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History Effects and Phase Diagram near the Lower Critical Point in YBa2Cu3O7 Single Crystals
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Using a sensitive torque magnetometer we have studied magnetization curves for untwinned overdoped
YBa2Cu3O7 single crystals in fields of up to 28 T. We demonstrate the existence of history effects below
the lower critical point and provide a full demarcation of the Bragg-glass phase. A pronounced symmetry
is observed in the behavior of the phase lines, irreversible magnetization, and value of the magnetization
jump near both critical points.
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The vortex phase diagram of high temperature super-
conductors (HTSC) has been a subject of intense interest
in recent years [1–9]. Its most prominent feature is the
first-order solid-liquid melting transition [1–4]. The trans-
formation from the vortex solid into the liquid state in-
duces sharp anomalies in the resistance [1], magnetization
[2,3], and specific heat [4] of the superconductor. Similar
to melting of ice into water, the vortex system also shrinks
with increasing temperature at the melting point. At low
temperatures the first-order transition terminates at the up-
per critical point [5]. This results in the appearance of
a pronounced peak effect [6–9] in critical current closely
related to an order-disorder transition. Because of the pres-
ence of pointlike defects the ordered state is a Bragg glass
[10], which does not possess the perfect translational order
of the hexagonal lattice but retains full topological order
with six nearest neighbors for every vortex. Above the
transition the disordered phase can better adjust to the pin-
ning system and this results in an increase of the critical
current. Prominent history effects [11] appear at the on-
set of the peak and mark a destruction of the Bragg-glass
phase. These effects were shown [11,12] to offer an excel-
lent method to locate this boundary deep in the solid vortex
state. Previous research of the phase diagram [5–7] has fo-
cused mostly on the upper critical point Bumc. However,
transport and specific heat measurements demonstrate that
the first-order melting transition also terminates at high
temperatures, for fields below a lower critical point Blmc
[13–15]. In this paper we report the existence of history
and peak effects near Blmc and provide a full mapping of
the Bragg-glass phase. We observe a pronounced symme-
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try in the behavior of the phase lines, irreversible magne-
tization, and value of the magnetization jump near both
critical points.

We have studied three flux-grown YBa2Cu3Oy single
crystals [16]. They were prepared by three different groups
using Y stabilized Zr and Y2O3 crucibles. Crystal ZY
was in an as-grown untwinned state. The two others,
named AS and D3, were detwinned by applying a uni-
axial pressure. Using high (370–480 bars) oxygen pres-
sure annealing at low (400–500 ±C) temperature for a long
time (140–180 h) the crystals were oxidized to the state
y � 7.00 with deficiency less than 0.003 according to the
isotherms [17].

Magnetic hysteresis measurements have been performed
using a cantilever capacitance torque meter [18] in mag-
netic fields up to 28 T. For the conventional presenta-
tion of the peak effect, the measured torque values t were
used to calculate the magnetic moment, using the relation
m � t�B sinu, where u is the angle between the magnetic
field and the magnetic moment. Because of the geometri-
cal confinement of the shielding currents in thin samples
[19] the direction of the moment essentially coincides with
the c axis.

Figure 1 shows typical behavior of the magnetization
curves for the fully oxidized YBa2Cu3Oy single crystal
AS. The results clearly demonstrate the existence of three
different temperature intervals related to the two critical
points. Approaching from above Bumc � 24 T the peak
in the irreversible magnetization decreases in width with
increasing temperature and transforms to an extremely nar-
row peak that vanishes at the upper critical point. This
© 2001 The American Physical Society 017006-1
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FIG. 1. Magnetization curves for crystal AS at different
temperatures: (a) above the upper critical point Bumc � 24 T,
(b) between these points, and (c) below the lower critical point
Blmc � 5.5 T.

extremely sharp peak in the current has a width even
smaller than that observed in conventional superconductors
[20]. The decreasing branch of the peak (BM 2 Bp) essen-
tially has the same width as the first-order jump [Fig. 1(a)].

In the intermediate temperature region [Fig. 1(b)] we
observe essentially reversible magnetization with a jump
at the first-order melting transition. As was shown pre-
viously by structure sensitive measurements [21], an or-
dered vortex Bragg glass transforms to a disordered vortex
liquid at this point. We find two different types of behav-
ior in this region: either with a very small irreversibility or
with an irreversibility close to a jump value [22]. To char-
acterize the first-order melting transition we use the field
parameters Bj and BM corresponding to the beginning and
the end of the jump [Fig. 1(b)].

