiltonian of the system. However, the same may
not be true for the dynamic behavior. An indication is the
oscillatory behavior* in time of the inverse spatial Fourier
transform S(q,z) of the dynamic correlation function of
order-parameter fluctuations with time period 2zh/E (q),
where E (q) is the single-particle excitation spectrum. The
origin of this behavior is the microscopic, quantum-
mechanical basis described in Ref. 4. It may be expected
that such a behavior can also be found in the correspond-
ing function for an interacting Fermi system. Moreover,
effects, if any, of the statistics of particles in the system at
criticality are likely to be more transparent in correlation
functions, such as those of order-parameter fluctuations,
rather than in thermodynamic functions, because while
definitions of the former involve sums over Matsubara fre-
quencies, definitions of the latter involve sums over these
frequencies and integrations over momenta. For these
reasons, the present report aims at deriving expressions for
correlation functions of order-parameter fluctuations in
the Fermi system. The functions will be calculated for two
states of the system, viz., singlet-spin-pairing (SSP) and
equal-spin-pairing (ESP) states, to ascertain whether
states of the system influence their behavior in any signifi-
cant manner at criticality. The functions will be calculat-

Cooper-Schrieffer wave functions for various types of spin
pairing. The approximation enables one to regard the sys-
tem as almost ideal in a critical region. Another reason for
studying the correlation functions, which explains the in-
terest in critical forms of these functions, is explained
below.

In Ref. 4 (hereafter referred to as I), the function
S(q,z) was shown to comply with a dynamic scaling an-
satz [see Eq. (108) in I] in the neighborhood of a critical
point. It was possible to establish this because (i) the ex-
pressions for S(q,0) [see Eqs. (48) and (57) in 1] are pro-
portional to terms coth[BE (q)/2] because of certain sums
over the Matsubara frequencies w,=2nn/Bh, with
n=0,%1,%x2,..., and (ii) the magnitudes of the mo-
menta q involved are small compared to the boson thermal
momentum. A corresponding function S(k,z), for the
present system, is expected to involve terms due to sums
over w, and those due to sums over v, =Q2n+1)x/Bh. It
will therefore be interesting to see whether a dynamic scal-
ing assumption [see Eq. (35)], similar to that in I, holds
for S(k,z).

In second-quantized notation, the mean-field Hamil-
tonians corresponding to SSP and ESP states, respectively,
read

H; =Z s(k)aioako+z [AT(k)a —klAakt +A(k)aITa t—kl ]

. . . c . k, k
ed in a mean-field approximation (MFA) which is essen- ° )
tially the same as that in a theory® based on Bardeen- and
]
H, =Z s(k)a;aaka'f' 4 Z [AL (k)a —xtaxt +A11(k)aIra LkT +A22(k)a —klak] +A22(k)a|I1a T—kg 1, 2)
k,o k
r
where Here, u denotes the chemical potential of a fermion and
h2k2 Vi an attractive interaction potential. Angular brackets
ek) = om M| (3 (--.)in (4) denote the thermodynamic average calculated
with Hg; those in (5) and (6) the averages calculated with
AKk) =+ Vula-xax) , (4) H,. The usual considerations>® regarding attractions in
K pure s- and p-wave states imply that whereas A(k) is in-
A& =Y Viala —xraxy) , (5) dependent of magnitude of k, A;,(k) and Az (k) are odd
K functions of k. Equations for these gap functions are well
56
Ap (k) =Y Vula —yax) . (6) known.>
= % e As already stated, the aim is to examine behavior at cri-
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ticality of correlation functions of order-parameter fluc-
tuations in SSP and ESP states. One needs to define these
functions appropriately for the two states. To this end, one
may first consider the operator

F(r,t)Efd’R viR+3r,0)y,(R—+r,2) )

(e, )=+ KF e, )F (0,00 + F (r,e )F(1',00) = (FT(r,t )XF (r',0)) = (F (r,t )XF1 (r',0] |

2049

where
vx,t) =exp(iH;t/h)w(x,0) exp(—iHt/h) , (8)
)

w(x,0) =V "2Y g, (0) exp(ik-x) ,
K

and ¥V denotes the volume enclosing the system. The ther-
modynamic average of F(r,0) defined with H, has the
physical significance of a sort of wave function for Cooper
pairs. It follows that

(10)

where angular brackets denote thermodynamic average calculated with H;, may be taken as a measure of the dynamic
correlation of order-parameter fluctuations in the SSP state. The corresponding function, for the ESP state, may be

given by

[ (ert) =5 KF (e, )Fy(0,0) + Fi (e )F] (0,0) + F| (1,0 )F (£,0) + F | (r,t )F] (r',0))

—(FH e, )XF1(,0)) —(Fy (6, )XFT (£,00) = (F] (5,0 )XF, (1,0)) — (F (r, )XF (.00

where
Fie)= [ @Ry R+400yR -4, (12)
vi(x,t) =exp(iH,t/h)y;(x,0) exp(—iHt/h) , (13)

etc., and angular brackets denote the thermodynamic aver-
age defined with H,. If the system is spatially homogene-
ous, then I'(r,r’) in (10) and (11) depend on (r —r’) and it
is useful to introduce the Fourier transform

S(k,w)E—I—/% fd3r d3r’fdt eilot —k (’_")]F(r—r',t ).

