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Inverse melting is the process in which a crystal reversibly trans-
forms into a liquid or amorphous phase when its temperature is
decreased. Such a process is considered to be very rare1, and the
search for it is often hampered by the formation of non-equilib-
rium states or intermediate phases2. Here we report the discovery
of ®rst-order inverse melting of the lattice formed by magnetic
¯ux lines in a high-temperature superconductor. At low tempera-
tures, disorder in the material pins the vortices, preventing the
observation of their equilibrium properties and therefore the
determination of whether a phase transition occurs. But by using
a technique3 to `dither' the vortices, we were able to equilibrate the
lattice, which enabled us to obtain direct thermodynamic evi-
dence of inverse melting of the ordered lattice into a disordered
vortex phase as the temperature is decreased. The ordered lattice
has larger entropy than the low-temperature disordered phase.
The mechanism of the ®rst-order phase transition changes gradu-
ally from thermally induced melting at high temperatures to a
disorder-induced transition at low temperatures.

Local magnetization measurements, using microscopic Hall
sensors4, were performed on a number of high-quality optimally
doped Bi2Sr2CaCu2O8 (BSCCO) crystals, grown in two
laboratories5,6. A d.c. magnetic ®eld Ha was applied parallel to the
crystalline c axis, while an a.c. transverse ®eld Hac' was applied
along the a±b planes (see Fig. 1 legend for details).

² Present address: Department of Physics and CMSE, Massachusetts Institute of Technology, Cambridge,

Massachusetts 02139, USA.

In YBa2Cu3O7 at temperatures close to Tc, `vortex dithering' by a
transverse a.c. ®eld reduces the irreversible magnetization caused by
vortex pinning3. We ®nd that in BSCCO crystals this method can
fully suppress the magnetic hysteresis even at low temperatures,
down to about 30 K, as shown in Fig. 1a. The Abrikosov vortices in
BSCCO can be regarded as a stack of Josephson-coupled pancake
vortices7 in the individual CuO2 planes. The in-plane ®eld Hac'

readily penetrates through the sample8 in the form of Josephson
vortices residing between the CuO2 planes9. The main effect, which
is of interest here, is that a pancake vortex, located in a CuO2 plane
immediately above a Josephson vortex, is displaced a small distance
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Figure 1 Local magnetization loops in BSCCO crystals with and without (open circles)

`vortex dithering'. A number of optimally doped BSCCO crystals with Tc < 90 K were

investigated. We present here results on three crystals: A (160 ´ 600 ´ 25 mm3),

B (170 ´ 600 ´ 20 mm3) and C (190 ´ 900 ´ 30 mm3). The samples were mounted on an

array of 10 ´ 10 mm2 GaAs/AlGaAs Hall sensors. A d.c. magnetic ®eld Ha was applied

perpendicular to the surface of the sensors (parallel to the crystalline c axis). A transverse

a.c. ®eld Hac' (1 kHz with amplitude of up to 80 Oe), applied parallel to the ab planes of the

crystals, equilibrates the vortices by `dithering' and suppresses the magnetic hysteresis.

The Hall sensors are insensitive to the transverse ®eld and measure only the d.c. c-axis

component Bz of the local induction. a, Lowest temperature, 30 K, at which fully reversible

magnetization in crystal A is attained for our maximum Hac' of ,80 Oe. The d.c.

magnetization loop displays the second magnetization peak above 300 Oe, which is due to

the enhanced vortex pinning in the disordered phase. Application of Hac' results in a

reversible magnetization curve that reveals a small step in magnetization (barely seen on

this scale) at the original location of the second magnetization peak. b, Example of the

local magnetization loop at a lower temperature (26 K) in crystal B. The d.c. loop shows

large hysteresis and a pronounced second magnetization peak. The applied Hac' is not

suf®cient to obtain reversible magnetization. The `dithering' ef®ciency of Hac' is

signi®cantly different in the two vortex phases: For the same width of the original d.c. loop,

much stronger suppression of the hysteresis is observed in the ordered phase than in the

disordered phase above the second magnetization peak.
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along the direction of the Josephson vortices relative to the neigh-
bouring pancake vortex residing one CuO2 layer underneath9. For
small values of Hac', the probability of such a close proximity
between a pancake vortex and a Josephson vortex is low. Thus, in
our sample geometry, an average pancake vortex experiences only a
few such periodic `intersections' during one a.c. cycle; the duration
of each intersection is less than 1% of the a.c. period. Hac' therefore
induces a weak local a.c. agitation of pancake vortices, which assists
thermal activation in relaxing the irreversible magnetization and in
approaching thermal equilibrium.

