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Novel Angular Scaling of Vortex Phase Transitions inBi2Sr2CaCu2O81y
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Local magnetization measurements using micro-Hall probes in Bi2Sr2CaCu2O81y single crystals
under various field anglesu from the c axis reveal that the angular dependence of the first-
order transition (HFOT) and the second peak (Hp) is clearly different from the conventional scaling
law. Instead, we found a novel angular scaling, which is expressed asHFOT, Hp ~ fcosu 1

asT d sinug21 [asT d: temperature dependent parameter] in a wide angle range. Two possible origi
for this novel angular dependence are discussed: (1) The effect of the electromagnetic coup
between pancake vortices and (2) the suppression of the Josephson coupling by the in-plane fi
[S0031-9007(99)09180-2]

PACS numbers: 74.60.Ec, 74.25.Dw, 74.25.Ha, 74.72.Hs
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In the mixed state of high-temperature supercondu
tors, it has been revealed that the vortex phase diagr
is more complex than that of the conventional superco
ductors owing to elevated critical temperature, small c
herence lengths, and large anisotropy by layered structu
[1,2]. Experimentally, the phase diagram has been exte
sively studied particularly in Bi2Sr2CaCu2O81y (BSCCO)
[3] and YBa2Cu3O72d (YBCO) [4,5] single crystals when
the field was applied parallel to thec axis. One of the
most remarkable phenomena is the first-order phase tr
sition (FOT), which is detected as a step in the magnetiz
tion [3]. Several possibilities have been proposed as t
origin of FOT: melting of the vortex lattice into a liquid
of vortex lines, decoupling of liquid lines into vortex pan
cakes, or both transitions occurring simultaneously [6,7
In BSCCO, the FOT line inH-T phase diagram terminates
at a critical point and is followed by the line of the pea
effect at lower temperatures [8]. The peak effect is in
terpreted as originating from 2D-3D crossover [9,10], me
chanical entanglement of vortex lines [11], and a transitio
from a Bragg glass phase into a vortex glass or a liqu
[12]. Furthermore, a more complicated phase diagram
BSCCO has been experimentally proposed by Fuchset al.
[13], in which two new phase boundaries, depinning an
unidentifiedTx lines are added.

In BSCCO, very large anisotropy is one of the key fea
tures to understand its complicated phase diagram. In t
system, the angular dependence of the phase transitions
provide important information on the interlayer coupling
According to the scaling law based on the anisotrop
Ginzburg-Landau (GL) theory by Blatteret al. [14], the
angular dependence of vortex lattice melting transition
expressed by

Hmeltsud ­ Hmelts0d scos2u 1 g22 sin2ud21y2. (1)

Here,u is the angle between the field and thec axis, and
g ­ smcymabd1y2 is the anisotropy ratio. In fact, it has
been reported that the angular dependence of the ph
transition in YBCO (g , 5) [15] is consistent with Eq. (1)
[16,17]. On the other hand, in BSCCO with large aniso
0031-9007y99y82(21)y4308(4)$15.00
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tropy ratiog , 50 200 [18,19], the discretization owing
to the layered structure becomes more important. In ad
tion, importance of the electromagnetic coupling (EMC
between pancake vortices compared with small Jose
son coupling (JC) due to largeg in BSCCO has been
recognized [20,21]. Inhomogeneity of magnetic field b
screening cannot be neglected because the transition
curs when the vortex spacing is close to the penetrat
depth. EMC is predicted to change the exponenta in
Hmeltsu ­ 0d ~ s1 2 TyTcda from 2 [22] to 3y2 [20],
which is close to the experimentally obtained value [3
Moreover, the temperature dependence of entropy cha
at FOT has been explained within this framework [21].

Since the discretization along thec axis and EMC are
ignored in Eq. (1), it is unclear whether Eq. (1) also hol
in BSCCO. In this Letter, we investigate the precis
angular dependence of FOT field (HFOT) and second peak
field (Hp) in BSCCO, and find that Eq. (1) breaks dow
Instead, we propose a new scaling law for the angu
dependence of vortex phase transitions.

Single crystals of BSCCO have been grown by the flo
ing zone method. We measured several samples w
different oxygen contents, which were controlled by a
nealing at 300–350±C for one day in an appropriate partia
oxygen pressure. In this paper, we show results for fo
samples: optimally doped, slightly overdoped (as-grow
overdoped, and highly overdoped ones, whose typical
mensions are0.5 3 0.5 3 0.03 mm3. The critical tem-
peraturesTc are 86.7, 85.5, 80.3, and 76.8 K, respective
The local magnetization parallel to thec axis was measured
as a function of applied magnetic field (Ha) by using two
micro-Hall probes (GaAsyAlGaAs two-dimensional elec-
tron gas) on the same chip. The active area of the pro
is 30 3 30 mm2. The configuration of the experiment
is schematically shown in the inset of Fig. 1(a). A samp
was directly mounted on one of the Hall probes by Apiez
grease. The small angle difference between theab plane
and Hall probe was carefully calibrated by comparing da
above and below 90±. The other Hall probe was used t
calibrate the angle between thec axis and the applied field.
© 1999 The American Physical Society
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FIG. 1. Local magnetization hysteresis curves around (a)
FOT and (b) the peak effect in slightly overdoped BSCC
single crystal at various angles. In both figures, curves a
shifted in the vertical direction for clarity. In (a) arrows
indicate HFOT cosu and the inset shows the configuratio
of the Hall probes (two black rectangles) and the samp
(hatched rectangle) schematically. In (b) arrows show t
peak positions. The main panel is the expanded view of
rectangular flame in the inset.

