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First-order vortex phase transition in Bi2Sr2CaCu2Oy single crystals
with different carrier concentrations studied by resistivity measurements

S. Watauchi,* H. Ikuta,† H. Kobayashi, J. Shimoyama, and K. Kishio
Department of Superconductivity, The University of Tokyo, Hongo 7-3-1, Bunkyo-ku, Tokyo 113-8656, Japan

~Received 2 December 2000; published 24 July 2001!

The first-order vortex phase transition~FOT! in Bi2Sr2CaCu2Oy single crystals with different carrier con-
centrations was investigated by measuring the in-plane resistivity (rab) under a magnetic field applied parallel
to the crystallographicc-axis direction. With a decrease in the temperature,rab dropped sharply at the FOT
temperature when the applied field was smaller than the second-peak field (Hpk) that was determined by
measuring the magnetic hysteresis curves at 25–30 K, while no such abrupt change was observed when the
applied field was larger thanHpk . The temperature range where the FOT was observed was approximately
between 0.6 to 0.95 in the scale of the reduced temperature (t5T/Tc) for all crystals. The first-order transition
field (Ht) as a function oft shifted to higher fields as the carrier concentration of the crystal increased, which
can be well scaled by the electromagnetic anisotropy factor (g). Irrespective of the carrier doping level, the
temperature dependence ofHt is experimentally expressed better byHt}(t212t) rather than the functional
form proposed by the conventional decoupling theory of the vortex lattice@Ht}(t2121)#. This experimental
formula can be accounted for by the decoupling theory if the temperature dependence of the magnetic pen-
etration depth is assumed to scale asl22}(12t2).

DOI: 10.1103/PhysRevB.64.064520 PACS number~s!: 74.60.Ec, 74.72.Hs, 74.25.Fy
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I. INTRODUCTION

It is well established by now that the mixed state of hig
temperature superconductors~HTSC! is rich in new physics,
and its study is currently one of the most active areas
HTSC research. Theoretically, many novel concepts
ideas have been proposed, such as the vortex lattice me
transition,1 the vortex glass transition,2 and the decoupling
transition.3 Experimentally, the earliest clear evidence of t
first-order vortex phase transition~FOT! was found in the
resistivity data of YBa2Cu3Oy ~YBCO! single crystals.4 The
first thermodynamical support for the existence of the F
was reported by Zeldovet al.5 who observed a discontinuou
step in the local magnetic flux density across the transitio
a Bi2Sr2CaCu2Oy ~Bi2212! single crystal. Subsequently, th
observation of discontinuous jumps in magnetization was
ported for YBCO,6 and simultaneous measurements of res
tivity and magnetization of YBCO revealed that the locatio
of the magnetization jumps in theH-T plane coincide with
those of the resistive drops.7 We observed similar drops in
the temperature dependence of the in-plane resistivity (rab)
of Bi2212, and confirmed that they are well correlated w
the discontinuous steps of magnetization.8 Through these
studies, the concept of the FOT was experimentally well
tablished. The FOT was also studied by calorimetric m
surements in YBCO,9 and the existence of the FOT was r
ported for (La12xSrx)2CuO4 ~LSCO! ~Refs. 10 and 11! as
well. As for the nature of the FOT, the results of a multite
minal transport measurement on Bi2212 was interpreted
simultaneous melting and decoupling~a sublimation
scenario!,12 while another group asserted that melting a
decoupling transitions occur separately based on a sim
measurement.13

Recently, a universal behavior of the temperature dep
dence of the FOT was reported11 for several HTSC’s with
0163-1829/2001/64~6!/064520~7!/$20.00 64 0645
-

n
d

ing

T

in

-
-

s

s-
-

a

ar

n-

quite different values of the electromagnetic anisotropy
rameter (g2[mc* /mab* ). The scaling parameters wereg2 and
the spacing between the superconducting planes (s). This
result clearly shows the importance of the anisotropy in
scribing the nature of the FOT. In Bi2212 single crystals,
anisotropy is controllable by changing the oxygen conten14

Therefore, it is very interesting to study the FOT in Bi221
single crystals with various oxygen content. However, th
are still only rather limited numbers of published works15,16

concerning the vortex phase transition, in which the car
concentration was systematically controlled. Moreover,
earlier systematic works are restricted to magnetization m
surements. Resistivity, which is complemental to magnet
tion, has been studied in crystals, for which the carrier c
centration was not intentionally varied.8,17

