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We use functional integral formulation to study the finite temperature crossover from cooperative
Cooper pairing to independent bound state formation and condensation, We show the inadequacy of
mean field results for normal state properties obtained at the saddle point level as the coupling increases.
The importance of quantum (temporal) fluctuations is pointed out and an interpolation scheme for 7% is
derived from this point of view. The time-dependent Ginzburg-Landau (TDGL) equation near 7. is
shown to describe a damped mode in the BCS limit, and a propagating one in the Bose limit. A singular
point is identified at intermediate coupling where a simple TDGL description fails.

PACS numbers: 74.20.—z, 67.40.—w, 74.40.+k, 74.72.—h

The problem of the crossover [1,2] from BCS theory
with cooperative Cooper pairing to the formation and
condensation of composite bosons has attracted consider-
able attention [3-5] after the discovery of the high-T, su-
perconductors. Recently numerical simulations have
clearly shown [4] that the intermediate coupling, cross-
over region displays highly anomalous correlations (*“spin
gap” behavior) in a degenerate Fermi system above T..
More generally, the crossover question is also of interest
for several other problems: excitonic condensates, super-
conductor-insulator transitions, and itinerant versus
local-moment magnetism.

In this paper we study a continuum model of fermions
with attractive interactions. We show that the saddle
point approximation misses the qualitative physics of the
intermediate and strong coupling normal state. The bo-
sonic degrees of freedom, which become increasingly im-
portant with growing attraction, can only be adequately
described by retaining the full frequency dependence of
fluctuations about the normal state saddle point.

We first study the transition temperature. We show
that a saddle point estimate T gives increasingly in-
correct results with coupling. In the strong coupling Bose
limit T is found to be related to the pair dissociation
scale rather than the T, (&K Ty) at which coherence is es-
tablished. Inclusion of Gaussian fluctuations about the
trivial saddle point is shown to lead to the Nozieres—
Schmitt-Rink interpolation for 7., which has a sensible
strong coupling limit. To further elucidate the role of
temporal fluctuations, we study the evolution of the
time-dependent Ginzburg-Landau (TDGL) theory. In
the BCS regime a damped mode with a small (order
T./er) propagating part is found, while in the Bose limit
the mode is undamped. These two regimes are separated
by a singular point at intermediate coupling where an en-
ergy scale, the chemical potential at 7., vanishes, and
even a linearized TDGL description fails. Finally, we
briefly describe the evolution of the collective modes at
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T =0 with increasing coupling. Details will be given else-
where [6].

We study fermions in a unit volume in 3D with a Ham-
iltonian density

2
—L“u Wol(x)

H=y,(x) 3

—gp1 D)y Dy Dy (x) .

The chemical potential u fixes the average density n. The
partition function Z, at a temperature 8, is written as
an imaginary time functional integral [7] with action
S=[8dr [dxlF(x)d.v,(x)+ H], where x =(x,7) and
A =kg=1. Introducing the usual Hubbard-Stratonovich
field A(x,7), which couples to ¥y, and integrating out
the fermions we obtain Z=fDADAexp(—SclA,Al).
The effective action

Sala@1=-1 [ dr [ axIaG|*~TrinG ~'[a0o)]
()

is written in terms of the (inverse) Nambu propagator

V2
—0,+—+u Alx)
2m
G 'kx,x)= _ V2
Alx) -0, ———u
2m
x8(x—x"),

and the trace in (1) is over space, imaginary time, and
Nambu indices.

Below a certain temperature, which we denote by T
(rather than T, for reasons which will become clear
soon), the trivial saddle point A=0 becomes unstable.
This is defined by setting A=0 in saddle point condition
6Se/6A=0. One then obtains the familiar gap equation
1/g =2 ktanh(&/2T0)/2E, where &Ex=e—pu  with
e =|k|%/2m.
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A BCS type cutoff cannot be used to access the strong
coupling Bose regime. We thus use the s-wave scattering
length a;, defined by the low energy limit of the two-body
problem in vacuum via m/4na;, = —1/g+ 2k Q&) "', to
regulate the ultraviolet divergence in the gap equation.
Eliminating the coupling g between these two equations
we obtain

__m _ tanh(ék/ZTO)__l_
4ra;, % 28k 2ex

(2)

where a; now plays the role of the coupling constant [8].

