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Anisotropy of magnetization discontinuity at vortex-lattice melting in untwinned YBa2Cu3O7Àd

A. Schilling and M. Willemin
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We measured the magnetic torquet experienced by an untwinned YBa2Cu3O72d single crystal in external
magnetic fields up tom0H57 T below the critical temperatureTc593.3 K, as a function ofQ, the angle
betweenH and thec axis of the crystal. At the vortex-lattice melting transition we observe discontinuities in
botht and (]t/]H)T , that are related to changes in the transverse components of the magnetization vectorM
and (]M /]H)T , respectively. We use thermodynamic relationships to determine the direction of the vector
DM in space, and show thatDM is always directed parallel toM . The discontinuities in magnetizationDM
and in entropyDS vanish slightly below the temperature where the melting fieldHm(T) extrapolates to zero,
which could indicate the existence of a lower critical point of the vortex-lattice melting line. From our
(]t/]H)T data we are able to extract the differences in the reduced specific heatDC/T between the vortex-
fluid and the vortex-solid phases, and we compare these results with corresponding thermal data. We finally
examine the validity of standard angular scaling rules for anisotropic superconductors for the melting fields
Hm(T,Q) at temperatures as high asT/Tc50.99.
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I. INTRODUCTION

The solid-to-fluid transition of the vortex system in c
prate superconductors in an external magnetic fieldH sepa-
rates a magnetically irreversible, zero-resistance state fro
reversible state with dissipative transport properties.1 This
transition has been extensively studied by resistiv
measurements,2–4 torsional oscillator techniques,5,6 muon-
spin rotation7 and neutron-scattering experiments,8 and the
measurement of thermodynamic properties such
magnetization9–17 and specific heat.18–30 Magnetization data
have been obtained mainly on single crystals
Bi2Sr2CaCu2O8,

9,10,13–15 YBa2Cu3O72d ,11,12,17,20 and
(La, Sr)2CuO4,

16 while associated thermal effects have be
detected so far only in the YBa2Cu3O72d family.18–30 These
thermodynamic data indicate that in sufficiently cle
samples and in moderate external magnetic fields, the p
transition is of first order, while sufficient disorder and/or t
application of large magnetic fields may drive the transit
continuous.10,19–22,25,29,30

The magnetic phase diagram of anisotropic supercond
ors not only depends on the external magnetic fieldH and the
temperatureT, but also on the angleQ between the magneti
field and thec axis of the crystal.3,5,6,14,15,24,26,31Hence all
thermodynamic quantities related to the vortex-lattice m
ing transition, such as the melting fieldHm and the discon-
PRB 610163-1829/2000/61~5!/3592~12!/$15.00
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tinuities in entropyS and magnetizationM, may depend on
Q.32–34For Bi2Sr2CaCu2O8, the angular dependence of ma
netization anomaliesDM has been measured,14,15 and imply
discontinuities in entropyDS at vortex-lattice melting via the
Clapeyron equation. A direct thermal study about the angu
dependence of bothDS and related discontinuities in specifi
heatDC has been done only on YBa2Cu3O72d ,24,26and con-
firmed theoretical treatments of the effects of anisotropy
the thermodynamic properties of anisotrop
superconductors.32,33 Although the angular dependence
DS in YBa2Cu3O72d is now fairly precisely known,26 no
corresponding measurements of the angular dependenc
the discontinuity in magnetizationDM have been reported
In very anisotropic materials such as Bi2Sr2CaCu2O8, M is
virtually parallel toc for a wide range of anglesQ, except
extremely close toQ590°, which considerably simplifies
the geometry of the problem.14,35 In YBa2Cu3O72d , how-
ever, the electronic anisotropy is rather low, and the mag
tization vectorM is markedly tilted away from the direction
of the c axis of the crystal already for angles of the order
Q575° and larger.35 There are plausible arguments based
the London theory predicting that for an arbitrary angleQ,
DM is always directed parallel toM . In this case, the mag
netic inductionB would slightly rotate at the melting trans
tion. However, in an alternative view of the situation it is th
thermodynamic variableB that shows the discontinuityDB
3592 ©2000 The American Physical Society
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PRB 61 3593ANISOTROPY OF MAGNETIZATION DISCONTINUITY . . .
5m0DM along B, which simply reflects a change in th
number of vortex lines directed parallel to the magnetic-fl
density vectorB. In this scenario,DM is not always parallel
to the magnetizationM , and would lead to a rotation ofM at
the melting transition. For the simple geometryQ50° that
has already been studied in the literature,11,12 M , DM , H,
and B are all parallel to thec axis of the crystal, and the
above distinction is not necessary.

Recent progress in torque magnetometery and in sam
preparation techniques allowed us to detect the transv
component of the discontinuityDM ~i.e., the component per
pendicular to the applied magnetic fieldH! at the vortex-
lattice melting in YBa2Cu3O72d with previously unknown
precision.17,36,37However, the determination of the directio
of DM in an uniaxial situation requires the knowledge of tw
components, the transverse and the longitudinal compo
~i.e., the DM component parallel toH!. In this work we
perform a series of systematic measurements of the tr
verse component ofDM . Knowing the angular dependenc
of the associated discontinuityDS, and applying thermody-
namics, we are able to extract also the longitudinal com
nent ofDM . This makes it possible to finally determine th
direction ofDM in space.

