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Phase fluctuations of the superconducting order parameter play a larger role in the cuprates than in
conventional BCS superconductors because of the low superfluid density p, of adoped insulator. In this
paper, we analyze an XY model of classica phase fluctuations in the high temperature superconductors

using a low temperature expansion and Monte Carlo simulations.

In agreement with experiment, the

value of p, at temperature T = 0 is a quite robust predictor of 7., and the evolution of p; with T,
including its T-linear behavior at low temperature, is insensitive to microscopic details.

PACS numbers. 74.40.+k, 74.20.Mn, 74.25.Bt

Two classes of thermal excitations are responsible
for disordering the ground state of a superconductor:
amplitude and phase fluctuations of the complex order
parameter. A consensus has not yet been reached on the
relative importance of the two in the high temperature
superconductors, since both are anomalous. The low
superfluid density (phase stiffness) of the doped insulator
implies that phase fluctuations play an unusualy large
role [1]. Yet the nodes in the d-wave gap function
support more quasiparticle (amplitude) excitations at low
temperature than in a clean s-wave superconductor.

This paper reports an analytical and numerical study
of the thermal evolution of the in-plane helicity modulus,
vI(T), of a quasi-two-dimensional classical XY model of
phase fluctuations in a high temperature superconductor
[2]. In doing this, we are ignoring the widely discussed
effects of thermally excited nodal quasiparticles, i.e., spin
1/2 excitations. As discussed below and in Ref. [4], we
believe this neglect is justified because the nodal quasi-
particles are not sensitive to the onset of superconductiv-
ity [5]. As such, the spectral weight removed from the
superfluid density per thermally excited spin is small [6].
We also neglect the quantum dynamics of the phase since,
with sufficient screening, the phase fluctuations are pre-
dominantly classical down to quite low temperature [7].

The calculations focus on the scaled curve,
Y1(T)/y)(0) vs T /T,, and the value of the dimensionless
ratios A; = T./(0) and A, = T.y;(0)/y;(0). [Here
yi(T) = dy)(T)/dT.] These nonuniversal quantities
turn out to be rather insensitive to microscopic details of
the model, such as the strength of the interplane coupling
and the exact short-distance nature of the interactions, as
shown in Fig. 1 and in the tables. Figure 1 also shows
that the model results agree well with experiment [8],
when the helicity modulus of the model is related to the
in-plane superfluid density p, as determined by
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where a, is the spacing between planes and A, is the
London penetration depth within the CuO, planes.

There is strong empirical evidence that classical phase
fluctuations determine much of the important physics in
the superconducting state of the high 7., superconductors,
and also some properties of the norma state, especially
in underdoped materials [1]. Most notably, 7, increases
roughly linearly with the zero-temperature superfluid den-
sity [9] [A; = T./v)(0) ~ 1], whereas the characteristic
energy scale for pairing, A, /2, is both quantitatively large
compared to kgT. and decreases as the doping increases.
Furthermore, angle-resolved photoemission spectroscopy
and other measurements of the superconducting gap re-
vea that pair formation occurs at a crossover tempera-
ture well above T. [10-12]. It is important to note that
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FIG. 1 (color). Superfluid density vs temperature, scaled by
the zero-temperature superfluid density and by T, respectively.
Experimental data on YBCO is depicted by the black line, and
is taken from Hardy et al. [8] (The data are essentialy the
same for a range of doping concentration.) Our Monte Carlo
results for system size 16 X 16 X 16 are the filled symbols.
Calculations are for two planes per unit cell, with coupling
Jy = 1 within each plane, and J, and J/ between aternate
planes, as defined in Eq. (3). Monte Carlo points above T.
are nonzero due to finite size effects. Except where explicitly
shown, error bars are smaller than symbol size.
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Ay, = cy|/|(0)/ v1(0) is roughly constant for various ma-
terials and doping concentrations. This implies that the
fluctuations predominantly responsible for the T-linear
dependence of the superfluid density at low T are also
responsible for the ultimate destruction of the supercon-
ducting state at T...