At high temperatures [Fig. 1(c)] the irreversible mag-
netization starts to increase drastically and a very narrow
peak effect develops again, for B # Blmc � 5.5 T. The
peak position Bp essentially coincides with the onset of
the jump Bj extrapolated from the first-order region. Go-
ing away from the critical points outside the region of the
first-order transition, the irreversible part increases drasti-
cally and the peak broadens. Such broadening is already
known for the upper critical point [8,9]. We find a similar
behavior for the lower critical point. Close to Tc the peak
transforms to a broad fishtail.

The disappearance of a sharp jump in the reversible
magnetization was associated with a transition to a second-
order melting [14]. It is accompanied by the appearance
of a narrow peak effect. So we can use this behavior to
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detect critical points in our measurements. For crystal
AS the transition fields of Bumc � 24 T and Blmc � 5.5 T
determine the upper and lower critical points, respectively,
where the first-order transition terminates. Although the
value of the upper critical field shows significant variations
in different samples (15, 19, and 24 T for ZY, D3, and
AS, respectively), the lower critical point for all studied
samples has the same value.

It is already well established that the upper critical point
is a locus for several phase lines separating vortex liquid,
ordered Bragg glass, and disordered solid states. Recently
we observed large history effects in the transition region
between ordered Bragg glass and disordered phases [11].
These effects clearly mark the order-disorder transition. In
this Letter we report for the first time a similar behavior
below the lower critical point. This experiment is based on
the partial magnetization loop technique [23]. In this tech-
nique a series of magnetization loops are generated with
the maximum applied field increasing by a small step for
every consecutive cycle. As can be seen from Fig. 2 the
partial magnetization loops coincide for field excursions,
which remain below 0.15 T. For hysteresis curves with
higher maximum field a significant difference extending
for a wide field range is observed. It is induced by su-
percooling of a disordered phase as the result of hysteretic
behavior of dislocations in the vortex system. The disor-
dered phase experiences a stronger pinning and shows a
larger irreversible magnetization. The difference between
the magnetization loops is quantified in the inset in Fig. 2
and demonstrates a sharp onset of history effects above
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FIG. 2. Partial magnetization loops for crystal ZY at 86 K.
The inset demonstrates the difference between the consecutive
partial loops [11] after reversal of the critical state. The onset
field of the history effects Bpl is shown by the arrow.
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Bpl. The history effects persist until 0.6 T when a com-
pletely disordered phase is created [11].

It should be noted that for a significant temperature in-
terval a splitting of the peak effect was observed. Such
splitting was already discussed in Ref. [8] and, we sug-
gest, originates from the intermixture of different vortex
states: liquid, disordered, and ordered Bragg-glass phases
[22,24–26]. Recently, strong evidence was obtained that
the transition from a Bragg glass to a disordered state is
realized via an intermediate state which corresponds to a
mixture of both states [24,25]. The characteristic scale of
the mixture would be either microscopic or macroscopic
depending on the purity and pinning in the sample. Also a
broad intermediate region is expected for the solid to liquid
transition [26]. The overlapping of these two regions is a
probable reason for the peak splitting. In this case the first
peak may be related to the melting of the Bragg glass and
the second peak reflects a transition to the liquid state. Of
course this problem requires further detailed investigation
and is outside the scope of this Letter.

As can be seen from Fig. 3 the behavior of the peak
effect is highly symmetrical for both critical points. The
symmetry of the vortex phase diagram becomes even more
pronounced after normalization by the melting field, as
demonstrated in the inset in Fig. 3. This suggests a simi-
larity in the mechanism of the peak effect in both regions.
Similar to the behavior in the low temperature region [11]
the onset of history effects Bpl essentially coincides with
the onset of the peak effect Bon. This provides a full demar-
cation of the Bragg-glass phase near both critical points.

An important characteristic of the melting transition is
the value of the jump in the reversible magnetization dMj .
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FIG. 3. Phase diagram for crystal ZY. This figure represents
the characteristic fields: melting transition BM , position of the
peak Bp , of the onset of the peak effect Bon, history effects Bpl,
and of the melting jump Bj . For the region of the first-order
transition BM was determined by the end of melting jump in the
reversible magnetization (closed squares), and outside this region
BM was related to the vanishing point of the irreversibility (open
squares). The inset shows the characteristic fields normalized by
the melting field BM value and the regions of liquid, Bragg glass,
and disordered vortex phase (dis.).
017006-3
As can be seen in Fig. 4 this jump vanishes on approach-
ing both critical points. Simultaneously the irreversible
magnetization at the peak DMp ~ jc starts to increase
drastically. Again, the curves above and below the corre-
sponding critical points are quite symmetrical. It is natural
to relate this behavior to an increasing influence of the dis-
order in both cases.

