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1. Introduction 

Vortices in high temperature superconductors display a remarkably 

rich spectrum of equilibrium phases [ 11. In systems without pinning 

at low temperature, the interaction among the vortices induces a 

regular hexagonal lattice of lines [2]. At higher temperatures, 

positional fluctuations driven by the thermal energy melt the lattice 

[3], creating a liquid of flexible lines characterized by the absence of 

shear rigidity. In low temperature superconductors, melting often 

takes place unobservably close to the upper critical field, where the 

lattice softens dramatically as the order parameter is suppressed. In 

contrast, in high temperature superconductors there is sufficient 

thermal energy to melt the lattice well below H,2, where the vortices 

are robust. In addition to the intervortex interaction, vortices are 

attracted to pinning defects in the superconducting material, due to 

the reduction in the condensation energy and the consequent lower 

line tension and self-energy there. These vortex-pin site interactions 

create defects in the perfect vortex lattice and, given enough pin sites 
of sufficient strength, are expected to lead to a glassy solid phase [4]. 

In high temperature superconductors the intervortex interaction 

energy, the vortex-pin site interaction energy, and the thermal 

fluctuation energy are all of the same order. This competition of 

energies is responsible for the wide diversity of equilibrium phases 

and phase transitions which occur in the vortex system. 

The vortex melting transition from the liquid to the lattice is expected 

to be first order [3], as is typical of such transitions in ordinary 

materials. In materials with sufficient pinning that the solid state is 
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glassy, the melting transition is expected to be second order [4]. 

These phase transitions have typically been detected experimentally 

with transport measurements, which can be done with high precision 

on the small single crystal samples normally available. The transition 

to the solid is normally accompanied by the vanishing of the linear 

resistivity, which manifests itself in a transport experiment as zero 

voltage below the critical current, and as a non-linear I-V curve above 

the critical current. If the freezing transition is first order, one may 

reasonably expect the onset of zero resistivity to be abrupt, and that it 

may be accompanied by hysteresis. A second order transition would 

presumably display a continuous decrease in the resistivity to zero. 

However, the thermodynamic order of the transition cannot be 

definitively determined from a transport experiment, because the 

observed voltage arises from vortices set in motion by the measuring 

current. These vortices are not in thermal equilibrium. Transport 

experiments probe the dynamic state of the system, rather than its 

thermodynamic state. 

In order to probe the thermodynamic nature of the transition, an 

equilibrium experiment is required. In principle, magnetization 

experiments are able to detect a change in vortex density at melting, 

characteristic of a first order transition. Calorimetric experiments 

should be able to detect a latent heat on melting in a first order 

transition, and a jump in the specific heat at a second order transition. 

However, numerical simulations predict that such changes are very 

small [5,6]. Given that first order melting transitions occur only in the 

cleanest samples, and that the cleanest samples can only be grown in 
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the smallest sizes, magnetization and calorimetric experiments on 

vortex me1 ting require state -of- the-art experimental technique. 

In both dynamic and equilibrium experiments, pinning plays a crucial 

role in the observed behavior. In dynamic experiments, pinning 

creates a threshold of driving force (the critical current) below which 

the vortices are immobilized, and above which they are set in motion. 

This pinning/de-pinning transition as a function of driving force 

occurs at all temperatures and fields in the lattice and glassy phases. 

It can also occur as a function of temperature at fuced driving current 
and field because the pinning strength is temperature dependent. 

Thus, a pinning/de-pinning transition can produce a suppression of 

the dynamic voltage to zero with decreasing temperature, in a 

qualitatively similar way to that expected for the melting transition. 

In static experiments pinning creates hysteresis, which destroys the 

reversibility of the equilibrium state and prevents accurate 

measurement of the thermodynamic quantities. In order for 
thermodynamic measurements to succeed, the crystal must be 

sufficiently clean to be reversible on both sides of the melting 

transition. 