To solve the above equation for T we need to first
determine the chemical potential u, as a function of the
coupling and temperature, using N =—9Q/9u. The sad-
dle point approximation for the thermodynamic potential,
Qo =SxlA=01/B, leads to the number equation

Sk
n=no(u,T)= z [l —tanh T 3)
We now estimate, at the saddle point level, Ty as a

function of the coupling g by solving (2) and (3); the two
limiting cases can be solved analytically. In the weak
coupling limit (g— 0) we use u>> Ty to solve (3) yield-
ing the result u =ep, where e =k2/2m=QGn2n)?*/2m is
the noninteracting Fermi energy. The solution of (2), for
V/kpas— —oo, is To=8e *yn lepexp(—n/2kr|as|),
with y=1.781. This is just the BCS result with ¢z play-
ing the role of an effective cutoff [9].

In strong coupling the roles of the gap and number
equations are reversed: The gap equation (2) determines
u, while the number equation (3) determines T for
In this limit, 1/kpa;— +oo and one expects
tightly bound pairs with binding energy E, =1/ma?, and
nondegenerate fermions with a large, negative chemical
potential: |u|>>T. From the gap equation (2) we obtain
u=—E/2; i.e., the chemical potential for the fermions is
one-half the pair binding energy. The strong coupling
(Ep/er> 1) solution of (3) yields To=E/2In(Ep/er) >

This unbounded increase of the ‘“‘transition tempera-
ture” with coupling is an artifact of the approximation,
and as we shall see, there is no sharp phase transition at
To. The trivial saddle point can only describe a normal
state consisting of free fermions. In strong coupling T is
thus related to a pair-breaking scale 7 gissoc defined as the
temperature at which some fixed fraction of the bound
pairs are dissociated. To estimate 7 gissoc W€ use the con-
dition pp=2us for “chemical” equilibrium between
bound pairs (bosons b) and unbound fermions (f):

b=f1+f|. Further the bosons and fermions are nonde-
generate and may be treated as classical ideal gases, lead-
ing to the result Tdissoc=Es/In(Ep/er) 3. The logarith-
mic term is an entropic contribution which favors broken
pairs and leads to a dissociation temperature less than the
binding energy Ep.

To include the effects of bound pairs in the strong cou-
pling normal state, and to determine the evolution of 7,

g—> oo,

as a function of coupling, we look at Gaussian fluctua-
tions about the trivial saddle point A(x,7)=0. The

action, expanded to second order in A, is given by
S Gauss = Seﬁ[01+>:.. iU " '(q,ig))|A(q,ig;)|? where I' ™!
=1/g — x%ir may be written as
-1 )= 2 THk+q 1 | m
q,iq: ,
fk Ek+q 26 4ra;

with iq;=i2ln/B and nk=np(§k)‘ the Fermi occupation.
The resulting expression for the thermodynamic potential
Q =Qo—ﬂ"2q,,'q,lnl"(q,iq1) is identical to the diagram-
matic result of Nosieres and Schmitt-Rink (NSR) [2].
Following NSR one can rewrite Q in terms of a phase
shift defined by I'(q,0 *i0) =|I'(q,®)|expl *+ is(q,w)].
The number equation incorporating the effects of Gauss-
ian fluctuations is given by

n-—no(,u,T)+Zf 20 ()22 (q,w) @
where the “free” ng is defined in (3) and ng(w)
=1/lexp(Bw) — 1] is the Bose function.

Our next step is to see how the Gaussian fluctuations
affect T.(g), the temperature at which long range order
is established. This is defined by the simultaneous solu-
tion of (2) and (4). In weak coupling the results are
essentially unaffected by the inclusion of Gaussian fluc-
tuations in the number equation, since the second term in
(4) is a small correction to the first one in this limit.
Thus we find u=¢€r and T,=Ty for g— 0.

