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Vortex Matter Phase Transitions in BisSroCaCusOg
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Vortex-lattice phase transitions in BizSroCaCuzOs crystals are studied using local magnetization measurements.
The vortex matter is found to exhibit at least three distinct phases. A rather ordered quasilattice phase is present
at low fields. At elevated temperatures the quasilattice melts (or sublimates) through a first-order phase transition,
whereas at lower temperatures a transition to a highly disordered vortex solid occurs at the second magnetization
peak. A very low density of columnar defects results in significant pinning of the quasilattice, demonstrating the
finite shear modulus of this phase. Local ac measurements reveal that in the presence of columns the pinned

quasilattice still melts through a first-order phase transition with an observable step in equilibrium magnetization

at elevated temperatures.

1. INTRODUCTION

The high-temperature superconductors
(HTSC) in the mixed state display a very compli-
cated phase diagram. The nature of the different
vortex phases and the transitions between them
are still unclear. In the low temperature super-
conductors it was believed that only one thermo-
dynamic phase, a solid Abrikosov lattice, exists
in the mixed state. Since the discovery of HTSC
it has became apparent that thermal fluctuations
play a crucial role and may result in melting of
the lattice, thus forming two phases, vortex solid
and vortex liquid. However in highly anisotropic
HTSC like BipSryCaCuzOg (BSCCO) the vor-
tex matter phase diagram is much more compli-
cated and displays at least three distinct phases
as shown in Fig. 1. We have incorporated a very
low dose of columnar defects in order to elucidate
the structure of the various phases. We find that
low concentrations of columnar defects have an
observable effect only in the low field quasilattice
phase, resulting in significantly enhanced pinning
in this state. The pinned quasilattice still dis-
plays a first-order melting transition at elevated
temperatures.
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2. EXPERIMENTAL

The experiments were carried out on several
BSCCO crystals [1] with typical dimensions of
700 x 300 x 10 um3. The crystals were irradi-
ated by 1 GeV Xe or 0.9 GeV Pb ions at GANIL
(Caen, France), which produced uniform colum-
nar defects parallel to the crystalline c-axis. We
have investigated very low irradiation doses cor-
responding to matching fields By in the range of
20 to 100 G (By = ngo, where n is the density
of the columnar tracks and ¢ is the magnetic
flux quantum). The local magnetization measure-
ments were performed in applied field H,||z||c-
axis using arrays of 10 x 10um? GaAs/AlGaAs
Hall sensors [2]. The sensors measure the perpen-
dicular component of the local induction B, at
various locations across the sample. For ac stud-
ies a small ac field H,. was superimposed onto
the dc magnetic field Hy. and the resulting local
ac induction B, across the crystal was measured
using lock-in techniques.

3. PHASE TRANSITIONS

Figure 1 shows the phase diagram of the vor-
tex matter in BSCCO as inferred from our local
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Figure 1: Vortex matter phase diagram in

BSCCO displaying three distinct phases with
three boundary lines. The quasilattice phase
melts through a FOT at B,,(T) and transforms
into a disordered solid through a disorder-induced
transition at Bsp. The disordered solid melts con-
tinuously along Byg(T).

magnetization measurements. There are three ex-
perimentally observed phase boundary lines. At
elevated temperatures and low fields a first-order
phase transition (FOT) is observed. Local mag-
netization measurements B, — H, vs. B, display
a small positive sharp step in equilibrium mag-
netization at the transition as shown in Fig. 2.
A similar step is observed by temperature scans
[2]. The position of the FOT line B, (T") is shown
in Fig. 1. The FOT line terminates abruptly at
intermediate temperatures at a critical point T,
as indicated by the arrow in Fig. 1.

At temperatures below the critical point an on-
set of a large second magnetization peak [3] is ob-
served at B,p(T") as shown in Fig. 3. Analysis of
the field profiles across the sample shows a tran-
sition from smooth dome-shaped profiles due to
surface and geometrical barriers at low fields to
Bean profiles due to the onset of significant criti-
cal currents at fields above B,, [4]. Local magne-
tization measurements indicate that this transi-
tion is very sharp [5]. We therefore infer that the
sharp change in the apparent pinning at the on-
set of the second peak is driven by an underlying
thermodynamic phase transition.
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Figure 2: Local magnetization loop at elevated
temperature showing the FOT manifested by
the sharp step in equilibrium magnetization at
B, (T).