The temperatures where the discontinuities in entro
DS(T) vanish define critical points of the vortex-lattice me
ing line, where the first-order character of the phase tra
tion is lost. While the upper critical point can be very we
identified from thermal data, the determination of a possi
lower critical point from our magnetic data is less straig
forward because it crucially depends on the definition of
critical temperatureTc . Our data indicate thatDS vanishes
below the temperature whereHm(T) extrapolates to zero
which might mean that the first-order character of the ph
transition atHm(T) disappears atT,Tc .

Along with the steps in entropy and magnetization at
vortex-lattice melting transition, simultaneous steplike var
tions in the reduced specific heatDC/T and changes in slop
in magnetization,D(]M /]H)T and D(]M /]T)H , respec-
tively, have been observed.11,12,17–19,22–30These changes ar
related one to another by a thermodynamic relationship
is rather simple forHic.24 In our experiments measuring th
magnetic torque,t5m0M3H per volume of sample, we
also observe corresponding changes in slope,D(]t/]H)T .
We develop a suitable thermodynamic relationship to tra
form these Q-dependent slope changes into angul
independentDC/T data, and compare the results with t
data from a direct thermal measurement.

It has been verified by various experimen
techniques6,26,38 that, to first approximation, the standa
scaling rules for thermodynamic quantities in anisotropic
perconductors do apply to the moderately anisotro
YBa2Cu3O72d . The parameter describing the degree of a
isotropy can be estimated by scaling the melting fie
Hm(T,Q) at fixed temperature. Since we are able to det
the vortex-lattice melting transition as a function of angle
temperatures as high asT/Tc50.99, we can test the validity
of these scaling rules forHm(T,Q) up to this temperature.

II. EXPERIMENT

Our homebuilt experimental setup to collect the magne
torque data has been described in detail in Refs. 36–37.
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used capacitive cantilevers with a resolution in torque of b
ter than 10212Nm. The experiments aboveT591.5 K were
done in a normal conducting magnet. Below 91.5 K, we us
a commercial PPMS~where PPMS is a Physical Proper
Measurement System, Quantum Design! with a split-coil
magnet that provided magnetic fields up tom0H57 T. The
temperature scales in the two systems were caref
matched by detecting known reference points. The samp
a 380mg naturally untwinned YBa2Cu3O72d single crystal
with a Tc593.3 K. The very high quality of the sample
reflected in a small total width of the vortex-lattice meltin
transition,dT'60 mK ~see Sec. VI of this paper!, which has
to be compared to adT of the order of 200 mK and more a
observed in earlier samples.11,12,19–28Our torque data show
very little magnetic hysteresis below the vortex-lattice me
ing transition,17 therefore vortex pinning is much less pro
nounced than in other high-quality samples where the tr
sition is also observable. All experiments described h
were done by rotating the magnetic field in the plane tha
defined by thea and thec directions of the crystal. Hence, a
numerical values obtained in our data analysis are valid
this geometry.

In Fig. 1 we show typical torque-versus-magnetic-fie
raw data (T591.9 K, Q535°), for increasing and decreas
ing magnetic field around the vortex-lattice melting tran
tion. In the case of hysteresis we assumed that the ‘‘rev
ible’’ torque signal is represented by the average of the t
curves, i.e., that the hysteresis width~inset of Fig. 1! is sym-
metric for increasing and decreasing magnetic field. Each
these curves was analyzed assuming a Gaussian distrib
of first-order transitions, centered aroundHm , with a full-
width dH and total amplitudeDt. At the same time
(]t/]H)T was allowed to change its slope continuously a
cording to the same Gaussian distribution. A smooth ba
ground was represented either by polynomialsP(H) in H of
the order 3 or 4, or by polynomials in ln(H) of the form t

FIG. 1. Representative magnetic torque per sample volumet vs
magnetic-field data for an untwinned YBa2Cu3O72d single crystal
~T591.9 K andQ535°). The three curves are data taken for i
creasing~upper curve! and decreasing~lower curve! magnetic field,
and the average of the two data sets~middle curve!. In the inset we
plotted the magnetic-hysteresis widththyst that corresponds to a
critical-current density of the order ofJc'2 A/cm2, and that shows
a weak peak effect around the melting transition~indicated by an
arrow!.
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3594 PRB 61A. SCHILLING et al.
5A11A2HP(ln@H#) ~with additional fitting parametersA1
andA2) to account for the approximate logarithmicH depen-
dence of the magnetizationM. In the following figures we
plot the results of all these fits that have been done in a
range of typically Hm620%, to illustrate the effect o
changing the model for the background on our results forDt
andD(]t/]H)T .

III. DIRECTION OF THE
MAGNETIZATION-DISCONTINUITY VECTOR DM

At a fixed temperatureT and for each chosen magnet
field valueH we varied the angleQ betweenH and thec axis
of the crystal. The resulting discontinuities in magne
torque per sample volume,Dt(Q), are shown in Fig. 2~a!
for T591.0 K, and the corresponding melting fieldsHm(Q)
are plotted in Fig. 2~b!. From suchDt(Q) data we are able
to calculate the angle« between the magnetization
discontinuity vectorDM and thec direction of the crystal
@see Appendix with Fig. 9, Eqs.~A7! and ~A9!#. All the
«(Q) data, taken at six different temperatures, are show
Fig. 3~a!. For small angles~i.e., smaller than'75°!, DM
appears to be almost parallel toc. At larger angles,DM is
tilted away fromc towards the direction ofH ~i.e., «,0).
The fact that a discontinuity int can be detected in
magnetic-torque measurements already indicates thatDM
cannot be parallel toB. If DM were alongB, the magnetic

FIG. 2. ~a! The discontinuity in magnetic torque,uDtu per
sample volume, at the vortex-lattice melting transition forT
591.0 K, plotted as a function of the angleQ between the applied
magnetic field and thec direction of the crystal. The dotted curv
corresponds to a fit to Eqs.~1! and ~A7! using g58.2, while the
dashed line represents a corresponding fit withg57.6 ~see
text!. ~b! The melting fieldsHm at T591.0 K, as a function ofQ.
ta

in

induction vector would not rotate at the melting transitio
andDt50 according to Eq.~A10!. The angle of rotation of
B, i.e., of the average direction of the magnetic-flux lines
plotted in Fig. 4.

