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It is shown that phase fluctuations destroy off-diagonal long-range order (phase coherence) in the
Meissner phase below two dimensions, below four dimensions in the conventional Abrikosov flux-lattice
phase, and below three dimensions in the limit of infinite Ginzburg ratio x. The destruction of long-
range order in the flux lattice is due to phase changes induced by shear motions of the flux lines. The
phase coherence decays over a long length scale (of order millimeters) in three-dimensional systems.

I. INTRODUCTION

The form of the phase diagram of a type II supercon-
ductor in a magnetic field has again been of interest, since
the discovery of high-temperature superconductors. At
the level of mean-field theory there are just two phases
besides the normal phase. For fields H < H_(T) there is
the Meissner phase in which all flux is excluded from the
sample, while for fields H,.(T) <H <H_,(T) there is the
mixed phase in which Abrikosov showed that the flux
lines penetrated the sample to form a regular flux-line lat-
tice.! The thermal fluctuations about the mean-field solu-
tion are very much larger in high-temperature supercon-
ductors than in conventional superconductors because of
their much shorter correlation lengths and the effects of
these fluctuations have caused controversies. For exam-
ple, it has been argued that the fluctuations could lead to
the melting of the flux lattice to a flux-line liquid state.> %

In this paper the effects of the fluctuations on the phase
coherence or off-diagonal long-range order (ODLRO) are
examined both in the Meissner and mixed states. It will
be shown that phase fluctuations destroy ODLRO below
two dimensions in the Meissner phase. In the mixed
phase, the phase fluctuations induced by the thermal ex-
citation of the shear modes of motion of the flux lattice
are shown to destroy ODLRO below four dimensions. I
shall take the loss of ODLRO to be of physical
significance (even though it is not directly measurable)
and draw the conclusion that its loss implies that the
lower critical dimension of the Meissner phase is two,
and the lower critical dimension of the conventional
mixed phase is four. Hence, barring exotic possibilities
(see below), the only genuine phases in a pure bulk type-
I superconductor are the normal and Meissner phases,
just as in a type-I superconductor.

Previously the effects of phase fluctuations in the
mixed state were examined using the approximation
where the magnetic induction B is assumed to be spatial-
ly uniform.*%!° This is only valid within superconduc-
tors if the Ginzburg parameter « is infinite. Actually,
this limit has direct physical relevance to rotating neutral

superfluids such as *He and possibly neutron star
11

matter.!! The previous claims* that three is the lower
critical dimension for ODLRO for this case are
45

confirmed, which removes doubts as to whether further
ad hoc approximations made in the original papers, such
as truncation of the order parameter ¥ to the lowest-
Landau-level solution of the linearized Ginzburg-Landau
equation, were responsible for the unusual value for the
lower critical dimension.

Houghton, Pelcovits, and Sudbg!? (HPS) also recently
pointed out that phase fluctuations apparently destroyed
ODLRO in the mixed phase below four dimensions, but
they regarded this as merely a consequence of studying
an inherently non-gauge-invariant quantity such as the
phase of the order parameter ¥ and proposed instead a
gauge-invariant definition of ODLRO, which is not des-
troyed by the phase fluctuations accompanying shear
motions of the flux lattice. In Sec. II, I show that if the
definition of ODLRO employed by HPS is used in the
Meissner phase, ODLRO is apparently destroyed by fluc-
tuations in the transverse component of the superfluid ve-
locity in any dimension. Furthermore, in Sec. III, I will
argue that fluctuations of the transverse component of
the superfluid velocity also destroy ODLRO, as defined
by them, within the mixed phase in any dimension. As a
consequence of this, I have constructed another gauge-
invariant definition of ODLRO, and a gauge invariant
phase (which turns out to be the phase of ¥ within the
conventional London gauge'!) and show that its fluctua-
tions do indeed destroy ODLRO below four dimensions
in the mixed phase. It is similar to the definition of
ODLRO given by HPS, but involves instead only the lon-
gitudinal component of the superfluid velocity.

If superconducting order (ODLRO) is absent in the
mixed state in two dimensions (films) and three dimen-
sions (bulk), what is it then that is being observed experi-
mentally in type-II materials? Since ODLRO is des-
troyed by the phase fluctuations associated with the
long-wavelength shear modes of motion of the flux lines,
any pinning of the flux lines by disorder, etc., will inhibit
and slow the phase fluctuations. Once the flux lines are
pinned, long-wavelength shear modes become impossible,
and the phase fluctuations responsible for the destruction
of superconducting order are removed. Hence, our cal-
culations are only directly relevant to situations in which
disorder, which is always present, can be regarded as a
weak perturbation. Furthermore, our calculations show
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that for bulk systems the decay of ODLRO takes place
over a length scale, which is typically of order millime-
ters. Thus, even in the complete absence of disorder
there will be few easily observed experimental conse-
quences of the loss of ODLRO. However, for thin films
ODLRO decays on the length scale of the average sepa-
ration of the flux lines. Its loss is likely to result in the
formation of a vortex liquid state.

It is possible that the absence of ODLRO below four
dimensions does not necessarily rule out a genuine phase
transition to a state lacking ODLRO but possessing, say,
a flux lattice or even hexatic order. The possibility of a
flux lattice without ODLRO has been envisaged by Fish-
er and Lee,!? but described by them as “‘exotic.” There
is, of course, an example where the loss of ODLRO is not
accompanied by the absence of a phase transition, viz.,
“He films, which undergo, at low temperatures, a phase
transition to a state with no ODLRO but a nonvanishing
superfluid density. My chief aim in this paper is to
demonstrate the absence of ODLRO below four dimen-
sions. What happens in its absence is essentially left to
future studies.

