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Angular-dependent torque magnetometry on single-crystal HgBgCuO,..,
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Angular-dependent torque magnetization measurements on a8gBa, , microcrystal performed close to
the critical temperatur@&, are analyzed within the framework of three-dimensig3&) XY critical behavior.
In a finite magnetic field the magnetic torque is given by the derivative of a universal scaling function
dG(z)/dz, where the scaling argumentiepends on temperature, field, and the angle between the field and the
¢ axis of the sample. We are able to determit@®/dz quantitatively by scaling the angular-dependent torque
data. Universal constants and critical amplitudes for HgR#D, . , are calculated.S0163-182¢09)03425-4

I. INTRODUCTION Thermal expansitivity experiments on the same compound
showed the presence of critical fluctuations within the same
Reversible magnetic torque measurements on hightemperature regioff. For more anisotropic materials this
temperature superconductors performed at temperatures biemperature region should be even larger. Therefore, the de-
low T. have been interpreted in terms of the three-viations from the London model mentioned above should lie
dimensional (3D) anisotropic London model, where the in the temperature regime, where critical fluctuation theory
magnetizatiorM depends logarithmically on the applied field can be applied. In the framework of this theory the existence
B, (Refs. 1,2. On this basis angular-dependent measureef the “crossing point” follows from 2D scaling behavior,
ments yield information on crucial superconducting param-which applies when the coherence length perpendicular to

eters, such as the effective mass anisotrgpy\m;/m%,  the CuQ planesé(T) = &,p(T)/y is getting smaller than the
(Refs. 2,3. However, the London model cannot explain interlayer distance. The system can then be regarded as a
magnetic measurements on cuprates in the temperature r&tack of 2D superconducting slabs with effective thickness
gime where a 2D “crossing point” phenomenoMt ,T*) ds<s (Ref. 1. Within fluctuation theoryM* does not de-
occurs*® and at temperatures ne@g. In order to explain pend ons, but onds. The value ofds is not known a priori
the existence of the “crossing point,” wheM=M* isin-  but seems to be rather material independefit.
dependent ofB,, (2D) vortex fluctuations have been in-  Although cuprates have a pronounced anisotropy, they
cluded in the London mod&IThe ratioM*/T* is predicted  still have a finite coupling between adjacent layers. There-
to be inversely proportional to the interlayer distasc&his  fore, 2D effects can only be observed in fields that are larger
is in contradiction to experiments, which show tihat/T*  than a crossover field. Below this field the stack of the 2D
does not depend os (Ref. 7). In torque measurements an slabs behaves as a 3D system due to correlations along the
unusual angular dependence has been observed axis between the slabs. The crossover field is of the order of
La,_,Sr,CuQ, (Refs. 8,9 and in HgBaCuG, ., (Ref. 10 in 1 T for field orientations along the axis, but it rises up to
the vicinity of T,. Similar angular-dependent curves haveabout 100 T for orientations in theb planel® Therefore, 2D
been obtained by taking Gaussian fluctuations into accdunt, behavior is not observable for field orientations close to the
though in a more narrow temperature regime than observeab plane, unless in very high fields. In fact, no “crossing
by experiment. point” could be observed in the most anisotropic cuprate
In this work we will use a different approach to describe BSCCO with the field applied in thab plane® In the same
the observed deviations from the 3D anisotropic Londommaterial a crossover from 2D to 3D behavior upon rotating
model. Since cuprates have a high critical temperafdrea  the magnetic field from the axis towards theb plane was
short coherence length,,(0), and alarge effective mass observed at low temperatur&sSince torque measurements
anisotropyy, the temperature regime arouiid where criti-  are dominated by orientations close to thie plane where
cal fluctuations dominate is large compared to the fluctuationhe torque signal is large, angular-dependent torque measure-
regime in conventional superconductdfs® In optimally  ments will mainly reveal 3D behavior, whereas 2D features
doped YBaCu;O;_, single crystals the temperature depen-showing up for field orientations close to theaxis are
dence of the in-plane penetration depth follows the)8®  strongly suppressed. Therefore, we will analyze the observed
behavior down to temperatures 10 K beldw (Ref. 14.  torque curves neaf. in the framework of 3D fluctuation
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theory. On the other hand, at lower temperatures where 3Dhis limit is very hard to reach by experiment due to the

fluctuations freeze out, the 3D London mdcdfeapplies for  finite width of the superconducting transition in high-

angular-dependent torque measurements in moderate fieldempounds.