The following arguments have been made against this
interpretation of the data: (1) The nonuniversal ratio
Ay = T./7y(0) should [13] theoreticaly lie in the range
4-8, rather than in the 0.5—1 range observed experimen-
tally. (2) For weakly coupled layers, a phase only model
would [14] yield a p,(T) curve that looks like a rounded
Berezinskii-K osterlitz-Thouless (BKT) discontinuity, un-
like what is seen in experiments. (3) Quantum effects
suppress classical phase fluctuations [15] for temperatures
below the plasma frequency. (4) If pairing occurs in a
substantial range of temperatures above T, the effects
of fluctuation superconductivity should be observed, con-
trary to experiment [13].

Our present results show that the classical XY model
is quantitatively consistent with experiments. As can be
seen from the tables, A; lies in the range 0.6—1.8 for
the wide range of parameters we have explored, consis-
tent with experiment. Figure 1 shows that y(7) of the
XY model closely matches the experimentally measured
ps(T) curves. The third suggestion has been previously
shown to be incorrect [7], due to screening by the sub-
stantial background normal fluid. Specifically, in a two-
fluid model of a superconductor, the classical model is
reliable down to a classical to quantum crossover tem-
perature which can be well below T.: Teae & Te/ 0N,
where o is an average of the optical conductivity of
the normal component in units of the quantum of con-
ductance. The fourth point overlooks the fact that fluc-
tuation superconductivity is only significant close to 7.
where the correlation length is long. In conventional su-
perconductors the observed fluctuations involve amplitude
and phase and are Gaussian, while for the high T, super-
conductors, true critical fluctuationsin the XY universality
class are detected in aremarkably broad range of tempera-
tures [16].

A classical XY model on a tetragona lattice will be
used to study the effects of phase fluctuations in a quasi-
two-dimensional superconductor at wavelengths that are
long enough for amplitude fluctuations to be unimportant.
The in-plane unit cell area aﬁ does not enter into the
evaluation of 7, or the temperature dependence of (7).
Here q is a short-distance cutoff which will be discussed
a the end of the paper. In general, the interaction
energy, V, depends on the phase difference, 0;; = 6; —
6;, between nearest-neighbor sites (i, ;). Because of
gauge invariance and time reversal symmetry, V can be
expanded in a cosine series,

V(Gij) = ZA” COS(nH,'j). (2)

The first harmonic, cos(6), corresponds to the transfer
of one pair of electrons between neighboring cells, each
successive harmonic transfers a higher number of pairs.
We keep only the first two terms in the cosine series for
couplings within a plane, and the first cosine term for the
weaker Josephson coupling between planes.

H=—J Z{COS(GZ‘]') + 6c0s(26;;)}
G
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where the first sum is over nearest-neighbor sites
within each plane, and the second sum is over nearest-
neighboring planes. The coupling, Jj, will be assumed
to be isotropic within each plane and the same for every
plane, but the coupling between planes, J1, is different
for crystalographically distinct pairs of neighboring
planes. It will be assumed that J, J, , and é are positive,
since there is no reason to expect any frustration in the
problem [17], and that 6 = 0.25, sincefor 6 > 0.25 there
is a secondary minimum in the potential for 6;; = 7,
which is probably unphysical. The sensitivity of various
computed quantities to variations in § in this range is a
measure of the importance of “microscopic details.”

It follows from simple and general considerations that
most features of the thermal evolution of the superfluid
density of YBa,Cu;07-s (YBCO) shownin Fig. 1 arere-
produced by such amodel. The critical phenomenaarein
the same universality class as the classical 3D XY model,
which is consistent with the observed behavior [16] in
YBa,Cu;O;_s within about 10% of T.. Furthermore, the
helicity modulus is linear in the temperature, as observed
in YBaCu;O;-5. As first pointed out by Roddick and
Stroud, the T-linear behavior is characteristic of classical
phase fluctuations [18,19]. Indeed, using linear spin-wave
theory, it is straightforward to obtain the first terms in the
low temperature series for vy,

a(l + 165)

4(1 + 46) T+ 0T,

(4)

where « isanumerical integral which variesfrom a = 1
inthe 2D limit (J;, — 0)to a = 2/3 for J, — (0) =
Ji(1 + 46) for one plane per unit cell. Note that the
T-linear term is independent of J; and so is much less
dependent on microscopic parameters (such as doping)
than is y(0).

