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First Order Phase Transition at the Irreversibility Line uf Bi2SrqCaCuzOs+8
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Magnetization and susceptibility measurements show a first order phase transition in the magnetic
flux structure at the irreversibility line of Bi2Sr2CaCu208+p single crystals, in the field range 0 (
0 ( 360 Oe. The resistivity in the c direction drops 5 orders of magnitude in less that 0.1 K,
and there is a discontinuous change in the magnetization at the same temperature. The change in
magnetization together with the Clausius-Clapeyron equation gives a variation of entropy of 0.06k~
per vortex layer, at the transition. Above 360 Oe the irreversibility line has the known frequency
dependence.

PACS numbers: 74.60.Ge, 74.40.+k, 74.72.Hs

Transport measurements [1—4] in BizSrzCaCuzOs+s
(BSCCO) and YBazCusOr „(YBCO)at high fields have
shown that a three dimensional vortex structure makes a
second order phase transition from a noncoherent state to
a superconducting phase coherent state at low tempera-
tures [5,6]. Whether this transition coincides with the ir-
reversibility line TI(H) that separates the reversible from
the nonreversible magnetic behavior is yet the subject of
controversy.

While the above mentioned results describe the experi-
mental data over a large range of fields and temperatures
for dirty samples of YBCO, the appearance of a first or-
der phase transition [2,7] in clean samples has shown the
importance of disorder in the thermodynamic properties
of that material.

The second order phase transition in YBCO seems to
be coincident with the dc irreversibility line TI(H) de-
fined as the merger of the field cooling (FC) and zero field
cooling (ZFC) magnetizations. However, the experimen-
tal situation in BSCCO is less clear. Although resistivity
measurements at high fields [7] have provided convincing
results on the existence of a second order phase transi-
tion, there is no clear evidence of its relation with TI (H),
as determined by dc magnetization measurements. In
particular, it has been shown [8,9] that for fields higher
than 400 Oe the dc irreversibility line, with the applied
field in the c direction, lays well above the temperature
where the resistivity in the c direction goes to zero, in
agreement with previous sugestions [10,11].

A remarkable result of Refs. [8,9] is that Tt(H) be-
comes frequency independent for H & 400 Oe, suggest-
ing the existence of a phase transition in the low field
and high temperature region of the phase diagram. This
possibility has received strong support after the neutron
difFraction experiments by Cubitt et al. [12], where the
diKracted intensity from a vortex lattice is shown to dis-
appear suddenly on the melting line at TI(H)

The experimental results for BSCCO [8—11] sup-
port the theoretical picture proposed by Glazman and
Koshelev [13], who studied the effect of thermal fluctua-
tions in layered superconductors. In their model there is

a crossover field,

4cpB„= ~ ~)

where 4p is the flux quantum, p the anisotropy ratio,
and d the interlayer spacing. For B ) B„the thermal
fluctuations behave quasi-two-dimensionally. At a tem-
perature TM(H) the superconducting order in the field
direction is destroyed. However, the long range order of
the lattice in the a bplanes -remains up to a higher tem-
perature. For B & B„the thermal fluctuations produce
a melting of the vortex lattice, leading to a 3D vortex
liquid with long range correlation in the direction of the
field. At higher temperatures the correlation in the c
direction is finally lost and the vortices become quasi-
2D. On the other hand the efFect of structural disorder
in the possible phase transitions has not been taken into
account in Ref. [13].

The results of Refs. [8,9,12] suggest the possibility of a
melting phase transition at the irreversibility line TI (H)
Thus, it is important to test this hypothesis and, if true,
determine whether the transition is of first or second or-
der. To do this we studied the frequency dependence of
TI(H) for H ( 600 Oe in a range of frequencies from 3
Hz up to 100 kHz with the dc field H parallel to c and an
ac field perpendicular to it. The ac susceptibility shows
that for H ) 360 Oe the linear response is associated
with a thermally activated process inducing a dissipa-
tion peak that lies above or below the dc irreversibility
line, depending on frequency [8,14]. The frequency de-
pendence of the dissipation peak disappears for H ( 360
Oe. When the data are analyzed using the simple skin ef-
fect model, it shows that the resistivity in the c direction
drops at least 5 orders of magnitude in less than 0.1 K, at
the same fields and temperatures where neutron diErac-
tion detects the sudden disappearance of the intensity of
the lattice difFraction pattern [12].

The change of the ac susceptibility at TI(H) for fields
below 360 Oe is found to be abrupt and frequency and
amplitude independent, suggesting that the low field ir-
reversibility line in BSCCO represents a first order ther-
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FIG. 1. Dissipative component of the ac susceptibility in

the linear regime with the ac field parallel to the Cu-0 planes
as a function of temperature, for selected fields. The measure-
ment frequency was 12 Hz. The numbers indicate the applied
dc field parallel to the c axis.
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modynamic transition, similar to that found [2,7] in clean
YBCO samples. This is strongly supported by what we

believe is the first thermodynamic proof of the order of
the transition. That is, through careful dc magnetiza-
tion measurements we have measured an abrupt change
in magnetization associated' with the phase transition.