for a rather large angular regime around #ieplane. Equation(3) shows the same angular dependence as the
When critical fluctuations dominate, in an applied mag-expression derived from the 3D anisotropic London model

netic field B, the magnetic torque along theaxis acting on by Koganet al.*? For temperatures and fields where Eg).

a sample with volum& is given by the scaling expressidn is valid, the torque data is therefore equally well desc.ribed
by both expressions. The agreement is nicely seen if one

writes the prefactor of Eq3) in terms of the in-plane pen-
VQ; kgTB,y 1 \sin(28) dG™(2) etration depthA,(T) using the universal relatiorkgT.

= 2o TITe—1] " 2| €6 dz =03 (T)[472uoh3(T) y]. The agreement between Eq.
' (1) (3) and the .Kogan expression is comprehensible, since the

free energy is calculated in Ref. 1 under the assumption that
o i . vortex cores do not overlaB<B,,), which is fulfilled in
if B, is confined to thebc-plane of the sample; o is the  the Jow vortex density limitB,—0 (z—0). However, the
c_ritical a_mplit.ude of the+correlati+on length along th€lirec-  gpsolute values ok (T) and &;(T) that one can extract
tion, diverging as & (T)=&T/Tc—1]"", and *  fom the data using these expressions will be different.
=sgn(T/T.—1). Several experiments give evidence that the ith the three limits leading to Eq$3)—(5) one gets a
zero-field transition of cuprates is a critical point belongingrough overview on the dependence of the derivative of the
to the 3D XY universality clasésee, e.g., Refs. 12,14,15,19— s¢aling functiondG/dz (Ref. 18. In this work we will de-
22). We therefore use critical exponents and universal congjye dG/dzin a guantitative way from the measured torque
stants belonging to this universality class, where2/3. We ¢ rves by scaling them according to Edy), rewritten in the
assume the system to be isotropic in the Guane (3} form
=my}), which is reasonable in the mercury compounds due
to their tetragonal structur€; is an universal constant, and
the scaling functionG~(z) depends on the dimensionless LdGT(2) T(2)2®oés ) TIT—17" €(5)
variable Qi = :

. , (6
dz VkgTB,y(1—1/y%)  SiN(206) ®

(&2 (T)]%B,
=5, €(9), (2)  usingv=2/3. Even for fixed values of temperature and mag-
netic field, thez dependence adG/dz can be probed over a

) R ) rather large interval of the argument, due to the angular de-
where 6 is the angle betwee, and thec axis of the  pendence of the scaling varialedEq. (2)].

sample, and:(8) = (1/y? sirPs+cos )Y

The calculation of the scaling function was not possible
up to now. Recently we derived its functional form in the Il. EXPERIMENTAL DETAILS AND RESULTS
limits z—0~ (T<T., B,—0), z—0"(T>T,, B,—0),
andz—x (B,#0, T—T.) from expression$b), (5), and(4)
(describing the magnetic penetration depth, the magneti
suscebtibility, and the magnetization in the correspondin
regimes given in Ref. 18. The expression for the magnetic
torque then reads as

The single crystal used in this work was grown using a
Qigh pressure growth technicfifend annealed in 1.4 bar,O
t 250 °C for 100 h. This procedure resulted in an almost
ptimally doped sample showing a superconducting onset at
T.=95.6 K with a transition width (10-90% in B,
=1 mT) of =1.5 K. The microcrystalmass=9 ug) was

-c- ) mounted on a cantilever with piezoresistive readout between
i e VQiCokgTBay [ 1)sin(25) In(2) the poles of a conventional NMR electromagffeThe field
s0-  2®oé  TIT—1]7" ¥?| €(9) strength was kept constant and the magnetic torgueas