A more quantitative comparison between the classi-
cal model and experimental data can be undertaken by
studying various dimensionless ratios, particularly A, =
T./1(0) and A, = T.}/(0)/7)(0). Here, T iscomputed
numerically by means of the Binder parameter [20] for sys-
temsof sizeupto24 X 24 X 24. Errorsin T, arelimited
by the resolution with which the Binder crossing point is
computed in each case. The quantities y;(0) and y|’| (0) are
obtained from Eqg. (4).
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TABLE I. Single layer: The dimensionless ratios A; = T./y;(0) and A, = (0)/7”(0 ) which characterize the superfluid
density vs temperature for systems with one layer per unit cell. J, and T, are quoteoi in units of Jj.

J. 0 0 0 0.01 0.01 0.01 0.1 0.1 0.1

) 0 0.1 0.25 0 0.1 0.25 0 0.1 0.25
Ay 0.89 0.72 0.6 11 0.828 0.625 1.324 0.986 0.73
A, 0.22 0.335 0.38 0.27 0.381 0.388 0.3066 0.432 0.437
T, 0.89 1.01 1.2 11 1.16 1.25 1.324 1.38 1.46

Experimentally A, ~ % and A, isin therange 0.6-1.3
for underdoped and optimally doped materials. Tables |
and |l show the ratios A; and A, for various choices of
parameters in the classical XY model. Note that A, ~ %
for 6 not too small, whereas A, is about a factor of 2
smaller for 6 = 0. The shape of the p,(T) vs T curves,
as quantified by A,, is remarkably robust, especialy if we
comparethecasesof 6 = 0.1t06 = 0.25. TheratioA; is
alittlemore sensitiveto thevaueof §, but it iscomfortably
in the experimental range for 6 between 0.1 and 0.25, and
only dightly larger for 6 = 0. Therelativeinsensitivity of
A to 6 and to the details of the interplane couplings, J,
demonstrates that when classical phase fluctuations govern
the physics, p,(0) is a quantitatively good predictor of T.,.

Hardy et al. have demonstrated [8] that when
ps(T)/ps(0) is plotted vs T/T,, for various dopant
concentrations in YBaCu;O,_s, the data collapse ap-
proximately onto one curve. Since T, « p,(0), this
amounts to scaling out T, for both axes. Thus the unique
shape of the normalized p,; vs T curve may be attributed
to the existence of a single energy scale, the transition
temperature. We have also used Monte Carlo calculations
to evaluate the superfluid density for 0 < T < T.. The
results are scaled as in Hardy et al. [8] and compared
with their data in Fig. 1. As anticipated, for 6 not too
near zero, the mode! is insensitive to the value of &, and
in remarkable agreement with experiment, considering
that no parameters have been tuned.

A much-discussed feature of the systematics of 7. in
the high temperature superconductors [21] is the observed
increase of 7. within each family of materials with the
number of planes per unit cell, n. Within the classical
phase model, the fact that phase fluctuations lead to a
particularly large suppression of 7. below its mean-field

TABLE II.

value (see Table Ill) leads to an increased sensitivity to
even weak couplingsin the third direction. This produces
a strong increase of T. with n, athough possibly not
quite as strong as observed experimentaly. However, it
should be noted that other things may change with »; for
example, in a three-plane material, the central plane may
have a different hole concentration than the others.

