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Diamagnetism of YBa2Cu3O6+x crystals above Tc: Evidence for Gaussian fluctuations
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The magnetization of three high-quality single crystals of YBa2Cu3O6+x , from slightly overdoped to heavily
underdoped, has been measured using torque magnetometry. Striking effects in the angular dependence of the
torque for the two underdoped crystals, a few degrees above the superconducting transition temperature (Tc), are
described well by the theory of Gaussian superconducting fluctuations using a single adjustable parameter. The
data at higher temperatures (T ) are consistent with a strong cutoff in the fluctuations for T ! 1.1Tc. Numerical
estimates suggest that inelastic scattering could be responsible for this cutoff.
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Cuprate superconductors show much stronger thermody-
namic fluctuations than classical ones because of their higher
transition temperatures (Tc), shorter Ginzburg-Landau (GL)
coherence lengths, and quasi-two-dimensional layered struc-
tures with weakly interacting CuO2 planes.1,2 Observations
of diamagnetism3 and large Nernst coefficients over a broad
temperature (T ) range well above Tc for several types of
cuprate4,5 are intriguing.6 They are often cited as evidence
for preformed Cooper pairs without the long-range phase
coherence needed for superconductivity. In contrast, in Ref. 7
it is argued that phase and amplitude fluctuations set in
simultaneously. However, the fluctuations are still considered
to be strong in that the mean-field transition temperature
T MF

c , obtained by applying entropy and free energy balance
considerations to heat capacity data, is substantially larger
than Tc, especially for underdoped cuprates. In standard GL
theory the coefficient of the |ψ |2 term in the free energy, where
ψ is the order parameter, changes sign at T MF1

c , as explained
in Ref. 8. If |ψ |4 and higher order terms are neglected, T MF1

c

can be obtained from a Gaussian fluctuation (GF) analysis of
the magnetic susceptibility and other physical properties.1

One difficulty in this area is separating the fluctuation (FL)
contribution to a given property from the normal state (N)
background. Recently this has been dealt with for the in-plane
electrical conductivity σab(T ) of YBa2Cu3O6+x crystals by
applying very high magnetic fields (B).9 When analyzed using
GF theory, σ FL

ab (T ) was found to cut off even more rapidly
above T ! 1.1Tc than previously thought.10,11 It was also
strongly reduced at high B and the fields needed to suppress
σ FL

ab (T ) extrapolated to zero between 120 and 140 K depending
on x, which tends to support a vortex or Kosterlitz-Thouless
scenario. Therefore questions such as the applicability of GF
theory versus a phase fluctuation or mobile vortex scenario
and the extent to which Tc is suppressed below T MF1

c by
strong critical fluctuations are still being discussed. They are
of general interest because superconducting fluctuations could
limit the maximum Tc that can be obtained in a given class
of material,7 and, moreover,9 the fluctuation cutoff could be
linked in some way to the pairing mechanism.

Here we report torque magnetometry data measured12 from
Tc to 300 K for tiny YBa2Cu3O6+x (YBCO) single crystals
from overdoped (OD) to heavily underdoped (UD). These were

grown in nonreactive BaZrO3 crucibles from high-purity (5N)
starting materials. Evidence for the quality of the UD crystals
includes extremely sharp x-ray peaks,13 and substantial mean
free paths from quantum oscillation measurements.14 The
OD89 crystal is from another preparation batch which had
narrow superconducting transitions and a maximum Tc of
93.8 K.15 We analyze the results using GF theory which,
unlike some other approaches, predicts the magnitude of the
observed effects as well as their T dependence. We show that
it gives excellent single-parameter fits to the striking angular
dependence of the torque, which has previously been attributed
to the presence of a very large magnetic field scale.3 We
also show that inelastic scattering is a plausible mechanism
for cutting off the fluctuations at higher T and a possible
alternative to strong fluctuations for limiting Tc.

Although measurements of the London penetration depth16

below Tc and thermal expansion17 above and below Tc for
optimally doped (OP) YBCO crystals give evidence for
critical fluctuations described by the three-dimensional (3D)
XY model, up to ±10 K from Tc, we argue later that these do
not alter our overall picture.

A crystal with magnetization M in an applied magnetic
field B attached to a piezoresistive cantilever causes a change
in electrical resistance proportional to the torque density τ ≡
M × B. If B is parallel to the c axis of a cuprate crystal, then in
the low-field limit the contribution to M in the c-axis direction
from Gaussian fluctuations (MFL

c ) is given by2

MFL
c (T ) = −πkBT B

3%2
0

ξ 2
ab(T )

s
√

1 + [2ξab(T )/γ s)]2
. (1)

Here γ = ξab(T )/ξc(T ) is the anisotropy, defined as the
ratio of the T -dependent coherence lengths ‖ and ⊥ to the
layers, i.e., ξab,c(T ) = ξab,c(0)/ε1/2 with ε = ln(T/T MF1

c ).2,9

The distance between the CuO2 bilayers is taken as s =
1.17 nm, and %0 and kB are the pair flux quantum and
Boltzmann’s constant, respectively. For B ⊥ c the fluctuation
magnetization is negligibly small.

As the angle θ between the applied field and CuO2 planes is
altered, τ (θ ) will vary as τ (θ ) = 1

2χD(T )B2 sin 2θ , as long as
M ∝ B. Thus, fits to τ (θ ) ∝ B2 sin 2θ give χD(T ) ≡ χc(T ) −
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