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High-field magnetization of HgBa2Ca2Cu3O81d : Fluctuations, scaling, and the crossing point
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Department of Physics, Boston College, Chestnut Hill, Massachusetts 02467

~Received 16 April 1999!

Fluctuation-induced diamagnetism is observed well aboveTc in high-field torque magnetization measure-
ments on the cuprate superconductor HgBa2Ca2Cu3O81d . Universal scaling behavior anticipated by fluctuation
theories is not observed in the high-field, high-temperature regime. A crossing point, whereM reaches a
field-independent value at a temperature which characterizes the interlayer separation, disappears in the fluc-
tuation regime above;Hc2 , suggesting that deviations from the lowest Landau level description of Ginzburg-
Landau theory appear at high fields.
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Superconductors are known to exhibit diamagnetic s
ceptibility above the critical temperatureTc due to thermo-
dynamic fluctuations. In the first reports of fluctuation ma
netization 30 years ago, Gollubet al. noted clear deviations
from behavior expected from Ginzburg-Landau~GL!
theory.1 It was recognized soon thereafter that the magn
zation data exhibited universal scaling behavior.2 This scal-
ing was then partly explained using corrections to GL the
which account for short-wavelength fluctuations,3 an ap-
proach improved upon by incorporating nonlocal effects.4,5

More recently, the dependence of the magnetizationM on
applied magnetic fieldH in layered cuprate superconducto
has been shown to vanish at a characteristic tempera
T* ,Tc , as a result of a balance between the entropic effe
of thermal fluctuations and the free energy of the equilibri
vortex lattice.6–8 Within GL theory, with only the lowest
Landau level occupied, the magnitudeM* of the magnetiza-
tion at T* provides a measure of the distances between
superconducting layers, i.e.,M* ;T* /s, as shown by severa
groups.9–11 Associated with this crossing point, fluctuatio
scaling formulas have been derived as functions of field
temperature, allowing one to discern the dimensionality~two
or three dimensions! of the superconductivity in the materia
under study.12,13 The only fitting parameter in the scalin
laws is the field-dependent transition temperatureTc(H),
with M /(TH)a scaling as@T2Tc(H)#/(TH)a, wherea is a
dimensionality exponent. An important application of th
scaling is the extraction of a mean-field upper critical fie
Hc2(T) via Tc(H) from magnetization data, a feat not po
sible in anisotropic superconductors from conventio
analyses ofM (T) or M (H) plots, which yield a ‘‘Tc’’ which
increases with field.6

The majority of published magnetization data on the
prates have been taken in relatively low~for the cuprates!
magnetic field, typically below 5 T. As mentioned abov
fluctuation scaling appears to work well in such fields,
cluding its prediction of the crossing point (M* ,T* ). We
show below, however, that for the layered cuprate superc
ductor HgBa2Ca2Cu3O81d , the fluctuation-induced diamag
netism continues to increase aboveTc andHc2 , leading to a
disappearance of the crossing point in fields greater t
H0;Hc2(T* ). As a result, the scaled magnetization
longer follows the theoretical prediction of Ref. 4 when plo
ted versus scaled magnetic field. However, it appears
PRB 610163-1829/2000/61~2!/1605~5!/$15.00
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M (T,H) continues to scale with the temperature, with t
caveat that the two-dimensional~2D! and 3D functions
above seem to work equally well, and thus do not allow
a clear identification of the dimensionality of the superco
ductivity. These facts question the high-field applicability
the scaling laws which led to the prediction of the cross
point, as well as the suitability of the lowest Landau lev
approximation in this system.

A single-crystal HgBa2Ca2Cu3O81d sample measuring
0.430.2530.14 mm3 was attached with grease to the fre
end of a silicon microelectromechanical systems~MEMS!
cantilever magnetometer,14 with the crystalc axis tilted at an
angle of 20° from the plane of the cantilever~see Fig. 1!. The
transition temperature of the sample wasTc5132 K, as de-
termined by superconducting quantum interference dev
~SQUID! magnetometry at 500 Oe. ThisTc implies that the

