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Thermodynamic Evidence for a Flux Line Lattice Melting Transition in YBa2Cu3O72d
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Moving- and stationary-sample SQUID magnetometry indicates discontinuous jumps of the
magnetization of an untwinned single crystal of YBa2Cu3O72d. The location of these jumps in
the H-T plane coincides with the location of the resistive drops measured on the same sample.
These results demonstrate the existence of a first-order melting transition of the flux line lattice in
YBa2Cu3O72d. [S0031-9007(96)00456-5]

PACS numbers: 74.60.Ge, 74.72.Bk
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The phase diagram of the high temperature superc
ductors contains a vortex liquid phase which occupie
large part of theH-T plane below the mean field uppe
critical field, Hc2. Upon cooling, the flux line system
transforms from the liquid into a solid state exhibitin
zero linear resistance and the onset of a finite static s
modulus. The nature of this transformation has been
subject of extensive recent research. For a clean sam
the transition into the flux line lattice phase is predict
to be of first order [1,2]. Recent Monte Carlo simulatio
for a three dimensional flux line system [3,4] support th
behavior. In the presence of disorder due to point or c
related pinning the transition is believed to be contin
ous transition, possibly to a vortex glass [5–7] or a Bo
glass [8]. In addition, due to the large anisotropies a
coupling transition [9,10] of vortex lines into vortex pa
cakes is expected.

In the case of clean, untwinned YBa2Cu3O72d sharp
drops of the resistivity in high magnetic fields [11–1
which are accompanied by the onset of non-Ohmic
havior as well as by hysteresis in their temperature
field dependence [11,14,16] are interpreted as mani
tations of a first-order melting-freezing transition of th
flux line system. Recent dc-transformer experiments [
on untwinned YBa2Cu3O72d indicate that these shar
drops coincide with the loss ofc-axis coherence. How
ever, transport measurements do not probe the defi
characteristics of a magnetic first-order transition, that
a discontinuity in the entropy (latent heat) accompan
by a discontinuity in the magnetization. Neutron sc
tering [19] and muon spin rotation [20] experiments
Bi 2Sr2CaCu2O8 reveal abrupt changes in the line shap
consistent with the occurrence of a melting transitio
SQUID measurements [21] and, in particular, magneti
tion measurements on single crystals of Bi2Sr2CaCu2O8

utilizing micro Hall probes [22] have shown very sha
jumps in the magnetization giving further support to t
existence of a first-order vortex lattice melting transitio
Previous measurements of the temperature dependen
the magnetization of YBa2Cu3O72d indicate a jump in the
magnetization [23]. Here, we present transport meas
0031-9007y96y76(25)y4809(4)$10.00
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ments and measurements of the field and temperature
pendence of the magnetization of an untwinned crysta
YBa2Cu3O72d. Moving- and stationary-sample SQUID
magnetometry indicates discontinuous jumps of the m
netization. The location of these jumps in theH-T plane
coincides with the location of the resistive drops. The
results demonstrate the existence of a first-order mel
transition of the flux line lattice in YBa2Cu3O72d.

The sample used in this study is an untwinned sin
crystal of YBa2Cu3O72d with a mass of 1.286 mg and ap
proximate dimensions of1.1 3 0.7 3 0.22 mm3. It has
a transition temperatureTc ­ 92.9 K with a (magnetic)
width of 0.3 K. The magnetization measurements
ported here were performed in a Quantum Design SQU
magnetometer equipped with a 7 T high homogene
magnet. The transport measurements were performed
ing standard lock-in techniques with a measuring curr
density of 0.65 A/cm2 at a frequency of 23 Hz.

Inset (a) of Fig. 1 shows the magnetization at 84 K
increasing and decreasing fields applied parallel to thc
axis. For these measurements the sample was coole
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FIG. 1. Jump in the magnetization at 84 K measured
increasing and decreasing fields. Inset (a) shows the raw d
The dotted line represents a linear extrapolation of the
field variation. Inset (b) shows the magnetization hystere
4psMdown 2 Mupd.
© 1996 The American Physical Society 4809
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the starting field of 3.6 T. After an equilibration tim
of 1 h data were taken in 100 G steps with a pause
30 sec after each field step. The data display a mar
jump of the magnetization at 4.2 T. This is clearly se
in the main panel of Fig. 1, where the magnetization
plotted relative to a linear extrapolation of the low fie
behavior,4pMs, indicated by the dotted line in inset (a
of Fig. 1. The jump height,4pDM ­ 4psMl 2 Msd, is
about 0.3 G occurring over a width of about 700 G. He
Ml and Ms denote the magnetization in the liquid an
solid states, respectively. It is important to note that
magnetization is reversible within the scatter of the d
of about 0.05 G. This is shown in inset (b) of Fig. 1, d
playing the magnetization hysteresis4psMdown 2 Mupd.
Any residual irreversibility is smaller than the size
the magnetization jump by an order of magnitude, s
gesting that the jump is not caused by some kind
depinning effect. A minimal detectable hysteresis
0.05 G would correspond (using Bean’s model for t
present sample geometry) to a critical current density
1.5 Aycm2. Thus, the apparent observation of zero res
tance (see the inset of Fig. 3) is consistent with magn
reversibility at our level of sensitivity. We note that th
determination of a critical current density from transp
measurements depends on the voltage criterion used in
nonlinearI-V curves. Within the resolution of the magn
tization measurements the transition in increasing and
creasing fields occurs at the same field value even tho
the field dependence of the resistivity shows hysteresi
about 30 G. The jump height decreases rapidly with
creasing temperature and drops below our resolution
0.05 G at temperatures around 90.5 K (Fig. 2) which
well belowTc. This point will be discussed below.