On the other hand, the strong coupling results are
greatly affected by the proper treatment of bound pairs in
(4). To see this most clearly, note that the singularity
structure of I'(q,z) reflects the two-particle spectrum.
For sufficiently large coupling (in 3D) T has an isolated
pole representing the two-body bound state and a branch
cut representing the continuum of two-particle excita-
tions. For g— oo there is a very large cost to break a
pair, and the low energy physics for T < Tgisoc IS
dominated by the pole. Thus I'(q,ig.,)=R(q)/ligm
—wp(q) +2ul, with w,(q)=—E,+|q|?/4m the disper-
sion for a pair. The partition function, after rescaling the
A field, may be rewritten as Z=2Zofd¢dpexpXq.y,
X ¢, (ig; — ws(q) +2u) ¢4, which is nothing but the parti-
tion function of a free Bose gas. Going beyond the
Gaussian approximation, we find a repulsive two-body in-
teraction between the bosons (see below). As is well
known, this repulsion stabilizes the low temperature
phase, but does not substantially affect the condensation
temperature. From Z we obtain the strong coupling
number equation n=no+Xqnglew,(q) —2ul. The sad-
dle point condition (2) is solved as before to obtain
u(T.)=—E,/2. The ng in the equation above may then
be ignored, and we find the Bose condensation tempera-
ture T.=In/2¢(3/2)1*3x/m =0.218¢r, for bosons of
mass 2m [10] and density n/2.

In Fig. 1 we plot a numerical solution of (2) and (4)
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0
1/(kpay)
FIG. 1. T./er [and in the inset u(T.)/er] as a function of the
coupling x =1/kras;. The BCS limit corresponds to x — — oo
and the Bose regime to x>>1. The dashed line is the saddle
point result (see text).

which smoothly interpolates between the two limiting
cases described above.

To study the evolution of the TDGL we look at the
equation 8Se/8A* (g) =0 near T, for A slowly varying in
space and time. We expand the action (1) to fourth or-
der in A(g), where g =(q,ig,»), to obtain

INCIEN!
Ser=2 ' )I += X biaAIATAATF et -
g I 2 41245

We first look at the static part of the problem and make
the expansion I ~!'(q,0)=a+cl|ql?/2m+ ---. It is
straightforward to show that

a=—-" 1 _ X

dra; K | 2ex  2& |’
_y [ X BV [y BY _ 2X ] Gei)?
¢ g[%‘% 88k P Ex | 8mé |

where X =tanh(B&/2), Y =sech?(B&/2), and k-h
=|k|cosf. Further, the coefficient of the nonlinear term

1S
_ _ X _ pr?
b=5(0,0,0) = —_—
¥ [4:2 822

These results are similar to the recent work of Drechsler
and Zwerger [5] who, however, did not study the non-
trivial frequency dependence to be discussed next.

We next turn to the time dependence of the linearized
TDGL equation. This requires a careful examination
[6,11] of Gaussian fluctuations about the broken symme-
try solution, and a simple low frequency expansion is ob-
tained only when A(T) < ®. In this case one needs to ex-

. (%)
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pand Q(ig;)=T ~'(q=0,ig;) —T ~'(0,0) in powers of ®
after analytic continuation. It is easy to see that Q(w
+i0*t)=0'(w) —iQ"(w) with
Vetanhl(e—u)/2T,]
6 b
2(e—u)(w—2e+2u)
0" (0)=x2 " 7Qu+ ) "*tanh(w/4T,)6Qu+w) ,

Q') =xwP fd

where k =N (er)//er. A low frequency (o < T,.) expan-
sion of Q is possible both in the BCS and Bose limits,
where the condition w<|u| is automatically satisfied.
Note, however, that for the intermediate coupling a,* for
which u(7,.) =0 the expansion breaks down since w =0
coincides with the branch point of I'(q=0,z). This then
corresponds to a singular point in the evolution from
Cooper pairs to composite bosons where an energy scale
u(T.) goes through zero. An analytical inspection of the
pole structure of I' "'(q,z) indicates that 1/a} >0; i.e.,
the coupling at which TDGL theory fails is always more
attractive than the threshold for a two-body bound state
in vacuum [8]. (See also Fig. 1, inset.) However, the
condition A(T) < together with o <min(T,,|u(T.)|)
implies that our TDGL results are not valid in a small re-
gion about u(7,) =0 where |u| <A.