The direction ofDM can be compared with prediction
about the direction of the magnetization vectorM in uniaxial
superconductors.35 The anglew betweenM and the negative
c direction is given by

tan~w!5
1

g2 tan~Q!, ~1!

whereg2 is the effective-mass anisotropy for current tran
port parallel and perpendicular to thec direction.35 This re-
sult should only weakly depend on the geometry of the v
tex lattice, because in deriving Eq.~1! the geometry factors
accounting for the vortex-lattice structure cancel out to fi
approximation. Thus, it is reasonable to assume thatw has
the same value in the vortex solid and in the vortex-flu
state, andDM should always be directed parallel toM , with
«52w. In Fig. 2 we plotted our expectations according
Eq. ~1! using a valueg58.2 that we derived earlier by sys
tematically scaling all the melting fieldsHm(Q) from

FIG. 3. ~a! The angle« between the magnetization-discontinui
vectorDM and thec direction of the crystal, as a function ofQ and
for different temperaturesT. The dotted line corresponds to ou
expectation according to Eqs.~A7! and ~1! for g58.2, assuming
thatDM is parallel toM ~see text!. ~b! The data from~a!, plotted
as tan(2«) vs tan(Q). For DM parallel toM , the data should col-
lapse onto a single line with a slopeg22 @see Eq.~1! in the text#.
The inset shows the same data, but excluding the data point aQ
589.0° for clarity.
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PRB 61 3595ANISOTROPY OF MAGNETIZATION DISCONTINUITY . . .
angular-dependent thermal data on a similar crystal us
Eqs. ~A1!–~A2!.26 The melting fieldsHm(Q) that we mea-
sured directly with our torque magnetometer at this parti
lar temperature are best fitted withg'7.6, however, which is
slightly lower than the result from the global fit~see below!.
A possible variation ofg with a temperature that might ac
count for this discrepancy is discussed later in Sec. VI of t
paper. The corresponding«(Q) line for g58.2 is shown in
Fig. 3. In Fig. 3~b! we plotted the same data as tan(2«) vs
tan(Q). Except for the data point atQ589°, there is a fair
agreement with Eq.~1! indicating DM is indeed parallel to
M for a wide range of anglesQ, even whenM is already off
by more than 20° from thec direction. The deviation of the
last data point atQ589° from Eq.~1! cannot be explained
by a systematic offset of the direction of the applied ma
netic field with respect to thec axis of the crystal, which we
estimate to be less than 0.03°, leading to negligible error b
in Fig. 3. However, we cannot definitely conclude that th
deviation is really significant and would indicate a change
the thermodynamics of the vortex-lattice melting very ne
the Hiab geometry.39,40 It might be due to the effect of a
weak, undetected mechanical vibration of the crystal distu
ing the measurement, or to an unknown misalignment ins
the crystal leading to additional errors in«(Q).

IV. MELTING ENTROPY AND CRITICAL POINTS OF
THE FIRST-ORDER MELTING LINE

From our data and using Eqs.~A7! and ~A9!, we may
extract values for the discontinuity in magnetizationDM0
for Q50° @see Fig. 5~a!#, and convert them to changes
entropy, DS, by making use of the Claussius-Clapeyr
Equation~A4!. In Fig. 5~b! we compare these results wit
the corresponding values that we deduced from our pr
ously publishedDM0(T) data taken on the same crystal@Fig.
5~a!#,17 and with DS data from a direct thermal study on
similar but larger crystal with a lowerTc592.0 K.26 The
data show a systematic, virtually linear decrease in the m
ing entropy~counted per mole of sample! as T approaches
Tc . This decrease inDS has been quantitatively correctl
reproduced by a recent theory that is based on the Lon

FIG. 4. The angle of rotationa of the magnetic-induction vecto
B ~i.e., the average direction of the vortex lines! upon vortex-lattice
melting, as a function ofQ and for different temperaturesT.
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model for describing the thermodynamics of the vortex s
tem in YBa2Cu3O7.

41 As we will see in the next paragraph
the theory only poorly describes the magnitude of the sim
taneous steplike variations in the reduced specific hea33

DC/T, that are associated with changes in the slo
(]t/]H)T at the vortex-lattice melting transition.

