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near the critical temperature: A scaling approach

J. Hofer, T. Schneider, J. M. Singer, M. Willemin, and H. Keller
Physik-Institut der UniversitaZurich, WinterthurerstraRe 190, CH-8057 éch, Switzerland

T. Sasagawa and K. Kishio
Department of Superconductivity, University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

K. Conder and J. Karpinski
Laboratorium fu Festkaperphysik, ETH Haggerberg Zuch, CH-8093 Zuich, Switzerland
(Received 30 November 1999

Angular-dependent magnetic torque measurements performed near the critical temperature on single crystals
of HgB&CuQ,,,, La,_,SrCuQ,, and YBgCu;Og o5 are scaled, following the three-dimensioridD) XY
model, in order to determine the scaling functi@=(z)/dz which describes the universal critical properties
of high-T. cuprates neaf.. A systematic shift of the scaling function with increasing effective mass anisot-
ropy y=+/m%/mj is observed, which may be understood in terms of a 3D-2D crossover. Further evidence for
a 3D-2D crossover is found from temperature-dependent torque measurements carried out in different magnetic
fields at different field orientations, which show a quasi-2D crossing regidd {,T*). The occurrence of this
crossing phenomenon is explained in a phenomenological way from the zvéagendence of the scaling
function around a valug=z*. The crossing temperaturg* is found to be angular dependent. Torque
measurements above, reveal that fluctuations are strongly enhanced in the underdoped regime where the
anisotropy is large, whereas they are less important in the overdoped regime.
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Angular-dependent magnetic torque measurements per- 2d0é5olt| " €(9)  dz

formed on a HgBgCuQ, ., single crystal around’ . were

recently described within a three-dimensiof@D) XY criti- . . g , _
: o . deduced in the following three limitsdG~/dz=C, 4In(2)
k2 2,0
cal fluctuation modet= When 3D XY critical fluctuations for z-0~ (T<T., By—0), dG*/dz=C_z for z—0"

dominate, in a magnetic fiea the free-energy density of a (T>T., B,—0), dG*/dz=C>\z for z—= (B,#0, T

H H H Cc? a ’ o) a 1
high-T, superconductor is given by —T). In the intermediate regimed G*/dz was determined
O keT from angular-dependent measurements using a scaling pro-
zl—BG:(Z)_ (1)  cedure dictated by E@3), as described in detail in Ref. 2. In

& obpofedtl ™2 this paper we apply this scaling approach to single crystals of
. " . . HgB&CuO,,, La,_,SrCuQ,, and YBgCuOg g3 to ex-
& is the critical amplitude of the correlaggn length along pjore“the i ations. of the ?approach arising6§?6m a large
the i direction, diverging asty (T) = t|*° (i=a,b,c), anisotropy. We assume,,=1 for HgBaCuO,., and for
t=T/T.—1 is the reduced temperature, and=sgnt). Q1 La, ,Sr,Cu0,, which is reasonable due to the tetragonal
is the 3DXY free-energy universal constahandG*(z) isa  structure of these compounds. For %Ba,Ogos We Use
scaling function which is universal for superconductorsy =1.12%
which eXhlblt 3D XY critical behavior in zero f|8|d where Due to the |arge effective-mass arﬂsotropy most cuprates
G*(0)=1. This scaling function depends on the dimen-are in a 3D-2D crossover regime at temperatures slightly
sionless variable which, if B is applied in theac plane of  below T, where &.(T)=§&,(T)/y becomes smaller than the

The functional form of the scaling functichG*/dz can be

the sample, is given by interlayer distance® In the samples investigated, the anisot-
. ropy values reach up tg~50. These largey values may
& (M PyanBa lead to a shrinking of the temperature regime where the 3D
N d, €(9), 2) scaling approach is applicable. The observation of a so-

R called crossing point in the temperature dependence of the
where & is the angle betweeB, and thec axis of the magnetizationM can test the dimensionality of a high-
sample. €(8) = (1/y? sir? s+cog §)*2, y=m%/m} is the  material. For a 3D system the quantiy/Bis predicted to
effective-mass anisotropy, ang,=m3/mg. be field independent at the critical temperattige On the