FIG. 1. Torque versus magnetic field at various temperatures
high T, the torque is independent ofT, and results from a constan
paramagnetic, normal-state susceptibility. Below 240
superconductivity-induced diamagnetism sets in. The sam
magnetometer configuration is shown.
1605 ©2000 The American Physical Society
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1606 PRB 61M. J. NAUGHTON
oxygen content of the sample is near optimal doping. X-
analysis15 of crystals from the same source reveals little e
dence for minority phases, but does suggest that overdo
is common, with excess oxygen (d;0.1) restricted to the
basal plane. The magnetometer was mounted with the p
of the cantilever parallel to the applied magnetic field p
duced in a 30-T magnet. The application of field produced
anisotropic magnetization in the layered material, which
turn generated a torque seen by the cantilever. The sys
temperature was regulated in helium exchange gas wi
calibrated Cernox resistor, which in the employed tempe
ture range has a magnetoresistance corresponding to a m
mum DT/T of 0.02% ~20–30 mK!. This mode of tempera
ture regulation was found to be slightly better than th
afforded by a capacitive sensor, which tends to drift w
time. Isothermal field sweeps and fixed field temperat
sweeps were taken. To within our instrumental noise le
~;10 aF in resistive magnets, corresponding to less t
10211Nm!, the capacitance of the silicon cantilever show
no field dependence. A small temperature dependence o
empty cantilever device~;6 ppm/K! was subtracted from
the temperature sweep data. The cantilever was calibratein
situ to ;1% accuracy by means of a fixed current pass
through a coil deposited on the cantilever surface.14

We show in Fig. 1 torque versus magnetic field for va
ous temperatures from 100 to 270 K. Between 250 and
K, the torque is independent of temperature. This is take
represent the normal-state response. It varies identicall
H2, meaning the perpendicular magnetizationt/H varies lin-
early with field, such that the normal-state susceptibi
Dx;t/H2 is field and temperature independent. Starting
240 K, a deviation from the normal-state background is
tected. This diamagnetic deviation increases in magnitud
temperature is reduced, especially near and belowTc (B
50). The torque is reversible over the entireH-T regime
shown~sizable irreversibility was seen to set in below;85
K!. In order to analyze the magnetization associated with
superconducting state, we then subtract the high-T, normal-
state torque from all the data in Fig. 1. This, of course,
sumes that the normal-state contribution remains indep
dent of temperature at all temperatures, an import
assumption which can only be fully verified by complete
suppressing superconductivity. In a separate experimen
20 T, the torque was found to be independent of tempera
between 295 and 330 K. We next divide the net torq
t(H,T)2t(H, 270 K! by the applied fieldm0H and the sine
of the tilt angle to get the component of the magnetic m
ment m(H,T) along the crystalc axis. This convention
leaves open the question of the dimensionality of the su
conductivity until after the scaling~below!, since if the ma-
terial is 2D, one expects the moment alongc to dominate,
and if it is more properly described as 3D, only the mag
tude of m, and not its dependence onH or T, are affected.
That is, so close to thec axis, thea-b plane moment~and
torque! will be small compared to thec-axis signal.

The resulting moment versus field curves are shown
Fig. 2, from 100 to 240 K, on a semilogarithmic scale~lower
panel!. The overall low-field behavior is as expected, w
2m(H) increasing with field in the high-temperature we
fluctuation regime,16,17 and decreasing linearly in logH in
the vortex liquid state belowTc .18 There is a temperatur
y
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regime near 12661 K where the magnetization appears to
independent of field, especially below;5 T. In previous
studies on Hg-1223 to 3 T, such a ‘‘crossing point’’ wa
indeed observed atT* 5127 K.19 However, upon close ob
servation, the magnetization at the high-field end in Fig
can be seen to increase in magnitude at all temperat
above;120 K. In fact,2m(H) at 127 K increases by mor
than 20% at 30 T over its zero field value~see upper panel in
Fig. 2!. These data imply that a crossing point does not e
at high field, such that the field dependence of the fluctua
magnetization does not saturate as anticipated. This in
suggests that an imbalance arises in strong magnetic fi
between thermal fluctuations and the elasticity of the fluc
ating vortices.