In this paper, the evidence supporting first order melting in clean 

crystals of YBCO will be reviewed. Resistivity data showing the 

dynamic behavior of the liquid and crystalline states will be presented, 

followed by magnetization data demonstrating the first order 

thermodynamic nature of the transition. 
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2. Dynamic Experiments 

The vortex melting transition in clean crystals of YBCO appears in 

transport experiments as a sharp drop to zero resistivity at low 

current as the temperature is reduced below the freezing point. The 

melting transition was first observed by Safar et a1 [7] as a series of 

discontinuous, reproducible jumps in the resistivity near the melting 

point. Subsequent experiments showed that the character of the 

transition depends strongly on sample quality [8]. Figure 1 shows the 
resistivity behavior as a function of temperature in fixed field 

perpendicular to the Cu02 planes for a relatively clean crystal of 

YBa2Cu307 [91. The zero field transition at Tc is sharp, about 200 mK 

wide (90%-10%). In finite field there is no sharp feature marking the 

boundary between the superconducting and normal states, only a 

smooth and gradual reduction of the resistivity as the temperature is 

lowered. This smooth behavior reflects the key role of fluctuations in 

layered high temperature superconductors, which destroys the sharp 

second order phase transition at the upper critical field expected 

from mean field theory. In the presence of fluctuations, Hc2 

represents only a crossover from the normal to the vortex state as the 

superconducting behavior becomes dominant. The finite resistivity 

below Tc is due to vortex motion in the liquid state. 

At lower temperature, there is a sharp drop of the resistivity to zero at 
Tm, marking the freezing of the vortex liquid to a solid. The transition 

is narrow, 40 mK in width (100/0-90%) at 6 T. This is comparable in 

sharpness to the zero field transition to superconductivity. The drop 

in resistivity is caused by the residual pinning sites in the crystal 
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trapping the vortices and preventing their motion. This enhanced 

pinning in the solid occurs because of the shear modulus. Above Tm 

the vortices are free to slide past each other in the liquid, so that 

pinning of one vortex does not impede the motion of its neighbors. In 

the solid, elastic shear forces between neighbors prevent the motion 

of a group of vortices if any of them is pinned. Thus the same set of 

relatively weak pinning sites is much more effective in immobilizing 

the vortex solid than it is the liquid. The measuring current density of 

0.3 A/cm2 in the transport experiment is below the critical value for 

the solid. At higher measuring current, the solid itself can be made to 
move and a finite voltage can be observed below Tm [ 101. This 

represents the nonlinear section of the I-V curve at high driving force. 

Unlike the solid, the liquid state displays a linear I-V curve with zero 

critical current. The sharp drop to zero resistivity and the onset of a 

nonlinear I-V curve are the two signatures of freezing expected 

theoretically in the vortex state. 

The sharp drop to zero resistivity at the melting point in transport 

experiments is accompanied by the onset of hysteresis in the field and 

temperature dependence of the resistivity. Figure 2 shows the field 

dependence of the hysteresis at the melting point [9]. The hysteresis 

curve is highly asymmetric, showing a sharp drop to zero in the solid 

on decreasing field and a more gradual rise into the liquid state on 

increasing field. The drop occurs within the spacing between data 

points, 10 Gauss. This is remarkably abrupt, representing only -10-4 

of the applied field of -6 T. The asymmetry of the hysteresis may be 

related to the different conditions which prevail in the liquid and solid 
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states. Pinning is not effective in the liquid state, so the vortices are 

free to minimize their interaction energy, subject only to the 

randomizing influence of thermal fluctuations. The vortices can thus 

assume approximately the appropriate configuration needed for 

solidification, and freezing can occur throughout the crystal when the 

thermodynamic conditions of temperature and field are fulfilled. In 

the solid, pinning is effective, and the local configuration near melting 

is not that of the ideal lattice. The Lorentz force due to the measuring 

current provides stress on the lattice. which responds by deforming in 

accord with the local strength of the pinning sites which resist the 

driving force. The lattice is inhomogeneous and melting takes place 

locally at slightly different fields reflecting the local melting 

conditions. 

Can  the transport behavior be explained as a pinning/de-pinning 

transition without reference to melting? In principle, both a 

transition to zero resistivity and hysteresis can be caused by pinning 

within the solid vortex phase. The extreme sharpness of the 

transition argues against pinning alone as an explanation. Pinning 

strength increases gradually as the temperature is lowered, suggesting 

that pinning transitions should appear as gradual features in the 

resistivity. The extreme sharpness of the transitions at Tm in both 

field and temperature would not be expected for pinning/de-pinning 

effects. Moreover, if the transitions at Tm reflect pinning behavior, it 

should be possible to vary their position in the H-T plane by increasing 

or decreasing the pinning strength. Remarkably, the melting curves 

for crystals grown in different laboratories under different conditions 
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are identical within experimental uncertainty, suggesting that the 
transition is an intrinsic feature of the vortex system rather than a 

sample dependent pinning effect. Finally, in experiments described 

in the next paragraph, the pinning strength can be altered in a 
systematic and controlled manner. The resistivity behaves in a way 

that is inconsistent with pinning but is natural in the melting picture. 

