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Vortex-lattice melting in untwinned YBa2Cu3O7Àd for H�c
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We have measured the latent heatL of vortex-lattice melting of optimally doped, untwinned YBa2Cu3O72d

as a function of the angleQ between the external magnetic fieldH and the crystallographicc axis. The high
resolution in bothL and Q allowed us to explore the configuration withH perpendicular toc, where the
thermodynamics of the vortex system can be expected to be influenced by the layered structure of the material.
Within the resolution of our experiment, we do not detect any deviations of the data from the predictions made
by a conventional anisotropic continuum theory. In contrast, continuum-theory expectations are confirmed with
high accuracy for magnetic fields that are aligned within 0.01° to theb axis of the crystal.

DOI: 10.1103/PhysRevB.65.054505 PACS number~s!: 74.25.Bt, 74.25.Ha, 74.60.Ge, 75.30.Gw
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I. INTRODUCTION

The thermodynamics of the vortex-lattice melting~VLM !
transition in the mixed state of copper-based hig
temperature superconductors has been a matter of cons
able interest.1–25 If an external magnetic fieldH is not too
close to the lower critical fieldHcl ~Refs. 26,27! and applied
parallel to the crystallographicc axis of a sufficiently clean
crystal, the low-temperature vortex phase is a well-orde
lattice with finite elastic constants, leading to zero electri
resistance. As the temperature is increased, the thermal
tion of the vortices becomes relevant, and the lattice eve
ally liquefies at a field-dependent phase boundary.1–3,27 Be-
yond a certain magnetic-flux densityBcrit,low @i.e., above a
lower critical point in theB-T phase diagram, the location o
which is sample dependent and ranges in YBa2Cu3O7 from
Bcrit,low,0.1 up to 4 T~Refs. 17, 20, and 23!#, the transition
is sharp and of first order with a finite latent heat. The
spective solid and fluid phases are not only distinctly diff
ent from each other in their spatial symmetry, but also w
respect to their response to changes of the external mag
field or to their reaction to an applied electrical current. T
solid phase is magnetically irreversible and has a fin
critical-current density, while the fluid phase is reversib
and shows zero critical current. Above another limiting fl
densityBcrit,up ~an upper critical point that may also vary
YBa2Cu3O7 from sample to sample betweenBcrit,up59 T and
yet unmeasurably high values20,23–25,28!, the phase transition
becomes less sharp and continuous,20,25 and the occurrence
of magnetic reversibility is no longer necessarily associa
with it.25

The discontinuous change of thermodynamic quantitie
the first-order transition, such as in entropyS and in magne-
tization M, has been measured for YBa2Cu3O7 as a function
of magnetic field and temperature,12–25 and is sufficiently
well reproduced by theories.8,29,30When the magnetic field is
tilted away from thec axis by a certain angleQ, the melting
temperaturesTm and the discontinuities inS andM also de-
pend onQ because of the distinct electronic anisotropy th
is common to all cuprate superconductors.19,21–23Within an
0163-1829/2002/65~5!/054505~7!/$20.00 65 0545
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anisotropic scaling theory for a continuum,30,31 the melting
fields Hm(Q,T5Tm) and the discontinuitiesDS(Q) and
DM (Q) scale in a very transparent way with the correspo
ing values measured forHic, i.e., forQ50. This scaling has
been experimentally verified to hold in the moderately ani
tropic YBa2Cu3O7 for angles up toQ588°,23 while it fails
to explain the data for the highly anisotropic Bi2Sr2CaCu2O8

that shows a much more complex vortex-lattice structure
tilted field.32,33 However, deviations from continuum-theor
expectations may also be expected to occur in YBa2Cu3O7 as
soon asH approaches theHiab geometry.27,34–40It can be
argued that for magnetic fields that are sufficiently clos
aligned to the copper-oxygen planes, the vortex lattice
commodates to the crystallographic structure of the mate
The resulting highly deformed vortices~Josephson vortices!
are expected to show a variety of thermodynamic phases
phase transitions between them that would not be adequa
treated in any scaling theory for a continuum.34–40 For in-
stance, the liquefaction of the low-temperature ordered s
phase to a fluid phase is likely to occur in two steps. A fi
transition from the ordered solid to an intermediate flu
phase with the long-range order alongc may occur, that
eventually melts at a second, higher transition temperatur
a fluid state with no long-range order at all. Th
intermediate-ordered fluid state is very reminiscent to
smectic phases in liquid crystals, where elongated objects
also confined to parallel planes.38,39