Both the magneticDM0(T) data and theDS(T) values
from thermal measurements on a different sample extra
late to zero aroundT/Tc'0.995,1 @see Figs. 5~a!–~b!#. For
both thermal and magnetic data the respective critical te
peraturesTc were obtained by fitting the corresponding me
ing fields Hm(T) to a power law,Hm(T)5H0(12T/Tc)

n,
with the fitting parametersH0 , Tc , andn @see Fig. 5~c!#. We
observe that aroundT/Tc'0.985 ~i.e., at Hm0'0.36 T for
Q50°) and with increasing temperature,DM0(T) starts de-
viating from the linear trend that extrapolates to zero
T/Tc'1, thereby causing a kinklike feature inDM0(T) @see
Fig. 5~a!#. The fact thatDS(T) vanishes below the tempera
ture where the melting lines extrapolate to zero might in
cate that the first-order character of the phase transitio
lost at a lower critical point, that would be located arou
m0H'80 mT in our crystals. However, the validity of thi
conclusion crucially depends on the definition of the critic
temperatureTc . To demonstrate this, we tentatively igno
the upward curvature of theHm0(T) data obtained from the
magnetic measurements@wheren'1.35 ~Ref. 17!#, and ex-
trapolateHm0(T) aboveT/Tc50.98linearly to zero@see Fig.
5~c!#. We find that with this new definition ofTc , the melt-
ing field becomes zero only slightly above the temperat
whereDS vanishes, making the assumption of the existen
of a lower critical point perhaps unnecessary. This line
extrapolation procedure for ourHm0(T) data nearTc has no
physical justification, however. We therefore defineTc in the
following as the resulting value from a power-law fit to th
Hm(T) data as described above.

The temperature difference betweenTc and the tempera-
ture whereDS vanishes in our samples is'450 mK, which
has to be compared with the width of the vortex-lattice me
ing transition and the width of the transition to supercond
tivity in zero magnetic field. We defined these transiti
widths as follows: Our analysis of the broadening of t
steplike discontinuities in magnetic torque gives a full wid
of the vortex-lattice melting transitiondT'50– 70 mK~see
Sec. VI of this paper!. From resistivityr(H,T) data taken on
a crystal of the same batch, in zero magnetic field and
m0H'1 T at the vortex-lattice melting transition,42 we can
also estimate the widthsdTr of the respective transitions
For H50 we can fitdr(T)/dT to a Gaussian with a full
width dTr and obtaindTr'80 mK. As an alternative, we
can compare the well-defined temperatures wheredr/dT is
maximum and wherer(T)50. For bothH50 ~i.e., the tran-
sition to superconductivity! andm0H'1 T ~the vortex-lattice
melting transition! we obtain in this waydTr'100 mK. The
temperature difference betweenTc and the temperature
whereDS vanishes~'450 mK! does not seem to be relate
in an obvious way to the above estimates for the ‘‘chemica
full width of the transition ~50–100 mK!. We therefore
speculate that a lower critical point ofHm(T) indeed does
exist in our samples, that might be related to the amount
the character of disorder as recently shown in Ref. 43 for
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FIG. 5. ~a! Magnetization discontinuitiesDM0 for Hic, obtained from the transverse componentsDM trans according to Eq.~A7!, and
plotted versus the reduced temperature. Triangles are theDM0 data from Ref. 17, while diamonds correspond to additional data points f
this work. The solid arrow indicates where the low-fieldDM0(T) data extrapolate to zero. The dashed arrow shows whereDM0(T) changes
its slope~see text!. The dashed and the dotted lines are to guide the eye.~b! Discontinuities in entropy at the vortex-lattice meltin
transition, calculated from the data in Fig. 5~a! using the Clausius-Clapeyron equation~A4!. The inset shows corresponding data from
direct thermal measurement on a different crystal~Ref. 26!. The arrow indicates whereDS(T) extrapolates to zero.~c! The melting fields
from our magnetic experiments, reduced toHic valuesHm0 using Eqs.~A1! and~A2! with g58.2. The dashed line is a power-law fit to th
data, while the dotted line represents a linear fit to the data aboveT/Tc50.98 ~see text!. ~d! Specific-heatC/T vs T/Tc data form0H
50.125 T parallel toc. At this magnetic field and below~down tom0H'89 mT parallel toc andT/Tc50.994) the first-order transition ca
still be observed magnetically, whileC/T already shows a distinct upward curvature indicating the strong influence of fluctuation
thermodynamic quantities nearTc .
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case of dilute columnar defects. It is worth mentioning h
that in some moderately twinned or artificially detwinn
YBa2Cu3O72d crystals it was impossible to observe a firs
order transition already in magnetic fieldsm0H'4 T and
lower, regardless of the sharpness of the transition to su
conductivity and the high chemical purity of th
samples.19,21,22,28,29

We have detected a discontinuity in the magnetic torq
at temperatures as high asT/Tc50.994 ~in m0H'89 mT
along c!,17 where the specific heat is already dominated
fluctuation effects, as demonstrated by the strongly upw
curvature inC/T vs T in the same temperature and magnet
field range@see Fig. 5~d!#. The first-order transition is obvi
ously very robust against the occurrence of such fluctuat
nearTc , which may be difficult to reconcile with the intui
tive picture of the melting of an ordered crystal lattice
well-defined vortices so close toTc . It can be explained in a
natural way by interpreting the zero-fieldTc as the critical
point in a three-dimensional 3D-XY model, where all phase
transition lines within the critical region, includingHm(T),
eventually merge. Support for this interpretation comes fr
e

r-

e

y
rd
-

s

the excellent fit of our low-fieldHm0(T) data ~i.e., m0H
,1.2 T) to a power law withn' 4

3 ~see above!, which may
be a consequence of the 3D-XYscaling of physical quantities
in low magnetic fields and nearTc that has also been ob
served in other experiments.11,44–50These issues need furthe
experimental clarification because they may question the
lidity of the common picture of a ‘‘re-entrant’’ melting line
that would bend over to lower temperatures with decreas
magnetic field and not terminate atTc .50,51

