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High-field magnetization of HgBa,Ca,Cu;0Og, 5: Fluctuations, scaling, and the crossing point
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Fluctuation-induced diamagnetism is observed well abbyén high-field torque magnetization measure-
ments on the cuprate superconductor HgBaCu;Og . 5. Universal scaling behavior anticipated by fluctuation
theories is not observed in the high-field, high-temperature regime. A crossing point, Mheraches a
field-independent value at a temperature which characterizes the interlayer separation, disappears in the fluc-
tuation regime above-H,, suggesting that deviations from the lowest Landau level description of Ginzburg-
Landau theory appear at high fields.

Superconductors are known to exhibit diamagnetic susM(T,H) continues to scale with the temperature, with the
ceptibility above the critical temperatufie, due to thermo- caveat that the two-dimension&D) and 3D functions
dynamic fluctuations. In the first reports of fluctuation mag-above seem to work equally well, and thus do not allow for
netization 30 years ago, Gollut al. noted clear deviations a clear identification of the dimensionality of the supercon-
from behavior expected from Ginzburg-Landa{GL) ductivity. These facts question the high-field applicability of
theory?! It was recognized soon thereafter that the magnetithe scaling laws which led to the prediction of the crossing
zation data exhibited universal scaling behavidtis scal-  point, as well as the suitability of the lowest Landau level
ing was then partly explained using corrections to GL theoryapproximation in this system.
which account for short-wavelength fluctuatichsn ap- A single-crystal HgBsCaCu;Og. 5 sample measuring
proach improved upon by incorporating nonlocal effécts.  0.4x0.25x 0.14 mn? was attached with grease to the free

More recently, the dependence of the magnetizatloon  end of a silicon microelectromechanical systeMEMS)
applied magnetic fieldH in layered cuprate superconductors cantilever magnetometét with the crystak axis tilted at an
has been shown to vanish at a characteristic temperatugngle of 20° from the plane of the cantilevsee Fig. 1. The
T*<T,, as aresult of a balance between the entropic effectgansition temperature of the sample was= 132K, as de-
of thermal fluctuations and the free energy of the equilibriumtermined by superconducting quantum interference device
vortex lattice®>=® Within GL theory, with only the lowest (SQUID) magnetometry at 500 Oe. Thig. implies that the
Landau level occupied, the magnitulle® of the magnetiza-
tion at T* provides a measure of the distansébetween

superconducting layers, i.* ~T*/s, as shown by several 60 270K ﬂﬁ)_
groups’ ™! Associated with this crossing point, fluctuation - 260K ™=/~ 510 1
scaling formulas have been derived as functions of field and 40 240K 180 J
temperature, allowing one to discern the dimensionétityp canfilever ~~150
or three dimensionsf the superconductivity in the material I H 140
under study>3 The only fitting parameter in the scaling € 20l ¢ 135
laws is the field-dependent transition temperatlig¢H), z s 9
with M/(TH)® scaling a T—T,(H)]/(TH)?, wherea is a 2 I
dimensionality exponent. An important application of this = Opf= \127 .
scaling is the extraction of a mean-field upper critical field o) 125
Hqo(T) via T¢(H) from magnetization data, a feat not pos- g. 123
sible in anisotropic superconductors from conventional ] -20 121 7
analyses oM (T) or M(H) plots, which yield a ‘T.” which = 13
increases with field. H;
The majority of published magnetization data on the cu- -40 ~113 |
prates have been taken in relatively Idfor the cuprates s
magnetic field, typically below 5 T. As mentioned above, 60k 100K |
fluctuation scaling appears to work well in such fields, in- . I S
cluding its prediction of the crossing poinM(*,T*). We 0 5 10 15 20 25 30 35
show below, however, that for the layered cuprate supercon- magnetic field (T)
ductor HgBaCaCu;Og., 5, the fluctuation-induced diamag-
netism continues to increase aboleandH,,, leading to a FIG. 1. Torque versus magnetic field at various temperatures. At