In addition to bulk pinning, a substantial part of the magnetic
hysteresis in BSCCO crystals is caused by surface10 and geometrical
barriers11. Hac' also ef®ciently suppresses this source of hysteresis.
The Josephson vortices, which periodically cross the sample edges,
instantaneously `slice' the Abrikosov vortices into short segments
or individual pancakes, thus apparently facilitating10 vortex
penetration though the surface and geometrical barriers. At lower
temperatures the equilibration of vortices by Hac' becomes
progressively more dif®cult, as shown in Fig. 1b at T = 26 K,
where our maximum Hac' is not suf®cient to eliminate the hyster-
esis completely.

We now focus on the main topic of vortex-matter phase transi-
tions. At elevated temperatures the vortex lattice undergoes a ®rst-
order melting transition4,8,12,13. The melting line Bm(T) apparently
terminates at some critical point TCP, below which a `second
magnetization peak' line Bsp(T) emerges14±17. In BSCCO crystals
the Bsp(T) line is rather horizontal on the B±T phase diagram. On
crossing this line by a ®eld sweep, a pronounced `second peak' is
observed in magnetization loops14 (Fig. 1), which re¯ects a trans-
formation of a quasi-ordered lattice into a disordered amorphous
state with enhanced vortex pinning.

The ®rst-order nature of the melting transition Bm(T) is mani-
fested by a small step in equilibrium magnetization, as described in
Fig. 2. At high temperatures, Hac' has no observable effect on this
step. As the temperature is decreased along Bm(T) towards TCP,
magnetic hysteresis starts to set in gradually, as seen for example in
Fig. 2a. Here, at T . TCP, the magnetization step is still clearly
resolved, but it is partly suppressed by the hysteresis in the vortex
solid phase below the transition. Application of Hac' fully removes
the hysteresis and enhances the magnetization step. Hac' also results
in a small broadening of the transition. We attribute this broadening
to the fact that a transverse ®eld slightly decreases9 the melting ®eld
Bm. The small variation of Bm during the a.c. cycle of Hac' should
therefore cause some smearing of the magnetization step.

Figure 2b shows the behaviour at T = 38 K, just below TCP, where
the ®rst-order transition was believed to be absent. At this tem-
perature, signi®cant hysteresis is observed and the second magnet-
ization peak starts to develop. Application of Hac' eliminates the
hysteresis and instead a step in reversible magnetization emerges,
which reveals the existence of a ®rst-order transition. A similar
phenomenon is found at lower temperatures, as shown in Fig. 2c,
where a clear second magnetization peak turns into a step in
magnetization upon application of Hac' (see also Fig. 1a). This
®nding leads to several important conclusions, including the
following: (1) the ®rst-order transition does not terminate at TCP,
(2) the vortex matter displays inverse melting, (3) the underlying
mechanism of the ®rst-order transition is different above and below
TCP, and (4) the disorder-driven transition at the second magneti-
zation peak is of ®rst order.