A magnetization jump is also visible in the temperatu
dependence of the magnetization as shown in Fig. 3
a field of 4.2 T. AroundTc the familiar broadening ex
pected for superconducting fluctuations is seen [24]. N
83.8 K a marked change in slope and a small discontin
with a width of about 0.15 K occur. This is clearly see
when the data are plotted relative to a linear extrapola
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FIG. 2. Field dependence of the jump in the magnetizatio
4psM 2 Msd, at various temperatures.
4810
f
d

,

a

-
f

f
-
c

he

e-
h
f

-

of the low temperature behavior,4pMs, as shown in the
inset for several applied fields. The shift in the positi
of the jump and the reduction of the height are seen
correspondence to theMsHd data shown in Fig. 2. Also
shown is the temperature dependence of the resistivit
various fields applied parallel to thec axis. The resistive
transitions show the familiar broadening at high tempe
tures followed by a sharp drop to zero resistance at
freezing temperatureTm. These data are typical for th
behavior of clean samples as reported earlier. These
sults show that at temperatures corresponding to the
to zero resistance a discontinuity in the magnetization
curs as expected for a first-order magnetic transition.
magnetic transitions display hardly any precursor effe
due to critical fluctuations which are expected on b
sides of a second-order transition. The positive value
DM ­ Ml 2 Ms implies that the vortex density in th
liquid is higher than in the solid phase analogous to
behavior observed in Bi2Sr2CaCu2O8 [22]. The relative
reduction in average vortex spacing,Da0ya0, across the
transition iss2.5 5d 3 1026 for the fields measured her
At 4.2 T this corresponds to an addition of about 104 vor-
tices to the sample. The expansion on freezing is ra
unusual for conventional atomic solids with the nota
exceptions of water, Ce, and Ge. It has been sugge
[25] that the entropy gain in a denser liquid of flexible e
tangled vortices with long-range interactions outweig
the cost in potential energy of the additional vortices.

Figures 1 and 3 shown that the slopes≠My≠H and
≠My≠T change across the transition. Thermodynam
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FIG. 3. Temperature dependence of the magnetization
4.2 T. The dotted line represents a linear extrapolation
the low temperature variation. The inset shows the jump
the magnetization in several fields (top) and the temperat
dependence of the resistivity in the indicated fields (bottom)
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consistency requires that these slopes be rel
by dsDMdydT ­ s≠Mly≠T 2 ≠Msy≠Td 1 s≠Mly≠H 2

≠Msy≠HddHmydT . The partial derivatives are taken ju
below or about the transition.HmsTd is the phase bound
ary for the melting transition (melting line) as show
in Fig. 5. At 84 K the data in Figs. 1 and 3 indica
a value of 0.17 6 40% GyK for ≠Mly≠T 2 ≠Msy≠T
as calculated with the above expression, whereas
experimental value is0.2 6 25% GyK. Even though
the error bars are large (reflecting the uncertainties
determining the differences in slopes), the temperat
and field dependent data appear to be consistent.

It has been noted that the motion of the sample in
inhomogeneous applied field can cause spurious effec
magnetization measurements [26] since in each scan
sample goes effectively through an ac-field cycle. Fo
4 cm scan the maximum relative field variation for o
system is2 3 1024. We have performed measureme
at various scan lengths (ranging from 3 to 6.8 cm)
various scan speeds and not observed any effect on
magnetization jumps. In addition, we have mounted
sample and a thermometer on a stationary sample ho
and recorded the SQUID voltage as the temperatur
varied. Figure 4 shows the SQUID voltage in 4.2
for increasing and decreasing temperatures. The SQ
voltage shows long time drifts which are in part depend
on cooling and warming rates. However, the data disp
a small step near 83.8 K which is clearly seen wh
plotted relative to a linear extrapolation of the lo
temperature behavior (shown in the inset). The s
occurs on cooling and warming, and its height of 40 m
is close to the expected value of 47 mV correspondin
a magnetization change of 0.3 G. We note the remark
similarity of these data with those shown in Fig. 3. Sin
the long time drifts of the SQUID voltage are difficult
control, we take the data in Fig. 4 as proof of the existe
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FIG. 4. Temperature dependence of the SQUID voltage
a field of 4.2 T on warming and cooling, with the samp
stationary. The inset shows the jump of the SQUID volta
for increasing and decreasing temperatures.
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of an inherent magnetization jump and rely for preci
quantitative measurements on the conventional mode
operation of the magnetometer.