disappearance of the crossing point in fields greater thapigh T, the torque is independent &f and results from a constant
Ho~H¢(T*). As a result, the scaled magnetization noparamagnetic, normal-state susceptibility. Below 240 K,
longer follows the theoretical prediction of Ref. 4 when plot- superconductivity-induced diamagnetism sets in. The sample/
ted versus scaled magnetic field. However, it appears thahagnetometer configuration is shown.
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oxygen content of the sample is near optimal doping. X-ray 0 5 10 15 20 25 30
analysig® of crystals from the same source reveals little evi- 3L 127K ]
dence for minority phases, but does suggest that overdoping 4t o
is common, with excess oxygers{0.1) restricted to the Bl 12K e
basal plane. The magnetometer was mounted with the plane ok A T
of the cantilever parallel to the applied magnetic field pro- e o sk 24083

duced in a 30-T magnet. The application of field produced an
anisotropic magnetization in the layered material, which in
turn generated a torque seen by the cantilever. The system
temperature was regulated in helium exchange gas with a
calibrated Cernox resistor, which in the employed tempera-
ture range has a magnetoresistance corresponding to a maxi-
mum AT/T of 0.02% (20—30 mK. This mode of tempera-
ture regulation was found to be slightly better than that _ ]
afforded by a capacitive sensor, which tends to drift with i 121K ///°\ ]
time. Isothermal field sweeps and fixed field temperature ‘10/ JIR LWL SR
sweeps were taken. To within our instrumental noise level i ) L / ) Cz(, ),-
(~10 aF in resistive magnets, corresponding to less than 1 2 5 10 20 50
10" **Nm), the capacitance of the silicon cantilever showed wH (T)
no field dependence. A small temperature dependence of the ©
empty cantilever devicé~6 ppm/K) was subtracted from FIG. 2. Fluctuation-induced diamagnetism obtained from torque
the temperature sweep data. The cantilever was calibiiated gata of Fig. 1, after subtraction of the normal-state contribution.
situ to ~1% accuracy by means of a fixed current passingrhe dashed line at 127 K shows that the magnetization becomes
through a coil deposited on the cantilever surféte. field dependent above-5 T. The solid circles indicate the field

We show in Fig. 1 torque versus magnetic field for vari- positions at each temperature laf,(T), as obtained from the 3D
ous temperatures from 100 to 270 K. Between 250 and 276caling in Fig. 4. Top panel shows(H) in vicinity of T*.
K, the torque is independent of temperature. This is taken to
represent the normal-state response. It varies identically aggime near 126 1 K where the magnetization appears to be
H?, meaning the perpendicular magnetizatiohl varies lin-  independent of field, especially below5 T. In previous
early with field, such that the normal-state susceptibilitystudies on Hg-1223 to 3 T, such a ‘“crossing point” was
Ay~ 7/H? is field and temperature independent. Starting aindeed observed &* =127 K.!° However, upon close ob-
240 K, a deviation from the normal-state background is deservation, the magnetization at the high-field end in Fig. 2
tected. This diamagnetic deviation increases in magnitude asan be seen to increase in magnitude at all temperatures
temperature is reduced, especially near and belg(B  above~120 K. In fact,—m(H) at 127 K increases by more
=0). The torque is reversible over the entlleT regime  than 20% at 30 T over its zero field val(gee upper panel in
shown (sizable irreversibility was seen to set in belev85  Fig. 2). These data imply that a crossing point does not exist
K). In order to analyze the magnetization associated with that high field, such that the field dependence of the fluctuation
superconducting state, we then subtract the Aighermal- magnetization does not saturate as anticipated. This in turn
state torque from all the data in Fig. 1. This, of course, assuggests that an imbalance arises in strong magnetic fields
sumes that the normal-state contribution remains indeperbetween thermal fluctuations and the elasticity of the fluctu-
dent of temperature at all temperatures, an importanating vortices.
assumption which can only be fully verified by completely = The loss of the crossing point at high field is shown more
suppressing superconductivity. In a separate experiment atearly when we make a cross plot of the data in Fig. 2 in
20 T, the torque was found to be independent of temperatureonstant fields. This is shown in Fig. 3, a plot of the volume
between 295 and 330 K. We next divide the net torquemagnetizationM =m/V versus temperature for fields be-
7(H,T)—7(H, 270 K) by the applied fielguyH and the sine tween 2 and 30 T. On the grand scale in the main figure, it
of the tilt angle to get the component of the magnetic mo-appears as if there exists a single point where allNH&')
ment m(H,T) along the crystalc axis. This convention curves cross, near 126 K. However, as seen in the inset, the
leaves open the question of the dimensionality of the supeftow-field traces cross each otherTa,,~126.5 K, while for
conductivity until after the scalingbelow), since if the ma- higher fields, the crossing temperature systematically de-
terial is 2D, one expects the moment alongo dominate, creases tdl,;,~122 K. With regard to an issue of experi-
and if it is more properly described as 3D, only the magni-mental uncertainty, and the potential for an artifactual origin
tude ofm, and not its dependence d¢hor T, are affected. to the loss of the crossing point, we point out the following.
That is, so close to the axis, thea-b plane momentand  For the 30-T curve to be able to cross the lower field curves
torque will be small compared to the-axis signal. at Toax in Fig. 3, instead of at the observag,,, it must be