(3)  recorded as a function of the angidor increasing ¢.) and
decreasing angles (). The reversible torque was calculated
and using e 8)=[ 7. (8)+7_(8)]/2. Such rotation measure-
ments were performed for different temperatures between 87
) and 119 K. BelowT,, field-dependent measurements were
(1__2) SiN(26),  performed at a fixed anglé=45° in order to obtain the
Y @) irreversibility field By, (T). The Meissner slope was deter-
mined at different temperatures in order to calibrate the

below and abovel, respectively. These limits should be torquemeter® The background signal of the cantilever was

_ VQiCikeTér TIT.— 1| "Biy
lim 7= :

2
o 202

observable in fields of abod T if one is not toclose toT,. ~ Minimized by compensation with a second, almost identical
At the critical temperature one finds lever placed near the sampfeA small remaining cantilever
background signalamplitude =8x10"'% Nm) was sub-
VO=C kaT.B32 . tracted from a_II measurements.
lim 7= Qi C. 2/; a ¥, _ i M (5) The amplitude A=[7nau— 7mink/2 of the angular-
20 2d; Y| ()] dependent torque measured in a field of 1.4 T is shown in
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FIG. 1. AmplitudeA of the torque signal as a function of tem-
perature|A| is monotonically decreasing with increasing tempera-
ture up toT=108.5 K. ForT>108.5 K the paramagnetic back-
ground of the sample dominates. Insé(T) for temperatures

aboveT.. The solid line corresponds to the temperature depen- ) 30 60 90 20 150 180
dence predicted by Ed@4) (see text 05 8 [deg]
Fig. 1 as a function of temperaturfA| is monotonically 8oslk R
decreasing with increasing temperature uplte 108.5 K. g e .

; . . . ° i — Qi1CzoLn(z)
At this temperature a sign change of the amplitude is ob- S5-25F & 2 -

LA QiCi0=0.69

served. This sign change, as well as the strong temperature ; ’ 1
dependence ofA above T, cannot be understood without 330 01 Z 02 03

taking superconducting fluctuations into account. For tem-

peraturesT>108.5 K the paramagnetic background of the FIG. 2. (8 Angular-dependent torque measurement Tat
sample is larger than the diamagnetic signal arising from=90.88 K in an applied fiel®,=1.4 T. The solid line is a fit to
these fluctuations. Below 108.5 K the fluctuation signalEqg.(3), yielding y=29(1), £,,=26(2) A, andQ; C,~0.69.(b)
dominates, increasing rapidly upon approachihg The Scaling variablez as a function of the anglé. The conditionz
paramagnetic background can be estimated from the ten1 for Eq.(3) to hold is reasonably well fuffilledc) Q; dG/dz as
perature dependence of the amplitude Tor T, where a @ function ofz calculated using Eq(6). The logarithmic depen-
sin(29) signal is observed, which is slightly distorted for dence(splid ling) is quite well fulfilled. For clarity not all measured
temperatures very nedy, (see also Ref.)9 The temperature data points are shown.

dependence oA for T>T, is shown enlarged in the inset of

Fig. 1. As predicted by Eq4), |Al is increasing as the tem- For the universal constant we fir@; C;,=0.69. The angu-
perature approachds, from above. Assuming that the para- |ar dependence of the scaling argumeris given in Fig.
magnetic background is temperature independent in thgw) |t is in the range 0.0£4z<0.25, and the condition
range 97 K<T<105 K, according to Eq(4), the tempera- ;<1 for Eq. (3) to hold is quite well fulfilled. Figure @)
ture dependence of the sif2amplitude is expected t0 be gpqq the derivative of the scaling functiQy dG/dz, ob-

A(T)=a,T(T/Tc—1) *+a, with »=2/3. This dependence tained by scaling the torque data according to &). The

s shown in the inset of Fig. 1 ?f’ a solid line with a Ioara'logarithmic dependence om, which is expected in this
=4X10" . i e . - L .
magnetic background,=4>10 = Nm. Only data in the limit,*® is shown as a solid line, usin@; C;,=0.69. Slight

temperature regime 97 KT<105 K, where Eq(4) should D i

be valid, are considered in order to determigeaanda,. The ~ deviations from this dependence around0.25, wheres
paramagnetic background is less than 1% of the total signaf 0*+ May be due to small 2D effects showing up in this
amplitude at temperaturés<T.—5 K, but it is roughly of ~&ngular regime.