In the present study, we measuredrab of Bi2212 single
crystals in which the carrier concentration was carefully a
systematically controlled. We investigate the temperature
pendence as well as the carrier concentration dependen
the FOT fields in these crystals. Comparisons between
experimental results and the predictions of some theorie1,3

are made, in which we take the temperature dependenc
the magnetic penetration depth (l) into account. As a result
we observed clear resistivity drops due to the FOT in
crystals with different carrier doping states. The FOT fie
(Ht) in these crystals as a function of reduced tempera
(t5T/Tc) shifted to higher field with reducing the aniso
ropy andHt was scaled well withg2. The behavior of the
FOT in these crystals was approximately consistent with
conventional decoupling theory,3 which predictsHt}(t21

21). We found, however,Ht}(t212t) better fits to the ex-
perimental results. This latter relation can be derived fr
the decoupling theory by supposing that the temperature
pendence ofl is experimentally expressed byl22}(1
2t2) ~Ref. 18! rather than by the two-fluid formula nearTc ,
l22}(12t).
©2001 The American Physical Society20-1
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II. EXPERIMENTAL

Single crystals of Bi2212 were grown by the floating-zo
~FZ! technique.19 Bi2O3 , SrCO3, CaCO3, CuO powders
(99.9%) with a nominal composition of Bi2.1Sr1.8CaCu2Oy

were mixed with ethanol. The powder mixture was w
dried and put into a container made of silver foil. The m
ture was calcined in air at 770 °C for 24 h and pulveriz
well after the calcination. Single phase powder of Bi22
was obtained after the second calcination in air at 840 °C
48 h. To form a cylindrical rod with a dimension of approx
mately 7 mmf3120 mm, the powder was then put into
long thin-wall rubber tube and was pressed with a pressur
103 kg/cm2. The obtained rods were sintered in air at 850
for 5 h.

The crystals were grown using an infrared heating furn
equipped with two ellipsoidal mirrors and two halogen lam
as heat sources~Nichiden Machinery Ltd. Model No. SC15
HD!. As a sintered rod is rather porous, a zone pass was
performed with a velocity of 60 mm/h in an oxygen ga
flowing atmosphere to enhance the density of the rod.
typical size of a zone-passed rod was about 6 mmf
3100 mm. Crystal growth was made in the 1 atm oxyge
flowing condition using a zone-passed rod. An as-prepa
zone-passed rod was used as a feed rod and a coni
shaped rod as a seed rod. First, the end of the feed rod
put into the heating zone of the infrared furnace and w
melted. Thereafter, the distance between the feed and
seed rods was gradually reduced to form a molten zone. D
ing the zone melting, the two rods were rotated in coun
directions at about 25 rpm. During the first few hours af
seeding, the seed rod was moved substantially faster tha
feed rod to make necking. Then the velocity of both ro
were gradually changed to make the molten region thic
In the stabilized state, feed and seed velocities were se
0.20 and 0.25 mm/h, respectively.

The typical size of the grown crystal rod was 5 mmf
3100 mm. The chemical composition of the grown rod w
analyzed by the inductively-coupled-plasma~ICP! technique
and found to be Bi2.22

Sr1.62
Ca1.01

Cu2Oy . After cutting and
cleaving the grown rod, thin plate-shaped single crystals
Bi2212 were obtained, the largest size of which was appro
mately 103530.1 mm3. To release thermal strains whic
were introduced during the crystal growth, as-grown crys
were annealed at 800 °C for three days in air and quenc
to room temperature. Annealed crystals were then cut
cleaved into a platelike shape, typically 330.4
30.015 mm3 in dimension. The electrodes for resistivi
measurements were prepared on the fresh surface using
paste. Gold paste was painted in the four-terminal confi
ration for the in-plane resistivity measurement, and w
heated at 800 °C for 1 h.