Mean-field theory is a standard method of estimating
the effects of weak higher-dimensional couplings on the
critical temperature of quasi-one-dimensiona or quasi-
two-dimensional systems. For instance, for one plane per
unitcell (n = 1) thisapproach leadsto animplicit equation
for the three-dimensiona 7,

x2a(Tmp)2J =1, (5)
where y,4(T) is the susceptibility of an isolated plane.
For the case 6 = 0, we have computed the interplane
mean-field transition temperature, which is also presented
in Table |11, using the Monte Carlo results of Gupta and
Baillie [22] for y,4(T). This mean-field theory aways
gives an upper bound to T.,.

Phase fluctuations should also have detectable effects
on other equilibrium properties, such as the specific heat,
the diamagnetic susceptibility, and v, . In contrast to vy,
these quantities depend on a). The classical XY model at
temperatures T < T, has a specific heat per unit areain a
CuO; plane equal to C = kp/2aj. The speific heat [23]
a T =2 K of good crystals of optimally doped YBCO
isroughly 5 X 10~*kp per planar copper; if we assumed
that all of this specific heat were due to phase fluctuations,
it would imply a] = 32 lattice constants.

In the classical XY model a; ~ r,, where r, is the
radius of avortex core. Recent muon spin rotation (uSR)

Double layer: The dimensionless ratios A; = T./y;(0) and A, = Tcy{,(o)/ v,1(0), which characterize the superfluid

density vs temperature curve, for systems with two layers per unit cell; the two values of J, are between planes within a unit cell

and between unit cells.

Jy g 1.0 1.0 1.0 1:.0.01 1:.0.01 1:.0.01 1.0.1 1.0.1 1.0.1

0 0 0.1 0.25 0 0.1 0.25 0 0.1 0.25
A 1.38 1.03 0.78 152 112 0.83 1.6975 1.252 0.916
A, 0.279 0.402 0.426 0.306 0.437 0.452 0.3318 0.4772 0.4906
JyJh 0.1:0 0.1:0 0.1:0 0.1:0.01 0.1:0.01 0.1:0.01 0.1:0.1 0.1:0.1 0.1:0.1
0 0 0.1 0.25 0 0.1 0.25 0 0.1 0.25
A 113 0.836 0.645 12 0.907 0.675 1.324 0.986 0.73
A, 0.271 0.376 0.394 0.29 0.407 0.411 0.3066 0.432 0.437
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TABLE Ill. Variations as a function of the number of planes
per unit cell: The coupling between planes within the unit
cell isJ, = 0.1, and between planes of different unit cells is
J =001,and 6§ = 0. Similar data exist for 6 > 0. Ty iS
the interplane mean-field estimate of 7. obtained as described
in the text.

n 1 2 3 4 %
de0) 02472 02384 02365 02348 02315
T, 1.09 1.20 1.24 1.26 1.324
Tye 1111 1287 1334 1361 1394

measurements [24] have found that r, grows substantially
at low fields, and tends to a zero field value which is on
the order of 100 A (26 lattice constants) and which is only
weakly temperature dependent nearly up to 7,.. Thus, if
we estimate g using the uSR data, it is consistent to
attribute a large fraction of the low temperature specific
heat to classical phase fluctuations. The contribution
of critical fluctuations to the specific heat near 7. may
also be dominated by classical phase fluctuations, but
a quantitative comparison of the theoretically expected
(nonuniversal) critical amplitudes with experiment is not
straightforward.

Finally, we address the remarkable measurements of the
frequency dependent superfluid density in BSCCO of Cor-
son et al. [25]. Without making any explicit assumptions
concerning the dynamics, we can interpret these resultsin
terms of a finite size scaling hypothesis, in which we as-
sociate a length scale, L(w), with the finite measurement
frequency, and

y(T,L) ~ L*TY[L/&(T)], (6)

where £(T) isthe correlation length of the infinite system
at temperature T. Since BSCCO is highly anisotropic, we
follow Corson et al. [25] in assuming that the finite fre-
quency response is essentially two dimensional, in which
casex = 0,and &(T) isinfiniteforal T < Tgkr, the BKT
transition temperature. This implies that y is approxi-
mately frequency independent for 7 < Tkt and vanishes
exponentially asafunction of L/ £ at temperatures enough
above Txr that L > £(T). Indeed, y(T,L) was com-
puted numerically for the two-dimensional XY model by
Schultka and Manousakis [3] and we have repeated these
calculations for anisotropic three-dimensional models; the
results confirm that our model nicely accounts for the ob-
servations of Corson et al. [25].