The loss of the crossing point at high field is shown mo
clearly when we make a cross plot of the data in Fig. 2
constant fields. This is shown in Fig. 3, a plot of the volum
magnetizationM5m/V versus temperature for fields be
tween 2 and 30 T. On the grand scale in the main figure
appears as if there exists a single point where all theM (T)
curves cross, near 126 K. However, as seen in the inset
low-field traces cross each other atTmax;126.5 K, while for
higher fields, the crossing temperature systematically
creases toTmin;122 K. With regard to an issue of exper
mental uncertainty, and the potential for an artifactual orig
to the loss of the crossing point, we point out the followin
For the 30-T curve to be able to cross the lower field cur
at Tmax in Fig. 3, instead of at the observedTmin , it must be
moved up by;60 A/m. This corresponds to a torque chan
of 6.631029 Nm which, referring to Fig. 1, would mean tha
the ‘‘real’’ torque trace at 127 K should end up somewhe
between the present 129 and 131 K traces. We estimate
uncertainty in the absolute torque to be less than
310211Nm,14 only ;1% of that required by this example

FIG. 2. Fluctuation-induced diamagnetism obtained from torq
data of Fig. 1, after subtraction of the normal-state contributi
The dashed line at 127 K shows that the magnetization beco
field dependent above;5 T. The solid circles indicate the field
positions at each temperature ofHc2(T), as obtained from the 3D
scaling in Fig. 4. Top panel showsm(H) in vicinity of T* .
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Moreover, if a finite temperature dependence to the norm
state background susceptibility was to be responsible
would mean that this was a paramagnetic susceptib
which increased with increasing temperature. This contr
with typical paramagnetic dependencies, which are eitheT0

~Pauli, Van Vleck! or T21 ~Curie!. In fact, if a magnetic-
impurity Curie~-Weiss! contribution was present, it would
mean that the diamagnetism is even larger than show
Figs. 1 and 2, and the crossing point in Fig. 3 is even l
certain. Thus we believe the high-field deviation from
field-independent magnetization in Fig. 2, and the result
loss of the crossing point in Fig. 3, to be real. In a rela
publication, Xueet al.20 showed that the crossing point rat
T* /M* for the Hg-based cuprates does not scale linea
with interlayer distances as predicted, and instead is ind
pendent ofs. This led them to suggest that the theoretic
description of the role of fluctuations in quasi-2D superco
ductors, which led to the crossing point idea, may need to
modified.20 Junodet al.21 have shown that anisotropic 3D
superconductors such as YBCO have a crossing poin
M /H1/2 vs T rather than inM. In the present case, we fin
some improvement using this function, but a spread in cro
ing temperatures remains, withTmax2Tmin;2.4 K.

The absolute value of the perpendicular magnetiza
t/HV5M sinu in the vicinity of this crossing regime is
close to values measured for Hg-1223 in Refs. 19 and
2M* '150 A/m. In our case, the apparent2M* increases
from ;130 A/m below 5 T to almost 180 A/m at 30 T.
According to Koshelev’s refinement11 of the Bulaevskii-
Ledvig-Kogan theory,M* 50.346kBT* /sf0 , wherekB and
f0 are Boltzmann’s constant and the flux quantum, resp
tively. Use of this equation and values from Fig. 3 yields
superconducting layer thicknesss between 2.3 nm~2 T! and
1.5 nm~30 T!, values to be compared with a unit-cell param
eter along thec axis of 1.6 nm. Employing the crossing poi
hypothesis therefore implies a reduction ofs in high mag-
netic field, an aspect that to our knowledge has not b
addressed theoretically.

The magnetization~and other properties derived from th

FIG. 3. Magnetization versus temperature at fixed field from
to 30 T, in 2-T steps, showing apparent ‘‘crossing point’’ nearT*
;126 K. Inset details the crossing region, and shows thatT* actu-
ally varies with field.
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free energy! in the fluctuation regime has been shown the
retically to exhibit scaling behavior as a function of magne
field and temperature.3,4,12,23Essentially, two scaling formu-
las have been derived, one for 3D superconductors, and
for quasi-2D.8,9,12 Both have the quantityM /(TH)a scaling
as @T-Tc(H)#/(TH)a, where a is 2