The previous analysis of the vortex phase diagram was
concentrated mainly on the behavior near the upper critical
point [10]. The transition between different vortex phases
is governed by the relation between the energy of vortex-
vortex interaction Ey-y, pinning energy Ep, and tempera-
ture kBT . For pure crystal the Ey-y energy is dominant
at sufficiently low fields and drives the vortex system
into the ordered Bragg-glass phase. Therefore, at low
magnetic fields B the relation between Ey-y and kBT
determines melting from an ordered Bragg-glass (domi-
nant vortex-vortex interaction) to a disordered liquid
(dominant temperature disorder). With increase of B the
vortex-vortex interaction energy drops faster (~ B21�2)
than the pinning energy by pointlike disorder (~ B21�10).
Then, at the upper critical point, all three energies become
equal. At lower temperatures, two transitions take place.
First the Bragg-glass phase transforms to a disordered
glass at the point where the pinning interaction becomes
dominant and only after the decreasing pinning energy
(~ B21�10) reaches kBT , a transition to a liquid state is
realized. The experimental data near the upper critical
point are in agreement with such a scenario.

The lower critical point may also be understood in the
framework of such an analysis [10]. One should take into
account that only in very low magnetic fields the vortex-
vortex interaction energy changes to exponentially de-
creasing with field behavior. Then again we may expect
that the pinning energy becomes dominant (especially in
the presence of strong pinning centers), and the vortex
lattice may melt to a glass state [27]. Another possible
interpretation of the lower critical point could be reentrant
melting caused by the entropy factor [28]. However, both
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FIG. 4. Temperature dependence of the melting jump value in
reversible magnetization dMj and of the irreversible magnetiza-
tion at the peak DMp for crystal ZY.
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cases correspond to very small fields below m0Hc1. There-
fore, this cannot explain our high value of Blmc � 5.5 T.

The presence of strong defects may cause the appear-
ance of the lower critical point. In this case when the en-
ergy Esp of strong pinning is larger than the vortex-vortex
interaction energy of the vortex bundle, then a low-field
disordered phase will form. This explains the existence of
a disordered phase below the lower critical point in colum-
nar irradiated samples [15]. However, this mechanism can-
not be realized in our untwinned samples.

We should stress the anomalous behavior of the lower
critical point, which increases with the decrease of disor-
der in the crystal lattice caused by oxygen vacancies [14].
In crystal AS we find Blmc � 0 for y � 6.94, and Blmc
increases to 5.5 T in the fully oxidized state. In addition,
there is yet another anomaly. The similar values of the
lower critical point in all the samples studied, the consis-
tency with previous results for a fully oxidized sample by
specific heat measurements [14] (5 T , Blmc , 6 T), and
very recent magnetic measurements [29] (Blmc � 5 T)
suggest that the Blmc value is rather independent of the
sample quality. This consequently excludes other extrin-
sic defects because it is quite unlikely that the samples
with considerably different Bumc have the same defect con-
centrations, especially as they were prepared in different
groups. Taking into account that Blmc strongly increases
with the decrease of the oxygen disorder we may exclude
the influence of oxygen clusters on Blmc in similarly an-
nealed samples. Our results also disagree with numeri-
cal studies of Ref. [30], which predicts the existence of a
low-field critical end point. According to these calcula-
tions, the first-order line and critical point should exist for
any oxygen content that also differs from the experiment.

Therefore, our results suggest the existence of a disor-
der with an intrinsic origin, whose influence increases with
oxygen contents approaching y � 7. This may be caused
by the exotic nature of superconductivity in HTSC. It is
known that a pseudogap [31], which is suggested to be re-
lated to charge or spin excitations, is present in these mate-
rials. In the overdoped state the gap energy Eg falls below
kBTc. So at sufficiently high temperatures, T $ Eg�kB,
a spin/charge disordered state appears, which introduces
“intrinsic” pinning of vortices causing the appearance of a
critical point at low fields.

In summary, using a sensitive torque magnetometer we
have studied magnetization curves for three untwinned
overdoped YBa2Cu3O7 single crystals in magnetic fields
up to 28 T. Our results reveal clearly the transformation
of the first-order jump to the peak effect near both criti-
cal points. We have demonstrated the existence of history
effects below the lower critical point and have provided
a full mapping of the Bragg-glass phase. A pronounced
symmetry is observed in the behavior of the phase lines,
irreversible magnetization, and jump value. Our results
suggest an intrinsic origin for the lower critical point.
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