The measurements were performed in high quality sin-

gle crystals of BSCCO with Tc = 89.5 K, grown and
characterized as described in Ref. [15]. The samples were

typically slabs of 1 x 1 x 0.01 mm .
The dc magnetization data were obtained using a

SQUID magnetometer in a custom-made cryostat. In
the experiments the field was applied in the c direction
and the change in magnetic flux recorded as a function of
temperature at constant magnetic field, without moving
the sample. Details on the experimental setup can be
found elsewhere [16].

The ac susceptibility was obtained using two comple-
mentary techniques for low and high frequencies. Above
200 Hz a conventional mutual inductance setup and a
lock-in amplifier were used. In the range 1—1000 Hz the
measurements were carried out using a SQUID as an am-
plifier. Details can be found in Ref. [8]. In all the ac
measurements the ac field was perpendicular to the dc
field, that is, parallel to the Cu-0 planes.

Shown in Fig. 1 are typical data of the in-phase com-
ponent, y", of the ac susceptibility as a function of tem-
perature for two different dc fields. The ac field has a
frequency of 12 Hz and an amplitude of 50 mOe. At
this amplitude the ac response is found [8] to be lin-

ear in the whole range of temperatures and fields. The
qualitative change of the shape of the dissipation peak
when the Beld is increased is evident. At low fields and
high temperatures the peak is asymmetric, quite sharp
in th'e high temperature side, indicating that the eKec-
tive shielding currents are switched in a narrow range
of temperatures, as confirmed by a rapid change in the

FIG. 2. Arrhenius plot for the measurement frequency vs

temperature of the peak in y" for different applied fields.

Open symbols are obtained using a conventional mutual in-

ductance technique and full symbols using the SQUID as am-

plifier, Inset: Inverse of the activation energy as a function of
the applied field.

out of phase component y', not shown in the figure. At
higher fields the peak becomes more symmetric. Within
the picture of Glazman and Koshelev [13] the low field

peak corresponds to the establishment [8—ll] of a co-
herent state in the c direction. On the other hand, it
should be noticed that in the low field regime the energy
dissipation is not totally quenched until a lower temper-
ature, where a smaller and frequency dependent peak is

detected [8]. The origin of this dissipation peak is the
subject of current investigation.

In Fig. 2, we show an Arrhenius plot of the measur-

ing frequency as a function of the temperature where the
dissipation peak is observed for different applied fields.

Considering that the ac response is in the linear regime
we could associate the dissipation peak to a matching
of the skin depth 6 to some characteristic dimension of
the sample D = b = gp(T)c2/2m', where p(T) and u
are the resistivity and measuring frequency, respectively.
XVe see from I ig. 2 that while at 0 = 400 Oe, the change
in resistivity to match a change in frequency of 4 orders
of magnitude occurs when the temperature changes 5 K;
at 200 Oe the matching for an equivalent change in fre-

quency requires a variation of temperature of less than
30 mK (close to the experimental error in the tempera-
ture measurement). This result obviously shows that the
sudden change of the susceptibility in the low Beld range
cannot be explained by a skin depth description. This
is also seen in Fig. 2, where the activation energy, given

by the slope of the straight lines, increases monotonieally
when decreasing field until a divergence in a very narrow

range of fields is detected (between 375 and 350 Oe). The
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p&G. 3. Low field phase diagram of Bi2Sr2CaCu208+6
Closed circles: TI(H) from dc magnetization. Ope»ymb»:
Peak temperature in g" for selected frequencies. Thin lines

represent constant resistance contours.

inverse crf the activation energy as a function of field is
plotted in the inset of Fig. 2. We see then that above 360
Oe a thermally activated process is responsible for the
temperature dependence of the resistivity, while the dis-
continuous divergence of the activation energy for smaller
fields indicates the presence of a new phenomenon.

In the H-T diagram shown in Fig. 3 we have plotted
the temperatures where the dissipation peak is detected
for difFerent fields, at some selected frequencies. The data
corresponding to the irreversibility line as measured by
dc magnetization [16] are also shown in the same figure.
The frequency dependence of the position of the dissipa-
tion peaks for H ) 360 Oe is evident. The thin solid
lines drawn in the figure correspond to contours of con-
stant resistance. The coincidence between the tempera-
ture where the dissipation peak is detected and that of
the dc irreversibility line is clearly seen for H ( 360 Oe.
This is particularly relevant since the SQUID measure
ments probe the currents flowing in the a-b planes with an
effective frequency at least 2 orders of magnitude smaller
than the minimum frequency used in the ac measure-
ments. It is interesting to point out the strong similarity
between the contours of constant resistance and those re-
ported in Ref. [17] for YBCO. However, there is a differ
ence that reflects the importance of the laminar structure
of the BSCCO compound. The first order phase transi-
tion in YBCO is manifested through the behavior of the
resistance in the a-b planes and in BSCCO, through that
in the c direction. In YBCO the long range order in the c
direction is established well above the transition [18,19],
while in BSCCO long range order is established at the
first order phase transition.