In a magnetic field applied in thac plane of a sample other hand, in a 2D system the magnetizatdr=M* is
with volumeV the magnetic torque along theaxis is given  predicted to be field independent at the critical temperature
by the derivative of with respect to the angle of this system T* =Tyt (Kosterlitz-Thouless transition
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temperaturg® In fact, YBaCuyOg o3 With @ moderate anisot- <25.2 K, where these measurements were performed, no
ropy y~7 only shows a 3D crossing point aT:TC,G temperature-dependent signal was observed in zero field,
whereas Bi;:Sr :CaCuyOg.,, With y~150 shows a rather pointing towards an almo_st perfect compensation.
well defined 2D crossing pointM*,T*) at T=T* <TC.6'7 The same compensation method was also used for the
In the same compound 2D effects have been observed at lo@ngular-dependent measurements where it reduced the
temperatures in muon spin rotation measurem&nts.angular-dependent magnetoresistive background of the can-
The 2D crossing point NI*,T*) was observed in tilever drastically. The La ,Sr,CuQ, samples with concen-
Bi.155n g<CaCuy0g.. , for fields applied along the axis, but tratiqnssz.OSO, 0.146, and 0.;80 were measured usipg the
not for fields in theab plane® We performed temperature- cantilever in the so-called torsion mode where a torsion of
dependent torque measurements on g gh& ozlCUO, the sensor around its long axis is measured by a difference in
crystal with y=46 to investigate the 2D crossing point in the resistance of the two piezoresistive paths integrated in the
this material. The measurements were carried out at differerUter two legs of the levef. In this differential mode no
angless in order to clarify the angular dependence of theadditional compensation lever is needed, and no angular de-
crossing phenomenon. pendence of the magnetoresistance is observed due to the
Although an enhanced anisotropy may lead to a shrinkindact that the magnetic field is always perpendicular to the
of the 3D scaling temperature region, it increases the imporain current path of the cantilever. This was especially ad-
tance of fluctuation effects!® Thus fluctuation effects are Vvantageous for angular-dependent measurements, performed
assumed to be more important in underdoped samples sho@bPOVeT in order to determine the temperatdrg where the
ing a large anisotropy. From angular-dependent torque med&liamagnetic signal arising from superconducting fluctuations
surements performed above. we determined the doping €xactly compensates the normal paramagnetic background of
dependence of fluctuation effects in LaSrCuQ, com- the sample.

doped to the overdoped regime. using the Meissner slope as obtained from field-dependent

measurements performed at low fiéfdsr using an alumi-

num calibration loop integrated on the cantile¥eFor the
Il. EXPERIMENTAL DETAILS latter calibration method a small currdnivas applied to the
aluminum loop, producing a well defined magnetic moment
Mcaiv=1S, whereSis the area of the calibration loop. The
magnetic torque acting omg,;, was then measured as a
function of angle and used to calibrate the torque méter.
These calibration measurements were perforrfwith the

The HgBaCuQ,,, single crystals were grown using a
high-pressure growth technigéeOxygen annealing resulted
in two crystals withy=0.096 andy=0.108, respectively.
The Lg_,Sr,CuO, samples were cut from single crystals
grown by the traveling-solvent floating-zone method with _ :
different nominal Sr compositioné:** The Sr contents of sample mountedat T="T, where no sample signal was ob-

X served(see above
the samples were determined by an electron-probe mi-
croanalysis to bex=0.080, 0.086, 0.132, 0.146, and 0.180,
respectively. Angular-dependent torque data obtained on the
YBa,Cu;Og o3 Sample used in Ref. 4 were reanalyzed for this
work. Angular-dependent torque data recorded in the three lim-

The HgBaCuQ,,, and Lg ,SrCuQ, single crystals its z—0~, z—0", andz—, where the analytical form of
had typical dimensions of 150150x50 um® (m~8 ug).  dG*/dz can be deduced, are displayed in Fig. 1. The data
They were mounted on a piezoresistive torque sensor bere well described by the limiting behavior of the scaling
tween the poles of a conventional NMR magnet with a maxifunction in the correspondinglimits. For six samples with
mum field of 1.5 T** The magnetic torqué=V|\7| X éa act-  varying anisotropyy the scaling procedure outlined in Ref. 2
ing on the magnetizatioh of the sample was measured as aWas applied to the angular;dependent data in order to deter-
function of the angles at different constant field strengths Mine the scaling functiodG™/dz. The normal paramagnetic
and temperatures below and abdWe. Only data showing Packground of the sample was determined from measure-
reversible behavior were used for the analysis. The reversibl@€nts performed abovg, (cf. Sec. Vj and subtracted from
regime was partly extended using an ac field perpendicular 1€ data. The effective-mass anisotropyand the critical
I§a to enhance relaxation process&rom these reversible amplitude of the correlation length, , were determined
angular-dependent torque data the scaling funatiG/dz from angular-d.ependent me_asurem(fnts perfgrmed below
was determined for each sample. |n'the' Iqwz regime wheredG™/dz=C, ,In(2) [Fig. 1(@]. In