The plan of the paper is as follows. In Sec. II, the
Ginzburg-Landau formalism is set up and the mean-field
equations written down. The equations that describe the
fluctuations about the mean-field solution are obtained in
a gauge-invariant form and solved for the Meissner
phase. A gauge-invariant phase is constructed, and a
gauge-invariant definition of ODLRO is given. Within
the Meissner phase it is shown that the thermal fluctua-
tions of the gauge-invariant phase cause a loss of
ODLRO below two dimensions, while fluctuations would
destroy ODLRO, as defined by HPS, in all dimensions.
It is concluded that the gauge-invariant phase defined by
HPS is unphysical. Section III starts with a discussion of
the two Goldstone modes associated with small displace-
ments of the flux line lattice, which are essentially the
transverse and longitudinal elastic modes of motion of
the lattice. The tilt modulus ¢4, of the flux lattice is ob-
tained exactly from the Ginzburg-Landau formalism. It
is then argued that ODLRO as defined by HPS is des-
troyed by the transverse components of the superfluid ve-
locity in any dimension within the mixed phase. I show
next that thermal excitation of the shear modes destroys
my definition of ODLRO only below four dimensions. In
Sec. IV, the case of infinite « is investigated. It differs
from the case of finite « in that in this limit there is only
one Goldstone mode, which is associated with the shear
elastic mode of the flux lattice and its dispersion curve is
found. Its unusual form is the origin of the destruction of
ODLRO below three dimensions in the infinite « limit.
Finally, in Sec. V, I discuss further the possible experi-
mental implications of the loss of ODLRO.

II. GINZBURG-LANDAU MODEL AND FORMULISM

A. The free-energy functional

The Ginzburg-Landau free energy for an isotropic su-
perconductor, written in reduced units is’
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(2.1)

Here lengths are measured in units of the zero-field
penetration depth A, magnetic fields in units of V2H,,
the vector potential A in units of V'2H_A and the free-
energy density in units of H2/47. The magnetic induc-
tion B=V X A. The external field H will be taken to be
along the z axis. The Ginzburg ratio k=A /&, where £ is
the zero-field correlation length. Real high-T, materials
are highly anisotropic. This introduces interesting com-
plications, which are planned to be discussed elsewhere.'*
The superconductor’s order parameter 1 is a complex
scalar, which in terms of its amplitude f and phase ®
can be written = f exp(i®). We shall work throughout
within a gauge invariant formalism. To this end it is con-
venient to introduce the gauge-invariant superfluid veloc-
ity
Q= A—%VCD . (2.2)

Then the free energy becomes, in terms of f and Q,

F=[d% |—f+ Loy Livrrtres| . @3
2 K2

The mean-field description of the superconductor results

when the free energy of Eq. (2.3) is minimized with

respect to f and A. The functions f,;, A, and Q, which

give the minimum F, of F are solutions of

1
_szfo‘fo"’fa +£oQ§=0, (2.4)

VXVX A=—f2Q, . (2.5

There are three solutions of Egs. (2.4) and (2.5). One
solution corresponds to the normal phase and has f,=0,
Qy=0, B=H. In the Meissner phase B,=0, Q,=0, and
Sfolx,y,2)=1. The solution of Egs. (2.4) and (2.5) for the
mixed or Abrikosov flux-line lattice phase cannot be ob-
tained analytically, but the essential features of their solu-
tion are' that the flux lines—the zeros of f—1lie on the
vertices of a triangular lattice and are parallel to the field
direction H, i.e., the z axis. The magnetic induction
By(x,y) is parallel to H and is largest at the cores of the
flux lines, where f,(x,y)=0. The lattice constant / (the
spacing between flux lines) in nonreduced units is given
by the flux_quantization condition that the area of the
unit cell, V'312/2 equals @O/B, where fl\>0 is the flux quan-
tum and B =B(x,y), the bar indicating here and in what
follows a spatial average over the unit cell of the flux lat-
tice.

The component of the superfluid velocity field along
the z axis, Q, , is zero in the mean-field solution. Further-
more, from Eq. (2.2)

VXQ,=VX AO—%VXVd)O (2.6)

= Bo(x,y>—27”za(p~k?> 2, 2.7)
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where Z denotes a unit vector along the field direction, R?
denotes the position of the ith site on the triangular flux-
line lattice, and p is a two-component vector, p=(x,y ).
The curl of a gradient is normally taken to be identically
zero, so how do the &-function terms in Eq. (2.7) arise?
According to Stokes’ theorem

[ Qydl= [dS-vxQ,.