Electron irradiation of YBCO crystals induces point defects consisting 

of vacancies and interstitial atoms [ 1 I]. The mass of the atom to be 

displaced can be chosen by adjusting the electron energy. After 

irradiation, the vacancies and interstitials move at room temperature 

to form small clusters of defects which are of the order of the 

coherence length. On annealing at high temperature, the defects can 

be removed and the crystal restored approximately to its undamaged 

state. This technique allows systematic control of the number of point 

pinning sites in a melting experiment. Figure 3 shows the resistivity 

of a crystal before irradiation, after irradiation, after annealing at 

2OO0C, and after additional annealing at 240°C as explained in the 

caption [12]. The unirradiated crystal shows sharp melting behavior at 

Tm. In the irradiated crystal the sharp drop to zero resistivity is 

replaced by a gradual reduction occurring over a wide temperature 

range. Further, the nonlinear I-V curves which occur in the 

unirradiated crystal below Tm are replaced by linear behavior over the 

entire measurable range. In addition, the hysteresis in resistivity in 

the unirradiated crystal disappears with irradiation. Remarkably, the 

data at 4T in Figure 3 show that the irradiated crystal has a higher 

resistivity below Tm than the unirradiated crystal. This is contrary to 
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the behavior expected for pinning, where the resistivity normally 

declines with increasing pinning strength. The behavior of the 

hysteresis on irradiation is also opposite to that expected for pinning: 

normally, increased pinning enhances irreversibility. However, both 

the increased resistivity and reduced hysteresis are consistent with 

vortex melting. Defects are expected to suppress first order melting 

[4,13]. The absence of a sharp drop in the resistivity, the 

disappearance of the hysteresis, and the linear I-V curves in the 

irradiated crystal indicate that the melting transition is suppressed. 

The liquid phase is stabilized in the irradiated crystal to temperatures 

below Tm. The higher resistivity of the irradiated crystal below Tm is 

natural, since the liquid state is expected to have larger resistivity 

than the solid. 

3. Thermodynamic Experiments 

Although transport experiments indicate a first order melting 

transition in the vortex state, they cannot probe equilibrium features 

of the transition or establish its order. These important questions 

must be answered by thermodynamic experiments. Figure 4 shows 
the magnetization of a clean single crystal of YBa2Cu307 taken with 

SQUID magnetometry [14]. A tiny but measurable jump appears in the 

magnetization at  Tm as shown in the inset. The magnitude of the 

magnetization jump is similar to that first reported by Liang et al. [15]. 

If the linear extrapolation of the magnetization in the solid phase is 

subtracted from that of the liquid phase, the jump becomes more 

obvious, as shown for several temperatures in the main panel. The 

width of the jump in field at 84 K is about 700 Gauss, consistent with 
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the measured temperature width of 150 mK and measured slope of 

the melting line of 0.67 T/K at that point. 

The magnetic melting transition is wider than the resistive transition. 

This difference is reasonable in view of the respective thermodynamic 

and dynamic character of the two transitions. The magnetic transition 

measures the contribution of each vortex in the sample. The jump 

between the liquid and solid states allows interpolation of the 

intermediate values to give the fraction of liquid and solid. The 

transition region corresponds to a coexistence of liquid and solid as 

the phase boundary moves through the sample. In contrast, the 
resistivity is sensitive only to the part of the sample where the 

measuring current is flowing. If the liquid and solid coexist, the 

current will flow through the solid where pinning is more effective 

and the resistivity lower. Thus, once a complete path of solid is 

formed in the coexistence region, the resistivity is expected to drop 

to zero. Simultaneous measurements of the resistivity and 

magnetization [ 161 show that zero resistivity is achieved at low current 

when the magnetic transition is about 20% complete, close to the 

value of 16% required to produce a complete path by percolation in . 

three dimensional systems 1 171. 

The resistive hysteresis illustrated in Figure 2 does not occur as 

prominently in the sample of Figure 4, presumably because it is not as 

perfect. The largest resistive hysteresis observed in this sample at 

melting is 30 Gauss in field, which translates to a few mK in 

temperature. This hysteresis is too small to be observed in the 
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magnetization experiment, where it is overwhelmed by the transition 

width of 700 Gauss/l50 mK. 

The magnetization curves appear to be reversible in the region of the 

transition, as illustrated by the coincidence of the up and down 

sweeping curves at 84 K in Figure 4. This magnetic reversibility 

appears at first sight to be at odds with the resistive zero which occurs 

at low current everywhere in the solid phase. Zero linear resistivity 

implies a finite critical current.and consequent open hysteresis loop 

in the Bean critical state model. The apparent conflict is resolved by 

comparing the sensitivity of the two measurements to irreversibility. 