the same order of magnitude for temperatures abiqueln In order to analyze the data abollg we estimate the
what follows, this contribution was subtracted from the mea-ritical amplitude of the correlation length to kg ,~0.38
sured data. X ¢,0=9.8(8) A® Assumingy=29 also aboveT,, with

The universal constan®; C§ entering Eq.(4) can be a;=—1.2x10"'* Nm determined from the above tempera-
calculated froma,, if the critical amplitude of the correlation ture dependence oA, we find for the universal constant
length 5;0 and the effective mass anisotropyare known. Qj C, = —1.01. This universal constant can also be obtained
These quantities can be derived from the data takef at within a different approach. Figure(& shows the torque
=90.88 K (T=0.95T.) shown in Fig ?a). Although this data atT=100.46 K in an applied fieldB,=1.4 T. A
temperature is lower thafi* =92.4 K2 the applied field is  sin(25) signal is observedsolid line). As seen in Fig. @),
too small for 2D features to show up, unless for angles the limesz—O0 for Eq.(4) to be valid is well fulfilled for all
~0° where the torque is very small. The observed angulaangles.Q; dG/dz shows the expected linear behavfofor
dependence of the magnetic torque is well described by Eg<0.02, revealingQ; Cy = —1.01[Fig. 3(¢)]. This value is
(3). A least square fit yieldsy=29(1) andé¢, ,=26(2) A in excellent agreement with the value found from the tem-
[from the scaling argumert Eq.(2), usingT,=95.65 K].  perature dependence of the sifi(amplitudeA.
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FIG. 3. (@ Angular-dependent torque measurement Tat FIG. 4. (a) Angular-dependent torque measurement Tat
=100.46 Kin an applied fiel8,=1.4 T. As predicted by Eq4), =95.04 KinB,=1.4 T. Strong deviations from E@3) (dashed

a sin() signal is observedb) Scaling variablez as a function of line) are observed for angled<84°, 5>96°. The solid line is
the angles (£,,=9.8 A). The conditiorz<1 for Eq.(4) to hold ~ based on an analytical approximation @&/dz given in Eq.(7)

is well established for all angle&) Q; dG/dz as a function ok A (see text beloy (b) The scaling variable(s5) shows a crossover
linear behavior is found revealing the universal cons@fitC; = from the limit z<1 to the limitz>1 upon turning the applied field

—1.01. For clarity not all measured data points are shown. from theab plane of the sampled=90°) towards the: axis. (c)
Q;dG/dz as a function ofz. The crossover in the dependence

Very unusual angular dependences of the torque are Ogr_om the limit z<1 to the Iimitz>_1 is clearly seerisee text For
served at temperatures slightly beld. Figure 4a) shows ¢ty not all measured data points are shown.
an angular-dependent torque measurememta25.04 K in
an applied fieldB,=1.4 T. Equation(3) is represented by
the dashed line. It clearly fails to describe the data over a
large angular regime. The observed angular dependence of
the torque data can be explained by a crossover from the
regimez<1 to the regime> 1. The scaling argumer( 5) xo——————————————
is shown in Fig. 4b). Equation(3) describes the torque data T, = 95.65K
well in the angular regime 8425<96°, wherez=<0.4. 2A010F - By = 14T
Upon rotating the field towards theaxis (6=0°,180°), z

-10
increases up to 3.9, thus leaving the regime where(Bqs éxlo
valid. Therefore strong deviations from the angular depen- 2 ¢
dence given by Eq(3) are seen for angle§<84° andd :
>96°, respectively. The crossover from a logarithmic depen-  -1x10-10
dence ofdG/dz on z for z<1 to a square root dependence 010

2x10°

for z>1 is clearly seen in Fig.(4).