Let the contour C encircle a flux line in the xy plane and
be shrunk down onto it. Equation (2.4) shows that near a
flux line (for convenience sited at the origin), f(p)— 4p,
and Q, is —1/kp and polar in direction. Hence, the left-
hand side of Eq. (2.8) equals —27/k as the contour is
shrunk down, so the right-hand side, in order to be non-
vanishing, must contain a 8-function term as given in Eq.
(2.7). [Brandt!’ makes frequent use of Eq. (2.7) in his
work on non-local elasticity moduli.]
From Eq. (2.5) it follows that

(2.8)

%Bo _ —f20 2.9)
ay 0 x,O ’
3B,
~ =100, 2.10)

so Eq. (2.7) can be rewritten as

1 _ 2
v f_%VBo(x,y) ‘30—725(p—R?). (2.11)

Because f,(x,y) and By(x,y) have the periodicity of the
triangular lattice they have the Fourier expansions'’

fox,3)=3 fge'Sp, 2.12)
G

By(x,y)=B+ 3 bgeSp, (2.13)

G+#0

where G denotes a triangular-lattice reciprocal-lattice
vector. Solutions of Eqs. (2.4) and (2.11) can be obtained
to any desired level of accuracy by retaining more
Fourier coefficients in (2.12) and (2.13). Fortunately, for
our analysis of the fluctuations about the mean-field solu-
tion, we have no need for an explicit solution of the
mean-field equations.

B. Fluctuations about the mean-field solution
To analyze these fluctuations let us write
f=rfotfi,
A= A,+a,
Q=Qyt+q,
F=F,+F,,

(2.14)
then to quadratic order
Fi= [dr | = f34+3f3+1(Vf 2+ 13g?
K

+4f0f1Qoq+f3Q3+(VXa) 2.15)
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The quadratic form of Eq. (2.15) can be diagonalized by
finding its real eigenvalues A and their corresponding
eigenvectors by solving the equations

1
— SV iY@+ 2 QA=A s (216

VXVXa+fiq+2fof1Qo=Af3q . (2.17)
This is a difficult task for the mixed phase, so we shall
start by solving these equations for the Meissner phase.

C. The Meissner phase

This phase has f,(x,y,z)=1 everywhere and Q,=0.
Within this phase no flux lines are present, so
VXa=VXq. Equations (2.16) and (2.17) give rise to
four excitation branches: a hard mode associated with
amplitude variations and given by

—év2f1+2fl=xf1, q=0 (2.18)
[Eq. (2.18) can be solved by Fourier transforming; the
solution of wavevector k has eigenvalue }»=2+k2/;c2]; a
longitudinal superfluid velocity mode in which q|/k for
which f,=0 and A=1, and two degenerate transverse
superfluid velocity modes (qlk) for which f,=0 and
A=1+k2

At temperature T the thermal fluctuations about the
mean-field solution give the following expressions for the
propagators:

rofy(—ky =1 KT 2.19)
F0f (k) =T |
_1 kik; kik; 1
(2.20

correct to lowest (Gaussian) order. In Eq. (2.20) the term
kik; /k? is associated with longitudinal fluctuations of Q
(i.e., with components of Q parallel to k), while the term
8, —kk; /k? is associated with the transverse com-
ponents.

D. Definition of a gauge-invariant phase

The phase ® of the superconducting wave function is
not a gauge-invariant quantity: the free-energy F is in-
variant under the gauge transformation

A A'=A+lV)( , (2.21)
K

¢ P =D+y, (2.22)

where y is an arbitrary function. Since it is our central
contention that phase fluctuations destroy ODLRO in
both the Meissner and the mixed phase in sufficiently low
spatial dimensions, it is important that we define the
“phase”” with some care.

A gauge-invariant correlation function is
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é(r,r')=<¢*(r')

expix [* A-dl ]¢(r)>
=(f(r)f (D) expix ["Q-dl) .

This suggests as a possible definition of the phase
difference A® between the points r and r’,

Ab= _Kfr’Q-dl )

r

(2.23)

(2.24)

While this is commonly used as a definition of a gauge in-
variant phase, and is the one used by HPS,'? it has unsa-
tisfactory features. In particular, the phase difference
defined in Eq. (2.24) varies continuously as the path be-
tween the points r and r’ is altered, and moreover, its
thermal fluctuations will turn out to be infinite in all spa-
tial dimensions.

Our gauge-invariant phase © will be defined as the
solution of the equation

Vio=—«V-Q, (2.25)

subject to boundary conditions, at the external boun-
daries and at the vortex lines (see below).

A vector such as Q(r) can be written as a sum of its
longitudinal and transverse components, i.e.,

Q(r)=0;(r)+Q(r), (2.26)

where V-Q,=0, VXQ, =0. Hence, the definition of the
phase via Eq. (2.25) depends only on the longitudinal
component Q; of Q and not on the transverse com-
ponents Qi [which are responsible for the infinite
thermal fluctuations in the HPS phase defined via Eq.
(2.24)]. In practice, one finds Q; and Q; from the
Fourier transform of Q, Q(k), via

Q. (k)=k[k-Q(k)]/k?,
Qr(k)=Q(k)—Q. (k) .

When vortices are present, as in the mixed phase, the
superconductor can be regarded for our purposes as no
longer simply connected topologically. ©(r) is no longer
single valued. In this situation it is very convenient to re-
gard each flux line or vortex as a little tube of zero diame-
ter at which boundary conditions have to be enforced. (I
am indebted to Dr. E. H. Brandt for this idea.) For a
vortex in the mixed phase, one expects the phase to
change by 27 on integrating VO along a path encircling
the vortex. Mathematically this feature can be imposed
as follows. Points on the ith flux line, defined as a zero of
f(r), are specified by the three component vector
r;=(x;(z),y;(z),z). We shall impose the “boundary con-
dition” that

Vxve(r)=2r3 [dr8(r—r,) .