Temperature-dependent measurements were performed #S limit the 3DXY form of the angular dependence of the
the L& 915, 0sCUO, crystal for fieldsB,=0.25, 0.50, 0.75, torque comcldes7 with th_e prediction of the 3D anisotropic
1.00, 1.20, and 1.40 T at anglés 15°, 30°, 45°, 60°, 75°, Lo+ndorl model’ Equation (3) was then solved for
and 85° to study the crossing point phenomenon. The torqug1 dG~/dz using the values obtained forand¢, o. T, was
signal was continuously recorded upon cooling the sample ifferatively adjusted in steps of 0.05 K in order to get the best
the applied field at a cooling rate dff/dt=—0.05 K/s. The ~overlap of scalediG™/dz curves. ForT>T, &, was cal-
measurements were only possible by compensating theulated using the universal relation &, ;= (R"/
strongly temperature-dependent background of the piezorQ*)(A*/A+)1’3§;oz0.38>< é,0- The specific-heat universal
sistive torque sensor by a second cantilever placed near tlwnstantdR* =0.36, R~ =0.95 and critical amplitudes ratio
sample!* In fact, in the temperature regime 188  AT/A~=1 were taken from Ref. 18. The scaling functions

IIl. SCALING OF THE ANGULAR-DEPENDENT DATA
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FIG. 2. Scaling functiondG*/dz determined by scaling
angular-dependent data for YRB2UOggq3, L&y g5:50.14¢CUO,,
HgB&CuQ, 108,  HOB&CUO, 006, L&y 0145.086CUO,,  and
Lay goSly 0sdUQ,. The qualitative behavior afG*/dz is the same
. for all samples. However, beloW, a systematic shift with increas-
T ing vy is observed.

T [Nm]
=3

-8x10-11

6x10°11 | La1,914510,056Cu0y
T.=21.60K obtained for YBaCuOg 93, the sample with the sharpest
transition, adopts the smallest values. A third uncertainty is
coming from the volumé/ which is somewhat problematic
to determine for such small samples. Finally, a crucial pa-
rameter for the scaling procedure is the correlation length
amplitude &, , which has to be determined from measure-
ments performed in the limz—0~. Since torque measure-
0 120 150 180 ments cannot be carried out in very low magnetic fields
8 [deg] where the sensitivity is not high enough, the only possibility
to reach this limit is to reduce the temperature. The width of
FIG. 1. Angular-dependent torque data recorded in the threghe 3D XY scaling temperature regime, where the tempera-
limits Wherg the analyticgl fqrm chi'/c.jz is known. Th.e data are  tre dependence of the correlation length is givers 26T)
well described by the limiting behavior of the scaling function :f;o|t|_2/3a is determined by corrections to scaling. For an-

(solid lines. For clarity not all measured data points are sho@h. . . L .
measurement on LagSt 14 CU0;, in B,=0.5 T, T=33.68 K (z isotropic systems, being in a 3D-2D crossover regime, the

—.07). (b) Measurement on HgGBEUO, s in By=1.4 T, T amplitudes of the correctipn terms can become rather Fﬁr_ge.
=100.46 K ¢—0"). (c) Measurement on L, St 0sCUO; in This may Iead_ to a shrlr_lklng of the temperature regime
B,=1.0 T, T=21.88 K (z—). where 3D scaling is applicable. The correction amplitudes
are not knowna priori and vary between different samples,
obtained for all six samples are plotted in Fig. 2 as a functiortherefore only the 3IXY temperature dependence was taken
of z-sgnt). into account for our analysis. The critical amplitude of the
The qualitative behavior ofiG*/dz is the same for all correlation length determined from measurements performed
samples. Especially, foF<T. the crossover from the I  at different temperatures and fields, such that0~ was
dependence to théz dependence is clearly seen for all com- rather well fulfilled for each measurement, showed a scatter-
pounds. It occurs arounzt sgn)=—1. All scaled data lie ing of about 20%. Therefore we estimate the erro&ji to
within an interval of 80%. This scattering partly reflects thebe 15%, leading to the same errord®*/dz and to an error
experimental errors in performing the scaling procedure. Arof 30% inz
initial uncertainty arises from the paramagnetic background As observed in Fig. 2, the scaling functions obtained for
of the sample which is determined at temperatures far abovine samples investigated deviate systematically with increas-
T. and assumed to adopt the same value at temperatur@yy y from that of YBgCu;Og o3, the sample with the small-
aroundT.. For temperatures very close T, where the est anisotropy. The amplitudes of the correction terms men-
torque signal arising from superconductivity is of the sametioned above depend on how gradually the crossover
order of magnitude as the paramagnetic background, any umccurst® and y is a measure for quasi 2D behavior of the
certainty in determining this background can have a rathecuprates. Therefore it is plausible that the corrections to 3D
large effect. Second, inhomogeneities within the samplescaling depend systematically on the anisotropy and are be-
will lead to finite-size effects. Talking in terms of a distribu- coming more important with increasing. However, there
tion of T., |dG™/dZ will be overestimated if the scaling are not enough data available to determine these corrections
procedure is performed using one singlevalue. This over- quantitatively.
estimation comes from parts of the sample having a slightly The critical amplitudes obtained for all six samples from
higher T, and therefore giving a larger contribution to the the 3D XY scaling approach are listed in Table I. The pen-
measured torque signal. Indeed, as seen in Fig.&"/dZ etration depth amplitudg, o is calculated using the univer-