The resulting moment versus field curves are shown imoved up by~60 A/m. This corresponds to a torque change
Fig. 2, from 100 to 240 K, on a semilogarithmic scéver  of 6.6x 10~ ° Nm which, referring to Fig. 1, would mean that
pane). The overall low-field behavior is as expected, with the “real” torque trace at 127 K should end up somewhere
—m(H) increasing with field in the high-temperature weak between the present 129 and 131 K traces. We estimate the
fluctuation regimeé®” and decreasing linearly in lobl in  uncertainty in the absolute torque to be less than 1
the vortex liquid state below.'® There is a temperature x 10~ *Nm,'* only ~1% of that required by this example.
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to 30 T, in 2-T steps, showing apparent “crossing point” n&ar
~126 K. Inset details the crossing region, and shows Tfaactu- (T-T_(H)Y/(u HT)" (Kl_“T_“)
ally varies with field. ¢ °

M if a fini d d h | FIG. 4. Lower: 3D and 2D scaling plots of magnetization data
oreover, It a finite temperature dependence to the norma_ébove and belowW ., using scaling equation in the text. Both func-

state background quceptibility was o be. responsib'le.,' fions provide reasonable scaling fits. Uppi,(T) datum points
would mean that this was a paramagnetic susceptibility,saq in the scaling plots.

which increased with increasing temperature. This contrasts
with typical paramagnetic dependencies, which are eifler free energyin the fluctuation regime has been shown theo-
(Pauli, Van Vleck or T~ (Curie). In fact, if a magnetic- retically to exhibit scaling behavior as a function of magnetic
impurity Curig-Weis9 contribution was present, it would field and temperaturé*'?23Essentially, two scaling formu-
mean that the diamagnetism is even larger than shown ilas have been derived, one for 3D superconductors, and one
Figs. 1 and 2, and the crossing point in Fig. 3 is even les$or quasi-2D%°1? Both have the quantity/(TH)* scaling
certain. Thus we believe the high-field deviation from aas [T-T.(H)]/(TH)%, where « is % in 3D and 3 in the
field-independent magnetization in Fig. 2, and the resultingjuasi-2D casé&® Thus, by so scaling magnetization data, one
loss of the crossing point in Fig. 3, to be real. In a relatedshould in principle be able to determine the effective dimen-
publication, Xueet al*° showed that the crossing point ratio sionality of a superconductor. This scaling procedure has
T*/M* for the Hg-based cuprates does not scale linearhpeen successfully applied to a number of anisotropic cuprate
with interlayer distances as predicted, and instead is inde- superconductors, including YBCOBi-22128° Hg-1212%4
pendent ofs. This led them to suggest that the theoreticaland some BEDT-TTF molecular superconductdr®
description of the role of fluctuations in quasi-2D supercon- In the present case, we were able to scale our magnetiza-
ductors, which led to the crossing point idea, may need to b&on data to both the 3D and 2D formulas with fits of essen-
modified?® Junodet al?* have shown that anisotropic 3D tially equal quality, as shown in Fig. 4. However, different
superconductors such as YBCO have a crossing point isets of fitting parameterg,(H) were used in the two cases.
M/HY2 vs T rather than inM. In the present case, we find These parameters are plotted Hs, versusT in the upper
some improvement using this function, but a spread in crospanel. For the scaling plots, we found that for both values of
ing temperatures remains, withy,,— Tmin~2.4 K. dimensionality exponert, the scaling seemed to work well
The absolute value of the perpendicular magnetizatiorover broad ranges of temperature and figle., for abscissa
7/HV=M siné in the vicinity of this crossing regime is from —1.0 to +1.5, though we show a smaller range in the
close to values measured for Hg-1223 in Refs. 19 and 2Zjgure to emphasize the closeness of the 2D and 3D. fits
—M*=~150A/m. In our case, the apparentM™* increases Hence, on the basis of this scaling comparison, we are sim-
from ~130 A/m belav 5 T to almost 180 A/m at 30 T. ply not able to determine whether the superconductivity is of
According to Koshelev's refineméhtof the Bulaevskii- a 2D or a 3D nature. One might conclude that the dimension-
Ledvig-Kogan theoryM* =0.34&gT*/s¢,, Wherekg and  ality of Hg-1223 is best described as somewhere between the
¢, are Boltzmann's constant and the flux quantum, respedwo. We note that both scalings yield slight positive curva-
tively. Use of this equation and values from Fig. 3 yields ature inH,, at the field end.
superconducting layer thicknesbetween 2.3 nn2 T) and Another measure of dimensionality in a layered supercon-
1.5 nm(30 T), values to be compared with a unit-cell param-ductor is provided by the anisotropy paramejer ¢ /&, ,
eter along the axis of 1.6 nm. Employing the crossing point the ratio of the superconducting coherence lengths parallel
hypothesis therefore implies a reduction i high mag- and perpendicular to the layers. For YBC®5 7, and so it is
netic field, an aspect that to our knowledge has not beenot surprising that it scales as 3D\ similar case arises for
addressed theoretically. Hg-1212,y<7.7% (BEDT-TTF),CUN(CN),]Br had an an-
The magnetizatioitand other properties derived from the isotropy ratio of y~25, and was reported to be well de-
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regime aboveT . in a 30-T magnetic field. The total magnetic mo-
FIG. 5. Lower: Comparison of dependence of the scaled mag- ment(i.e., without removal of normal-state contributias plotted
netization aff . with LP-KAE model. Upper: Scaleti dependence vs T, from both fixed temperature field sweeps from Fig. 1 and a
with two scaling fieldsH; (see text fixed-field (30-T) temperature sweep. The hatched region shows