(2.27)

(2.28)

Then if one integrates VO(r) around any contour in a
plane whose normal is locally parallel to the flux line, it
follows from Stokes theorem [see Eq. (2.8)] that the phase
will increase by 27 if the contour encloses the flux line.

The general solution of Eq. (2.25) for periodic external
boundary conditions in the presence of vortices can be
written as
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VO=—xQ, +VO, , (2.29)
where V26, =0 and
VO;(r)=27VX 3 [dr; 3 explik-(r,;—r)]/k?,
i k
(2.30)

where k=2m(n,,n,,n,)/L and n,,n,,n, are integers.
Equation (2.29) reduces to an equation for the phase
given by Brandt!® on using the relation

3
==t (‘2’ kAT explik-(r,—0)]. 231

17.)3 k2

VO, is determined by the geometry of the flux lines. It is
clearly periodic in L and can be shown to be consistent
with the internal boundary conditions of Eq. (2.28) on
taking the curl of both sides of Eq. (2.30). We have
adopted periodic boundary conditions when dealing with
vortices as they result in considerable simplification.

The phase difference AO between two points r and r’ is
defined then as

r6=["ve.dl . (2.32)
T

Notice that AO is independent of the path between the

points r and r’ provided the different paths do not encir-

cle a flux line.

The phase defined via Eq. (2.25) actually coincides with
the phase of the order parameter ¢ within a particular
choice of gauge—the London gauge. In this gauge,
V-A=0. Combining (2.2) and (2.25) it can be seen that
V20 =V2®. Hence, O=® as both © and ® have to satis-
fy the same boundary conditions.

The existence of ODLRO can be investigated by
finding how the gauge-invariant correlation function

G(r,r')={f(r)f(r')expAO(r,’)) (2.33)
=(Pr)Y*(r")) =(f(r)f(r') expAdD(r,1'))
(2.34)

[provided (2.34) is evaluated in the London gauge], varies
as the separation |r—r’| tends to infinity. If it tends to
zero as the separation increases to infinity, ODLRO is ab-
sent. Since the only practical way to perform explicit cal-
culations within a gauge-dependent field theory such as
that of Eq. (2.1) is to fix a particular gauge at the outset,
it is very convenient that our definition of ODLRO via
Eq. (2.34) can be studied directly by calculating the prop-
agator of the order parameter field ¥ in the commonly
used London gauge.

E. ODLRO in the Meissner state

The calculation of G(r,r’) within the Meissner state is
straightforward. Writing f =f,+ f, Eq. (2.33) becomes,
as O(r) is single-valued in the Meissner state and
AO(r,r') path independent,

G(r,r)=[f3+{f(D)f ()]

Xexp{ —1{([O(r)—O(r")]*)] . (2.35)
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The second term in the first set of square brackets in
(2.35) can be evaluated from Eq. (2.20). As |r—r’| tends
to infinity, its contribution to G(r,r’') is exponentially
small. It follows from Eq. (2.25) that

k*0(k)=ikk-q(k) , (2.36)
SO
%([G(r)—e(r’)]2)=/c2%[l— cosk-(r—r')]
X k;j’ (g:(k)g;(—k)) ,
ie.,
(a0%) =k, T 3 I—cosklr—r )] 2.37)
k

on using Eq. (2.20) and summing over repeated indices.
For d <2, the right-hand side of Eq. (2.37) varies as
[r—r'|>7¢, as can be seen by simple power counting, but
for d > 2 tends to a constant. Thus, we conclude that for
d <2, ODLRO is destroyed by phase fluctuations within
the Meissner phase and that two is probably its lower
critical dimension. Because the phase fluctuations seem
to be always more important than amplitude fluctuations
in reducing ODLRO, I shall henceforth only study
(A©6?). ODLRO will be deemed to be present if { A©?)
remains finite as the separation of r from r’ increases to
infinity. I know of no formal proof that two is actually
the lower critical dimension of the Meissner phase, but it
is probably a consequence of the theorem of Mermin and
Wagner'® and Hohenberg.!”

It is interesting to contrast Eq. (2.37) with the corre-
sponding expression for the fluctuations in the phase
defined by HPS via Eq. (2.24). Let us set r=(0,0,0) and
r'=(0,0,k) and integrate along the z axis between these
points. Since in the Meissner phase Q,=0,

80=—« [ "dz ,(0,0,2) , (2.38)
0
and so (A®) =0 and
2y 2 [ k., ’
(AP?) = fo dzfodz (gq,(z)q,(z"))
=223 (1— cosk,h){q,(k)g,(—K)) /k2  (2.39)
X
_szBTE(l— cosk,h) 12
(2.40)

on using Eq. (2.20). After evaluating the integral over k,
one finds that the second term in the curly brackets in
Eq. (2.40), which arises from the transverse component of
the superfluid velocity, gives a contribution to (A®?),
which increases linearly with & (=|r—r’|) as h— 0, in
all dimensions. Thus, if the HPS definition of a gauge-
invariant phase is adopted, then one would deduce that
ODLRO in the Meissner phase is destroyed by thermal
fluctuations in all spatial dimensions. We conclude that
in a bulk system, as opposed to a circuit, their phase is
without physical significance.
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III. THE MIXED PHASE

A. Elasticity theory

The determination of the excitation modes of the
mixed phase requires the solution of the eigenvalue equa-
tions (2.16) and (2.17). Since the functions f(x,y) and
Qq(x,y), which appear in these equations, cannot them-
selves be determined analytically, it is only possible to ex-
tract information on the eigenvalues and eigenvectors in
a few special limits.