We acknowlege stimulating discussions with D-H.
Lee, E. Fradkin, K. Moler, A. Millis, L. loffe, and
K. Nho. This work was supported in part by NSF Grant
No. DMR98-08685 (E.W.C. and S.A.K.), DOE Grant

No. DE-AC02-98CH10886 (V.J.E.), and by NASA
Grant No. NAG3-1841 (E.M.).

[1] V.J. Emery and S. A. Kivelson, Nature (London) 374, 434
(1995).

[2] The helicity modulus measures the change in the free
energy caused by a small change in the phase angle [3].

[3] N. Schultka and E. Manousakis, Phys. Rev. B 49, 12071
(1994).

[4] V.J. Emery and S.A. Kivelson, cond-mat/9809083
[J. Superconduct. (to be published)]; cond-mat/9902179
[J. Superconduct. (to be published)].

[5] T. Valaet al. (unpublished).

[6] The validity of this assumption can be directly tested
by measuring the spin of the thermal excitations which
degrade the superfluid density—T. Lemberger (private
communication).

[7] V.J. Emery and S. A. Kivelson, Phys. Rev. Lett. 74, 3253
(1995).

[8] D.A. Bonn et al., Czech. J. Phys. 46, 3195 (1996).

[9] Y.J Uemuraet al., Phys. Rev. Lett. 62, 2317 (1989); 66,
2665 (1991).

[10] A.G. Loeser et al., Science 273, 325 (1996); H. Ding
et al., Nature (London) 382, 51 (1996).

[11] See, eg., B.G. Levi, Phys. Today 49, No. 6, 17 (1996).

[12] S. Doniach and M. Inui, Phys. Rev. B 41, 6668 (1990).

[13] V.B. Geshkenbein et al., Phys. Rev. B 55, 3173 (1997).

[14] L. loffeand P. A. Lee (private communication).

[15] A.J. Millis et al., J. Phys. Chem. Solids 59, 1742 (1998).

[16] T. Schneider and H. Keller, Physica (Amsterdam) 207C,
366 (1993); S. Kamal et al., Phys. Rev. Lett. 73, 1845
(1994); M. A. Hubbard et al., Physica (Amsterdam) 259C,
309 (1996).

[17] Electron correlations could change this assumption; see,
eg., B.l. Spivak and S.A. Kivelson, Phys. Rev. B 45,
10490 (1992).

[18] E. Roddick and D. Stroud, Phys. Rev. Lett. 74, 1430
(1995).

[19] Thermally excited quasiparticles in a d-wave BCS treat-
ment will also yield a low temperature expression for
ps(T) of the form p,(T) = px(Ol[l — aT/Ay]. However,
unless patched up with strongly £ and x dependent Fermi-
liquid parameters, this approach implies that p,(0) is pro-
portiona to the density of holes, 1 + x, and a value of
p1(0) which is proportiona to p,(0)/Ag, whereas empiri-
caly, p,(0) is an order of magnitude smaller and roughly
proportional to the density of “doped holes,” x, and p/(0)
is approximately independent of x and of T./A.

[20] K. Binder, Phys. Rev. Lett. 47, 693 (1981).

[21] S. Chakravarty et al., Science 261, 337 (1993).

[22] R. Guptaand C.F. Baillie, Phys. Rev. B 45, 2883 (1992).

[23] E. Janod et al., Physica (Amsterdam) 234C, 269 (1994).

[24] J.E. Sonier et al., Phys. Rev. B 59, R729 (1999).

[25] J. Corson et al., Nature (London) 398, 221 (1999).

615