The resistive measurements were taken with an applied current of 

0.65 A/cm2, which corresponds to a magnetization hysteresis of 0.02 

Gauss using the Bean model with the present sample geometry. The 

magnetization measurements have a noise level of 0.05 Gauss. Any 

' 

hysteresis smaller than this will not be detectable in the noise. Thus, 

for the dimensions of the sample in question, a resistivity experiment 

with a measuring current of 0.65 A/cm2 detects irreversibility at a 

lower level than a magnetization experiment with a noise level of 0.05 

Gauss. In addition to differences in absolute sensitivity, the relative 

sensitivity of the magnetization and resistivity experiments is affected 

by the time scale of the measurements. Resistivity data is collected on 
the time scale of the measuring frequency, of order tens of 

milliseconds. Magnetization data is collected on the time scale of the 

sample oscillation through the coils of the SQUID, a few minutes. In 

addition, the SQUID begins collecting data after a delay time of one 

minute following a field change, to let the field value stabilize. 
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Significant relaxation of a non-equilibrium magnetic signal may occur 

over the time scale of the measurement at these high temperatures, 

effectively preventing the magnetometer from observing it. 

The sign of the magnetization jump at melting indicates that the 

vortex liquid is more dense than the solid. This feature is unusual in 

condensed matter, ice being the most familiar example. The 

magnitude of the effect is large in ice, amounting to approximately a 

10% change in density on melting. In YBazCu307 the effect is much 

smaller, a fractional density change of order 5x10-6 at  melting. The 

occurrence of ice-like melting is required by the slope of the melting 

curve in the vortex system. This is most easily seen via the Clausius- 

Clapyron equation for magnetic systems 

dHm A S  
d T  - A M  
- - --  

where Hm is the melting field and A S  and A M  are the discontinuities 

in entropy and magnetization at the first order transition. The 

measured melting curve has negative slope, implying that the entropy 

and magnetization both increase or both decrease at melting. The 

reasonable assumption that the liquid has greater entropy than the 

solid requires that it have greater magnetization also, equivalent to a 

higher density of paramagnetic vortices. Thus, ice-like melting and 

the negative slope of the melting curve are thermodynamically 

equivalent and arise from the same underlying physics. Their origin 

can be traced to the weak, long range interaction potential between 

vortices at separations less than the penetration depth [18]. 
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The entropy change and latent heat on melting can be inferred using 

the Clausius-Clapyron relation. The measured values of the slope of 

the melting curve and magnetization change on melting produce the 
entropy changes shown in Figure 5. The value of the entropy change 

below 88K, -0.65 kg/vortex/double layer, is remarkably similar to the 

values reported earlier for vortex melting in weakly coupled 

Bi2Sr2CaCU208 superconductors at temperatures not too close to Tc 

[19-211. This value is larger than expected in numerical simulations 

[5,6], and calls into question the simple picture of melting from a line 
lattice to a line liquid. In Bi2Sr2CaCU208, melting occurs a t  much 

lower fields, -500 Gauss, because of its higher anisotropy and 

consequent softer elastic properties. The high melting fields of 

YBazCu307 limit SQUID observations to the temperature range within 

-10 K of Tc, whereas melting in Bi2Sr2CaCu208 is observed to below 

40 K. Bi2Sr2CaCu208 displays evidence of a critical point at low 

temperature [20,21], where the first order character of the transition 

disappears in magnetic experiments. Although the resistive transition 

of YF3a2Cu307 becomes much less sharp above -12 T, suggesting the 

existence of a critical point [22], no thermodynamic evidence for a 

critical point has yet been reported. At high temperature there is an 
additional difference in the behavior of the entropy in YBa2Cu307 and 

Bi2Sr2CaCu208. Bi2Sr2CaCu208 shows an increasing 

entropy/vortex/double layer as T approaches Tc, while YBa~Cu307 

displays a decreasing trend. Both the magnetization and entropy 

jumps in YBazCu307 extrapolate to zero at a temperature well below 

T,, suggesting that the melting transition is either absent or replaced 

by a second order transition, perhaps due to pinning effects by 
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residual impurities. The questions of the possible critical point at 
high field and the loss of the entropy jump at low field are 

fundamental thermodynamic issues. 