For the resistivity measurements, contacts to the g
pads on the crystals were made using gold wires and s
paste. Typical contact resistance was about 1V. Resistivity
was measured by a four-probe method using an ac resist
bridge ~Linear Research LR-700!. The frequency of the ac
current was 16 Hz. Usually, the integration time of the res
tance bridge was set to 1 s and resistivity was measured b
06452
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sweeping the temperature continuously with a rate
10–15 K/h. However, in the temperature range where
resistivity was less than 1027 V cm, the temperature wa
kept constant at each data point, and the measurement
performed with an integration time of 10 s. The ac curre
was set to either 3 or 10 mA, corresponding
50–150 A/cm2 in current density depending on the size
the crystal. The magnetic field was always applied paralle
the c-axis direction of the crystals. The superconducti
critical temperature (Tc) of the crystals was determined from
therab-T curves under zero magnetic field with a criterion
rab510210 V cm.

To vary the carrier doping state from the underdoped s
to the overdoped state systematically, the crystals w
sealed in quartz tubes under controlled oxygen press
@1.331024 atm for crystal UN ~underdoped!, 1.3
31023 atm for crystal OP~optimally doped!, and 0.94 atm
for crystals OV1–OV6~overdoped! at room temperature# af-
ter the electrodes were prepared using gold paste. Ex
crystal UN, the sealed crystals were annealed at 450 °C
one day and at 400 °C for two days. Crystal UN was a
nealed at 600 °C for 12 h. After annealing, the quartz tu
was quenched into iced water. The doping states of the c
tals were characterized byTc and the magnetically observe
second peak field (Hpk) which was determined by measurin
the magnetic hysteresis curves at 25–30 K. The value
Hpk is known to correlate well with the doping state
Bi2212.20 The magnetic hysteresis loops were measured
ing a superconducting quantum interference device~SQUID!
magnetometer~HOXAN HSM-2000X!.

III. RESULTS

A typical result of magnetic hysteresis measurements
shown in Fig. 1, which indicates how the second peak fi
Hpk was determined. The origin of this second peak effec
still not quite understood, but it is in general accepted tha
is related to a transition from a phase with a quasi-lon
translational order to a state with no topological order at h
fields.21–24Experimentally, the second peak field varies w
the carrier density,20,25 which we interpret thatHpk depends
on the anisotropy. Some of the theories relateHpk to the
anisotropy factorg. While the perhaps more realistic Bragg

FIG. 1. The magnetic hysteresis loop of crystal OP at 25 K. T
arrow in the figure indicates howHpk is determined.
0-2
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FIRST-ORDER VORTEX PHASE TRANSITION IN . . . PHYSICAL REVIEW B64 064520
to-vortex glass transition model involves some indeterm
able parameters, such asHc2 in the expression of the trans
tion field,22 that in the dimensional crossover model26 is
simply given by

H3D-2D;
F0

g2s2
, ~1!

whereF0 is the flux quantum ands is the spacing betwee
the superconducting planes. In our previous studies, we
mated the anisotropy factor of Bi2212 according to Eq.~1!,
but encountered no difficulty in the interpretation of t
data.11,20Furthermore, in the Bragg-to-vortex glass transiti
theory, the transition may coincide with the decoupling tra
sition in a very anisotropic system like Bi2212.22 For these
reasons, we use theg values estimated using Eq.~1! in this
paper.

Table I gives a summary of the values ofTc , Hpk , andg
of the crystals studied in the present work, and Fig. 2 p
Tc as a function ofg. This plot corresponds to the wel
known bell-shape behavior ofTc as a function of carrier
concentration, whereg systematically decreases as the c
rier concentration increases.14 Judging from the behavior o

TABLE I. The values ofTc , Hpk , g and the annealing condi
tions of the crystals used in this study.

Sample Tc ~K! Hpk~Oe! g

UNa 78.3 200 209
OP 84.2 490 133

OV1 78.5 780 105
OV2b 78.3b 820 103
OV3 77.1 870 100
OV4c 76.4 910 98
OV5c 76.7 920 97
OV6d 75.2 1050d 91

aThe annealing temperature of crystal UN was 600 °C, while
annealing time was limited to 12 h to preserve the electrodes f
damage.

bTc of crystal OV2 was determined by measuring the tempera
dependence of dc magnetization under a magnetic field of abo
Oe using a SQUID magnetometer, while for the other crystalsTc

was determined from the resistivity measurements in zero m
netic field. The data of crystal OV2 was reported previously~Ref.
8!.