Within the frame of the previous discussion there is a
remarkable similarity [10,11] between the phase diagram
of the superconducting BSCCO single crystals and that
predicted in Ref. [13] for laminar structures. Using ex-

FIG. 4. Expanded view of ZFC and FC flux expulsions in a
region of temperatures close to the irreversibility line, for an

applied field of 223 Oe. The lines corresponds to linear fitting
of the data. Inset (a) shows the ZFC and FC magnetizations

up to T, . Inset (b) shows the difference between the data and

the linear fit of the equilibrium magnetization close above TI.

pression (1) with BGF = 360 Oe and taking d = 15 ~
we obtain p = 154, a reasonable value among those re-

ported in the literature [20]. In this sense the crossover

field would determine the simultaneous 2D-3D crossover

and the appearance of a first order transition at TI(H).
Although the transport properties and the neutron

diffraction results provide strong evidence of the exis-

tence of a first order phase transition, there is no ther-

modynamic proof that such a transition takes place ei-

ther in YBCO or in BSCCO. A first order phase tran-

sition requires a latent heat and a finite discontinuity

in the sample magnetic moment. Careful dc magnetiza-

tion measurements at the temperature where the depar-

ture between the ZFC and FC magnetization takes place
has allowed the observation of a jump in the equilibrium

magnetization, at the low field irreversibility line. This

jump disappears above 360 Oe, where Tz(H) becomes

frequency dependent.
Figure 4 shows the change in magnetic fiux in ZFC

and FC experiments at the irreversibility line for a field

of 223 Oe. In the inset (a) the FC and ZFC data are

plotted in a wider range of temperature. In inset (b) we

depicted the data after substracting the linear fit of the
equilibrium magnetization close above TI. The results of
Fig. 4 show that the change in the number of vortices
[21] at the melting transition is of the order of 8400cp
over a total of 4 x 107 40. The experimental data shown
in Fig. 4 +&ere obtained in our thickest available sample
of 2 x 10 cm . Measurements in thinner samples show
the same anomaly in A4 at TI(H), although less evident
than that shown in the figure.

One interesting feature that can be observed in Fig. 4
is that simultaneously with the melting transition a finite

2953



VOLUME 72, NUMBER l 8 PHYSICAL REVI EW LETTERS

critical current appears, as is reasonable to expect in a
first order phase transition from a liquid vortex state to
a solid structure. The contribution of the critical current
to the flux jump is discounted, taking the flux jump cor-
responding to the average of the ZFC and FC values, as
indicated by the line between arrows.

Although the precision of the experimental data is not
good enough to provide the temperature and field varia-
tion of the jump of the discontinuity of the magnetization
we can use the Clausius-Clapeyron equation

1 dH AS
4' dT ABV

to estimate the change in entropy AS at the transition.
This value corresponds to AS = (6 x 10 2)king per vortex
per layer, in fairly good agreement with recent Monte
Carlo simulations of the melting transition by Hetzel et
a/. [22].

Before summarizing the results it is convenient to men-
tion the open question left by the presence of the small
frequency dependent peak shown in Fig. 1 at around 20
K. Its main features have been already discussed [8]. Al-

though it is difficult to suggest its origin we point out
that it takes place at the lowest temperature where the
ac ZFC and FC shielding coincide [23]. Below this tem-
perature the FC shielding is larger than the ZFC [23].
This unusual manifestation of the critical state at low

temperatures has been attributed [23] to the two dimen-
sional character of the vortex structure, induced by a
nonuniform current distribution. Whatever the cause of
the dissipation peak, it coincides with a corresponding
increase of the shielding capability of the order of 870 of
the total [8]. Whether this decrease of resistance is the
result of the establishment of a true long range order in
all crystalline directions is the subject of present investi-
gation.

In conclusion, we have presented ac susceptibility mea-
surements in a broad range of frequencies and careful
magnetization measurements in BSCCO single crystals.
We have found clear evidence that the irreversibility line
below 360 Oe is a true phase transition of first order. The
change in entropy has been estimated from the change of
magnetization and the slope of the irreversibility line.
Contrary to what is observed in YBCO the first order
phase transition in BSCCO coincides with a change from
a 3D behavior at low temperatures to a 2D system with
a high electrical resistance in the c direction. The first
order phase transition defines a line in the H-T diagram

ending at 360 Oe where the transition becomes contin-
uous. This Beld coincides with the crossover field ', 13t
above which the system becomes more sensitive to dis-
order due to its two dimensional character. suppressing
the first order transition.
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reading of the manuscript. This work was partially sup-
ported by Fundacion Antorchas and CONICET (PID
33650092). H. P. , M.F.G. . and A.A. hold fellowships from
COXICET, Argentina.
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