Because of the lattice periodicity of the functions
folx,y) and Qq(x,y) appearing in the eigenvalue equa-
tions, it follows from Bloch’s theorem that the eigenvec-
tors must be of the type exp(ik-r)E,(x,y), where
k=(k,,k,,k,)=(k,k,) and Ey(x,y) has the periodicity
of the triangle flux lattice. The simple z dependence
derives from the translational invariance along the field
direction. The eigenvalues A will depend on the branch
and the wave vector k. There are two Goldstone
branches, for which A—0 as |k|—0, which arise from
the invariance of the flux lattice free energy under arbi-
trary translations in the xy plane.

The Goldstone branches are just the elastic modes of
the flux lattice, which in the long-wavelength limit can be
described by the elastic free energy F,, written down by
de Gennes and Matricon in 1963.'"® The position of the
ith flux line, defined as a zero of f(r), is a function r;(z),
for a general displacement of the flux lines. A two-
dimensional displacement field u(R?,z) is given by setting
r;(z)=RY%—u(RYz). It is very convenient to work in the
continuum limit when this displacement becomes a func-
tion u(x,y,z). Only the long-wavelength limit of the ex-
citation modes will be correctly given by the continuum
limit. The excess elastic free energy F,, associated with
small gradients of u is

Fa=1 [ d’r{e (B,u,+8,u,) e[ (B,u, ) +(3,u,)]

+ceel (3,1, —d,u, )

y

+(d,u, +9,u, 21} -

(3.1

¢, is the compression modulus, ¢4, measures the energy
cost of tilting the flux lines, and c¢q is the shear modulus
of the flux lattice. (c,=2HB and ¢, =2B*3H /3B in
our reduced units'?).

The two excitation modes associated with the elastic
free energy F,, are revealed by Fourier transformation:

Fq=1Su;(k)[c k;k;+38,(ceekt +cagk?)u;(—k) ,
k

(3.2)
where (i,j)=(x,y). Hence,

Pr
cosklteaak?
+c kZIZc k2

11KT T CaaK;

(u,(k)uj(_k)>=kBT

] ) (3.3)
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where Pp=(8,—k;k;/k?), P,=kk;/k}, and c
=c¢; +c¢. Equation (3.3) shows that one mode of F is a
transverse branch in which ulk, and the other is a longi-
tudinal branch in which u||k,.

The elastic free energy of Eq. (3.1) can be derived from
the eigenvalue equations (2.16) and (2.17) by studying the
null (A=0, k=0) eigenvalues and eigenvectors and then
performing a small k expansion of the Bloch functions
E,(x,y). The null eigenvectors are doubly degenerate be-
cause they correspond to arbitrary displacements of the
flux lattice in either the x or y directions. They are linear
combinations of

afo afo
=y =2 0 34
f1=u, ax and u, (3.4)
3Qo 3Qy
=y — e 3.
q=u, i and u, (3.5)

where here u, and u, are constants. This can be checked
by directly substituting Egs. (3.4) and (3.5) into the eigen-
value equations and noticing their similarity to Egs. (2.4)
and (2.5) after these equations have been differentiated
with respect to either x or y.

It is possible to obtain the local (elastic) moduli start-
ing from the eigenvalue equations (2.16) and (2.17). Each
elastic modulus is most easily obtained by consideration
of special cases. To obtain the tilt modulus ¢4, one sup-
poses k=(0,0,k,) and u,=0. The Bloch function
E,(x,y) can be expanded in powers of k,. To order k,
this is equivalent to setting

3y, Bu(2)

fi=u,(z) 3 % R(x,y), (3.6)
. 0Q, du,(z)
q—ux(z)—a;—%- % Vix,y), (3.7)

where u,(z)=uqcos(k,z). Equations (3.6) and (3.7) for
f1 and q are then substituted into the eigenvalue equa-
tions and as A~k?2, the coefficients of du,(z)/dz, i.e.,
terms of order k, must vanish [just as we have already
shown that the coefficient of u,(z) vanishes]. This leads
after some algebra to the following equations for R and
V)

2 2
— L &R R | R4+3f3R+RQI+2,V-Q=0,
K° | ox ay
(3.8)
VXVXV+f3V+2£,RQ,
0? a? 9B,
=0,0,—=220,,—2-0,,— EY
8x2 Qx,O ayz Qx,O ay (3.9)

These equations have solution R=V,=V,=0 and
V,=Q,0 Then, correct to order k,, the eigenvectors are

_9fy 90, o
fl_uxa—x qxzuxa—a
x x (3.10)
aQy,o _ du,

qy = Uy ax q; ? x,0
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du, 0B,

oz Bo,0,u, x

VXa= (3.11)

The results given in Eq. (3.11) have an obvious interpreta-
tion in terms of the geometry of the tilted flux lattice. On
substituting Egs. (3.10) and (3.11) into Eq. (2.15) for F,
one obtains

2 2

_ du,(z) || 1 |8fo
Fl-—fd3r a2 7 | ax +f5Q20+ B}
1 5 | Oux(z)
=ceu [d'r|— (3.12)

