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The lattice of magnetic flux lines that can permeate a type Il superconductor, such as the high-
transition-temperature copper oxide materials, melts from a solid-like state to a liquid-like
state at a temperature below the superconducting transition temperature. Contrary to the
predictions of mean-field theory, this phase transition in Bi,Sr,CaCu,0g is found to be first-
order. The vortex liquid discontinuously expands on freezing.

THE discovery of high-transition-temperature (high-7;) super-
conductors has revived the interest in study of the nature of the
mixed state, where superconductivity coexists with the inhomo-
geneous magnetic field inside the material. Magnetic fields
penetrate conventional type II superconductors in the form of
a periodic array of vortices or flux lines known as the Abrikosov
lattice'. The temperature-dependent critical fields H,(7) and
H(T) confine the domain of the mixed state on the H-T phase
diagram. Fields above H., destroy superconductivity, whereas
fields below H., at the surface of a sample do not penetrate into
the bulk of the material.

In high-T, superconductors the combination of high operating
temperature, short superconducting coherence length and high
anisotropy enormously enhances the role of thermal fluctuations
of the flux lines, resulting in a noticeable change in the nature
of the mixed state. The most important effect of thermal fluctua-
tions is the possibility of melting of the vortex lattice at tempera-
tures well below the superconducting transition temperature™’.
The resulting vortex-liquid phase may occupy a significant part
of the H-T phase diagram®. In addition, the inevitable presence
of defects and disorder in the material gives rise to pinning of
the flux lines, which enriches the variety of different possible
vortex states. In particular, it has been demonstrated that
quenched disorder drives the vortex lattice into a vortex-glass
state’®. It is now believed that the freezing of the vortex liquid
into a disordered vortex solid in sufficiently impure high-T7,
superconductors crystals occurs via a continuous second-order
phase transition*®.

On the other hand, it was suggested® that the mean-field for-
mation of the vortex lattice at H,,, which occurs via a thermo-
dynamic second-order transition, can be driven first-order by
the superconducting fluctuations. One may therefore expect that
in sufficiently clean crystals the vortex liquid freezes into a solid
through a thermodynamic first-order phase-transition.

Additional effects may arise from the layered structure of high-
T. superconductors. In layered materials, vortex-lattice melting
may occur in two separate stages: the melting of the vortex
lattice into a liquid of vortex lines, and the subsequent loss of
coherence between the layers—the decoupling transition’® "%, At
moderate anisotropy the decoupling of a vortex-line liquid into
a liquid of two-dimensional pancake vortices can be a first-order
phase transition as well'%.

The structure of the different possible vortex states and the
nature of the thermodynamic transitions between the phases has
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become one of the central questions of the physics of the mixed
state and has attracted much recent attention'’ '>. In view of
the traditional mean-field prediction of a second-order phase
transition’, the possibility of a thermodynamic first-order transi-
tion of the vortex-lattice is of fundamental interest®. Experiment-
ally, the main evidence for the existence of first-order melting has
been drawn from the observation of sharp kinks in the resistive
transition of clean YBa,Cu;O, (YBCO) crystals'® *'. However,
resistivity is not a thermodynamic property, and this kink reflects
a change in vortex dynamics that does not necessarily mark a
transition between distinct thermodynamic phases. At the same
time, a true first-order phase transition should have clear ther-
modynamic features: latent heat and a discontinuous step in
specific volume or density. In addition, one would expect a simi-
lar behaviour in all high-T.. superconductor materials, not only
in YBCO. Recently, vortex-lattice melting in Bi,Sr,CaCu,Oy
(BSCCO) was inferred from disappearance of the neutron
diffraction pattern at elevated temperatures'”. This result implies
that a vortex-liquid phase occupies a significant part of the H-
T phase diagram of BSCCO; however, the order of the phase
transition between the solid and the liquid phases cannot be
determined. A thermodynamic indication of a possible first-
order transition was recently obtained by magnetic measure-
ments on BSCCO crystal™. Owing to limited resolution, how-
ever, the observed change in magnetization was relatively broad
and not well quantified.

Here we present a very clear and direct thermodynamic obser-
vation of a first-order phase transition of the vortex lattice by
use of local vortex-dynamics measurements. The local field, B,
shows a discontinuous step at the transition, analogous to the
discontinuous change in the specific volume on melting of a
regular solid. The sensitivity of our measurement allows an accu-
rate mapping of the melting line and the associated entropy
change.