For A<w<min(T,,|u(T.)|) the expansion Q(w

+i07)=—do+ - - - yields
=3 B2 | ). (6)
k 45k 8

Fourier transforming to (x,7) we obtain the TDGL equa-
tion

vy Ax,1) =0, (7

+b|a 2—
a+b|A(x,1)] 3 Y

where the coefficients are given above. We next discuss
in detail the two analytically tractable limits.

In weak coupling, we find a=N(ex)In(T/T,), b
=T7¢G)IN(ep)/8n*TE, ¢ =T((B3IN(erp)ep/12n°TZ, and d
=[inN(er)/8T 11 —i(2T./mer)]. By rescaling the or-
der parameter ¥ =+2cA one obtains the conventional
TDGL equation with characteristic length scale &(T)
=¢oe "2 and time scale 7(T)=r1oe™" with &=vp/T.
(~&pair, the pair size), and 79=1/T., where e=|T
—T.|/T.< 1. The width of the Ginzburg region is (7./
er)®. The dynamics of ¥ is overdamped reflecting the
continuum of fermionic excitations into which a pair can
decay. There is in addition an O(T./er) propagating
part since the model is not particle-hole symmetric [12].

As the coupling increases, we see from (6) that the
coefficient of the propagating piece grows while that of
the damped part diminishes. Beyond the singular point
at u(T,) =0, an essentially propagating mode is obtained.
The fermionic excitations now have a gap in the normal
state, and the damping of the bosonic mode is ignored at
this level of approximation [13]. In the extreme strong

coupling limit d =xN (er)/8~/er|u] with u= — E;»/2, and
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defining ¥o=+dA we can rewrite (7) as —[¥,
+U|Wo|?*Wo— (2M) ~'V2W;—id,¥o=0. This is simply
the Gross-Pitaevski equation for a dilute gas of bosons of
mass M =2m with a repulsive interaction U =4nay/M
characterized by a (boson) scattering length a, =2a; >0
with npag < 1, where n, =n/2~k2 (in terms of the kg of
the constituent fermions).

The chemical potential of the bosons controls the phase
transition via the change in sign of f=FE, —2|u|. The
prefactors of the divergent length and time scales at this
transition are given by &o=ks '/</kras > Epair==as and
10=T, "/kra;, respectively. These are both much longer
than the microscopic scales because of the diluteness con-
dition kra; <1. Consequently, the Ginzburg region
(e< kray) is again small in strong coupling.

We have also extended the analysis to the broken sym-
metry state [6]. For T <« T, Gaussian fluctuations make
only a small correction to the saddle point results even for
strong coupling, since the nontrivial saddle point already
includes the nonperturbative effects of bound state forma-
tion and condensation (in marked contrast to the normal
state results). In addition to recovering the ground state
crossover [1], we have also studied the collective modes.
Unlike the regime close to 7, with its singular point when
u(T.) =0, a well-defined TDGL equation is obtained for
all couplings at 7=0 [14]. Using this we find that the
Anderson-Bogoliubov mode in the BCS limit evolves
smoothly into the Bogoliubov sound mode for the dilute
Bose gas. Note that the repulsion between bosons dis-
cussed above is crucial for the collective mode spectrum.

We have studied the crossover from Cooper pairs to
composite bosons in a 3D Fermi system with attractive
interactions. The functional integral approach was shown
to lead to useful approximations for all couplings and
temperatures, even in the absence of a small parameter.
Our results demonstrate the importance of quantum
(temporal) fluctuations in the intermediate and strong
coupling normal state [15]. An accurate treatment of
these fluctuations is therefore crucial for a full under-
standing of the deviations [4] from Fermi liquid behavior
with increasing coupling.
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