Early resistivity measurements on untwinned YBa2Cu3O7
single crystals have indeed indicated that the sharp first-o
VLM transition is replaced by a smooth crossover as soon
H is as close as 0.3° to theab direction.41 More recent trans-
port data have revealed clear deviations from conventio
angular scaling for the phase-transition fieldsHm nearHiab
in a number of samples.42 We have, therefore, investigated
detail theQ dependence of the melting temperaturesTm and
the latent heats of melting,L5TDS, for this geometry. Our
strategy is to attempt to treat our data according to conv
tional anisotropic-scaling schemes, and to search for syst
atic deviations from such a scaling aroundQ590°.
©2002 The American Physical Society05-1
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II. EXPERIMENTAL

We have done a series of 250 heat-capacity measurem
for fixed magnetic fields~m0H53, 5, and 7.5 T! and varying
Q to study the angular dependence ofTm and the disconti-
nuity in entropyDS, and forHic and varyingH to obtain a
reference data set for the respective angular-scaling ana
~see Fig. 1!. The sample is 3.3 mg untwinned YBa2Cu3O7
single crystal with a critical temperature ofTc592.4 K. This
value is defined by fitting theHm(Q50°,T) vortex-lattice
melting line to a power law@see Eq.~4! below#, and is in
perfect agreement with the position of the peak of the s
cific heat at the transition to superconductivity in zero ma
netic field. The crystal has been previously characterized
heat-capacity and magnetization measurements,15,18,19,21and
thermodynamic consistency of the respective data has b
demonstrated.15 We used a different type of differentia
analysis ~DTA! calorimeter with a significantly increase
resolution when compared to the apparatus that we had
viously used to obtain the data presented in Refs. 15, 18
and 21~note that due to a recalibration of our thermomet
the temperature scale in this work differs by10.4 K from the
scale used in those references!. It operates on the basis of th
principle described by Schilling and Jeandupeux in Ref
with two calibrated platinum thermometers in a Wheatsto
bridge configuration. Details about the measurement te
nique will be published elsewhere. The experiment is
serted into a split-coil magnet system~Cryogenics Ltd.! that
allows, in principle, for variations in the angleQ of the order
of 0.001°. We have checked the accuracy inQ of the com-
bined setup using external laser optics, and we achieve
effective resolution in angle of 0.01°, which is still suffi
ciently precise for the present investigation. We have c
brated the zero point of the angular scale by carefully mo
toring the vortex-lattice melting temperatures for a fix
magnetic fieldH aroundQ590° ~that corresponds toHib!.
We have chosenQ590° as the angle around which the co

FIG. 1. Magnetic phase diagram of the investigated YBa2Cu3O7

single crystal for varying angleQ between the external magnet
field H and the crystallographicc axis. The symbols~circles, tri-
angles, and stars! represent measured VLM melting temperatur
Tm , while the lines have been generated using Eq.~2! with the
material parameters given in the main text.
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responding melting temperaturesTm show a symmetric de-
pendence onQ ~see later in Fig. 3!.

III. RESULTS

A. The melting temperaturesTm„Q,H …

For a simple anisotropic scaling of physical properties
copper-oxygen-based superconductors, one may assume
the effective massm* for the current transport can be treate
as a tensor.43 The square root of the ratio of the effectiv
masses along each pair of the three principle axes de
three anisotropy ratios, that are, in a general situation,
different from unity. The weak in-plane anisotropy that is
the order of one in the cuprates is often ignored for simp
ity, however. In such a uniaxial geometry, where the tw
crystallographic directions alonga andb are assumed to be
electronically equivalent, only the anisotropy ratio that co
pares current-transport properties along and perpendicula
the copper-oxygen planes is different from unity. In our e
periments we have rotated the magnetic field within
bc plane. The corresponding relevant anisotropy ratio
therefore,

gbc5Amc* /mb* , ~1!

where the indices refer to the respective crystallograp
axes. In the following we identifyg5gbc and ignore the
in-plane anisotropy that is not further investigated here,
though we know from our own thermal investigations on th
crystal thatgbc /gac51.07~see Refs. 19, 21, and this pape!.