Experimental details

It was shown previously”** that the magnetic field B inside a
platelet crystal is not uniform even at equilibrium magnetization.
This situation is comparable to a regular solid under non-
uniform pressure across the sample. As a result, the vortex-lattice
melting transition occurs at a slightly different temperature or
applied field at various positions inside the superconductor
sample. Therefore the signal integrated over the entire sample
in a standard global magnetization measurement will display a
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HTSC single crystal

significantly broader and smoother transition compared with the
underlying physical mechanism. To probe the true width of the
phase transition, local measurements with high spatial resolution
are therefore required. For this purpose we have used an array
of microscopic Hall sensors realized in a two-dimenstonal elec-
tron gas formed at a GaAs/AlGaAs interface as shown schemat-
ically in Fig. 1. A high-quality BSCCO crystal of
~0.7%0.3x0.1 mm® (7.=90 K) was put directly onto the sur-
face of the sensors, and a perpendicular external magnetic field,
H, ||z} c-axis was applied. The Hall-sensor array allows the study
of local vortex behaviour with high field sensitivity and high
spatial resolution as demonstrated below. An additional advan-
tage of this technique is that the actual value of the local B. is
obtained. In global magnetization measurements only the value
of the applied field H, is known, and an accurate evaluation of
B is difficult owing to complicated demagnetization effects and
not well known critical field values.

The phase transition

A first-order phase transition is associated with a discontinuous
step in density. Because each vortex carries a magnetic flux, a
step in vortex density is identical to a step in the local macro-
scopic magnetic field. Hence, by a careful measurement of the
local B. at the surface of the sample, we can directly observe the
thermodynamic discontinuous change in the vortex density at
the phase transition. This discontinuity should occur as the tran-
sition line is crossed either by sweeping the applied field or by
sweeping the temperature. We have carried out measurements
in both regimes. Figure 2 shows the discontinuous step in B, as
the applied field is increased at a constant temperature of 80 K.
The width of the transition is less than 0.4 Oe. This step occurs
at the same thermodynamic value of the local B. at various
locations across the sample, but at different values of H, owing
to the non-uniform B. profile®**.

Figure 3 shows two examples of temperature sweeps at con-
stant fields of H,=153 and 240 Oe. The observed transition is
extremely sharp. In most of our measurements the entire transi-
tion occurs between two adjacent measurements. The width of
the transition is therefore less than our temperature resolution
of about 1 mK. Such a discontinuous step in vortex density is a
clear thermodynamic demonstration of a first-order phase transi-
tion. It is important to note that B, in the liquid phase above
the transition is higher than in the solid phase, which means that
the vortex liquid is denser than the vortex solid, in contrast to the
common behaviour of solids. Thus the vortex-liquid is-similar to
water, which expands on freezing into ice. Such behaviour is

FIG. 2 Stepinthe local field, B, as the melting line is crossed by increas-
ing the applied field at 80 K. Solid line is guide for the eye. The inset
shows the entire local magnetization curve, B—H,, as a function of
increasing applied field H,. The melting transition region is encircled.
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FIG. 1 Schematic diagram of the experimental setup (not to scale). An
array of ten sensors with an active area of 3x3 pmz each, is etched
in a GaAs/AlGaAs heterostructure. A superconductor crystal is put
directly on the surface of the probes. The two-dimensional electron-gas
(2DEG) active layer resides only ~1,000 A below the surface. As a result
a very accurate measurement of the local magnetic field is obtained at
each of the sensor locations across the crystal.

in fact consistent with equation (1) below. On increasing the
temperature a small hysteresis is observed with a slightly
rounded transition that looks very similar to the reported resis-
tive hysteresis in untwinned YBCO crystals'**’. The controver-
sial origin of the hysteresis® requires further investigation of this
effect. As an example of the sensitivity of our measurement, at
240 Oe there are about 100 vortices in the area of each Hall
sensor, and the measured step in B, corresponds approximately
to an addition of only 0.1 vortex to the area.