The data from the resistivity and magnetization me
surements are compiled in Fig. 5. The bottom pan
shows the phase diagram as determined from the re
tive drops inrsT d and from the magnetization jumps in
MsHd andMsT d. The good coincidence of all three de
terminations underlines the conclusion that both the m
netization jumps and the resistivity drops are caused
the same first-order flux line lattice transition. The me
ing line is well described by a power law of the form
HmsT d ­ 99.7 s1 2 TyTcd1.36. Similar forms have been
reported earlier [12,23]. The exponent observed here
close to that expected for a 3DXY critical point analysis,
2n ­ 1.33. However, a critical point analysis appears i
compatible with the first-order nature of the transition.

In the top panel on the left is shown the temper
ture dependence of the height of the magnetization ju
as determined fromMsHd (squares) and fromMsT d
(diamonds). The overall size of the magnetization jum
observed here is similar to a previous report [23] a
to that in Bi2Sr2CaCu2O8 [22]. The melting fields
of YBa2Cu3O72d are, however, much higher than i
Bi 2Sr2CaCu2O8 due to the much smaller anisotropy
Thus, in the present experiments only the high tempe
ture region aroundTc can be accessed. The maximu
n

p

to
le

e

e

in

e

FIG. 5. Top panel: Temperature dependence of the magn
zation jump,4pDM, and the jump in entropy,DS. The dotted
lines are guides to the eye. The results for the entropy h
the same relative errors as the magnetization data. Error
have been left off for clarity. Bottom panel: Phase diagram
the melting transition as determined from resistivity and m
netization measurements. At temperatures about 90 K the
no discontinuity in the magnetization detectable, and the do
line represents a continuous extrapolation of the low temp
ture data towardsTc.
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value of DM and a possible critical point of the mel
ing line similar to that in Bi2Sr2CaCu2O8 [22] have not
been located. Transport measurements [13] indicate
the sharp resistive feature associated with the first-o
melting transition of YBa2Cu3O72d crystal is suppresse
in fields larger than 10 T. This field value will depend o
the purity of the specific sample.

Using the Clausius-Clapeyron equation for a magne
first-order transition,dHmydT ­ 2DSyDM, the entropy
jump per vortex per CuO2 double layer in units ofkB is
given by

DSV ­ 2
DM
Hm

dHm

dT
f0d
kB

.

Here, f0 is the flux quantum,d ­ 11.7 3 1028 cm
is the c-axis lattice constant, andkB is the Boltzmann
constant. (Since a magnetization of about 16 G
negligible as compared to an applied field of 42 kG, we
sume throughout this paper that the internal magnetic fi
is uniform and equal to the applied field.) The results
the entropy jump are shown in the top panel on the rig
The discontinuity of the entropy has an almost tempe
ture independent value of abouts0.65kByvortexdyCuO2

double layer at temperatures below 88 K and decrea
rapidly towards zero at temperatures above 88 K. T
value of 0.65kB is of the same order as that obtain
for Bi 2Sr2CaCu2O8 [22]. Recent estimates of the siz
of the latent heat using Monte Carlo simulations gi
s0.3kBTmyvortexdydouble layer for YBa2Cu3O72d in a
field of 10 T [3] ands0.10kBTmyvortexdydouble layer [4],
respectively, are somewhat smaller than the experime
results. In a calorimetric experiment the discontinuity
the entropy is expected to be visible through a tempera
signal of the order ofDT ­ DSTmyC, where C is the
total specific heat of the sample. At 84 K and 4 T th
amounts to about 1.2 mK which is detectable in hi
resolution specific heat experiments [27]. However,
to now only large twinned crystals have been stud
[27] where the melting transition is suppressed due
twin boundary pinning [12]. In addition, any broadenin
of the melting transition will reduce the temperatu
signal exponentially.

An interesting feature of the results in Fig. 5 is thatDM
andDS apparently go to zero near 90.5 K, well below t
zero-field transition temperature. At the same time
resistive drops atTm are broadened at temperatures abo
90 K (i.e., field less than 1 T); see the inset of Fig.
A possible cause for this behavior is residual sam
inhomogeneity which becomes relatively more importa
approachingTc. Since the number of vortices decreas
proportional to the field, single vortex pinning by th
residual pinning centers can be expected to dominate
vortex behavior in the high temperature–low field regio
This would suppress a collective first-order transition.

In conclusion, using moving- and stationary-samp
SQUID magnetometry we have shown that an untwinn
4812
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crystal of YBa2Cu3O72d exhibits discontinuous jumps
of the reversible magnetization. The location of t
magnetization jumps in theH-T plane corresponds to tha
of the sharp drops of the resistivity and the onset of no
Ohmic behavior of the same sample. These results g
proof to the existence of a first-order melting transitio
of the flux line system in untwinned YBa2Cu3O72d .
The density of the flux line liquid is higher than tha
of the solid, as observed in Bi2Sr2CaCu2O8 [22]. The
relative reduction of the average vortex spacing across
transition is about4 3 1026. The latent heat associate
with the transition amounts tos0.65kBTmyvortexdyCuO2
double layer at temperatures below 88 K and drops
zero rapidly at higher temperatures. We suggest t
the temperature dependence ofDM and DS near Tc is
governed by sample inhomogeneities.
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