. 6 o that a diamagnetic signal persists to above 220 K.
scribed as 203° In Ref. 25, a similary of 30 was found, but

neither the 2D nor the 3D scaling worked particularly well. T, which extends beyond 220 K, er1.7T,. This increase

For Bi-2212, reports ofy range from 55(Ref. 27 up to . I
28 : g f the temperature span is characteristic of the weak fluctua-
1500, such that a 2D scaling should be appropriate, as wag | regime®?8such that 30 T should be considered a weak

observed However, one cannot tell from the literature to ield for this: material
wha.t degree the 3D scale works fo_r this system, as only 2[5 We compare in Fi. 6 our measured fluctuation magneti-
scaling plots were showhThe material in the present study, ) P n Fig. . e nag
Hg-1223, was reported in Ref. 19 to haye=52. Based on zation at 30 T with that predicted by the high-field limiting
the above information, this should be large enough to ScalgazeKof E_mode;l\c;ka)lculatlli)n by :e\?v?;(ggzg@ (IE.Gfr']L.D

as 2D, and not as 3D. We are thus faced with acontradictioﬁn urkijarvi, Ambegaokar, an I - Which 1S

. : : ased on the work of Schmitf,Schmid® and Patton, Am-
of sorts in the present work. Either Hg-1228~50) is both o ’ ’ ’
quasi-2D and quasi-3Mi.e., borderling, or the fluctuation b_egaokar, and Wilkin3.The LP—KAE.modeI accounts for

high-energy(short-wavelengthfluctuations and nonlocality

scaling approach is an insufficiently resolute method to de-

termine dimensionality. Support for the latter hypothesis isdue to the magnitude oB, in contrast to the Landau-

found in similar results on (BEDT-TTECUNCS),, with a Ginzburg phenomenological treatméhtand starts with a

. . free energy derived from a clean limit microscopic thetry.
reported anisotropy ratio greater than 100, but where 2D an
3D scalings perform equally well, in fields to 527 d appears that the temperature dependencécdt 30 T

. ) . ... . (lower curve in Fig. 5 can be fairly well described by this
. Whatever the dlmensmnallt_y of th? superconductivity, Itmodel. This supports the idea that fluctuation theories which
is quite clear that the fluctuation regime can be very Iargego beyond low-field Landau-Ginzburg, such as those in Refs
reaching close to twicd . in some of the classicAl and ' :

other cuprat® superconductors, for example. In the present —5, may be necessary to explain magnetization data in