The resulting vortex-lattice melting line, B,(7"), is shown in
Fig. 4. The squares are points obtained by temperature sweeps,
and the circles are the field sweep results. The existing theoretical
derivations of the vortex-lattice melting line based on the Linde-
mann criterion®*® predict a power-law behaviour that can be
approximated by B, (7T)= Bo(1 —T/T.)*, where ¢ <2. The solid
curve in Fig. 4 is a best fit to the data, which results in a =1.55,
By=990 G, and T, =94.2 K. The power law fit describes well the
behaviour in the central region; however, there are significant
deviations at both high and low temperatures. On the other
hand, the vortex-line liquid to vortex-pancake liquid decoupling
line is expected to follow'"'? Bo(T)xBo(T.—T)/T, with
Borape’d/(4nA(0))*T.d. Here ap~0.1 is a universal con-
stant, d=15 A is the interlayer spacing, A(0)~2,000 A is the
penetration length, and ¢ is the anisotropy ratio. A fit to the
experimental data (dashed curve in Fig. 4) results in a better
agreement at high temperatures, with a more realistic 7,=90.9 K
and B,=400G. Using the above parameters we obtain
&'~ 140, which is consistent with existing estimates®’.

At lower temperatures, the melting line shows a rather sudden
flattening, in contrast with the theoretically predicted
behaviour''*?*2% However, the most striking feature of B.,(7')
is the existence of a well-defined critical point at a characteristic
temperature of 37.8 K and field of 380 G, beyond which no
discontinuous transition is observed. Figure 5 shows the
measured height of the discontinuous step at the transition, AB,
along the melting line. We have carefully measured AB in the
vicinity of the critical point by temperature sweeps at constant
H,, and have changed H, by small increments. AB is very
well resolved at fields below the critical point. However, when
H, is increased only by 1 Oe above the critical point, AB
disappears completely. The step height AB increases monoton-
ically with 77, and reaches a maximum value of about 0.4 G
at T,,~83 K. At higher temperatures AB drops rapidly as T,
approaches T.. The reason for this general form of AB(T..)
is not obvious.
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Using the Clausius-Clapeyron relations we can calculate
the entropy change at the transition and the latent heat per
unit volume

_ AB dH,

AS=—
4z dT

L=T.AS (1)

The entropy change per vortex per CuO layer is therefore given
by

ps 460 AB dH., o

47 B, dT

In platelet geometry the field, A, is generally not known; it is
position dependent and differs from H,. Because in our case
B.(T) = H.(T), we can approximate dH,,/dT in equations (1)
and (2) by dB,,/dT, which is measured directly with high preci-
sion. The resulting As is shown in Fig. 6. Close to T, the entropy
change per vortex increases rapidly with temperature, which
could be related to critical fluctuations. Note that AS per unit
volume approaches zero at 7.; however, at high temperatures
B, decreases faster than AB, which results in As increasing with
temperature as determined by equation (2). Close to T, the error
bar in As is large and it is plausible that As does eventually
vanish at 7.

At lower temperatures, 7,,<75K, the entropy change, As,
decreases linearly with decreasing temperature and vanishes at
the critical point as it should. But one would expect a continuous
vanishing of AB as well. In contrast, AB seems to remain finite

FIG. 4 First-order phase-transition line in BSCCO as measured by
field scans (O) and temperature scans (). The solid line is a fit to
(1-T/T,)" vortex-lattice melting transition behaviour; the dashed line
is a fit to the (T, — T)/T decoupling transition. Inset: phase-transition line
Bw(T) in the vicinity of T,.
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FIG. 3 Two examples of the step in local B on crossing the melting line
by decreasing the temperature at constant applied fields of 53 Oe (top
panel) and 240 Oe (bottom panel). Solid linegs are guides for the eye.
The sample was cooled very slowly, at a typical rate of 5 to
15 mK min~*, while B, and T were measured at constant time intervals.

at temperatures above the critical point, as shown in Fig. 5, and
we could not detect any gradual disappearance of the field step.
The continuou’s vanishing of AS, however, is determined by the
vanishing of dB,,/dT due to the flattening of B,(7T) close to the
critical point (see Fig. 4), and not by the vanishing of AB as
expected. The existence of the critical point is possibly disorder-
related, in which case at lower temperatures a second-order melt-
ing line should continue from this tricritical point. This feature
was observed previously’’ in YBCO crystals by using resistive
measurements. The position of the critical point was reported
to shift to lower fields with increasing disorder (D. J. Bishop,
personal communication).