Hall probes detect the local induction perpendicular to t
plane (B'). Therefore, we can measure the local magn
tization perpendicular to theab plane (B' 2 Ha cosu).

Figure 1(a) shows the field dependence of local mag
tization around FOT at various field angles at 60 K in th
slightly overdoped BSCCO. If the angular dependence
HFOT is represented by Eq. (1),HFOTsud cosu should be
almost constant,HFOTs0d, except for a narrow angle range
nearu ­ 90± (Ha k ab) because of the large anisotrop
in BSCCO. However,HFOTsud cosu decreases gradually
with increasingu as shown in Fig. 1(a). A similar angu
lar dependence is also observed forHpsud cosu as shown
in Fig. 1(b). The angular dependence ofHFOT andHp at
several temperatures is plotted in Fig. 2(a) together w
the curve of Eq. (1) withg ­ 100. A clear difference
is observed between the data and the curve of Eq.
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FIG. 2. Angular dependence of (a)HFOT cosu and Hp cosu
in slightly overdoped sample and (b)Hp cosu in the samples
with different oxygen contents. The horizontal values a
normalized by the value atu ­ 0± of each data. In (a) the
solid line shows the curve of Eq. (1) withg ­ 100.

For the peak effect, the deviation clearly starts from sm
angles (,10±). Similar deviations from the scaling at large
angles (u . 60± 70±) have been reported in other exper
ments [23,24]. The deviation from Eq. (1) becomes larg
with decreasing temperature. Figure 2(b) shows the a
gular dependence ofHp in samples with different oxygen
contents [25]. Deviations ofHpsud from Eq. (1) are ob-
served in all samples. The deviation becomes larger wh
the doping level is increased.

One might think that the angular dependence ofHFOT
is different from that ofBFOT because of the angular
dependence of the reversible magnetization (Mrev ). An
angular dependence study of the magnetization by us
the SQUID magnetometer [23] shows that the absolu
value ofMrev parallel to thec axis gradually increases by
approximately 10% foru ­ 76± aroundHFOT at 70 K in
an overdoped BSCCO. Since the local reversible ma
netization is less than 5 G and theHFOT is ,150 Oe in
our slightly overdoped sample at 70 K, the influence due
the angular dependence ofMrev is small enough (,0.4%)
compared with the deviation from Eq. (1). Therefore, th
4309
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deviation for the angular dependence is intrinsic to the FO
and the peak effect.

To check whether Eq. (1) can be fitted to the expe
mental data qualitatively, the data are plotted in Fig.
whose horizontal and vertical axes arefHsud sinuyHs0dg2

and fHsud cosuyHs0dg2, respectively. Although Eq. (1)
must be shown by a straight line in this plot, the expe
mental results are clearly different from that. To unde
stand this deviation, we need to consider effects whi
were ignored in the derivation of the scaling law [14].

One possible origin is the influence of screening [24,26
In the derivation of the scaling law [Eq. (1)], it is assume
that the field is large enough and the screening of t
magnetic field is ignored. This assumption corresponds
ignoring EMC term in the tilt modulus [26]. In BSCCO,
however, the FOT and the peak effect occur nearHc1. In
this situation, EMC is important as is JC.

The observed deviation from Eq. (1) can be qualitative
explained as follows. The contribution of EMC to the til
modulus does not depend ong, while the contribution of
JC decreases to zero with increasingg to infinity [20]. In
the condition ofg ­ ` without EMC, the angular depen-
dence of the transition field is determined by the out-o
plane component of the field. However, if there is a fini
EMC between pancake vortices, this contribution mak
the system more isotropic and weakens the angular dep
dence over that given by Eq. (1). Therefore, it is expect
that EMC makes vortex transitions occur at lower field
than that by Eq. (1) in tilted fields. Experimentally, the de
viation from Eq. (1) is more remarkable at lower temper
tures. This behavior is consistent with the fact that EM
becomes more important than JC at low temperatures [2

Another possible origin is the effect of the in-plan
field on JC, which is averaged over in the anisotrop
GL model ignoring layered structure. The fields whe
vortex lattice melting transition [22], decoupling transitio
[27], and 2D-3D crossover [28] occur are expected to
proportional tog22 atu ­ 0±. Assuming that the in-plane

FIG. 3. fHsud cosuyHs0dg2 as a function of fHsud sinuy
Hs0dg2 in the slightly overdoped BSCCO. The solid straigh
line represents the conventional scaling [Eq. (1)] withg ­ 10.
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field suppresses JC and the apparent anisotropy incre
at constant out-of-plane field,HFOT cosu andHp cosu are
expected to become smaller with increasing the in-pla
field.