Above T, the regimez> 1 is difficult to reach by experi- P .o
ment, sincet, , is rather small. Therefore one has to measure 0 30 60 90 120 150 180
very close toTc, where effects due to the finite width of the 8 [deg]

superconducting transition are starting to play an jmportant FIG. 5. Angular-dependent torque measurement takeB,in
role. Torque data taken 8t=96.04 K (T=1.004Tc) inan  _y 4 T andT=96.04 K, slightly abovel,=95.65 K. Although
applied fieldB,=1.4 T are shown in Fig. 5. Although the he conditionz>1 for Eq. (5) (solid line) to be valid is not fulfilled
small step observed close to ta® plane of the sample is  for this measurement, the data are rather well described by5Eq.
predicted by Eq(5) (solid ling), in this angular regime the This seems to indicate that the observed characteristic signal is a
scaling variablez, calculated withT.=95.65 K, is of the precursor of theT—T, curve. For clarity not all measured data
order of 0.1, and the conditiar®>1 for Eq.(5) to be valid is  points are shown.
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0o E ' T T ' TABLE 1. Universal constants determined from angular-
' dependent torque measurements using the scaling analysis.
-05F J
Universal constant Determined from
-1.0F y
3 Q; C54=0.69 Teld) at T=90.88 K,B,=1.4 T
s ; Qici=-1.01 7ol 8) at T=100.46 K,B,=1.4 T
STy ] Q/Ci=-1.01 T dependence oA, B,=1.4 T
QiCi=-05 Tel0) atT=96.04 K,B,=1.4 T
23 ; Q;C.=-06 T 8) At T=95.04 K,B,=1.4 T
B0F ]
-4.0 3.0 2.0 -1.0 0.0 1.0 . .
2 sgn(T/Te - 1) able to give the absolute value @5/dz up to the universal

o _ o constant®Q; . Table | lists the values for universal constants
FIG. 6. Derivative of the scaling functioQ; dG/dz as a func-  derived from the scaling analysis of our torque measure-
tion of zsgn(T/T,—1), calculated from measurements & ments. The value®; C.~-0.5 andQ; C,~—0.6 are
=90.88, 95.04, 96.04, 97.03, and 100.46 KBip=1.4 T using EQ.  roygh estimates obtained from the limiting behavior of
(6). An excellent agreement with the qualitative behavior derived iNgG/dz for z>~1 above and belowl respectively. Both
. (o] .
iF:;f\'/:ii'slgoggg;;?;l?k C;O:omrz:/kgesviE)Ivghbe(;ﬁa?/i%rl;sjgver)ﬁigm values are equal within the uncertainties, as expected from
imev irev. Eqg. (5). Using the universal relatio®; = —(R;)%[a(1

found (see text . .

—a)(2— a)] relating the free energy universal constait
not fulfilled at all. However, due to the finite width of the tO the specific heat universal constant and critical exponent
superconducting transition E@S) may already hold for a R¢ =0.36 (Ref. 26 and a=—0.007 (Ref. 27, we find Q;
small part of the sample at slightly higher temperatures=~3.3. With Q; C./’~—0.5 this leads toC~—0.15. This
Since the amplitude of the torque signal is dramatically in-value is in excellent agreement withGl, value between
creasing on approaching, from above, this small part may —0.2 and—0.11 that was determined from magnetization
give a large contribution to the torque signal. The maximummeasurements on YB@u,0O;_, by Hubbardet al?t
of the angular dependent torque signal moves closer to the Table Il lists the critical amplitudes for HgB@uQ,., .
ab plane of the sample as the temperature approaghes The value\, ;=766 A seems to be rather small compared
from above? Therefore effects of a finite transition width to typical values\,,(0)=1500 A that are found in mea-
should be enhanced for angles aroufid 90°. We believe surements at low temperatures. However, one has to consider
that the angular dependence of the torque data shown in Fighat A, is a parameter used to describe the temperature
5 is a precursor of the curve expected Tor- T.. Due to the  dependence of the magnetic penetration depth fgarA
finite width of the superconducting transition, it already two-fluid temperature extrapolation,,(T) “2=X,,(0) 1