Discussion

The latent heat and AB can be estimated as follows. At the
melting temperature the free energies F of the solid and the liquid
phases are equal and hence AF=AU-T,AS=0. The energy
required to transform a unit volume of a vortex solid into a
liquid is estimated as AU=cices. Here cesx ¢oBm/(87A)° is the
shear modulus of the vortex solid that vanishes in the liquid
phase, and ¢, ~0.2 is the Lindemann number. As a result,
AS=~cices/Tm. Making use of the estimate of the melting
temperature® T 10.8ciceesay, where ao={(¢o/Bm)"/* is the
intervortex spacing, one can evaluate® the entropy change per
vortex per layer as Asx(0.1d/&)(Bw/d0)'/*. Accordingly,
AB~x—(0.47/)(Bw/P0)”/(dBm/dT). Using the theoretical T},
and taking A(0)=2,000 A, we find AB~0.2 G at low tempera-
tures, which compares favourably with the experimental results.
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FIG. 5 The height of the field step at the melting transition as a function
of the melting temperature, T, as derived from the temperature scans
as in Fig. 3. Field scans yield very similar results. The dashed line is a
guide for the eye. The field step disappears below the critical point. The
corresponding approximate B,, values are shown along the top.

Note, however, that the above analysis results in As(7)oc (1 — T/
T,) close to T. and apparently does not describe the observed
increase in As with temperature. The resulting temperature
behaviour of ABoc(1—T7/T.)* seems to overestimate the
observed rate of decrease in AB with temperature close to 7.

As mentioned above, another possible origin of the observed
effects is the decoupling transition. Although giving somewhat
better consistency with the experimental observations, this model
cannot explain the overall temperature dependence of AB and
As as well. In this case the energy necessary to decouple a unit
volume of the vortex-line liquid is AU=xE;/2d, where
Eyx~ape’dg/(4n1)d is the Josephson coupling energy between
layers per unit area, and the decoupling temperature is
To~ Ejag (refs 4, 11). Proceeding as above we obtain straight-
forwardly ASx1/2a3d, and a temperature-independent
As~0.5kg (ref. 12). Near T, we find ABx27(T.— T)/¢od, yield-
ing AB~0.3G at 80K, and ABx2xTp/pod at low tempera-
tures. However, the neutron diffraction data'® seem to favour
the melting interpretation. The data indicate the presence of an
ordered state at lower temperatures and the disappearance of
long-range order at the transition. It is quite plausible, however,
that the melting and decoupling transitions occur simultaneously
or quite close to each other at low fields in BSCCO?'.

In Monte-Carlo simulations of vortex-lattice melting®?
As=~0.3kg was obtained, which is within the bulk of our data.
These calculations were carried out in the high-field regime of
ap< A and cannot be directly applied to our low-field case. The
previously evaluated Asx0.06ky in BSCCO at 220 Oe (ref. 22)
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FIG. 6 Entropy change per vortex per layer at the melting transition as
a function of T,,. Inset: expanded view near the critical point. Solid lines
show linear fit to the data.
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1s significantly lower than our result of 0.28 £0.03kg reported
here at the same field. Another point of reference is the melting
of usual solids. In metals a typical value of the latent heat is
1 kT, per atom. In BSCCO at T,,=83 K, for example, 1 kgT},
of energy per vortex per layer is similarly required to melt the
vortex lattice (although for vortex lines the characteristic vortex
length is €a, and not d as in the decoupling case). However, in
regular solids the density of the solid cannot be changed substan-
tially by changing the pressure. The density of the vortex lattice,
in contrast, changes by orders of magnitude along the melting
line of Fig. 4. The associated latent heat per vortex is also chang-
ing by orders of magnitude from zero at high vortex densities
to substantial values at low vortex densities close to 7.

We note that in YBCO the vortex solid is pinned and finite
critical currents exist below B, (7T), which cause the observed
step in resistivity at the melting transition'® *'. In BSCCO, in
contrast, the vortices are unpinned below the transition at eleva-
ted temperatures™, and such a resistive step should therefore
not be observable, consistent with the experimental results®*, On
the other hand, in YBCO it would be very difficult to observe
the field step owing to the small AB/B,, ratio and because of
vortex pinning below the transition.

Another interesting point is that the observed phase transition
in BSCCO occurs at fields that are three orders of magnitude
below the mean-field transition at H.,, demonstrating the
enhanced role of thermal fluctuations. The theoretical estimates
on the basis of the vortex-lattice melting and decoupling transi-
tion models give AB~0.5 G, in reasonable agreement with the
data, but neither of the existing theories can fully describe the
temperature depgndencies of B,,(7T') and AB(T). O
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