Many experiments have indicated that in higher magne
fields the first-order character of the transition is lost at
upper~multi-! critical point, the location of which is believed
to depend on the anisotropy parameterg and on the amoun
and the character of defects in the sample.25,43,52–54Unfortu-
nately, the relevant magnetic fields are somewhat too hig
do a systematic magnetic study on the upper critical po
with our torque magnetometer. We have observed in ther
experiments on similar crystals that forQ50° and above
m0H'6.5 T, DS(T) indeed starts to decrease with decre
ing temperature, and finally vanishes aroundm0H'12.5 T
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PRB 61 3597ANISOTROPY OF MAGNETIZATION DISCONTINUITY . . .
@see Fig. 6~a!#.29,30 At the same time, with increasing mag
netic field, the melting temperature is more and more shif
to lower temperatures when compared to an extrapolatio
a low-field power-law fit to theHm0(T) data, thereby caus
ing a slightlyS-shaped melting curve with an inflection poi
around m0H'6.5T @see Fig. 6~b!#. This behavior is, of
course, not reproduced by a London theory that assum
system without disorder.33,41 A similar but somewhat much
more pronounced feature inHm(T) has already been ob
served in the very anisotropic Bi2Sr2CaCu2O8.

10

V. CHANGES IN „tÕH …T AT THE VORTEX-LATTICE
MELTING TRANSITION

Along with the steps in entropy and magnetization at
vortex-lattice melting transition, simultaneous steplike var
tions in the reduced specified heatDC/T have been observe
in thermal experiments.18,22–26These changes represent t
difference in specific heat between the vortex-fluid and
vortex-solid state, i.e., inC/T at temperatures right abov

FIG. 6. ~a! The discontinuities in entropy at vortex-lattice me
ing DS from both magnetic~triangles! and thermal experiment
~stars!. The arrow indicates whereDS extrapolates to zero atT/Tc

50.78, which corresponds tom0H512.5 T parallel toc. The dotted
line is to guide the eye. The error bar represents the estimated
in DS for the data from thermal experiments.~b! The melting
fields Hm0(T) for Q50° from both magnetic and thermal exper
ments. The dashed line is a power-law fit to the data belowm0H
56 T. The dotted line is to guide the eye and to illustrate
deviation of theHm0(T) data from a power-law behavior as th
magnetic field approaches the upper critical point atm0H
512.5 T.
d
of

a

e
-

e

and below the first-order transition, respectively. They
related to changes in slope in magnetization,D(]M /]H)T
andD(]M /]T)H , by a thermodynamic relationship.24 In our
experiments measuring the magnetic torque,t5m0M3H
per volume of sample, we also observe correspond
changes in slope,D(]t/]H)T ~see Fig. 1!. While a thermo-
dynamic consistency check betweenD(]M /]T)H andDC/T
data is rather straightforward forHic,24 a transformation of
correspondingD(]t/]H)T data with QÞ0° into thermal
DC/T values is not as trivial~see Appendix!. In Fig. 7~a! we
show a representative set ofD(]t/]H)T data as a function of
Q for T592.15 K, indicating that this quantity strongly de
pends on the angleQ. According to standard angular
dependent scaling rules for thermodynamic quantities in
isotropic superconductors, the associated changesDC/T at
fixed T should not depend onQ, however. In Fig. 7~b! we
display the result of transforming ourD(]t/]H)T data into
DC/T values by using Eq.~A24!. We can conclude that at
given temperatureT and within the scattering of the data, th
resulting changes in reduced specific heatDC/T do not de-
pend on the angleQ, in a similar way as the entropy change
DS that also do not depend onQ.26,32,33 In Fig. 7~c! we
compare the magnetically obtainedDC/T data with the data
from a direct thermal measurement on a similar crystal.26,30

In a very contrast to specific-heatC(T) data near the vortex
lattice melting transition, our field-dependent magne
torquet(H) data taken at fixedT do not exhibit any strong
variation in the background signal that would give rise to
large uncertainty in choosing the correct model for fitting t
data. Therefore we judge our ‘‘magnetic’’DC/T data as
more reliable than our thermal estimate forDC/T from a
direct C(T) measurement, the evaluation of which
strongly hampered by the presence of fluctuation effects n
Tc .26 It is clear that the magnitude ofDC/T is of the order of
1 mJ/mole K2 at temperatures as close as 0.99 K toTc . This
means that measured values ofDC/T are at least twice as
large as those predicted in Ref. 33, while the tempera
dependence ofDC/T may be correctly reproduced by th
theory.

VI. ANGULAR SCALING OF THE MELTING FIELD AND
OF THE TRANSITION WIDTH

Many experiments have confirmed that the standard s
ing rules for thermodynamic quantities in anisotropic sup
conductors are valid for YBa2Cu3O72d ~Refs. 3, 6, 24, 26!,
which is only moderately anisotropic. This is not necessa
the case for a very anisotropic compound such
Bi2Sr2CaCu2O8. If the layered structure of a superconduct
becomes important, anisotropy effects may perhaps
longer be described by a single, temperature and fie
independent anisotropy parameterg that is derived from an
anisotropic effective-mass model.31,34 Nevertheless, this pa
rameter g can be rather accurately determined f
YBa2Cu3O72d in the superconducting state, e.g., by scali
the melting fieldsHm(T,Q) or the melting temperature
Tm(H,Q),3,6,24,26,38 or by fitting the reversible magneti
torquet(Q) to a suitable model.55,56 This latter method is
very simple and does not require the high instrumental p
cision that is necessary to detect the first-order melting tr
sition, but it cannot be applied at temperatures too close
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the critical temperatureTc where fluctuation effects lead to
pronounced distortion of the mean-field torque signal.57 We
were able to measure the angular dependence of the vo
lattice melting transition at temperatures as high asT/Tc
50.99, which allows us to test the validity of the standa
scaling rules forHm(T,Q) up to this temperature.