In this simple picture all physical quantities that are r
lated to m* ~e.g., the magnetic penetration depthl or the
coherence lengthj! can be scaled according to the abo
rules.43 Along with the scaling ofl and j, one also finds
scaling expressions for other derived quantities, such as
lower and the upper critical fields, the elastic constants of
vortex lattice, and the vortex-lattice melting fieldHm .31 If
Hm is known at a certain fixed temperatureT for Hic, we
expect that the corresponding melting field for an arbitra
angleQ betweenH andc at the same temperature is31

Hm~T,Q!5 f ~Q!Hm0~T!, ~2!

where

f ~Q!5
g

Asin2~Q!1g2 cos2~Q!
~3!

~see Fig. 1!. This general results does not depend on assu
tions about the temperature dependence ofHm . If an experi-
ment is done at a fixed value ofH and for varyingQ, how-
ever, the melting temperatureTm will depend onQ ~Fig. 1,
horizontal arrow!. A formula for Tm(Q) can be given only if
we have an expression for theT dependence ofHm for any
geometry, e.g., forHic. Numerous experimental and theo
retical works2–6,12–25suggests that we have with high prec
sion for Hic nearTc

Hm~T!5Hm0~12T/Tc!
n. ~4!
5-2
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The scaling fieldHm0 and the exponentn both depend on the
microscopic mechanism that is assumed to be responsibl
the melting of the vortex lattice, and on theT dependence o
the Ginzburg-Landau parameters nearTc .2,3,27 Below m0H
55 T, we find almost exactlyn5 4

3 , which seems to be a
consequence of the applicability of a three-dimensional
scaling on approaching the critical temperature.3 Near the
upper-critical point~Bcrit,up'12 T in our sample!, where the
first-order nature of the phase transition is lost, marked
viations from the power law~4! have been observed, leadin
to a slightlyS-shaped melting lineHm(T) ~Refs. 23–25! @see
Fig. 2~a!#. However, in the region of applicability of Eq.~4!
we may expressTm(Q) as

Tm~Q!5Tc$12@H/ f ~Q!Hm0#1/n%. ~5!

We have measured the melting temperaturesTm(Q) for fixed
magnetic fieldsm0H53, 5, and 7.5 T and varyingQ. TheTm
values have been obtained from fits to corresponding m
sured entropy increasesdS(T) across the melting transitio
presented later in Sec. III B. In Fig. 3~a! we have plotted the
resultingTm(Q) data, together with the expectations acco
ing to Eq. ~5! using m0Hm05110 T, n51.35, Tc592.4 K,

FIG. 2. ~a! Experimentally determined phase diagram forHic in
magnetic fields up to 14 T. In the white region aboveT582.5 K,
theT dependence ofHm follows almost perfectly a power law with
an exponentn5

4
3 ~dotted line, see text!. The upper critical point

Bcrit,up is defined by an extrapolation to zero of theDS data shown
in ~b!. ~b! Entropies of meltingDS and the Gaussian half-widths
of the respective melting transition, plotted as functions of tempe
ture T. In the gray-shaded region,DS drops significantly,s in-
creases, and the melting temperaturesTm are reduced when com
pared to a high-temperature fit to a power-law@see~a!#.
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andg58.28. Except for the parameterg, these values have
been independently obtained from a fit to theHic data from
Fig. 2~a! below m0H55 T according to Eq.~4!. Above T
582.5 K the agreement is excellent, and there are no sig
cant deviations inTm(Q) aroundQ590° @see Fig. 3~b!#.
The systematic deviation of theTm(Q) data from the result
of Eq. ~5! below T582.5 K ~i.e., abovem0H'Bcrit,up/2! can
be ascribed to the simple fact that below this temperature,
melting line does no longer follow Eq.~4!. The correspond-
ing temperaturesTm are somewhat shifted towards lowe
temperatures than we expect from a simple power-
behavior23–25 @see Fig. 2~a!#. This apparent reduction ofTm
near the upper critical pointBcrit,up is not only observed in
YBa2Cu3O7, but also in Bi2Sr2CaCu2O8.

10 It is reasonable to
assume that the vortex lattice becomes more and more
ceptible to disorder on approachingBcrit,up, which manifests
itself in an increased width of the melting transition, a redu
tion of the latent heat, and a slight decrease of the mel
temperature@see Fig. 2~b!#.