shows up at temperatures where the conditierl (calcu-  —(T/T.)*] usually leads to low temperature values that are
lated usingT.=95.65 K) is not yet fulfilled. in agreement with values actually measured at low tempera-
tures. Since + (T/T.)* shows a stronger curvature than (1
IIl. DISCUSSION —T/T.)?3 the critical amplitude,  is always smaller than

the actual low temperature penetration depth(0). A simi-

lar consideration holds for the correlation lengthg, and

£ap(0). From the measureé, , we can calculate the critical

amplitudeA™ of the specific heat using the relatiol?g)3

=A"(£,0°%y. With R;=0.96 (Ref. 26 we find for
BaCuQ,,y A" ~1.5x10°3 A% In order to extract
directly from specific heat measurements, one has to con-

By use of Eq.6) it is possible to determine the derivative
of the scaling functiord G/dz from the experiment. The re-
sult from our measurements on a HgBaO, , microcrys-
tal is shown in Fig. 6, where we pl@; dG/dz as a function
of z sgn(T/T.—1) over the experimentally accessitdee-
gime. The data shown are combined from measurements
;;pﬁgasﬁelléiagig44l<lrg?/§/?ti'I?’279.50361!‘? 'I?n%éos%:lzc:(c;gtzn sider two points. First, it is quite difficult to subtract the
obtained fronfli thése r.neasurémenis coll,apse onto a Sing?enormous background arising from the .crystal lattice in a
curve. As discussed above, Bt 96.04 K effects due to the proper way. Secondly, the ~asymptotic - forr/(Vks)

finite width of the superconducting transition are observed.:Ailami normally used to extrach " is only a first-

They become especially important at angles close to 90°, B ) ]
TABLE IlI. Critical amplitudes of HgBgCuQ,., determined

wherez=0.1, leading to a value 9tiG/dZ that is too large ‘ lar-d dent t ts o calculated usi
for z<0.15. Therefore, the data obtained from the measure.°"' @hguiar-dependent torque measurements and calculated using

ment atT=96.04 K in thisz regime have been omitted in universal refations.
Fig. 6. Forz>0.15 the finite transition width plays a less
important role. In thiz regime the crossover to a square root

Critical amplitude Determined from

zdependence alG/dz is clearly seerfrightmost part of the £, ,=26(2) A Tef0) atT=90.88 K,B,=1.4 T
curve in Fig. 6. £0=9.8 A calculated fronme, ,

The overallz dependence alG/dz is in excellent agree- \, =766 A calculated fromé,
ment with the qualitative behavior we derived from the threea-~1.5x10"3 A-3 calculated fromg;

limits leading to Eqs(3)—(5) (Ref. 18. Furthermore we are
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order approximation of the thermodynamic form given by 1.0F T =90.9K ' ; '
c/(Vkg) = — T/kgd*f/dT?. The temperature regime around : T = 94.0K
T. where the asymptotic form holds is very small. It is of the a T=950K
same order as the transition width of a high-supercon- 05F o T=060K

ductor. Thus, we conclude that the determinatiodoffrom

torque measurements is more accurate than any direct extrac- & 0.0 o b
tion from specific heat measurements. g
Once the scaling function is known, it is possible to ap-
proximate it by an analytic expression in the intermediate 05
regime ofz. This is especially useful for temperatures below ECi?SESK T
T.. In this temperature regime, far<1 the scaling function -1.0 CVetoy R
can be approximated lyG/dz=b;In(z)+b,z Therefore, for —_——
temperatures not to close 1q one can describe the angular Lor T/T,, = 0.950
dependence of the torque well with a combination of Egk. r---- T/T, = 0.990
and(4), as demonstrated in Ref. 10. Over the whotegime 0.5f - T/T=0.995
investigated, 0.04z<3.77, the scaling function is well ap- | —- TT:=0999

proximated by the expression

dG/dz=c,In(z) + c,z"%+ c3z¥4+ ¢, (7)