In Fig. 8~a! we show the corresponding melting field
Hm(T,Q) for different temperatures. Each curve can be
ted according to Eqs.~A1! and ~A2!, and we obtain an an

FIG. 7. ~a! Changes in slope in the magnetic torquet(H) at the
vortex-lattice melting transition,uD(]t/]m0H)Tu, as a function of
Q for T592.15 K. ~b! The difference in the specific heat betwe
the vortex-fluid and the vortex-solid state,DC/T, calculated from
the data from Fig. 7~a! using Eq.~A24!. ~c! Comparison between
our magnetic estimates~triangles, see Figs. 7~a!–~b!! and direct
thermal measurements ofDC/T ~stars! for different temperatures
The error bars represent the estimated errors for the respective
of data.
ex-

-

isotropy parameterg for each temperature. The result of th
analysis is shown in the upper panel of the inset of Fig. 8~a!.
To first approximation, all the melting fieldsHm(T,Q) scale
very well up toT/Tc50.99. In order to test whether or no
the weak variation ing @as shown in the inset of Fig. 8~a!# is
significant or not, we examined to what extent changing
range of fitting a set ofHm(T,Q) data influences the result

ets

FIG. 8. ~a! The melting fieldsHm(Q) for different temperatures
nearTc . The dotted lines correspond to fits according to Eqs.~A1!
and ~A2! to obtain values for the anisotropy parameterg ~upper
inset!. The lower inset showsg values that we obtained by fitting
the data forQ<75° only. ~b! Total transition widthdH ~i.e., the
full width according to a Gaussian distribution of first-order tran
tions!, as a function of the angleQ for T591.0 K. The dotted line
corresponds to a scaling ofdH according to Eq.~A2! with g
58.2. ~c! Transition widths in temperaturedT for T591.0 K.
Within the experimental scatter,dT is independent ofQ. Inset: The
respective mean values of the transition widthsdT as a function of
temperature.
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ing value ofg. A simultaneous linear fit with varying fitting
range to all the available data reveals that the parametg
weakly depends on the selected range of anglesQ. For 0°
,Q<75° we obtaing58.09, for Q<85° we calculateg
57.91, and for the full range of data we have an optim
g57.69. We therefore tentatively fixed the range of ang
for fitting the data toQ<75° for all temperatures. The re
sulting values forg are plotted in the lower panel of the ins
of Fig. 8~a!, and they still show a certain change with tem
perature. However, all these variations ofg are within a stan-
dard deviation of only65% around the mean valueg
58.2. Therefore, there are no profound consequences on
conclusions that we have drawn in Secs. III–V of this pap
and we can confirm that scaling the melting fieldsHm(T,Q)
is a reliable method to determineg nearTc .

Finally, we want to analyze the width of the vortex-lattic
melting transition in YBa2Cu3O72d , that, according to com
mon interpretation schemes, reflects the chemical homog
ity of the sample. Many previous experiments
YBa2Cu3O72d single crystals of different sources indicate
that the respective total transition widths~usually defined as
the width of the first-order peak in specific-heat measu
ments! are rather narrowly distributed around a seemin
common value of the order ofdT5200 mK.11,12,19–28This
observation gave rise to suggestions that a virtually cons
dT ~more precisely, adT that depends very weakly o
sample size! may be a consequence of a peculiar underly
mechanism that also produces the observed discontinuitie
magnetization and in entropy, but that does not invok
thermodynamic first-order transition.58 In Fig. 8~b! we show
the total transition width~according to a Gaussian distribu
tion of first-order transitions with a half-widthdH/2), as a
function of the angleQ for T591.0 K. If the broadening of
the transition were of a chemical nature leading to a to
width dT in temperature, the resulting magnetic full-width
dH should scale asdH5dTudHm(T,Q)/dTu, i.e., according
to the scaling function~A2!. Using m0dHm(T,0)/dT5
20.4 T/K at this temperature, we calculate with~A2! and
g58.2 thedT values shown in Fig. 8~c!, that are indepen-
dent ofQ within the experimental scatter. In the inset of t
same figure we have plotted the respective mean value
the transition widthsdT as a function of temperature. Th
resulting averaged value,dT'60 mK, is significantly
smaller than those reported for earlier samples. We there
conclude thatdT in YBa2Cu3O72d indeed most likely de-
pends mainly on sample quality, and that the obser
broadening of the melting transition is of chemical orig
We expect that any additional broadening of the transit
due to a geometry-induced inhomogeneous flux distribu
amounts to much less thanM udHmudTu21'3 mK for T
591 K in YBa2Cu3O72d , but it may become relevant in
strongly anisotropic compound such as Bi2Sr2CaCu2O8.