(14)

In what follows, first an expression for S (k,w) will be ob-
tained. This will lead to one for S (k,z).

In view of (7)-(13) and equations®® for gap functions,
it is easy to see that

Sik,0)=S.k,w)+Sykw), | =s , (15)
where
Siel,w) =% [ dt e b (1)b4(0) +b_4 ()b (ON]
(16)
_—lal? 2| BE (k)
Ssak,0) A5 ) tanh 5 éw) , 17)

Sie o) =4 [ dr @by ()byy (0)+b i ()b Ly (O))
+{b; ()by (0)+b —y ()b Ly (O],

(18)
Su(k.0) = —ag(w) ,- _Zu Igzj(&))lz - ﬁEjé(k)] ’

19
bx=a —x1ax|, bxt =a-xtaxy, bx;=a-yjax , (20)
E (k) =[e(k)+ |A|212 | 1)
E;;(k) =12k + | A; (k) |21V/2 (22)

an

r
The Lehmann representations of Matsubara propagators

Bh .
1k, w,) =J:) dre'™'9;(k7,k0), I=1.2,...,6 (23)

are useful to evaluate the averages in (16) and (18). Here,
w, =2nx/Bh, withn=0,+1,+2,..., and

&1 krkt) = —(T[b ()b} ()],
S(kr.k) = —(T[bf ()b () ,
93(ktkt) = —(T[by ()b (+I]) ,

Galkrkt) = —(Tlbd; (Dbey (D) 24
9s(ktkt) = —(T by, (t)b{; (+I]) ,
9e(kt.kt) = —(T[b{; (£)by, (+D]) ,
b(t) =exp(Ht/h)b(0)exp(—H1/h) . (25)

Angular brackets in the expressions for (¢,,9,) above
denote thermodynamic averages calculated with H; while
those in the expressions for (93, ...,89¢) with H,. Using
the Lehmann representations of €;(k,w,) and following a
procedure similar to that in Sec. IV of I, it is quite
straightforward to show that

— ,—Bho)—1
Ssc(k,w)=—(1—eT:———)——[Al(k,w)+A2(k,w)], (26)
—p —Bhow)—1
S,c(k,w)=%—[A;(k,w)+A4(k,w)
+Ask,w)+A¢k,0)] , (27)
where

Ark,w)=il9(k w,) | o, =0+i0*

_gl(k’wn)lim,-m—io*] . (28)
The propagators in (28) can be calculated by solving the
equations of motion for the temperature functions in (24).
The equations of motion for the operators by(t), byt (1),
etc., are required for this purpose. From (1), (2), and (25)
one gets these equations. On solving equations of motion
for the temperature functions one finds
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1 ® |’ BE (k)
= X | liw. — -17-1
81 (k,w,) 2 1+ E(k)] liw, —2E (k) ~']1 " !xtanh 5
2
_L _ G(k) . —-11-1 gE(k)
7 1 £ liw,+2E (k)A~ '] 'xtanh 5 , 29)
2
=i _ E(k) . _ —11-1 QE (k)
8, (k,0,) 7 1 £ () liw, —2E (kDA ~']1 " !xtanh 5
2
_1__ E(k) . —-11—1 EE (k)
) 1+ £ liw,+2E (k)h~']1 " !xtanh > (30)

The propagators 93(k,w,) and §4(k,w,), respectively, are obtained replacing E (k) by E1;(k) in (29) and (30), whereas
95(k,w,) and 9¢(k,w, ), respectively, are obtained replacing E (k) by E»,(k). In view of (28), one then gets

—, —Bho)—1 2

Spe k@) =L=€ 4'8 L P 22((11(())][tanh @ [6(0 —2E (A ™) —8(0+2E WA )] , 3D

— ,—Bha)—1 2 .
Sty =L=e” 771 s |1+ 2% ann PELI 1 50— 2B, (0 ~1) — 8(0+2E,004 D] . (32)