cThe resistivity data of OV4 and OV5 were measured by usin
resistance option~P4000! attached to a Quantum Design Physic
Property Measurement System~PPMS! Model 6000~Quantum De-
sign!. The resistance bridge method used for the other crystals
about one and a half order better sensitivity than the PPMS sys

dCrystal OV6 is significantly heavier doped than crystals OV
OV5, as is evident from the values ofTc and Hpk , although the
same annealing condition was adopted. This is probably bec
crystal OV6 was taken from a different rod. For this particu
sample, the value ofHpk was not determined by measuring th
same crystal, but a different crystal that was annealed in the s
quartz tube.
06452
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Tc shown in Fig. 2, the doping states of the crystals listed
Table I are underdoped~UN!, optimally doped~OP!, and
overdoped~OV1–OV6!, respectively. Although the annea
ing of crystals was performed with a very similar conditio
for OV1–OV6, a slight difference in the partial pressure
oxygen was unavoidable. As a result, there is a variation
Tc andg, showing how Bi2212 is sensitive to the anneali
atmosphere. The carrier concentration of crystals OV1–O
gradually increases from a slightly overdoped state of O
to a heavily overdoped state of OV6. Note thatTc andg are
varying consistently even in this small range ofTc , support-
ing thatHpk is a good measure of the anisotropy.

Figure 3 shows therab-T curves of UN, OP, and OV6
The magnitude ofrab in the normal states (;90 K) de-
creased from roughly 1023 V cm in UN to 1024 V cm in
OV6 with the increase in the carrier concentration. This b
havior is consistent with previously published data.14 It is
evident thatrab sharply drops with temperature decreasi
near the tail of eachrab-T curve when the applied field is
smaller thanHpk of the respective crystal. This resistivit
drop corresponds to the FOT.8 The resistivity value at the
on-set of FOT ranged approximately between 10210 and
1028 V cm. The arrows in Fig. 3~a! indicate how the FOT
temperature (Tt) andTc were defined in this study. The dat
of OV2 were reported previously, and it was found that t
temperature of the drop in the resistivity coincides well w
that of a discontinuous jump in magnetization of the sa
crystal.8 The consistency ofTt between resistivity and mag
netization measurements were also confirmed for OP, O
and OV3 in the present study. On the other hand, when
applied field exceededHpk of the crystal,rab-T curves be-
came broadened without any noticeable structure, except
small field range for OV6. The second peak field of OV
exhibited a slight temperature dependence, while it depen
only weakly on temperature for crystals with a lower carr
density. This behavior is consistent with the data reported
the literatures,25,27 and the critical point where the FOT dis
appeared was somewhat larger in the field thanHpk which
was determined at 30 K.

OV1–OV5 were annealed with the identical conditio
and the doping state judged fromTc and g is almost the
same. Nevertheless, the detailed behavior of therab-T
curves was not the same. Figure 4 shows the resisti
curves for three of these crystals measured with the s
applied field. OV2 has larger resistivity and a significan
broader vortex phase transition when compared with
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FIG. 2. Tc of the crystals used in this work as a function ofg.
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FIG. 3. Temperature dependencies of resistivity of crystals
~a!, OP ~b!, and OV6~c!. Tc and the FOT temperature (Tt) were
defined as indicated in~a!.

FIG. 4. Temperature dependence of the resistivity of crys
OV1, OV2, and OV3 at 300 Oe.
06452
other two crystals. These differences in the behavior ofrab-T
could be attributed to the effect of impurities. Very intere
ingly, however, the FOT temperature showed almost no
pendence on the quality of the crystal. It was the value
Hpk andTc that, at least phenomenologically, determined
phase diagram, as shown below. A detailed discussion a
the relation between the crystal quality and the tempera
dependence of resistivity in the mixed state will be made
a separate paper.28

In Fig. 5 the temperature dependence of the FOT field~the
FOT line! of some of the crystals are plotted in theH-T
diagram as a function of the reduced temperature. As cle
shown in this figure, the FOT line systematically shifts
higher fields as the carrier concentration increases. It is w
known that the anisotropy reduces with increasing the car
concentration.14 Therefore, Fig. 5 means that the transitio
field is higher for less anisotropic crystals when compared
the same reduced temperature. This tendency is also vali
crystals OV1–OV5, despite the small difference in the a
isotropy as inferred from the values ofTc andHpk . Further-
more, this result is also physically reasonable, because w
the electromagnetic anisotropy becomes smaller, fluctua
will be suppressed, and the FOT field should become clo
to the upper critical field of the mean field theory. In fact, t
reported data of magnetization measurements agree with
picture,11,15,16and the theoretical prediction is consistent
well.29