VII. CONCLUSIONS

We have performed a detailed study on the angular
pendence of the discontinuity in magnetization at the vort
lattice melting transition in YBa2Cu3O72d . We have shown
that within the accuracy of our measurement, the vectorDM
is always parallel to the magnetizationM itself, even for
large anglesQ between the applied magnetic field and thec
s
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direction of the crystal, whereM is already significantly
tilted away from thec direction. The smallest magnetic fiel
at which the first-order transition is still detectable within t
resolution of our experiments ism0H'89 mT along thec
direction atT/Tc50.994, where other physical quantities a
already strongly affected by fluctuation effects. The disco
tinuities DM andDS vanish slightly below the temperatur
whereHm(T) extrapolates to zero, which could indicate th
existence of a lower critical point of the vortex-lattice me
ing line in our samples, where the first-order character of
transition is lost. Using an appropriate thermodynamic re
tionship we can convert the changes in slope in magn
torque at the melting transition,D(]t/]H)T , to differences
in specific heatDC/T between the vortex-fluid and th
vortex-solid phase. The thus obtained data agree well w
thermal experiments, but also suggest thatDC/T is some-
what larger than predicted by theory. We have shown t
the melting fieldsHm(T,Q) scale, to first approximation
very well according to scaling rules for anisotropic superco
ductors up to temperaturesT/Tc50.99.
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APPENDIX

1. Measuring the Direction of the Magnetization-Discontinuity
Vector DM

In this paragraph we want to show that the direction of
magnetization-discontinuity vectorDM at the vortex-lattice
melting transition can be determined by measuring its tra
verse component alone, if we assume that standard ang
dependent scaling rules for thermodynamic quantities in
isotropic superconductors do apply. We also consider ho
possible change in the direction of the magnetization vec
M at the transition would influence other measurable sc
magnetic quantities, such as the longitudinal componen
DM , or its projection along thec axis of the crystal.

A possible scenario is sketched in Fig. 9. We choose
axes in a way that the unit vectorez is directed alongc, with
an angleQ between the magnetic fieldH andez . The vectors
H andM are chosen to be in thexzplane. We ignore here the
effect of a possible in-plane anisotropy that would make
distinction betweenx andy ~or a andb, respectively! neces-
sary. We assume that the magnetization vector discont
ously jumps fromM1 ~solid phase, with an anglew1 between
M1 and2ez) to M2 ~fluid phase, with a respective anglew2)
at the melting transition, and rotates byDw5w22w1 ~here
and in the following,D denotes a difference between th
high-temperature fluid and the low-temperature so
phases!. If DwÞ0 the rotation would lead to aDM5M2
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2M1 that is neither parallel toM1 nor toM2 . The magnetic-
flux density B would show a rotation by an anglea. The
angle « betweenDM and ez is unknown, and will be ex-
tracted from our experimental data. IfDM were parallel to
M1 , we would have «52w1 , and Dw50. In
YBa2Cu3O72d , the absolute value of the melting fiel
Hm(T,Q) at fixedT scales as

Hm~T,Q!5Hm0~T! f ~Q!, ~A1!

with

f ~Q!5
g

@sin2~Q!1g2 cos2~Q!#1/2, ~A2!

whereg>1 is the anisotropy ratio as defined in the main te
of the paper, andHm0(T) is the melting field forQ50°.31

The magnetic torque per sample volume

t5m0M3H ~A3!

is a vector along the unit vector1ey . Angular-dependen
scaling rules for thermodynamic quantities in moderately
isotropic superconductors such as YBa2Cu3O72d require that
the step in entropy at vortex-lattice melting,DS, depends
only on T, but not on the angleQ.31,32 This has been con
firmed by thermal experiments.26 Therefore, the Clausius
Clapeyron equation

DS52m0DM•

dHm

dT

51m0uDM uUdHm

dT Ucos~Q1«!51m0uDM0uUdHm0

dT U
~A4!

gives a useful relationship between the absolute values o
vectorsDM and dHm /dT and the respective valuesDM0
and dHm0 /dT for Q50°. The quantitiesDM0(T) and
Hm0(T) are well known from experiments.11,12,17–29Using
~A2! and ~A4! we obtain

DM5
DM0

f ~Q!cos~Q1«!
. ~A5!

FIG. 9. Sketch of the situation for a magnetic first-order tran
tion in a tilted magnetic field. The magnetization jumps discontin
ously fromM1 to M2 , which might, in principle, lead to a rotation
of the magnetization vectorM at the transition. If the discontinuity
DM is parallel toM , we expect to have2«5w15w2 .
t

-

he

Note that in our situationudHm /dTu.0, while dHm /dT
,0. The longitudinal component~parallel toH! becomes

DM long5eH•DM5
DM0

f ~Q!
, ~A6!

with the unit vectoreH alongH. It does not depend on«, and
a possible rotation ofM cannot be detected in an experime
probing only DM long. The transverse component perpe
dicular toH can be experimentally determined by detecti
the discontinuity in magnetic torque per sample volum
uDtu5um0DM transHu, and is

DM trans5
DM0

f ~Q!
tan~Q1«!, ~A7!

which depends on«. A rotation of M can therefore be de
tected by measuringDM trans, e.g., in a sensitive transvers
superconducting quantum interference device arrangeme
in a magnetic-torque experiment.

For the component parallel toc we calculate

DMc5
DM0 cos~«!

f ~Q!cos~Q1«!
5

DM0

f ~Q!@cos~Q!2tan~«!sin~Q!#
.

~A8!

This component, that is measured in local Hall-array exp
ments, also depends on«. In our magnetic-torque experi
ment, we can detectuDtu at fixed temperatureT and for a
series of anglesQ. For eachQ, Dt will occur at the melting
field H5Hm(Q). The angle« can then be calculated from
DM transusing Eqs.~A2! and~A7! if the corresponding values
DM0 andg are known from another experiment. In practi
we can rely on the fact that for small values ofQ, DM is
virtually parallel toc,34 and

uDM0u'
uDtu

m0Hm sin~Q!
. Q→0. ~A9!