Hence ¢4, =2HB, on using an identity given in Ref. 24.
That ¢4, =2HB has been known for many years.!” The
same technique can be used to obtain both c¢ and c;.
The appropriate special case for cq would be

u,(y)=ugcos(k,y), u,=0. However, in this case I
could not find an explicit solution of the equations corre-
sponding to Egs. (3.8) and (3.9)—only the right-hand
sides differ—but they could be solved numerically by
Fourier expanding R and V in reciprocal lattice vectors.
The appropriate special case for obtaining c,; is
u (x)=ugcos(k,x), u,=0.
B. Fluctuations of the phase defined by HPS

I have already shown that within the Meissner state
the HPS phase difference A® defined by Eq. (2.24), when
the line integral is up the z axis between two points
separated by a distance #, is such that ( A®?) increases
linearly with A rather than tending to a constant, imply-
ing that with the HPS definition of the phase there is no
ODLRO—in any dimension. I shall now argue that a
similar result holds for the mixed state.

In the eigenvalue equations (2.16) and (2.17), if g, de-
pends only on z, i.e., ¢,(z)¥0 and g, =g, =0, then the
equations are solved if f;,=0 and A=1, for in this case
VXa=VXq=0. Hence,

(g,(0,0,k,)q,(0,0,—k,) )= k”f :
psk
where the “superfluid density” p,=2f3(x,y )/« This
mode is analogous to the longitudinal mode of the
superfluid velocity in the Meissner phase. It is not a
Goldstone mode as A=1 as k, —0.

The eigenvalue equations also simplify for the trans-
verse mode in which ¢, depends only on x and y, i.e.,
q.(x,y)70 and g, =0=g,. In this situation the flux lines
move without tilting so VXq=V Xa and the eigenvalue
equation becomes

(3.13)

@ o

ax?  9y?

4, Hf5(xp)g, =Af3(x,y)q, ,  (3.14)

with £, =0. In the long-wavelength limit Eq. (3.14) leads
to
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kT
<Qz(kxs )O)qz ’—k ,O)>= = ae d ry__ dyi ’
g Y a(kltk})+px? dz =2mi 2 2 fdz Y dz’ —(z) kxET(Z )
(3.15)

where a is a numerical constant of order unity. By analo-
gy with Eq. (2.20) for the Meissner phase, one would ex-
pect on combining Eq. (3.13) and Eq. (3.15) that for gen-
eral small k,

: 1

P:

(q,(K)g,(—k))=k,T

2

z

k2

1
ak*+p, K’

+ 11—

(3.16)

It is then a straightforward matter to substitute Eq. (3.16)
into (2.39) where one finds once again that ( A®?) in-
creases linearly with 4, implying the absence of ODLRO.
Note that if only the longitudinal term in Eq. (3.16) is
used in (2.39), then (A®?) only increases with 4 below
two dimensions, just as in the Meissner phase. The gen-
eral conclusion I draw is that the HPS definition of a
phase is always unsatisfactory because it includes the
transverse components of Q.

C. ODLRO in the mixed phase

We have just argued that the contribution to (A©?)
from the fluctuations in Q; increase with separation
when d <2. However, the dominant contribution to
(AB?) comes from (AOZ ), since I shall now show that

it starts to increase with separation for d <4. From Eq.

(2.30),
J

G(r,1)=Gyp(r,r'){ expi[0(r)—6(1r')])

=Gpp(r,r')exp [— 3 [1— cosk:(r—r)]{O(k
K

where

GuMe(n,1')=fo(r)fo(r') expi[On(r) —Oy(r')] .

Power counting on the integral in Eq. (3.21) shows that
G(r,r') tends to zero as [r—r’| — oo in all dimensions less
than four, i.e., ODLRO vanishes below four dimensions.

The decay of G(r,r’) is highly anisotropic and is most
rapid when r—r' is perpendicular to the applied field;
suppressing all constants and taking B =H, when
Cg6 <<Cg44, one finds that in this limit

G(r,r')=Gygp(r,r')exp(—p/L,) , (3.22)
where p=|r—r’| with z=2z" and
172 22
Lo=4Ar %j , with AT:—lé::—;BT
_2X10*AK
N X

X exp{ik-[r;(z')—r]} /k?* .

(3.17)

At low temperatures where displacements of the flux
lines are small it should be possible to approximate r;(z")
by (R%z’). Then as

fdz explik, RO,z ) b (51) = ik () <2
p dzl z%x 277_ 4

(3.18)

with a similar expression for u,(k). Equation (3.17),

when Fourier transformed, gives
0(k)=ikB[k,u,(k)—k,u,(k)]/k* (3.19)

where Og(r)=0Og(r)+6(r), and Ogor) is the
geometric phase in the undisplaced lattice. Notice that
within this approximation, 6(k) is single valued. The ap-
proximation should be valid for calculating phase
differences along paths that do not go close to flux lines.
Hence

i 1

(6(k)6(—k))= 4“—2
k* ceek?+cagk?

k’B%ky T (3.20)
on using Eq. (3.3). Equation (3.20) shows that phase fluc-
tuations are largely determined by the transverse (shear)
mode of the flux lattice. An expression equivalent to Eq.
(3.20) was given by HPS.

The gauge invariant correlation function defined in Eq.
(2.33) is, as |[r—r’| tends to infinity,

-k)) ], (3.21)

r

L, is a measure of the decay length of ODLRO for d =3.
The experimental consequences of its large size (approxi-
mately millimeters) are discussed in Sec. V. For two-
dimensional systems, i.e., films, the destruction of
ODLRO is more rapid and can take place over a length
scale typically of order of the flux line spacing /.