B. The entropies of meltingDS„Q,H …

Within the same anisotropic scaling theory one can sh
that the electronic heat capacity at a given temperatureT in

-

FIG. 3. ~a! Melting temperaturesTm as functions ofQ, for fixed
magnetic fieldsm0H53, 5, and 7.5 T. The lines represent expec
tions according to Eq.~5! with the material parameters given in th
main text.~b! Magnification of the region aroundQ590°.
5-3
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FIG. 4. Representative
changes dS in entropy at the
vortex-lattice melting transition
@upper panels~a! and~b!#. A poly-
nomial background has been su
tracted for clarity~see text!. The
corresponding reduced heat c
pacities C/T are shown in the
lower panels~c! and ~d!.
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an external magnetic fieldH(Q) that is tilted away from the
c axis has the same value as one would measure in a
Hic that fulfills the condition30,31

H~Q!5 f ~Q!H. ~6!

This implies that at a given vortex-lattice melting tempe
ture Tm and in any of the corresponding melting field
Hm(Q,Tm)5 f (Q)Hm0(Tm) the latent heat L5TDS
should always have the same value. In other wor
the entropy of melting depends only onTm , and
DS(Q,H,T)5DS(T).21,30,31In our experiment we have firs
measuredDS(T) for Hic as a reference data set, and w
compare the result with the corresponding data obtained
tilted magnetic fields. If the above scaling arguments ho
all DS(T) data will precisely collapse onto one single curv

We have measured the variation in the entropiesSaccord-
ing to similar techniques as we previously described in R
9. We note here that these entropy data are virtually free
instrumental broadening on the temperature scale, bec
the data analysis includes a simple but efficient deconv
tion procedure to account for the finite, known thermal co
stants of our DTA experiment.18 We have obtained theDS
values by assuming a Gaussian broadening of the trans
with a half-width s centered aroundTm , and by fitting the
parametersTm , s, DS, the associated broadened increase
specific heatDC/T, and the coefficients for a backgroun
polynomial~typically of third order!. The technical details o
this data analysis will be published elsewhere. In Fig. 4
have plotted representative entropy changesdS and the cor-
responding heat capacityC/T data, to show examples fo
both large and small values ofDS, respectively. To visualize
the changes inS more clearly, we have subtracted th
fitted polynomial background and obtain thedS data shown
in Fig. 4.
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In Fig. 5, we show the resultingDS data in units of
mJ mole21 K21. The data do indeed collapse onto one sin
curve, with much more precision than we had observed
lier in another experiment with less resolution, where
rotatedH within theac-plane.21 However, this way of repre-
senting the data is not very helpful to identify possible sm
deviations from anisotropic-scaling expectations, or to rev
the detailed behavior ofDS nearQ590°. Therefore, we are
drawing DS vs the angleQ in Fig. 6, where the region
aroundQ590° is of particular interest. Within the accurac
of the measurement, we do not see any discontinu
changes inDS(Q) for m0H55 and 7.5 T aroundQ590°.
This is particularly true in a window of60.3° around 90°
@see inset of Fig. 6~b!#, where such changes can be expec
on the basis of corresponding resistivity measuremen41

FIG. 5. Entropies of vortex-lattice meltingDS(Q,T), for vary-
ing anglesQ and magnetic fieldsH, plotted in one graph in units o
mJ mole21 K21. The data collapse onto one single curve. The
rows indicate the location of the data points forQ50° and 90° for
each of the considered magnetic fields.
5-4
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VORTEX-LATTICE MELTING IN UNTWINNED . . . PHYSICAL REVIEW B 65 054505
Note that the apparently increased scatter in the data of
6~b! is a result of the large number of experiments that
have done around 90°.

There is a clear suppression ofDS(Q) for m0H53 T,
however, starting at an angle of the order ofQ575°, which
is not observed in the data for higher magnetic fields.
decide whether or not this drop is associated with a devia
from anisotropic scaling behavior, we again have to comp
the data with respectiveDS values forHic. For this purpose
we convert the data into more common dimensionless u
of kB /vortex/superconducting layer, using ‘‘normalized
magnetic-field valuesHm(Q)/ f (Q) that would yield the
same melting temperaturesTm in a correspondingHic mea-
surement. We have, therefore, to multiply all theDS values
with F0sr f (Q)/MHm(Q)kB , whereF052.07310215 V s
is the magnetic-flux quantum,s51.18 nm is the interlayer
distance between adjacent Cu-O double layers,r
56380 kg/m3, and M50.666 kg/mole are the density an
the molar weight of YBa2Cu3O7, respectively, andkB
51.38310223J/K is the Boltzmann constant. We realize th
these dimensionless units have little physical meaning, e
cially for tilted magnetic fields, but they nevertheless offe
convenient way of plotting the data for the purpose of co
parison.