3 in 3D and 1
2 in the

quasi-2D case.13 Thus, by so scaling magnetization data, o
should in principle be able to determine the effective dime
sionality of a superconductor. This scaling procedure
been successfully applied to a number of anisotropic cup
superconductors, including YBCO,7 Bi-2212,8,9 Hg-1212,24

and some BEDT-TTF molecular superconductors.25,26

In the present case, we were able to scale our magne
tion data to both the 3D and 2D formulas with fits of esse
tially equal quality, as shown in Fig. 4. However, differe
sets of fitting parametersTc(H) were used in the two cases
These parameters are plotted asHc2 versusT in the upper
panel. For the scaling plots, we found that for both values
dimensionality exponenta, the scaling seemed to work we
over broad ranges of temperature and field~i.e., for abscissa
from 21.0 to 11.5, though we show a smaller range in t
figure to emphasize the closeness of the 2D and 3D fi!.
Hence, on the basis of this scaling comparison, we are s
ply not able to determine whether the superconductivity is
a 2D or a 3D nature. One might conclude that the dimensi
ality of Hg-1223 is best described as somewhere between
two. We note that both scalings yield slight positive curv
ture in Hc2 at the field end.

Another measure of dimensionality in a layered superc
ductor is provided by the anisotropy parameterg5j i /j' ,
the ratio of the superconducting coherence lengths par
and perpendicular to the layers. For YBCO,g;7, and so it is
not surprising that it scales as 3D.7 A similar case arises for
Hg-1212,g<7.7.25 ~BEDT-TTF!2Cu@N~CN!2#Br had an an-
isotropy ratio of g;25, and was reported to be well de

2

FIG. 4. Lower: 3D and 2D scaling plots of magnetization da
above and belowTc , using scaling equation in the text. Both fun
tions provide reasonable scaling fits. Upper:Hc2(T) datum points
used in the scaling plots.
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1608 PRB 61M. J. NAUGHTON
scribed as 2D.26 In Ref. 25, a similarg of 30 was found, but
neither the 2D nor the 3D scaling worked particularly we
For Bi-2212, reports ofg range from 55~Ref. 27! up to
1500,28 such that a 2D scaling should be appropriate, as
observed.8 However, one cannot tell from the literature
what degree the 3D scale works for this system, as only
scaling plots were shown.8 The material in the present stud
Hg-1223, was reported in Ref. 19 to haveg552. Based on
the above information, this should be large enough to sc
as 2D, and not as 3D. We are thus faced with a contradic
of sorts in the present work. Either Hg-1223 (g;50) is both
quasi-2D and quasi-3D~i.e., borderline!, or the fluctuation
scaling approach is an insufficiently resolute method to
termine dimensionality. Support for the latter hypothesis
found in similar results on (BEDT-TTF!2Cu~NCS!2, with a
reported anisotropy ratio greater than 100, but where 2D
3D scalings perform equally well, in fields to 5 T.25

Whatever the dimensionality of the superconductivity,
is quite clear that the fluctuation regime can be very lar
reaching close to twiceTc in some of the classical29 and
other cuprate30 superconductors, for example. In the pres
case, field-induced diamagnetism is observed above 200
high field, approaching perhaps 240 K or beyond at 30
This is shown in Fig. 5, where we plotm(T) at 30 T. The
circles are taken from the field sweep data in Fig. 1 at 30
after dividing by the field, without any background o
normal-state corrections. The solid line is the direct magn
moment from a temperature sweep in constant field, wh
the moment signal is obtained from a feedback current p
vided to the nulling/calibration loops on the cantilever s
face ~i.e., m5IA loop!. We were only able to obtain reliabl
and reproducible data in this manner up to;225 K, above
which we could not maintain thermal equilibrium in th
sample chamber without exceedingly long sweep times
the high field. The horizontal line across the top represe
our assumed temperature-independent normal-state mag
zation, while the vertical line signifies the transition tempe
ture at 30 T from Fig. 4. The hatched region therefore p
vides a view of the fluctuation magnetization regime abo

FIG. 5. Lower: Comparison ofT dependence of the scaled ma
netization atTc with LP-KAE model. Upper: ScaledH dependence
with two scaling fieldsHs ~see text!.
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Tc , which extends beyond 220 K, or>1.7Tc . This increase
of the temperature span is characteristic of the weak fluc
tion regime,16,28 such that 30 T should be considered a we
field for this material.