1V. ROTATING NEUTRAL SUPERFLUIDS

The analogy between superconductors and rotating
neutral superfluids such as “He has been reviewed by
Vinen.!! In the formalism of this paper, all one has to do
to study this problem is to set VX A=BZ, where B is a
constant (related to the speed of rotation about the z axis)
and neglect the fluctuations of the vector potential entire-
ly. In the context of the superconductor problem this is
only valid in the limit of infinite k. However, the approx-
imation of taking the B field just a constant and neglect-
ing the fluctuations of the vector potential has been wide-
ly used over many years. The free energy of the system is



45 LOWER CRITICAL DIMENSIONS FOR SUPERCONDUCTING ...

2
—IglP+4lylt+ ‘ . @

F=[d*

This is minimized by solving

]¢

3, 4.2)

D,Zﬂ/’o:i/’o(l"‘ |1/’o|

where D, =0, /ik— A,. This equation and its complex
conjugate are equivalent to the gauge invariant equations

1
—?szo——fo-i—fg—f-foQ%:O , 4.3)
V-(f2Q,) =0 (4.4)
where Q= A—V®,/k. As before we shall expand

about the stationary point given by the solution of Egs.
(4.3) and (4.4) by writing

S=fotf1,
Q=Q,+q, (4.5)
F=F,+F, ,
but because A is fixed, q must be of the form
——Llyg (4.6)
q p s .

where ¢ is the phase change from the mean-field solution.
Note that VX V¢+#0. Equation (4.6) is the source of the
differences with the finite-x limit. The free energy to
quadratic order is

=fd3r

—f%+3féff+%(vf1)2

+f(2)q2+4fofo0'q+f%Q(2) 4.7

The quadratic form Eq. (4.7) can be diagonalized by solv-
ing the equations

— LV SN QGH 2 0Qa=A S @)

A
V-(f3a+2f0f1Qp) _;f ¢ . 4.9)
One simple special solution of Egs. (4.8) and (4.9) is if ¢ is

|

G(r,r')={(PYr)Y*(r')) = Gyg(r,r' ) expi[6(r)—

~Gyp(r,r') exp
k

e(r')])

— 3 [1— cosk-(r—r')]{O(k)O( —k))
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a function of z only, ¢(z), then ¢, =¢,=0=f, and (4.9)
reduces to
aZ é
oM, (4.10)
9z

which has solution ¢= ¢, cos(k,z) and A=k2.

Because there is a vortex lattice in the limit of infinite
«, one would expect there to be two Goldstone modes in
the eigenvalue equations (4.8) and (4.9), associated with
the invariance of the free energy (4.1) under arbitrary
translations in the xy plane. However, it has been known
for many years that the infinite « limit is very strange.
The tilt modulus c,4 and the compressibility modulus c;
are infinite!® and in fact there is only one Goldstone
mode'®’ and that is associated with shear motions of the
vortex lattice.*

For an arbitrary translation (u,,u,) the treatment
leading to Eq. (3.5) is unchanged, i.e.,

q=(u-V)Q,=V(u-Qy)

—uX(VXQy)+0(VXu). 4.11)
For Eq. (4.11) to be compatible with the condition that q

be of the form given by Eq. (4.6), u has to be restricted to
u=—PVQ X2 (4.12)

(where P=1/xB in reduced units and 27P=V"3/%/2 in
nonreduced units), which corresponds to a shear motion
of the flux lattice. Thus, compressions are incompatible
with (4.6) and (4.11), and are not Goldstone modes.

The effective free energy associated with the long-
wavelength limit of the Goldstone mode follows by com-
bining Egs. (4.10) and (4.12)

——fd3

(4.13)

2
’ +cge PAVIQ)?

where p, =2f3(x,y)/«* and V2=0%/3x%+98%/9y% The
shear modulus c¢4 can, in principle, be obtained from the
eigenvalue equations (4.8) and (4.9) using the same tech-
nique as employed in Sec. IIT A.

Having determined the form of the soft mode of this
system, we can now investigate how the thermal fluctua-
tions of the mode affects ODLRO. The phase © is once
more given by Eq. (2.29) with VO specified by Eq.
(2.30). The fluctuations of © are dominated again by
those of ©; and it follows from Eq. (3.19) and Eq. (4.12)
that 0(k)=(k? /k?)Q(k).

The existence of ODLRO can be investigated by study-
ing

(4.14)
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From (4.13) one deduces that in the long-wavelength lim-
it

(6(k)O(—k)) = il ki (4.15)
pokZ+cesP?k? k* '
Power counting on the integral in Eq. (4.15) shows that
G(r,r') tends to zero in all dimensions less than three.

Right in three dimensions,
kyT ]

G(r,r')=Gyp(r,r')exp | ———————5In
oI MF P 47TP(psc66)1/2

L
l

(4.16)

up to numerical factors where p=|r—r’| with z=z".
Equation (4.16) implies that the lower critical dimension
for ODLRO in rotating neutral superfluids is three.