(1) The ®rst conclusion is that the previously reported termina-
tion of the ®rst-order transition4 at TCP does not re¯ect a real critical
point, but rather an experimental limitation. Below TCP the
dynamics becomes too slow to achieve vortex equilibration on
typical experimental timescales, thus preventing observation of
the equilibrium magnetization step. Hac' accelerates the equilibra-
tion process3 and thus facilitates the detection of the magnetization
step down to signi®cantly lower temperatures.
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Figure 2 Reversible magnetization steps revealed in BSCCO crystals by `vortex dithering'

at various temperatures. At high temperatures the ®rst-order magnetization step occurs in

the region of reversible magnetization. In this case Hac' has no effect on the

magnetization step up to our maximum transverse ®eld of 80 Oe. In addition, there are no

heating effects, as con®rmed by the absence of a temperature shift in Bm(T ). a, At

intermediate temperatures, such as T = 44 K . TCP < 40 K (crystal C), hysteretic

magnetization is observed below the transition (open circles). Application of Hac' removes

the residual hysteresis and enhances the magnetization step. Here the curve with Hac'

was displaced downwards for clarity. b, At temperatures slightly below TCP, signi®cant

hysteresis develops in the d.c. magnetization loops and the beginning of the second-

magnetization-peak behaviour is observed in the form of a pronounced change in the

width of the loop. Hac' results in reversible magnetization and reveals a clear

magnetization step that appears instead of the second magnetization peak (crystal C,

T = 38 K). c, At still lower temperatures a fully developed second magnetization peak is

observed in the d.c. magnetization loop which is replaced by a step in the reversible

magnetization in the presence of Hac' (crystal B, T = 32 K).
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(2) Observation of the magnetization step below TCP is not simply
an extension of the range of the ®rst-order transition, but rather
provides qualitatively new information. Figure 3 shows the location
of the transition line on the B±T phase diagram. Without Hac', the
®rst-order transition is observed only at temperatures above TCP,
where Bm(T) has a negative slope dBm/dT. We note that Bm(T)
becomes horizontal4 on approaching TCP. By applying Hac' we ®nd
that the ®rst-order transition extends to signi®cantly lower tem-
peratures and shows an inverted behaviour of a positive slope below
TCP. Hence, in this region the vortex matter displays the very rare
phenomenon of inverse melting in which an ordered lattice (Bragg
glass18,19) reversibly transforms into a liquid or amorphous phase
upon cooling.

(3) In a thermally driven vortex-melting transition, the liquid
phase has to be on the high-temperature side of the transition
because thermal ¯uctuations always increase with temperature. The
observed inverse melting behaviour therefore implies that the ®rst-
order transition below TCP must have a different underlying nature,
which is disorder-driven rather than thermally driven. The main
conceptual difference is that in thermal melting the decrease in
elastic energy of the lattice at the transition is compensated for by a
gain in entropy of the liquid. In a disorder-driven transition, in
contrast, the loss of elastic energy is balanced by a gain in pinning
energy, because the `wiggling' entangled vortices adapt more ef®-
ciently to the pinning landscape induced by the quenched material
disorder20. At low ®elds, the elastic energy of the lattice is higher
than the pinning energy, giving rise to an ordered state18±20. With
increasing ®eld the elastic energy decreases relative to pinning,
leading to a structural transformation into a disordered phase when
the two energies become comparable. Our ®nding shows that this
non-thermal transition is of ®rst order. At low temperatures the
shape of the disorder-driven transition line should be nearly
temperature independent or may show downward curvature due
to the temperature dependence of the microscopic parameters21. At
intermediate temperatures, however, even though the transition
remains disorder-driven, thermal smearing of the pinning potential
progressively reduces the pinning energy, leading to an upturn in
the transition line20. This effect of pinning reduction is apparently at

the origin of the observed inverse melting behaviour. An upturn in
the shape of the second magnetization peak line has been noted
previously5,14; however, the results presented here are, to our
knowledge, the ®rst evidence of a thermodynamic inverse melting
transition of the vortex lattice.

(4) The extended Bm(T) transition line coincides with the loca-
tion of the Bsp(T) line at lower temperatures, as seen in the inset to
Fig. 3, which demonstrates that the two phenomena have a common
origin. The second magnetization peak is the dynamic characteristic
of the transition, re¯ecting the enhanced vortex pinning and the
viscous nature of the disordered amorphous phase, whereas the
reversible magnetization step is its thermodynamic signature. The
revealed ®rst-order nature of the second peak is consistent with
recent conclusions based on Josephson plasma resonance studies22