The result of this procedure is shown in Fig. 7. NearTc ,
the DS data for Hic show a distinct drop aboveT

FIG. 6. ~a! The same data as shown in Fig. 5 for tilted magne
fields, plotted as functions of the angleQ. ~b! shows a magnifica-
tion of the region aroundQ590° whereHib.
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590.7 K, which is more than 1.5 K below the critical tem
perature. This corresponds to magnetic fieldsm0H
,0.5 Tic. This apparent collapse ofDS(T) has been previ-
ously reported on the basis of magnetization15 and heat-
capacity data23 taken on the same crystal, and we have
cribed it to the fact that a lower critical pointBcrit,low is
approached with increasing temperature.23 In the present
context we can suppose that this drop inDS(T) nearBcrit,low
is a universal feature for our sample in the sense that
same scaling rules apply forBcrit,low as for all the other ther-
modynamic data. It should, therefore, be observable als
corresponding measurements for tilted magnetic fields
soon asm0H(Q) is of the order of a scaled lower critica
point, f (Q)Bcrit,low , and below. This is indeed what we ob
serve form0H53 T aboveQ575°, where the correspond
ing melting temperaturesTm are approximately in the sam
temperature range~i.e., above around 90 K! as the corre-
sponding anomalousDS(T) data forHic. Within this inter-
pretation scheme, the suppression ofDS(Q) for m0H53 T
aboveQ575° is simply a consequence of approaching
scaled lower critical pointf (Q)Bcrit,low from above on rotat-
ing the constant magnetic fieldH towards theb axis. With

FIG. 7. ~a! The data of Fig. 5, plotted in dimensionless un
kB/vortex/superconducting layer. The arrows indicate the locat
of the data points forQ50° and 90° for each of the considere
magnetic fields.~b! Magnification of the same data set near t
critical temperatureTc592.4 K ~vertical dotted line!. The entropy
of melting DS(Q,T) significantly drops at temperatures abo
T'90.7 K.
5-5
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Bcrit,low,0.5 T forHic andg58.28, this effect nearHic can
be observed only form0H,4.1 T. Therefore, such a suppre
sion is absent in the data form0H55 T and 7.5 T in Fig. 6.
It is reasonable to assume that critical points of the vort
lattice melting line scale according to Eq.~6!, if the physical
origin for the occurrence of these points does not impose
preferred orientation in the superconducting crystal. If
location of a critical point is mainly determined by th
amount and the character of sample defects, this conditio
likely to be fulfilled for a pointlike disorder, but not for line
like or planelike defects, such as, columnar tracks or tw
boundaries, respectively.

IV. CONCLUDING REMARKS

Our present data demonstrate that the investiga
YBa2Cu3O7 crystal does not show any anomalous behav
in its thermodynamic properties aroundQ5(9060.3)°.
This is somewhat puzzling because corresponding resist
data taken on samples of the similar origin and chem
composition show clear anomalies aroundQ590°.41 After
completing our experiments we have become aware of a
cent theoretical work by Hu and Tachiki,44 and an extended
experimental investigation by Gordeevet al.42 According to
these results it is likely that the first-order nature of the VL
transition forQ590° persists, within the validity of aniso
tropic scaling, up to a limiting flux density, above which th
intervortex spacing normal to the layers starts accommo
G
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.
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ing the period of the layered structure of the material, i
becomes an integer multiplen of the distances between ad-
jacent Cu-O double layers. This happens around

B'
)f0

2g~ns!2 . ~7!

For n51, the vortex-lattice geometry is entirely dictated b
the layered structure of the material, and no conventio
first-order melting transition can be expected.44 The transport
measurements from Ref. 42 indicate, however, that this
fect becomes already important forn54. For the present
crystal, this would be relevant abovem0H'10 T, which is
outside our experimental possibilities. Nevertheless, resis
ity data from oxygen-depleted YBa2Cu3O7 with a larger an-
isotropy ratiog indicate a distinct deviation from conven
tional scaling behavior of the vortex-lattice phase transit
line Hm(Q,T) nearQ590° at magnetic fields well below 10
T,42 which makes it attractive to repeat such heat-capa
measurements on oxygen-depleted YBa2Cu3O7 samples.
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