T [Nm]
=

Z—> co 1
dGYdz=cLz12 |

-6x10-11
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TABLE I. Critical amplitudes determined by fitting the angular- 2.5 T r T T T
dependent data recorded in the limitz—0". For z<07 | z>07 Laj 914570,086CuO4
Lay g54510.146CUOy, L&y 914515,086CUO,, and La g»05p.0sd°UO, the "T<T* | "T>T*
tendency fory, £, ,, and\, o to increase with decreasing doping in _ 20 O temperature-dependent data |
the underdoped regime is evident. ;z « angular-dependent data

Sample T [K] Y &olAl NolA] S
YBa,CUsO o3 93.355) 7.55) 132  113090) g
HgB&CuO, 108 88.805) 20.58) 29(4) 100Q:80)
HgBaCuO, g9 95.655) 29(1) 26(4) 78080)
Lay gsSh14CUO,  34.555) 18.46) 30(4) 1720130 [
Loy 01500sCUQ,  21.605)  46(1) 7912 2230170 000 05 o TS 2o 1y 30
Lay oS 0sdCUO,  19.355)  51(1) 10115 2530190 z

FIG. 3. Scaling functiodG~/dz for temperature§ <T,, for
sal relationkaT :q)'é‘g* (4772# A2 7/).1 An error of 15% the case of LagSh 0gdCUO,, derived from temperature-dependent
was assume?j fccg’ (()S(aeg/abov)elgag?ng to an error of-8% (large symbolsand from angular-dependent dgtmall symbols
for \ The tenggncy fory, £, andh, o to increase with The magnetizatioM shows a crossover in isdependence around

a,0- v Sa,00 a,0

) ) - z=0.7. A crossing region NI*,T*) is expected to be located
decreasing doping in the underdoped regime, as observed )oundz* =0.7.

different experiment8®~2%is evident for the La_,Sr,CuQ,
samples. The anisotropy values found fop LgSr,CuQ, are + 4 12 gt
in rather good agreement with normal-state anisotropigs M = QikgTy (LUy'sir 5+ cos 9)!*dG (Z)_ 4
— (4)

= pc/pap IN compounds with similar dopintf:*2 Do lt] 2R €(9) dz

Table Il lists the range which we determined from the 3D o .
XY scaling approach for the three universal constants corrdl the limit z—os, yvhere_dG*/dlz/;c Ve \/B_a Eq. (4) pre-
sponding to the three limits of (cf. Fig. 1). The largest dicts the 3D crossing pointM/B;*,T¢) which is observed
uncertainty is found for the limiz—, i.e., T—T,. This in the temperature-dependent magnetizafivtere we con-
may reflect the problems arising from a distributiorTef as ~ centrate on the 2D crossing poirll(', T*), which has been
already discussed above. The free-energy cons@ptare  Widely studied?™ ForT<T*, [M| decreases with increasing
universal for all systems belonging to the 3TY universality field, whereas forT;T* it increases with increasing fleld..
class. They are related to the specific-heat universal con."€ Same change in the field dependence of the magnetiza-
stantsR* and critical exponentr as Q; = —(R™)*/[ (1 io_l'] Is|do(|3€’S/C(;IkTeO|IMb|y th% ?callr_lg (;ut:‘cmm(l_; /‘:ﬁ for TI
_ 123 - AT + . zl«|M|, as determined by scaling the angular-

@)(2~-a)]." The constant,,, Cy , andC.., on the dependent data, is plotted in Fig. 3 for the case of
Lay 91450 0sdCUO, (small symbolg The scaling function ob-
tained from temperature-dependent data measured at differ-

other hand, appear in the limiting forms of the scaling func-
tion dG=(z)/dz (see Sec.)land are only universal for su-

perconductors which exhibit 3RY critical behavior in zero ent angles and fields is also includéerge symbols The

field. However, it is not possible to determine these two reement of th naular-d ndent and temperature-
kinds of universal constants independently from torque mea2dreement o € anguardependent a emperature

surements. Therefore the constants are listed in Table Il iﬁependent mea;urements IS excellent.zPoO.?,' |(.jG /dZ|
those combinations that can be obtained from torque me 1€Creases W'th increasirg whereas foz>0.7 it increases
surements. It may be interesting to note that in the limit with Increasingz. Let us recall the (_jependenceZ)bn tem-
—.0" (T<T,, B,—0) the 3DXY approach yield; C, , _perature, f|eld and angle by looking at E@). z can _pe
~0.7 whereas this constant is found to B¢ in the 3D increased in three way6) T=Te, Ba:CO?St’gz const(ii)
anisotropic London modeéf B,—, T.=const, S=const; (iii) 6—0°, T=const, Ba
=const. SincegxB,, we recover the above crossover in the
field dependence d¥! from dG™/dz, if for an intermediate
IV. CROSSING POINT PHENOMENON field of B,=1 T the scaling argumemtadopts the value 0.7,