How do the results for finite x in a superconductor
crossover into the infinite « results? The answer to this
question was provided long ago by Brandt!>® in his
pioneering studies of the k dependence of the elastic
moduli. In the extreme nonlocal limit c(k)=c k7 /k?
when k > k,. The reciprocal effective penetration depth
k,=(1—B/H,,)!"*/A, which tends to zero as k— .
Substituting this expression for ¢4, (k) into Egs. (3.20) and
(3.21), one again recovers the result that three is the
lower critical dimension for the infinite « limit, without
recourse to the direct calculations of this section.

V. DISCUSSION

I have shown that phase fluctuations destroy ODLRO
[as given by Egs. (2.29) and (2.30)] in dimensions d <2 in
the Meissner phase and in dimensions d <4 in the mixed
phase. ODLRO itself is not experimentally observable.
It would seem natural, however, to assume that the loss
of ODLRO would affect the nature of the mixed state or
result in its complete destruction. For the sake of simpli-
city we shall discount the exotic possibilities of Ref. 13
and assume that for dimensions d, 2<d <4, the only
genuine phases in a pure bulk type-II superconductor are
the Meissner phase and the normal phase, i.e., we shall
assume that the loss of ODLRO implies the destruction
of the mixed phase. In the H-T phase diagram, the
H_(T) line is supposed, on this scenario, not to be a
genuine phase boundary but a crossover line at which
substantial diamagnetism first appears. For d =3, the
H_,(T) line is a real phase boundary.

Experiments on conventional superconductors indicate
that in the region H, (T)<H <H_,(T) there is a state
very similar to the mean-field Abrikosov flux lattice state,
while for high-temperature superconductors there is a
vortex liquid state, at least near the H ,(T') boundary, but
at lower fields there is an irreversibility line. (This has
been interpreted as either due to the freezing of the flux-
line liquid into a crystalline state or the onset of a vortex
glass phase due to the consequences of the disorder or
just due to the onset of very long pinning times for the
flux lines (for a review see Ref. 20). These facts concern-
ing conventional and high-temperature superconductors
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seem to be incompatible at first sight with the scenario of
no mixed phase, i.e., a phase not separated by a phase
boundary from the normal phase.

I shall now argue that for d =3 the consequences of the
destruction of ODLRO will have few experimental conse-
quences. This is because the length scale L, over which
ODLRO decays for d =3, is, except for H very close to
H_,(T), an enormous length compared to other relevant
length scales. It typically is of the order of a millimeter
for both the conventional and high-temperature super-
conductors. In samples smaller than this the effects of
the loss of ODLRO will be unobservable.

Fucthermare, real superconductors are never free of
impurities, pinning centers, etc., and Larkin?' showed
long ago that any disorder destroys the long-range crys-
talline positional order of the flux lines for all d <4. Only
positional short-range order survives, to a length scale
R, which is a complicated function of the elastic moduli
and the strength of the disorder, but which only in the
better samples will ever exceed L,. When R. <L, the
loss of ODLRO due to thermal fluctuations will be unim-
portant compared to the consequences of the disorder.
For the purer samples, where R, >> L, the effects of dis-
order will still be felt because the pinning of the flux lines
by the disorder will inhibit and slow the long-wavelength
shear modes whose thermal excitation is responsible for
the loss of ODLRO. A quantitative treatment of the role
of disorder is set aside for future study. In addition, the
debate as to whether fluctuations will melt the flux lattice
is not really affected by the loss of ODLRO, as lattice
thermal fluctuation length scales are much shorter than
L,.® The only consequence is that any melting would not
be a true phase transition but a crossover between two
vortex liquid states characterized by radically different
degrees of positional short-range order.

For d =2 (thin films) ODLRO is lost on much shorter
length scales, typically of the order of the separation of
the flux lines. I would expect, in this case, for there to be
only a vortex liquid regime in nonzero fields, unless the
exotic scenario of Ref. 13 arises from a crystal lattice
without ODLRO. Theoretical evidence for only a vortex
liquid regime is provided by the work of Brézin, Fujita,
and Hikami,?? whose large-order perturbative calculation
for d =2 (and k— ) suggested that the normal phase
might be stable everywhere in a nonzero field.

Recently Ikeda, Ohmi, and Tsuneto®® have attempted
to analyze in a systematic way the fluctuations about the
mean-field solution without recourse to the approxima-
tion of retaining only the lowest Landau level.'"” For the
limit of infinite «, their results are entirely consistent with
those in Sec. IV. To get to finite « they expand about the
infinite-x limit in a series in k2 and obtain results broad-
ly consistent with those of Sec. III.

The discussion of the lower critical dimension in this
paper has concentrated on the destruction of ODLRO by
perturbative mechanisms, i.e., the mean-field solution was
first set up and I investigated whether the fluctuations
about it destroyed ODLRO. However, it sometimes hap-
pens that nonperturbative contributions from topological
singularities are responsible for determining the lower
critical dimension. A simple example is provided by the
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Ising ferromagnet in one dimension, where the creation
of domain walls separating up and down regions of spin
costs a finite amount of energy, which results in the loss
of long-range ferromagnetic order at finite temperature.
Topological excitations of various kinds exist in super-
conductors and provide a possible additional mechanism
for the loss of ODLRO. Thus the energy cost of creating
a free vortex in the Meissner phase is finite in two dimen-
sions because of the screening currents, so at nonzero
temperatures free vortices will always be present and will
produce zero superfluid density. This gives an additional
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argument for two being the lower critical dimension for
the Meissner phase. The role of topological singularities
in the mixed phase is complicated and their study is
planned to be undertaken elsewhere.
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