There is a second thermodynamic experiment that can be performed 

on the vortex melting transition: calorimetry. In principle, the latent 

heat T A S  released by the vortex system at melting can be observed in 

careful thermal experiments [23]. The effect is quite small, amounting 

to a temperature rise of -1 mK in a typical YBa2Cu307 sample on 

melting at 4 T [ 141. Nevertheless, differential calorimetric 

experiments have been performed on clean, untwinned single crystals 

which have also been characterized by magnetization measurements 

[23J. The latent heat has been observed for fields up to 9 T, and the 
derived entropy is in very good agreement with that inferred from 

magnetization experiments via the Clausius-Clapyron equation. 

4. Conclusions 

The rich spectrum of equilibrium phases in the vortex state of high 

temperature superconductors has received considerable theoretical 

attention, with predictions of lattice, glassy, and liquid regimes 

separated by first and second order phase transitions. Experimentally, 

the phase diagram has been explored extensively with dynamic 

transport experiments. In clean crystals these experiments show a 

linear resistivity in the vortex state at high temperatures, a sharp drop 

in resistivity to zero at low current at lower temperatures which is 

accompanied by nonlinear I-V curves and the appearance of hysteresis. 

These features are in excellent qualitative agreement with a first order 
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melting transition from a 

theoretically. In crystals 

lattice to a liquid of vortex lines, as expected 

with controlled point defects produced by 

electron irradiation, the resistivity goes smoothly to zero in the 
absence of hysteresis and nonlinear behavior. These features are 

qualitatively consistent with a second order transition to a glassy solid 

phase, although the glassy phases and phase transitions have received 

much less experimental attention than first order melting. 

To explore the thermodynamic character of the vortex phases, 

equilibrium experiments are required. Magnetization experiments on 
clean, untwinned single crystals of YBazCu307 show reversible 

behavior in the liquid and solid phases near the melting line. 

Magnetization jumps on melting directly demonstrate that an 

equilibrium phase transition exists at melting and that it is first order. 

Remarkably, the measured entropy jumps are similar to those for 

vortex melting in Bi2Sr2CaCu208, despite the fact that the two 

materials have widely different layer couplings and anisotropies. A 

second thermodynamic experiment, calorimetric measurements on 

YBazCu307, demonstrates independently that an equilibrium first 

order melting transition occurs in the vortex state. The latent heat 

measured in the calorimetric experiment is thermodynamically 

consistent, via the Clausius-Clapyron relation, with the vortex density 

jump measured in magnetization. These two equilibrium experiments 

dramatically confirm the first order vortex melting hypothesis in clean 

systems first suggested by theory and supported by dynamic transport 

experiments. With the advent of quantitative thermodynamic data, 

new questions have been put forward regarding the size of the entropy 
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jump, which is larger than expected for a transition from a simple line 

solid to line liquid. The possible occurrence of a critical point at high 

fields where the transition changes from first to second order, and the 

loss of the entropy jump at low fields are two fundamental 

thermodynamic questions which can now be definitively investigated. 

These and other questions regarding the role of disorder and glassy 

states in the vortex phase diagram provide fertile ground for basic 

science and technological applications. 
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Figure Captions 

Figure 1. 

the vortex state in various magnetic fields. Inset shows the melting 

phase diagram derived from resistivity measurements. 

Temperature dependence of the resistivity of YBa2Cu307 in 

Figure 2. 

hysteresis at the melting transition. 

Field dependence of the resistivity in YBa2Cu307 showing 

Figure 3. 

irradiation, and after annealing. The annealing schedule was 4 hr at 

100°C, 4 hr at 15OoC, 4 hr at 180°C. 2 hr at 200°C. 2 additional hours 

at 200°C. 4 hr at 22OoC, and 4 hr at 240°C. The data after annealing 

show the resistivity after the first anneal for 2 hr at 200°C and after 

the final anneal at 240°C. 

Resistivity of YBa2Cu307 in 4T before and after electron 

Figure 4. 

the melting field in various temperatures. The data are shown with 

the linear extrapolation of the magnetization in the solid phase 

subtracted, as illustrated in the inset. Data taken during up and down 

sweeping fields at 84 K illustrate the reversibility of the measurement. 

In the main figure, crosses represent the down sweep, pluses 

represent the up sweep at 84K. 

Magnetization jump in clean single crystal of YBa2Cu307 at 

Figure 5. Magnetization and entropy change at melting in single 

crystal YBazCu307. The values of the entropy change were derived 
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from the magnetization jumps using the Clausius-Clapyron equation 

and the measured slope of the melting curve, 
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