IV. DISCUSSION

Two theories have been proposed to account for the F
the vortex lattice melting theory and the decoupling theo
The relation between the transition temperature and the fi
was theoretically derived and can be found in the literat
for both theories. In the vortex lattice melting theory,1 the
phase transition temperature (Tm) is given by

kBTm5
cL

2F0
5/2

4p2l2AB
. ~2!ls

FIG. 5. The FOT fields of some of the Bi2212 crystals studied
the present work plotted as a function of the reduced tempera
(t5T/Tc). As the carrier concentration of the crystal increases,
phase boundary shifts to higher field.
0-4
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FIRST-ORDER VORTEX PHASE TRANSITION IN . . . PHYSICAL REVIEW B64 064520
Here kB is the Boltzmann constant andcL the Lindemann
number. Adopting the two-fluid model for the temperatu
dependence ofl @l22}(12t)#, Houghton et al.1 have
shown that the melting line obeys the following equati
with a52:

Hm}~12t !a. ~3!

However, we found that Eq.~3! with a constant value ofa
for the whole temperature range does not describe our
perimental data well enough, as is obvious from Fig. 6. T
high-field low-temperature region is at best fitted witha
51.4, while the low-field high-temperature region witha
51.0. If we force Eq.~3! to fit the whole temperature range

FIG. 6. A trial plot of the FOT fields multiplied byg2 as a
function of 12t in logarithmic scales. If we supposeg2Hm}(1
2t)a, the fitted values ofa are 1.4 in the low-temperature high
field region and 1.0 in the high-temperature low-field region,
spectively. The solid and dotted lines correspond toa51.0 anda
51.4, respectively, which are plotted for guides to the eye.
06452
x-
e

the fit results ina51.1. The value of 1.4 obtained for th
low-temperature region is close to that reported by Zeld
et al.5

Next, our experimental results are compared with the
coupling theory.3 In this theory, the temperature dependen
of the transition field is expressed as follows:

BD5
2F0

3

peTsl2g2
, ~4!

wheree indicates the natural logarithm basis. Using the tw
fluid model here yields

g2HD}S 1

t
21D m

, ~5!

with m51. Figure 7~a! is a trial plot ofg2HD vs (t2121) in
logarithmic scales. The agreement between experiment
theory is better as compared to the melting theory. Howe
there are still some deviations from Eq.~5! in the experimen-
tal results.

It should be noted here that the two-fluid expression
l22}(Tc2T) used in the derivations of Eqs.~3! and ~5! is
valid only in the vicinity ofTc . Furthermore,Tm at the left-
hand side of Eq.~2! was approximated byTc in the transfor-
mation that yielded Eq.~3!. As is evident from Fig. 5, the
FOT of Bi2212 is not only observed aroundTc but also at
much lower temperature, down to about 0.6 timesTc . There-
fore, the approximations used in the theories are proba
not appropriate for describing the FOT of Bi2212.

To proceed with our discussion, it is necessary to assu
a better functional form for the temperature dependence ol.
Shibauchiet al.30 reported that the temperature dependen
of l below 30 K depends strongly on the doping state
Bi2212 single crystals, and argued that this is caused by
difference in the quasiparticle excitation spectrum. On
other hand, at higher temperatures, the region where the

-

and the
s
for
FIG. 7. ~a! A trial plot of the FOT fields multiplied byg2 as a function oft2121 in logarithmic scales. If we supposeg2HD}(t21

21)m, the fitted values ofm are 0.82, 0.87, 0.91, 0.93, 0.92, 0.92, 0.92, and 0.91 for crystals UN, OP, and OV1–OV6, respectively,
average is 0.9.~b! A trial plot of the FOT fields multiplied byg2 as a function oft212t in logarithmic scales. A good linear relation wa
found between the two quantities. Fitting the data tog2Ht}(t212t)n resulted inn5 0.93, 0.97, 1.01, 1.04, 1.02, 1.02, 1.02, and 1.03
crystals UN, OP, and OV1–OV6, respectively, and the average is 1.0.
0-5
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takes place, the temperature dependence ofl is rather inde-
pendent of the doping state.30 Furthermore, thel-T curve of
Bi2212 at high temperature behaves quite similarly to tha
YBCO,31 for which the following empirical relation was re
ported to hold:18

l~ t !22}~12t2!. ~6!