The anisotropy parameterg can be easily obtained in th
same experiment by scaling the measured melting fie
Hm(Q) at fixedT according to Eqs.~A1! and ~A2!.
The vectorB will also show a slight rotation by the anglea.
Since in YBa2Cu3O72d , m0M!B we can usem0H'B, and
with Eq. ~A7! we obtain

2pa

360°
'

uDM transu
Hm

5
uDM0u

Hmf ~Q!
tan~Q1«!5

uDtu
m0Hm

2 .

~A10!

2. Difference in the Specific Heat between the Vortex-Fluid
and the Vortex-Solid Phases

In this section we will calculate the difference in the r
duced specific heatDC/T between the vortex-fluid and th
vortex-solid phases, expressed by the measured chang
slopeD(]t/]H)T of the magnetic torque per sample volum
at the vortex-lattice melting transition, and other magne
quantities that are known from experiments. The situation
complicated by the fact that the magnetic torque per sam
volume, t5m0M3H, is a vector, while experiments onl
give the absolute valueutu. Therefore one has to carefull
consider the geometry of the problem, and to check the s

-
-
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of all scalar quantities that are related to vectors such asM ,
DM , t, Dt, Hm , and their derivatives~see Fig. 10!. We
already include here the experimental result thatDM is par-
allel to M , i.e.,w15w25w52«. The anglew can be calcu-
lated from Eq.~1! in the main text.

The derivative (]t/]H)T is

S ]t

]H D
T

5m0S ]M

]H D
T

3H1m0M3eH ~A11!

~with the unit vectoreH alongH!, with a change

DS ]t

]H D
T

5m0DS ]M

]H D
T

3H3m0DM3eH ~A12!

at the phase transition. To substitute the derivat
(]M /]H)T we calculate

dDM

dT
5S ]DM

]T D
H

1S ]DM

]H D
T

dHm

dT
~A13!

for a fixedQ, whereDM (T) is the step in magnetization a
a function of the melting temperatureT. We note that the
changes in the slope ofM at the transition are identical to th
corresponding slopes of the differenceDM , i.e.,

DS ]M

]T D
H

5S ]DM

]T D
H

and DS ]M

]H D
T

5S ]DM

]H D
T

.

~A14!

From Eq.~A12! we obtain

DS ]M

]H D
T

52
uD~]t/]H !T2m0DM3eHu

m0H sin~Q2w!
eM ~A15!

with the unit vectoreM alongM . With Eqs.~A12!–~A15! we
calculate

dDM

dT
5DS ]M

]T D
H

2
uD~]t/]H !T2m0DM3eHu

m0H sin~Q2w!
•

dHm

dT
•eM .

~A16!

The change in reduced specific heat,DC/T, is given by

FIG. 10. Sketch of the same situation as in Fig. 9, but forDM
parallel toM . The arrows indicate the direction of the respecti
vectors in space that are used for the calculation of the differenc
the specific heat between the vortex-fluid and the vortex-solid s
DC/T, from D(]t/]H)T data~see Appendix!.
e

D
C

T
1m0DS ]M

]T D
H

•

dHm

dT
1m0

dDM

dT
•

dHm

dT

1m0DM•

d2Hm

dT2 50. ~A17!

This formula is an extension of an Ehrenfest relations
~used to describe second-order phase transitions whereDM
50) for phase transitions that are of first order.24 It can be
obtained by using the fact that the difference in the fr
energy between the fluid and the solid states,DG, is zero
along Hm(T), and therefored2DG/dT250 @note that
dDG/dT50 yields the Clausius-Clapeyron equation~A4!#.
Combining~A16! and ~A17! we obtain

D
C

T
522m0

dDM

dT
•

dHm

dT

2
uD~]t/]H !T2m0DM3eHu

H sin~Q2w!
•

dHm

dT
•

dHm

dT
• eM

2m0DM•

d2Hm

dT2 . ~A18!

To eliminate all the vectors in~A18!, we first write

t5m0uM uH sin~Q2w!.0, ~A19!

~i.e., t is directed along1ey) and the difference

Dt52m0uDM uH sin~Q2w!,0 ~A20!

~along 2ey). With ~A14! and u]DM /]Hu5]uDM u/]H we
have

DS ]t

]H D
T

52m0S UDS ]M

]H D
T
UH1UDMU D sin~Q2w!,0

~A21!

along 2ey . The negative signs of bothDt andD(]t/]H)T
are observed in our experiments~see Fig. 1!.

The cross product in~A18! is a vector with the absolute
value

uDM3eHu5uDM usin~Q2w!, ~A22!

that is also directed along2ey . Therefore,

UDS ]t

]H D
T

2m0DM3eHU
5U2UDS ]t

]H D
T
U1m0UDMUsin~Q2w!U

5UUDS ]t

]H D
T
U2 m0uDM0u

f ~Q!
tan~Q2w!U. ~A23!

Inserting Eqs.~A2!, ~A5!, and~A23! into Eq. ~A18! we ob-
tain the final result

in
e,
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DC

T
522m0UduDM0u

dT UUdHm0

dT U2m0uDM0uUd2Hm0

dT2 U
1

f ~Q!2

H UUDS ]t

]H D
T
Ucot~Q2w!2

m0uDM0u
f ~Q! U

3S dHm0

dT D 2

. ~A24!
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This formula is valid only if all the relevant vectors are d
rected as indicated in Fig. 10. In other situations, one ha
reconsider the signs of some of the terms in~A24!. In a
different physical context~e.g., for a first-order transition in
other anisotropic magnetic materials! one has also to use a
appropriate scaling functionf (Q), and needs to verify tha
DS(Q) scales according to similar rules as in anisotro
superconductors.
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