By taking the derivative of [Eq. (1)] with respect to the Where |[dG/dZ| has its minimum, at the temperatufie

magnetic field, the 3D¢Y expression for the magnetization =T¥*. The situation is indicated by the vertical line in Fig. 3.
is found to be Thus we can define in a purely phenomenological way a

crossing temperatur€* by the condition
TABLE Il. Universal constants for the three limits—0", z

—0%, andz— o determined by scaling the angular-dependent data
according to Eq(3).

7*=2(T* B,=1T)=0.7. (5)

The crossing magnetization is then given by*
=M(T*,B,=1T). From Fig. 3 it is evident that we will not

Universal constant Range observe a perfect crossing poift{,T*), whereM is ex-
Q1 Cyp 0.6t0 0.8 actly independent of the applied field. Indeed, at the tempera-
Q;Cq -0.8t0—-1.0 ture T* as defined by Eq5), for all applied fieldsB,>1 T,
Qick ~03t0-05 z>2z* and therefordM(T*)|>|M*|. Since|M| decreases

monotonically upon approaching. from below, only for a
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FIG. 4. Temperature-dependent measurements performed on g 5 Measured crossing temperatie as a function of the

Lay 914505 0sCUQ, in different fields B,=0.25, 0.50, 0.75, 1.00,
1.20, and 1.40 Tfrom bottom to top forT<T*) for field orienta-
tions 5= 15° (left pane) and §=85° (right pane), respectivelyM*

as well asT* depend ors. The crossing point is better defined for
a field orientation close to thab plane.

temperatureT’ >T* the magnetizatioM adopts the value

M*. However,|dG~/dZ only shows a weak dependence
for z>z* andT’ is close toT*. Therefore if one looks at

angled for Lay 9151 0gCUQ, (open circles T* is increasing when
the field is approaching theb plane. The solid line represents a fit
to Eq. (6) with parameterd .;=21.75(5) K,T*(0°)=19.68(3) K.

angular dependence &f is well reproduced with the fitting
parametersl.=21.75(5) K andT*(0°)=19.68(3) K(the
anisotropy was fixed ay=46). With T*(0°)=19.68 K we

find the actual value ot* to bez[T*(0°),6=0°,B,=1T]

=0.69. Indeed, the crossing region is located aroundzthe

temperature-dependent magnetization measurements over,gye, wherddG~/dz adopts its minimum. Comparing the
rather large temperature interval, a quite well defined crosseft panel to the right panel of Fig. 4, we can see fnat |

ing point will be observed for fields up to 5 T. The situation
is slightly different for fieldsB,<1 T. In that casez(T*)
<z*, and again|M(T*)|>|M*|. But |dG /dZ shows a
strong z dependence forz<0.2. Therefore T’', where
M(T’)=M*, can be considerably higher thaf, and mag-
netization curves measured in fielB§<0.3 T tend to cross
at higher temperatures. Thus we expect to observe a crossi
region with a width that is mainly determined by low-field
measurements. In fact, experiments show that the crossi
point is actually a crossing region, and low-field measure
ments lie at higher temperature&*2°

If we take the angular dependencezihto account, we
see that for a field orientation close to thé plane of the
sample, where( ) has a minimum, EqJ5) is fulfilled for a
higher temperatur@™® . Therefore we expect* to increase
with increasingd in the range 8<6<90°. Furthermore, as
the temperature dependence|bf(z<z*)| becomes stron-
ger upon approaching., the width of the crossing region
which is determined by measurements with snzalls ex-
pected to shrink for field orientations close to thle plane.