We compare in Fig. 6 our measured fluctuation magn
zation at 30 T with that predicted by the high-field limitin
case of a model calculation by Lee and Payne~LP! ~Ref. 4!
and Kurkijarvi, Ambegaokar, and Wilkins~KAE!,5 which is
based on the work of Schmidt,15 Schmid,16 and Patton, Am-
begaokar, and Wilkins.3 The LP-KAE model accounts fo
high-energy~short-wavelength! fluctuations and nonlocality
due to the magnitude ofB, in contrast to the Landau
Ginzburg phenomenological treatment,31 and starts with a
free energy derived from a clean limit microscopic theory32

It appears that the temperature dependence ofM at 30 T
~lower curve in Fig. 5! can be fairly well described by this
model. This supports the idea that fluctuation theories wh
go beyond low-field Landau-Ginzburg, such as those in R
3–5, may be necessary to explain magnetization data
strong magnetic fields as employed here. Using the LP-K
model, Gollub, Beasley, and Tinkham2 have shown that the
quantity M /TH1/2 in Fig. 6 also exhibits universal field de
pendence, whenH is scaled by a scaling fieldHs , character-
izing the field at which deviations from GL theory becom
appreciable. In the theory,Hs50.083f0/2pj0

2, with the co-
herence length j0 obtained from TcdHc2 /dTuTc

5f0/2p(0.74)2j0
2. Using ourTc5132 K and a critical-field

slope from Fig. 4 of 1.35 T/K, we obtainj0;1.9 nm, yield-
ing a scaling field ofHs58 T. As seen in Fig. 6~top!, the
magnetization fails to scale in the predicted manner at
field for this Hs . The dirty-limit model of Maki and
Takayama33 does not fully solve the problem. If we conside
that the coherence length itself is anisotropic, a fact not
rectly addressed in the above theories, we can adjustj0 to
obtain a better fit. The curve withHs53 T (j0;3 nm) pro-
vides agreement at low field, but again fails at high fiel
H.Hs . This is a reflection of the anomalous increase ofM

FIG. 6. This plot shows the extent of the measurable fluctua
regime aboveTc in a 30-T magnetic field. The total magnetic mo
ment ~i.e., without removal of normal-state contribution! is plotted
vs T, from both fixed temperature field sweeps from Fig. 1 and
fixed-field ~30-T! temperature sweep. The hatched region sho
that a diamagnetic signal persists to above 220 K.
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PRB 61 1609HIGH-FIELD MAGNETIZATION OF . . .
with H even well aboveTc ~Fig. 2!.
We have taken the critical temperature used as the ad

able parameter in the 3D scaling fit in Fig. 4, inverted it
get Hc2(T), and plotted the resulting phase points as clo
circles in Fig. 2. We note that the magnetization at fie
lower than these points, and below 127 K, the temperatur
which there does appear to be a field-independent mag
zation, and therefore a crossing point, varies approxima
linearly in logH, as predicted by theory for the vortex sta
At higher fields, i.e., aboveHc2 , m(logH) develops curva-
ture, tending to an increase of diamagnetism, as in the fl
tuation state above 127 K. This suggests a correlation
tween Hc2(T* ;127 K) and the disappearance of th
crossing point. Note that at 127 K, the magnetization con
ues to decrease~i.e., increasing diamagnetism! out to the
maximum field, which is of order 5Hc2 . It would be inter-
esting to follow the curves in Fig. 2 to much higher fields,
observe the inevitable turnaround inm(H) toward decreas-
ing diamagnetism, as all remnants of fluctuations beco
quenched.

In summary, we have measured the magnetization of
m
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single crystal of Hg-1223 up to 30 T, in the vicinity of an
well aboveTc . We found that a crossing point (M* ,T* ),
anticipated for low dimensional superconductors and ass
ated with superconducting fluctuations, does not explic
exist in magnetic fields aboveHc2(Tlow field* );5T in
HgBa2Ca2Cu3O81d (g;50). The data seem to adequate
scale in manners prescribed by both 2D and 3D fluctua
theories, such that one cannot readily discern the dimens
ality of the superconductivity. These results suggest t
modifications to the models describing vortex fluctuations
quasi-2D superconductors are necessary. The upper cr
field Hc2(T) was derived from the data using the scali
equations. Fluctuation-induced diamagnetism was obse
beyond 220 K at 30 T.

This work was performed at the National High Magne
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ment between the National Science Foundation and the S
of Florida under Grant No. DMR-9527035. We also thank
P. Hope for assistance in early portions of the research,
B. Janossy and L. Fruchter for providing the Hg-12
crystal.
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