The first and second term are the leading termzfel0 and .
z— oo, respectively. The other two terms provide a good ap- : A s s s
proximation ofdG/dz in the intermediate regime. We are 0 30 60 20 120 150 180
now able to calculate the angular-dependent torque at differ- 3 [deg]

ent fields and tempgraturé’KTlc, appro.XImatl.ng:iG/dz.m FIG. 7. () Normalized angular-dependent torque data taken in
Eq. (1_) by the analytic expression E() in the intermediate B,=1.4 T below(open symbolsand aboveT, (black dot3. The
zregime. As an example the torque curve calculatedTfor soiqg Jines represent fitawith the signal amplitude as the only free
=95.04 K andB,=1.4 T is shown as a solid line in Fig. parameterto the data using Eq1) with the analytical approxima-
4(a). In order to discuss the crossover from the case0 tion given in Eq.(7). The dashed-dotted line corresponds to €.
[Eqg. (3)] to the casez— [Eq. (5)] upon approachind.  which is valid in the limitT— T . For clarity not all measured data
from below, the normalized angular-dependent torque datapoints are shown(b) Normalized angular-dependent torque curves
7/ Tmax, Measured at temperatures aroundin B,=1.4 T  7/7,, for various reduced temperatur@$T,<1 andB,=1.4 T,

are summarized in Fig.(@). As shown by the solid lines, the calculated using Eqg1) and (7). Note the change in the shape of
data recorded beloW, (open symbolsare well described by 7/ 7max, going from a temperature sufficiently beldw [z—0, Eq.

Eq. (1), using Eq.(7) for dG/dz. The data obtained slightly (3)]to a temperature very close & [z—¢, Eq.(5)]. Details are
aboveT,. (black dot$ cannot be described as above, sincediven In the text.

Eq. (7) is only valid belowT,. However, as discussed in the ) )

context of Fig. 5, these data appear to be a precursor of tHaken at a fixed temperature slightly beldw show a hump
behavior in the limitT—T, [Eq. (5)], represented by the developing upon increasing the applied fiéid.
dashed-dotted line. This limit is valid irrespective of whether The black dot in Fig. 6 marks the valug,.,, where a

T, is reached from above or from below. The evolution ofcrossover from reversible to irreversible behavior is ob-
the angular dependence offr,., going from a temperature served. We performed field-dependent measurements at a
sufficiently below T, [z—0, Eq. (3)] to a temperaturel ~ fixed angles=45° in order to determine the irreversibility
=T, [z—, Eq.(5)] is evident in Fig. To), where we show field. The field-dependent torque measure@at90.88 K is
calculated curves at different reduced temperatdiids, at  shown in Fig. 8. At the irreversibility fieldBjqe (T
B,=1.4 T, using Eqs(1) and(7). The change in the shape =90.88 K,=45°)=0.25(2) T the data measured in de-
of 7/ 7max OCCUIS in two Steps whil@, is approached. First, creasing field start to deviate significantly from the data mea-
for T/T,=0.99 a hump develops at anglés<45° ands  sured in increasing field. This determination of the irrevers-
~135°, respectively. Finally, forT/T,=0.995 the pro- ibility field will result in a lower limit for Bje,. All
nounced “peak” of the angular-dependent torque néar measurements were performed with a sweep rate of
=90°, which is a characteristic feature forsufficiently be-  dB,/dt=0.01 T/s. The inset of Fig. 8 shows the tempera-
low T, completely vanishes. This “peak” arises from the ture dependence of the irreversibility field in the range
logarithmic divergence ol G/dz for z—0 [see Eq(7)] and ~ 86.7 K<T<93.9 K. The data are well described by
is located nea®=90°, sincez adopts its minimal value at Binel T:45°)=Bire,(0,45) (1~ T/T)*® (solid ling), in
this angle. However, foll/T,=0.995 the scaling variable =~ agreement with previous results reported for ¥8e0O,

is larger than 0.2 for all angles, and the divergency of crystals?® Therefore, according to EQ(2) for z<zj,
dG/dz vanishegsee Fig. . According to Eq(2), the same = (£2.0)*Bineu(0,45°)€(45°) /@, the system is in the irre-
change in the angular dependence of the torque signal a®rsible regime. WithBj,e,(0,45°)=14.3(8) T we find
shown in Fig. Tb) is expected to occur by changing the zje,=0.0335). In the angular-dependent measurements a
applied field at a fixed temperature. Indeed, measurementery small difference inr, and r_ is observed for orienta-