and transient measurements23,24, as well as several numerical simu-
lations25±27. Thus, the breakdown of the Bragg glass is apparently
always a ®rst-order transition that occurs through a thermal and/or
a disorder-driven mechanism. Whereas thermally driven melting is
possibly restricted to high-temperature superconductors, the dis-
order-driven transition should be a more general phenomenon and
is apparently at the heart of the ubiquitous peak effect in low-Tc

superconductors28.
Figure 4 shows the magnetization step DB and the corresponding

entropy change DS = -(dHm/dT)DB/4p in the vicinity of TCP.
DB is approximately constant in this region. The entropy change DS
vanishes at TCP because dHm/dT = 0, and becomes negative below
TCP. A negative DS means that, paradoxically, the ordered lattice has
larger entropy than the disordered phase. Because the ordered
lattice has no dislocations and is structurally more ordered, the
extra entropy must arise from additional degrees of freedom. In the
amorphous phase the lattice structure is broken and the vortices
wander out of their unit cells and become entangled, yet their
thermal ¯uctuations on short timescales are small due to enhanced
pinning. In contrast, in the ordered lattice there is no entanglement
and no large-scale vortex wandering; however, thermal ¯uctuations
within the unit cell are larger, apparently resulting in larger entropy.
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DS , 0 also means that the latent heat TmDS is negative, and hence
the sample releases heat upon melting on increasing the ®eld, in
contrast to the usual melting in which the sample absorbs heat.
Note, however, that by crossing the transition lines by increasing the
temperature, the latent heat is always positive, as dictated by
thermodynamics, and the high-temperature phase always has
larger entropy. The observation of a rather constant DB in Fig. 4
resolves another previously reported4 inconsistency in the behav-
iour near TCP: at a true critical point DB is expected to vanish
continuously, whereas experimentally a rather constant DB was
found to disappear abruptly at TCP. The consistent values of DB
above and below TCP clearly indicate a smooth continuation of the
®rst-order transition and the absence of a real critical point.
However, we emphasize that the vortex system may not be in full
thermal equilibrium in the presence of Hac' agitation. Therefore the
relatively large values of DB in Fig. 4, which are found to be sample
dependent, should be investigated further.

Finally, an important open question is whether the two disor-
dered states of the vortex matter, liquid and amorphous, represent
different thermodynamic phases or just a continuous slowing down
of vortex dynamics. Recent numerical calculations led to contra-
dictory conclusions25±27,29. We do not observe any sharp features
along the depinning line Td, which usually extends upwards30 from
TCP and is believed to separate the two phases. A strongly ®rst-order
Td transition would require a sharp change in slope of Bm(T) at TCP,
which we do not observe. Therefore, the Td line in BSCCO is
unlikely to be a ®rst-order transition; it could be either a continuous
transition or a dynamic crossover. Similarly, in YBa2Cu3O7 the
structure of the phase diagram is controversial, and it is as yet
unclear whether the second magnetization peak line merges with
the melting line at the critical point16 or at a lower ®eld. M
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Superconducting circuits that incorporate Josephson junctions
are of considerable experimental and theoretical interest, par-
ticularly in the context of quantum computing1±5. A nanometre-
sized superconducting grain (commonly referred to as a Cooper-
pair box2) connected to a reservoir by a Josephson junction is an
important example of such a system. Although the grain contains
a large number of electrons, it has been experimentally
demonstrated6 that its states are given by a superposition of
only two charge states (differing by 2e, where e is the electronic
charge). Coupling between charge transfer and mechanical
motion in nanometre-sized structures has also received consider-
able attention7±10. Here we demonstrate theoretically that a
movable Cooper-pair box oscillating periodically between two
remote superconducting electrodes can serve as a mediator of
Josephson coupling, leading to coherent transfer of Cooper pairs
between the electrodes. Both the magnitude and the direction of
the resulting Josephson current can be controlled by externally
applied electrostatic ®elds.

First let us consider an isolated superconducting grain that is
brought into direct contact with a bulk superconductor and then
removed. Suppose that initially the grain was in a ground state jni
with a ®xed number of Cooper pairs n, counted from the neutral
state, while the macroscopic lead, labelled b, was in a ground state
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