This trend is clearly seen in Fig. 4 where temperature-

dependent measurements on aSr, 0sCUO, performed in
different fields are presented fér=15° andé=85°, respec-
tively. As indicated by the arrowdyi* and T* are deter-

mined from the crossing of the magnetization curves re-

corded in fields 0.75B,<1.40 T. The measurements at
B,=0.25 and 0.50 T are not taken into account.
Presumingz* (8)=z*(0°) for all orientationss, one ob-

tains from Eq.(2) an angular-dependent crossing tempera-

ture

T*(8)=[e()P*T*(0°)+T{1-[e(H)]*H. ()

Figure 5 showsl* as a function of the anglé. The solid
line represents a least-square fit to E6). The observed

adopts a considerable higher value &+ 15° than foré
=85°. Figure 6 display$* as a function ofs. The solid
line is calculated by combining Eq$4) and (6) using T,
=21.75 K, T*(0°)=19.68 K, £&,,=79 A, y=46, and
Q;dG /dz=—1 for z=z* (see Fig. 3 The calculated an-
ular dependence df* is in fair agreement with the mea-

rgglred data. Figure 7 displays the dependenddbfon T* in

the L& 914500 08dCUO, sample. Upon turning the field to-

NWards theab plane, T* monotonically increases from 19.68

K to 21.63 K(see also Fig. b Due to the strong temperature
dependence of the magnetization in this temperature range,
M* changes dramatically. Faf=0° we find M* =—165
A/m, whereas it almost vanishes fér=90°, where we cal-
culate M*(6=90°)=—-0.6 A/m, T*(6=90°)=21.63 K.

Due to the small value df1™*, it is very difficult to resolve

the crossing point for fields applied &&=90°. Indeed, mag-

0 ———T————— —T

Lay 914510.086Cu04

20 30 40 50 60 70
6 [deg)

0 10 780 90 100
FIG. 6. Measured crossing magnetizatiglt as a function of

the angles for Lay 91.51p.08€CUO, (open circles The solid line is
calculated without any free parameter, using Eg¢s.and (6).
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FIG. 9. Normalized differencel,—T.)/T. andT, as a function
FIG. 7. Measured crossing magnetizatighf as a function of  of dopingx for La,_,Sr,CuQ,. T, is the temperature, where the
T* for Lay 01451.086CUO, (open circles The solid line is combined  fluctuation signal completely compensates the paramagnetic back-
from the curves shown in Figs. 5 and 6. Note the extremely smalfround of the sample. The importance of superconducting fluctua-
valueM*(90°)=—0.6 A/m for fields applied in thab plane. tions clearly increases for decreasing doping. The solid and dotted
lines are guides to the eye.
netization curves recorded at90° are found to join aT .

rather than to cross slightly belot, .> dependence oA is due to superconducting fluctuations. This
is evidenced by the fact that the signal is clearly related with
T.. Moreover, the temperature dependencé\a$ well de-

scribed by the 3DXY expression for temperatures close to

T¢.2 With dG*/dz=Cj z, from Eq.(3) we find

V. TORQUE SIGNAL ABOVE THE CRITICAL
TEMPERATURE: IMPORTANCE
OF SUPERCONDUCTING FLUCTUATIONS

The temperature dependence of the amplitédef the

sin(25) signal observed for temperatur@s>T, [Fig. 1(b)] A(T) Q;CokgT(B; T 1_1 2B
yields information about the importance of superconducting vV 26193 a0Y y2 T\ Te :
fluctuations. Figure 8 shows the normalized amplitéd¥ 7

as a function of the reduced temperatuidT. for

La,_,Sr,CuQ, samples with different doping At tempera- It is evident from this expression thatV is large(i.e., fluc-
tures well above T, a positive, almost temperature- tuations are importahtfor large values ofy and 5;0- As
independent amplitudé is observed. This signal is mainly seen from Table Iy and ¢, , both increase with decreasing
due to the Van Vleck paramagnetic response of the coppejopingx in underdoped La ,S,CuQ,. The decrease ifi,
ions?*2"Within the investigated doping range the Van Vleck which also affectst/V, is smaller than the increase jnand
contrlbutlop is found to be independent xfin the under- £, Thus from Eq(7) we can conclude that fluctuations are
doped regime, below temperaturés-2- T, A starts to de-  jjnortant in the underdoped regime. More general, the im-
crease and finally vanishes at a temperaiye Tc. FOrT  yortance of fluctuations in highly anisotropic systems is seen
<To the sin(2) amplitude is negative and\| increases dra-  from the fact that an anisotropic system can be rescaled to
matically upon approaching.. The observed temperature the jsotropic case with a strongly enhanced temperaktre

= yT.28 This enhancement of the rescaled temperature gives

10 . rise to strong fluctuations.
I W@&% 8 #0 o %0 As seen in Fig. 8, in the underdoped compounds, at tem-
- .!8389 © peratures substantially higher thagp superconducting fluc-
_ 0 I & tuations start to play an important role and the corresponding
mg L .b diamagnetic signal completes the paramagnetic Van Vleck
% Ty o 1 contribution. BelowT, the fluctuation signal predominates
S o Lay xS1;Cu0, the paramagnetic background and the overall response of the
 t° ¢ x=0.180,T,=25.00K 1 sample is of diamagnetic nature. The temperature below
20l 4 o x=0.146,T,=34.55K ] which deviations from the normal paramagnetic behavior are
(*] ® x=0086T,=21.60K | observed, provides a measure for the temperature regime
o 0 x=0.080,T;=19.35K ] where fluctuations are important. However, this temperature
30 . T S is not well defined. On the other hand, the temperaiyye
0 1.5 2.0 23 3.0 where the torque signal completely vanishes, is very well
T/T, '