If we use Eq.~6!, we obtain

g2Ht}S 1

t
2t D n

, ~7!

with n52 for the melting theory@Eq. ~2!# andn51 for the
decoupling theory@Eq. ~4!#. Figure 7~b! is a plot ofg2Ht as
a function of (t212t) in logarithmic scales. Fitting Eq.~7!
to the experimental data resulted to a value close ton51.
The analysis using either Eq.~5! or Eq.~7! is summarized as
a function ofg2 in Fig. 8. Clearly, the experimental resul
are better described by Eq.~7!.

The still remaining small deviation in Fig. 8 fromn51
might be an indication that a more realistic temperature
pendence ofl should be adopted rather than the empiri
one, Eq.~6!. However, it is also interesting to extrapolate t
data shown in Fig. 8 and compare it with YBCO. Welpet al.
fitted Eq.~3! to their experimental results of YBCO and r
porteda51.36.7 Because the FOT takes place only in t
vicinity of Tc in YBCO, the difference between Eqs.~3! and
~7! should be small, and we think that if the data of YBC
had been fitted to Eq.~7!, the exponentn should be similar to
the reported value ofa, 1.36. This value is surprisingly clos
to the extrapolation of the data shown in Fig. 8. If we draw
straight line through the data points in Fig. 8 and extend i
g2550, which corresponds to YBCO, we findn51.36~open
dots! or m51.26 ~closed dots!.32 The coincidence betwee
the extrapolated value ofn and the exponent reported fo
YBCO suggests that the exponent might be scaled uni
sally by the anisotropy factorg.

As has been discussed so far, the decoupling theory
scribes the observed temperature dependence of the

FIG. 8. The exponentsm andn of Eqs.~5! and~7!, respectively,
as a function ofg2. The broken line is the exponent for the deco
pling model~Ref. 3!. The star symbol is thea value reported for
YBCO ~Ref. 7!.
06452
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quite well. Nevertheless, we believe that the nature of
FOT is not a pure decoupling transition but melting tak
place simultaneously, i.e., it is a sublimation of the flux li
lattice, at least in Bi2212. The reasons for this are that
experimental evidence of two separate phase transitions
been reported besides very limited exceptions,13 and that the
change of the entropy associated with the FOT is too larg
be accounted for by a single phase transition in Bi2212.5 The
results of a simulation study33 also supports that decouplin
and melting occur simultaneously for a highly anisotrop
vortex system like Bi2212, accompanied with a large entro
change at the phase transition.

The question then is why the observed temperature de
dence follows well the prediction of the decoupling theo
although the transition is a simultaneous one. This may
related to the above-mentioned scaling behavior of the t
perature exponent, and might be explained as follows.
Bi2212, the sublimation is triggered by the breakdown of t
phase coherence along the field direction, and therefore
temperature dependence follows that of the decoupling t
sition. On the other hand, the coupling of the pancake vo
ces along the field direction is much stronger in YBCO, a
the loss of the crystalline order of the flux line lattice plays
more important role in triggering the FOT, resulting in
temperature dependence that deviates from the predictio
the decoupling theory. We think that the possible scaling
havior of the temperature exponent pointed out in this w
and its relation to the nature of the FOT deserve theoret
considerations.

V. CONCLUSIONS

The first-order phase transition of the vortex system un
magnetic field was investigated by measuring the in-pla
resistivity of Bi2212 single crystals with widely changing th
carrier concentration. The transition field at the same redu
temperature increased with the carrier concentration. T
tendency was consistent with the results obtained by mag
tization studies.15,16The transition temperature was rather i
sensitive to the quality of the crystal. The temperature dep
dence of the transition field is well described byHt}(t21

2t), independent of the doping state. This formula was
rived from the decoupling theory by assuming the emp
cally found temperature dependence ofl rather than the ex-
pression of the two-fluid model. Finally, we pointed out t
possibility that the exponent of the temperature depende
of the phase transition field is scaled by the anisotropy of
system.
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