SR . o strong magnetic fields as employed here. Using the LP-KAE
case, field-induced diamagnetism is observed above 200 K a{ )
high field, approaching perhaps 240 K or beyond at 30 T_rnodel, Gollub, Beasley, and Tinkh&rhave shown that the

. 2 o ) :
This is shown in Fig. 5, where we plon(T) at 30 T. The JuantyMITH in Fig 6 aiso extibits urlversal field de-
circles are taken from the field sweep data in Fig. 1 at 30 Tip(_an ence, whehl s scaled by a scaling fields, character-
L . . zing the field at which deviations from GL theory become
after dividing by the field, without any background or . 5
normal-state corrections. The solid line is the direct magneti ppreciable. In the theorwsf0.083¢o/27-rgo, with the co-
moment from a temperature sweep in constant field, wher erence length & obtained  from TCdHC2/dT|Tc
the moment signal is obtained from a feedback current pro= ¢o/2m(0.74¥£5. Using ourT,=132K and a critical-field
vided to the nulling/calibration loops on the cantilever sur-slope from Fig. 4 of 1.35 T/K, we obtai&~ 1.9 nm, yield-
face (i.e., m=1A,,). We were only able to obtain reliable ing a scaling field oH,=8 T. As seen in Fig. Gtop), the
and reproducible data in this manner up+@25 K, above magnetization fails to scale in the predicted manner at any
which we could not maintain thermal equilibrium in the field for this Hg. The dirty-limit model of Maki and
sample chamber without exceedingly long sweep times iTakayam&® does not fully solve the problem. If we consider
the high field. The horizontal line across the top representthat the coherence length itself is anisotropic, a fact not di-
our assumed temperature-independent normal-state magnetctly addressed in the above theories, we can adjisb
zation, while the vertical line signifies the transition tempera-obtain a better fit. The curve witH;=3 T ({,~3 nm) pro-
ture at 30 T from Fig. 4. The hatched region therefore provides agreement at low field, but again fails at high fields,
vides a view of the fluctuation magnetization regime aboveH>H;. This is a reflection of the anomalous increasevof
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with H even well aboveT; (Fig. 2). single crystal of Hg-1223 up to 30 T, in the vicinity of and
We have taken the critical temperature used as the adjustvell aboveT.. We found that a crossing point(*,T*),
able parameter in the 3D scaling fit in Fig. 4, inverted it toanticipated for low dimensional superconductors and associ-
getH,(T), and plotted the resulting phase points as closedted with superconducting fluctuations, does not explicitly
circles in Fig. 2. We note that the magnetization at fieldsexist in magnetic fields aboveH (T, el ~5T in
lower than these points, and below 127 K, the temperature d19B&CaCu;05. ¢ (y~50). The data seem to adequately
which there does appear to be a field-independent magnegcale in manners prescribed by both 2D and 3D fluctuation
zation, and therefore a crossing point, varies approximateljheories, such that one cannot readily discern the dimension-
linearly in logH, as predicted by theory for the vortex state. ality of the superconductivity. These results suggest that
At higher fields, i.e., abovél.,, m(logH) develops curva- modlflcanons to the models describing vortex fluctuatlons_ in
ture, tending to an increase of diamagnetism, as in the flucduasi-2D superconductors are necessary. The upper critical

tuation state above 127 K. This suggests a correlation bdi€!d Hea(T) was derived from the data using the scaling
tween Ho,(T*~127K) and the disappearance of the equations. Fluctuation-induced diamagnetism was observed
c2

crossing point. Note that at 127 K, the magnetization contin—beyond 220K at30T.

ues to decreasé.e., increasing diamagnetignout to the This work was performed at the National High Magnetic

maximum field, which is of order3.,. It would be inter-  Field Laboratory, which is supported by a cooperative agree-

esting to follow the curves in Fig. 2 to much higher fields, toment between the National Science Foundation and the State

observe the inevitable turnaround im(H) toward decreas- of Florida under Grant No. DMR-9527035. We also thank A.

ing diamagnetism, as all remnants of fluctuations becom®. Hope for assistance in early portions of the research, and

guenched. B. Janossy and L. Fruchter for providing the Hg-1223
In summary, we have measured the magnetization of a crystal.
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