FIG. 8. Normalized sin(8 amplitudeA as a function of reduced

defined and its value compared 1 yields information
about the importance of superconducting fluctuations.
Clearly, T, shifts closer toT. upon increasing the doping.

temperaturel /T, for La, ,Sr,CuQ, single crystals with different
doping x. For the underdoped samples=(0.080 and 0.086fluc-  The doping dependence of {(— T.)/T, is shown in Fig. 9.

tuation effects can be observed already at temperatures much high€his quantity is a good indicator for the importance of su-
thanT,. perconducting fluctuations at different doping levels, since
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ol 1I~a1.914ISro.'ossICu(l)4 ' 11 Ilaa11914ISroi086|Cub4l ] angular-dependent data for>T,, tgmperatures very close
e to T, are not reached. Small deviations between the mea-
=== sured data and the calculated points for temperatures very
near and abové . are due to finite-size effects and an un-
T certain background correction. On the other hand, we ob-
< -100} 1t ] serve a remarkable agreement between the measured and the
s extracted magnetization for temperatures arotiid For T
<T=19.5 K the magnetization curves extracted from
§=45° §=45° dG~/dz start to deviate significantly from the directly mea-
200 L M(T) directly | M(T) extracted | sured curves, because we leave the temperature regime
measured from dGYdz : : ; ;
e e where the scaling approach is applicable. This temperature
1 21 23 25 19 21 23 25 region is thus estimated to fie—T~0.1-T.
TIK] T[K]

The investigation of the crossing point phenomenon is
FIG. 10. Left panel: Magnetizatiohl as a function of tempera- ©ON€ example for the powerful possibilities of the scaling ap-
ture, measured on La,Sh 0sCUO, in different fieldsB,=0.25,  Proach. Another example regarding the melting line is given
0.50, 0.75, 1.00, 1.20, and 1.40 T 6+ 45°. Right panel: Magne- i Ref. 2. Moreover, by integratingG~/dz with respect ta
tizationM as a function of temperature extracted for the same field®Nne gets the scaling function of the singular part of the free-
and the same angle from the experimental scaling funet®h/dz ~ energy density, Eq(1), where the integration constant is
(see text The agreement between the measured and the extractetetermined by the conditio®(0)=1.> Other quantities of
magnetization for temperatures aroufitl is remarkable. interest as the specific heat can then be calculated using ther-
modynamic relations.
the paramagnetic background is the same for all samples. For The determination of the scaling functiatG™/dz from
x=0.08, atT,=1.3-T, the superconducting signal already angular-dependent measurements is a very reliable tech-
exceeds the paramagnetic background. This means that stique, since a rotation of the sample at fixed magnetic field
perconducting fluctuations show up over a wide temperatur@nd temperature allows one to scan over a lagegime,
range in this doping regime. Indeed, fluctuations are imporZmin<z<7-Zmin, by only changing the well controllable pa-
tant at least up td=2-T,, as shown in Fig. 8. On the other rameters [Eq. (2)]. One should mention that in order to test
hand,T, and T, can no longer be distinguished for=0.18;  the expression for the 3RY free-energy densityEq. (1)], it
as expected, fluctuations are less important in the overdopdd much more convenient to investigate the magnetization or
regime, wherey is small. the magnetic torque than to investigate the specific heat. This
is due to the fact that taking the derivativefafith respect to
the magnetic fieldB, or the angles (leading to the magne-
VI. DISCUSSION tization or the magnetic torqueonly results in one term,
Since the scaling functiod G=/dz is determined experi- Whereas the double derivative bivith respect to the tem-

mentally, all features showing up in experiments are inJperature leads to six terms.. On the.other hand,-spetl:ific-heat
cluded indG*/dz. Therefore, it is evident that the crossing Measurements performed in zero field gﬁr;;)lmdyleld Im-
point phenomenon can be deduced from a feature containdtPrtant information about finite-size effects.

in the scaling function. As pointed out in Sec. IV, once The occurrence of a crossing point in the cuprates is as-