It is interesting to note that the second peak
line B,,(T") and the FOT line By, (T") meet at the
critical point forming one continuous transition
line. Similar investigations were carried out on
oxygen annealed crystals with various anisotropy
[5,6]. The position of Bsp(T") and B,,(T') is found
to be strongly anisotropy dependent, however, in
all cases the two lines always merge at the crit-
ical point [5,6]. This finding is a strong indica-
tion that the two lines represent one continuous
vortex-lattice transition which is a first-order at
high temperatures, but possibly becomes second-
order at some sample-dependent T¢, as the tem-
perature is decreased.

At fields above the B,, line, significant bulk
pinning is observed. Figure 4 shows the behavior
of the apparent critical current in this region. It is
important to note that in this region surface bar-
riers also contribute significantly to the magnetic
hysteresis. Therefore one cannot readily deter-
mine the critical current from the global magne-
tization measurements. In local measurements a
proper analysis of the field gradient dB, /dz can
be made [4] which allows separation of the two
contributions. Figure 4 thus represents the hys-
teretic behavior of the field gradient which reflects
bulk pinning. The apparent critical current de-
creases rapidly with increasing temperature and
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Figure 3: Local magnetization loop in the vicinity
of the second magnetization peak Bjp.

field, and vanishes at Byp(T') [4]. We believe that
this line in Fig. 1 approximately reflects the po-
sition of another phase boundary which extrapo-
lates to the critical point Ty,

4. COLUMNAR DEFECTS

In the as-grown BSCCO crystals the phase be-
low B (T) line in Fig. 1 is practically unpinned
with effectively zero critical current, and there-
fore in principle could be either in a liquid or
a solid phase. Hence there is a need for a di-
rect test of the shear modulus in this phase. We
have introduced a very low dose of columnar de-
fects such that their density is much lower than
the vortex density over a range of fields below
B (T) [7]). This case is similar to trying to tack
a carpet with few nails. If the vortex matter
is in a solid phase with a finite shear modulus
the entire lattice will be pinned. ‘On the other
hand, in a liquid phase the unpinned vortices will
flow freely around the few vortices trapped by
the columns and the critical current will remain
zero. Local dc magnetization measurements indi-
cate that below B, (T") the shear modulus is in-
deed finite [7]. Here we present similar behavior
measured by a local ac technique. Figure 5 shows
the local ac response B /H,. as a function of
the applied dc field Hy, in the as-grown crystal
along with a crystal irradiated to a dose corre-
sponding to By = 20 G. In the as-grown sample
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Figure 4: Field gradient dB,/dx vs. the local in-
duction B, at low temperature. The locations of
the corresponding sensors across the sample were
chosen in order to reflect bulk pinning rather than
surface barriers. Brp thus indicates the position
of the bulk irreversibility line.

the FOT manifests as a sharp paramagnetic peak
which is the result of the thermodynamic step in
the equilibrium magnetization at the transition
[8]. Above B,, the sample exhibits no shielding,
B! ./H,. = 1, and the critical current is zero. The
same is also true in the vicinity of the transition
below B,, in as-grown samples, which means that
in these samples the critical current is practically
zero below the FOT. At lower fields, significant
shielding is observed due to the presence of the
geometrical barrier. This barrier also results in
the unusual negative local response [9] as seen in
Fig. 5 at Hg. ~ 20 Oe. In the irradiated sample,
however, the situation is dramatically different.
Above By, the sample is still unshielded, however
full shielding is immediately established just be-
low the transition, indicating a large critical cur-
rent and the existence of a finite shear modulus in
this phase which vanishes abruptly at the FOT.
The same conclusions were recently reached on
the basis of transport measurements [10,11]. It
is interesting to note here that at elevated tem-
peratures the FOT is still preserved in presence
of low doses of columnar defects as demonstrated
in Fig. 5 by the presence of the paramagnetic
peak at the transition. The height of the peak
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is somewhat suppressed relative to the unirradi-
ated sample. At lower temperatures this peak is
not detected. The small difference in the position
of By, (T) for the two samples in Fig. 5 is due
to some difference in the crystals and mainly in
their sizes which results in different values of the
internal field B at a given Hy,.

5. VORTEX MATTER PHASE DIA-
GRAM

Based on the above results we conclude that
the phase below the FOT is a solid lattice which
according to the neutron diffraction and uSR
data has a long range orientational order [12].
We therefore refer to this state as a quasilattice
[13]. At elevated temperatures the quasilattice
melts through a FOT (see Fig. 1). Recent flux
transformer measurements [11] indicate that this
FOT is a sublimation transition in which the solid
quasilattice transforms directly into a gas of pan-
cake vortices. At lower temperatures the quasilat-
tice transforms into a highly disordered entangled
vortex solid through a disorder-driven transition
at the second magnetization peak By, (T') [13,14].
This disordered solid eventually melts continu-
ously near the depinning line Brg(T").
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