8 . E2(k) 2 JJ JJ
Jj=1.2 JJ

r
From (31) and (32), one finds In the neighborhood of 7, one may assume |A|
~|e) |, for |k| ~kr (Fermi momentum), and |A]|
S (k1) _1 1+ (k) tanh BE (k) small compared to | e(k)| otherwise. A similar assump-
sex 4 E%(k) 2 tion may be made for |A; (k)| and |Az(k)| in the
B GOR-1y AEGOR -1y neighborhood of 7T,. The quantities B,|e(k)| and
< |€ e 33) B |e(k) |, on the other hand, may be regarded as small
| —e~2E®@ ° 28E() _q | ° compared to unity, for |k| ~kp, and large otherwise. It
follows that, for |k| ~kr, Sy (k,t) and S;.(k,z) (in a uni-
) £2(k) BE ; (k) tary ESP state®), respectively, may show oscillatory
Siekt)==— Y |1+ 5 ] tanh L] behavior in time in the critical regions corresponding to T’
8 j=1,2 Ejj(k) 2 and 7T,. Furthermore, for a nonunitary ESP state, beats
—2iE,(h ™t 2E,; (ke may occur. For a superconductor, taking (Ao/kgTs) of
x|£ S e2 O ] . (34) 0(Q), where Ag is the gap edge, and T of O(1 K), one
1—e PEu e2PEn) — finds that the oscillatory behavior is expected to occur at

These expressions are not similar to the expressions for
S(q,t) in I [see Egs. (104) and (105) in I] inasmuch as
the coefficient of the term in the large parentheses in (33)
involves ftanh[BE (k)/21}, and that in (34) a similar term,
arising due to sums over the Matsubara frequencies
vp=Qn+1)n/Bh, with n=0,%t1,%2,..., ie., due to
Fermi statistics. As will be seen, this dissimilarity has a
significant effect on the critical forms of S(k,z) and
S (k,0) for the present system.

A dynamic scaling ansatz, similar to that in Eq. (108) of
I, for an anisotropic, spin-singlet superfluid (and for a su-
perconductor) may be stated as follows: In the neighbor-
hood of a critical temperature T of the singlet superfluid,
the correlation function S(k,z) satisfies the generalized
homogeneity relation

S, (1% e®), 14| A] 1% ) =18, (e(k), | Al ,1) ,  (35)
where / denotes an arbitrary positive number while the ex-
ponents by, by, etc., are unknown quantities, the inputs of
the theory. In the neighborhood of a critical temperature
T, of an ESP-type, triplet superfluid also, a similar rela-
tion can be written down. We will now examine whether
expressions for S(k,z) calculated above satisfy these as-
sumptions.

microwave frequencies. These are quantum-mechanical
effects which have no counterpart in classical systems.
Similar oscillatory behavior has also been observed for the
effective Bose system (EBS), described by a mean-field
Hamiltonian, in I. It may be noted that such a behavior is
not special to the MFA. In a non-mean-field-theoretic
description of the EBS (see, e.g., Ref. 7) this behavior can
also be observed when suitable approximations are made.
The assumptions above, regarding the order of smallness
of |A], |e(k) |, etc., imply that (35) will hold near Ty, for
|k | ~ kg, provided that S (k,0) is a generalized homo-
geneous function® (GHF) in this case. These assumptions
also imply that a hypothesis similar to (35) will hold near
T,, if S;.(k,0) is a GHF. Since, for |k| ~kr, B;|ek) |
and B;| e(k) | may be regarded small compared to unity,
in view of (17), (19), (33), and (34) one may write in the
critical regions corresponding to T and T}, respectively,

e2(k)
e2k)+ |Al?

&2(k)
20e2(k) + | A (k) | 2]

e2(k) ]

1+

S, (k,0)=% , (36)

&mm=%P+

,
A2 + | anUO | ] @7
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when |k| ~kr. Evidently these are not GHF’s. There-
fore, the dynamic scaling assumptions do not hold, for
|k| ~kp. Similarly, when | k| is not of the same order as
kr, it can be seen that S;(k,0) and S, (k,0) are not GHF’s.
The same conclusions as above may be expected to be valid
for corresponding function of a non-ESP state. It follows
that for a Fermi system, capable of exhibiting momentum
condensation, the microscopic exponents* v and z cannot
be defined. The results above are contrary to correspond-
ing results for EBS,* the reason for which can be traced to
{tanh[BE (k)/21} in (33), and the similar terms in (34),
arising due to Fermi statistics.

At a critical point for an anisotropic, singlet superfluid
(and for a superconductor),

Bse(k)
2

S;(k,0) =%tanh[ cothlB;e(k)] . (38)
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For an ESP-type, triplet superfluid, S, (k,0) at correspond-
ing critical point is obtained replacing B; by B, in (38).
This concurrence was expected, for at a critical point the
system reduces to an ideal Fermi gas in the present MFA.
The right-hand side of (38) is nonsingular. For an in-
teracting Bose system,* however, the corresponding func-
tion S (q,0) exhibits singular behavior: At a critical point,
S (q,0) depends on momenta q as S(q,0) ~ |q| ~2, and in
the neighborhood, as S(q,0) ~(|q|?+¢§) !, where ¢g¢!
is the correlation length of order-parameter fluctuations.
This singular behavior corroborates the fact® that an in-
teracting Bose system behaves like a classical spin system
at criticality. As is clear from above, this fact does not
hold for the Fermi system. The role of the statistics in an
interacting Fermi system at criticality is thus reem-
phasized.
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