B,=14T |
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transition might be smeared out due to the finite transition
6 k Birrev(0,45%) (1-T/T) width3® The z,, for our sample is roughly three times

] smaller than the expecter},. This discrepancy between the
irreversibility field and the melting transition is not surpris-
ing for samples with very low pinningf: Furthermore, the
irreversibility line that we determined is a lower bound, as
discussed above.

From Eq. (8) follows that the critical amplitude of the
correlation length and the melting transition are related as
£20%[Bm(0)] Y2 Since the melting line is strongly shifted
to lower fields with increasing anisotrop§ &, o should in-
crease with increasingy. This behavior is observed in
La,_,Sr,CuQ,, where&, , and y are found to increase with

FIG. 8. Field-dependent torque measuredTat90.88 K, & decreasing Sr concentration(Ref. 20.
=45°, with a sweep ratdB,/dt==*=0.01 T/s. Irreversible behav- The derivative of the scaling functiodG/dz shows a
ior is observed foiB,<Bjye,=0.25(2) T. Inset: The temperature |ogarithmic z dependence up ta=0.3, even forz values
dependence of the irreversibility field is well described by yhere the vortex lattice is melted. We conclude that macro-
Bine(T.45°)=Birey(0,45) (1-T/Te)?” with 2r=1.35(2) and  gcopic phase coherence, i.e., superconductivity also exists
Birev(0,45°)=14.3(8) T(solid line). above the melting line, leading to a finite magnetic penetra-

tion depth and thus to the logarithmicdependence. This is
tions closer to theb plane of the sample thadj..,, where  consistent with recent muon-spin-rotation measurements,
Z(Sirey)=0.032. This agreement betweety, resulting where above the melting line the local field distribution
from field-dependent and angular-dependent measuremerggB) for a vortex lattice vanishes, but where a broadening of
is expected, since the time constant of the measurement [¥(B) due to macroscopic screening currents can still be
almost the same in both cases. seenf?38

There is considerable evidence from microsctpit' as In summary, unusual angular-dependent magnetic torque
well as from macroscopié ** experiments that flux-line lat- curves observed in the vicinity o, may be interpreted in
tice melting in highT cuprates is a first-order phase transi- terms of critical fluctuation theory using the 30Y scaling
tion. Thus,dG/dz, being proportional to the magnetization, approach outlined in Ref. 18. Within this framework, the
should have a discontinuity at field and angular dependence of the magnetic torque follows

o 5 the derivative of a scaling functiahG(z)/dz. By scaling the

Zn=[£a (T)]"Bn(T,8)€(8)/ Do, ® torque data we are able to quantitatively deternmdit&/dz.
whereB,, denotes the melting fieltf This discontinuity was ~ This allows the calculation of several universal constants.
observed in Ref. 34. Since, is constant for all tempera- The experimentally obtainediG/dz can be approximated by
tures, Eq.(8) predicts the temperature dependence of théin analytical expression in the intermediategime. Using
melting field to beB(T,8)=B(0,8)(1-T/T)*3 This this analytical expression angular-dependent torque curves
temperature dependence has been confirmed in,G&O, fqr different fields and temperatures within the critical re-
(Refs. 31,34,36,35 yielding B,,(0)=100 T for 5=0°. To- ~ 9ime can be calculated.
gether with¢, ,=14.7 A for YBa,Cu;O;, (Ref. 18 the value
of the scaling variable, where a discontinuity diG/dz is
expected, iZ,,=0.088. Due to universality there should be a
discontinuity in dG/dz at the same z value in The authors would like to thank C.M. Aegerter for many
HgBaCuQ, . However, we do not expect to see this phe-fruitful discussions. This work was partly supported by the
nomenon in our torque measurements since the first-ordeSwiss National Science Foundation.
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