; ; : 31
dG~/dz is determined, it is possible to predict the angular¢'iPed 0 a quasi-2D behavior of these materfafs? As

dependence of1* and T* and to predict that the crossing shown in this work, the same crossover in the behavior of the

point is actually a crossing region, spreading over a finitgn@gnetization(i.e., a decrease dM| with increasing field
temperature interval. Moreover, the fact that no crossing{,or low temperatures and an increase/ldf| with increasing
point can be resolved for fields applied in the plane is  field for high temperaturgsalso exists in the 3IXY model.
explained. Note that all these npredictions regarding’his is seen by recalling again the two limits>0~ andz
temperature-dependent data can be easily obtained by scaling® WhereM <In([&,]°B./®;) andM = B, respectively.
angular-dependent measurements, using the fact that alhe square-root dependenceds®~/dzfor T—T, is a char-
torque data recorded within a not too large temperature reacteristic property of the 3IXY model. As seen from Eq.
gime aroundT, fall onto a single curve if they are scaled (3), a finite torque aff. is only possible fordG*/dz=+/z
according to Eq(3). Temperature-dependent measurements: §§,0|t|’2’3. The resulting very unusual angular dependence
performed atd=45° on the La ¢;.S1 0gCUQ, single crystal  of the magnetic torque nedr, is indeed observeftf. Fig.
showing the crossing point phenomenon are shown in the left(c)] and gives very strong evidence for 3D critical fluctua-
panel of Fig. 10. The right panel displays the temperaturetions close toT.. On the other hand, the low limit is
dependent magnetization at the same angles and fields, exwainly covered by torque data recorded for angles close to
tracted from the scaling functiodG*/dz which is obtained the ab plane, where the cuprates show 3D beha®f.
from three angular-dependent measurements performed belowever, it is not clear whether the crossing regios T*

low T. (small symbols in Fig. Band from one angular- (z=0.7) can be described as an exact 3D behavior, as well.
dependent measurement performed abbyeFor each data If we attribute the crossing point to a quasi-2D behavior, this
point (dG*/dzz), the corresponding temperature is calcu-means that for intermediatevaluesdG~/dz includes data
lated fromz using Eq.(2), afterwardsM is calculated using recorded in a region where quasi-2D effects become impor-
Eqg. (4). Since very highz values are not covered by the tant. One would then still expect one single 3D scaling func-
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tion dG™/dz for all samples at temperatures very close toT.. Thus in the underdoped regime pairs are present at least
T., i.e., for large values af. However, as already mentioned up toT=2-T,.
above, in this temperature regime differént distributions In summary, we applied a 3XY scaling approach to a
in the samples lead to discrepancies of the scaling functionsariety of highT, cuprates with different anisotropy. For
In addition, the overlap of the scaled curves occurs in theeach sample, scaled angular-dependent torque data recorded
intermediatez regime, i.e., the scaling procedure is opti- nearT, fall onto the scaling functiod G*/dz. Starting from
mized for az region where the cuprates may not show exacthis scaling function, it is possible to predict the behavior of
3D behavior. This might explain the systematic shift of different physical quantities, such as magnetization, specific
dG~/dz with increasing anisotropy observed in Fig. 2. Onheat, etc., close td., using the fact that all measurements
the other hand, deviations from a 3D behavior are not todall onto the same curved G*/dz, provided they are scaled
large since it is still possible to perform a scaling procedureproperly. We are able to predict an angular-dependent cross-
based on the 3IXY model for each sample. Note that due toing temperatureT* (§) where the magnetizatioM =M*
restrictions of our magnet all measurements are performed iseems to be independent of the applied field. Investigations
relatively low fieldsB,<<1.5 T. For all samples used in this of the angular-dependent torque data recordeti>al, on
work, the crossover fiel&., , above which the pancake vor- La,_,Sr,CuQ, single crystals with different doping show
tices lose their correlation along tleaxis and thus show that fluctuation effects are more important in the underdoped
quasi-2D behaviot? is larger than 2 T. It is well possible, regime. This is understood in terms of an enhanced anisot-
that for higher fieldsB,>5 T 2D effects are much more ropy in the underdoped samples and supports the picture that
important, and the 3D scaling approach, restricted to a nata 3D mean-field treatment of highs materials is applicable
row temperature regime arountl,, breaks down forT in the highly overdoped regime, whereas strongly under-
~T*, doped compounds are dominated (D) fluctuations. The
From Fig. 9 it is evident that fluctuation effects play a scaling functions obtained for samples with highedeviate
more important role in the underdoped regime of high- systematically with increasing anisotropy from that obtained
systems whereas they are less important in the overdopédr the sample with the lowest value. This may be under-
regime. If we take into account that the anisotropyin-  stood by the fact that the layered high-cuprates show a
creases in the underdoped regifsee Table | and Refs. 20 3D-2D crossover with decreasing temperature. This cross-
and 21, that strongly underdoped compounds show 2D scalever enhances the corrections to scaling and reduces the 3D
ing behaviof? and that fluctuations are strong in quasi-2D XY critical regime.
systems? our measurements are consistent with the picture
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