To see the influence of the in-plane field, the ou
of-plane component [H' ­ Hsud cosu] of the transition
field is plotted in Fig. 4(a) as a function of the in-plan
field [Hk ­ Hsud sinu] in the slightly overdoped crystal.
Interestingly, the transition field follows a straight lin
in this plot for all temperatures. Therefore, we obtain
unique relation as an experimental result,

Hsud ­ Hs0d fcosu 1 asT d sinug21. (2)

Here,asT d is the only one fitting parameter. As shown i
the inset of Fig. 4(a),asT d becomes large at lower tem
peratures. This new relation also holds with good acc
racy for the peak effect in samples with different oxyge
contents as shown in Fig. 4(b). In the inset of Fig. 4(b
a is plotted as a function ofHps0d which is roughly pro-
portional tog22.

FIG. 4. Angular dependence ofHFOT cosu and Hp cosu plot-
ted as a function of the in-plane field (H sinu) for (a) the
slightly overdoped sample and (b) the samples with differe
oxygen contents. In both figures, the broken lines show
results of fitting by Eq. (2). The insets are (a) temperature a
(b) Hp dependence ofa andHp

J .
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We try to interpret this angular dependence as t
change of anisotropy by the in-plane field. From Eq. (1
Hsud is approximately equal toHs0dy cosu at large g

except nearu ­ 90±. The angular dependence, therefor
can be written as

Hsud cosu . Hs0d ; H0yg2. (3)

Here, the anisotropy dependence ofHs0d is assumed to
be proportional tog22 and H0 is a constant. When
the field is tilted, however, the results show that th
angular dependence gradually deviates fromscosud21. If
the deviation is caused by the change of the anisotropy
Hk, the anisotropy depends onHk as

1yg2 ­ 1yg2
0 s1 2 HkyHp

J d (4)

in order to reproduce the experimental relation Eq. (2
Here, g0 is g at Hk ­ 0 and Hp

J is a characteristic in-
plane field. By substituting Eq. (4) into Eq. (3), we ca
obtain Eq. (2) withasT d represented byHs0dyHp

J .
Equation (4) implies that whenHk reachesHp

J , the
anisotropyg diverges to infinity, i.e., the correlation o
pancake vortices between the layers disappears.Hp

J is
estimated as about 10 kOe at 30 K [Fig. 4(b)] and h
a tendency to decrease with increasing temperature [
inset of Fig. 4(a)]. The decoupling by the in-plane fie
is expected to occur atHJ ­ F0ygs2, when the phase
cores of Josephson vortices start to overlap [1]. IfHJ

is the same value asHp
J , the anisotropy is estimated to

be approximately 1000 fors ­ 15 Å which is larger than
reported values. Moreover,Hp

J hardly depends on the
oxygen contents. Thus,Hp

J is independent of anisotropy
which depends strongly on the oxygen content in BSCC
By contrast,HJ does depend on oxygen content and cann
be simply related toHp

J . A plausible explanation is that
the linear relation Eq. (2) holds well whenHk is not so
large, while nearu ­ 90± some higher order terms ofHk

might be important.
Recently, Koshelev showed that a linear dependence

the melting field on the in-plane field is expected in the ca
where the ground state is represented by a sparse la
of Josephson vortices coexisting with a dense lattice
pancake vortices [29]. In layered superconductors w
very weak JC such ground state may be realized wh
EMC predominates.

Finally let us comment on the relation between o
results and previous studies on angular dependence
BSCCO. There are several studies which show that the
plane field does not influence JC. For instance, the angu
dependence of magnetoresistance [30] was interprete
evidence that BSCCO is transparent for the in-plane fie
[31]. Josephson plasma resonance, which reflects
strength of JC, is reported to be almost determined by
out-of-plane field atu , 85± [32]. These experiments,
however, were carried out inthe vortex liquid phase.
Since JC inthe vortex lattice phaseis rather important for
the angular dependence ofHFOT andHp, they cannot be
compared with results in the vortex liquid state.
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In conclusion, the angular dependence ofHFOT, Hp can-
not be fitted by the conventional angular scaling based o
the anisotropic GL model. Instead, we found an uniqu
relationHsud ~ fcosu 1 asTd sinug21. We propose two
scenarios for this novel angular scaling: (1) The contribu
tion of the electromagnetic coupling and (2) the effect o
the in-plane field on the Josephson coupling. For the fo
mer, a quantitative theoretical calculation is needed. O
the other hand, in the latter scenario our experimental resu
implies that the Josephson coupling is strongly suppress
by the in-plane field in vortex lattice phase.
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