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Novel Angular Scaling of Vortex Phase Transitions inBi;SrCaCu0g..,,
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Local magnetization measurements using micro-Hall probes #srBlaCuOs,, single crystals
under various field angle® from the ¢ axis reveal that the angular dependence of the first-
order transition Hror) and the second pealg() is clearly different from the conventional scaling
law. Instead, we found a novel angular scaling, which is expressedims,H, > [co¥ +
a(T)sind]™! [a(T): temperature dependent parameter] in a wide angle range. Two possible origins
for this novel angular dependence are discussed: (1) The effect of the electromagnetic coupling
between pancake vortices and (2) the suppression of the Josephson coupling by the in-plane field.
[S0031-9007(99)09180-2]

PACS numbers: 74.60.Ec, 74.25.Dw, 74.25.Ha, 74.72.Hs

In the mixed state of high-temperature superconductropy ratioy ~ 50-200 [18,19], the discretization owing
tors, it has been revealed that the vortex phase diagrato the layered structure becomes more important. In addi-
is more complex than that of the conventional supercontion, importance of the electromagnetic coupling (EMC)
ductors owing to elevated critical temperature, small cobetween pancake vortices compared with small Joseph-
herence lengths, and large anisotropy by layered structuresn coupling (JC) due to large in BSCCO has been
[1,2]. Experimentally, the phase diagram has been exterrecognized [20,21]. Inhomogeneity of magnetic field by
sively studied particularly in BB»,CaCuOs+, (BSCCO) screening cannot be neglected because the transition oc-
[3] and YBaCuw;0,—5 (YBCO) [4,5] single crystals when curs when the vortex spacing is close to the penetration
the field was applied parallel to theaxis. One of the depth. EMC is predicted to change the exponenin
most remarkable phenomena is the first-order phase trattye (6 = 0) « (1 — T/T.)* from 2 [22] to 3/2 [20],
sition (FOT), which is detected as a step in the magnetizawhich is close to the experimentally obtained value [3].
tion [3]. Several possibilities have been proposed as thdoreover, the temperature dependence of entropy change
origin of FOT: melting of the vortex lattice into a liquid at FOT has been explained within this framework [21].
of vortex lines, decoupling of liquid lines into vortex pan-  Since the discretization along theaxis and EMC are
cakes, or both transitions occurring simultaneously [6,7]ignored in Eq. (1), it is unclear whether Eq. (1) also holds
In BSCCO, the FOT line ii{-T phase diagram terminates in BSCCO. In this Letter, we investigate the precise
at a critical point and is followed by the line of the peak angular dependence of FOT fielHfor) and second peak
effect at lower temperatures [8]. The peak effect is in-field (H,) in BSCCO, and find that Eq. (1) breaks down.
terpreted as originating from 2D-3D crossover [9,10], mednstead, we propose a new scaling law for the angular
chanical entanglement of vortex lines [11], and a transitiordependence of vortex phase transitions.
from a Bragg glass phase into a vortex glass or a liquid Single crystals of BSCCO have been grown by the float-
[12]. Furthermore, a more complicated phase diagram iting zone method. We measured several samples with
BSCCO has been experimentally proposed by Fetle.  different oxygen contents, which were controlled by an-
[13], in which two new phase boundaries, depinning ancealing at 300—35€C for one day in an appropriate partial
unidentifiedT, lines are added. oxygen pressure. In this paper, we show results for four

In BSCCO, very large anisotropy is one of the key fea-samples: optimally doped, slightly overdoped (as-grown),
tures to understand its complicated phase diagram. In thisverdoped, and highly overdoped ones, whose typical di-
system, the angular dependence of the phase transitions carensions aré.5 X 0.5 X 0.03 mm’. The critical tem-
provide important information on the interlayer coupling. peratured’, are 86.7, 85.5, 80.3, and 76.8 K, respectively.
According to the scaling law based on the anisotropicThe local magnetization parallel to thexis was measured
Ginzburg-Landau (GL) theory by Blattest al. [14], the  as a function of applied magnetic fiel&#{) by using two
angular dependence of vortex lattice melting transition ignicro-Hall probes (GaAfAIGaAs two-dimensional elec-
expressed by tron gas) on the same chip. The active area of the probes

_ 5 512 is 30 X 30 um?. The configuration of the experiments
Hume1(0) = Hyer(0) (oS0 + y ™2 si0)™"2. (1) is schematically shown in the inset of Fig. 1(a). A sample
Here, 0 is the angle between the field and thexis, and was directly mounted on one of the Hall probes by Apiezon
y = (m¢/ma,)"/* is the anisotropy ratio. In fact, it has grease. The small angle difference betweendhelane
been reported that the angular dependence of the phaaad Hall probe was carefully calibrated by comparing data
transition in YBCO § ~ 5) [15] is consistent with Eg. (1) above and below 90 The other Hall probe was used to
[16,17]. On the other hand, in BSCCO with large aniso-calibrate the angle between thaxis and the applied field.
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FIG. 1. Local magnetization hysteresis curves around (a) th&ith different oxygen contents. ~The horizontal values are
FOT and (b) the peak effect in slightly overdoped BSCcconormalized by the value a8 = 0° of each data. In (a) the
single crystal at various angles. In both figures, curves ar&©lid line shows the curve of Eg. (1) with = 100.

shifted in the vertical direction for clarity. In (a) arrows

indicate Hror cO¥ and the inset shows the configuration

of the Hall probes (two black rectangles) and the samplg-or the peak effect, the deviation clearly starts from small

(hatched rectangle) schematically. In (b) arrows show theangles €10°). Similar deviations from the scaling at large
peak positions. The main panel is the expanded view of th%\ngles() > 60°~70°) have been reported in other experi-
rectangular flame in the inset. ments [23,24]. The deviation from Eq. (1) becomes larger
with decreasing temperature. Figure 2(b) shows the an-
Hall probes detect the local induction perpendicular to thgyular dependence d@f, in samples with different oxygen
plane B,). Therefore, we can measure the local magneeontents [25]. Deviations aff,(#) from Eq. (1) are ob-
tization perpendicular to theb plane 8, — H, co9). served in all samples. The deviation becomes larger when
Figure 1(a) shows the field dependence of local magnethe doping level is increased.
tization around FOT at various field angles at 60 K in the One might think that the angular dependenceqgfr
slightly overdoped BSCCO. If the angular dependence ofs different from that of Bgor because of the angular
Hryor is represented by Eq. (IHror(#) co® should be dependence of the reversible magnetizatidh.{). An
almost constantt{rot(0), except for a narrow angle range angular dependence study of the magnetization by using
nearf = 90° (H, || ab) because of the large anisotropy the SQUID magnetometer [23] shows that the absolute
in BSCCO. HoweverHgor(#) co® decreases gradually value of M., parallel to thec axis gradually increases by
with increasingd as shown in Fig. 1(a). A similar angu- approximately 10% fop = 76° aroundHgor at 70 K in
lar dependence is also observed fy(#) co®) as shown an overdoped BSCCO. Since the local reversible mag-
in Fig. 1(b). The angular dependencemfor andH, at  netization is less than 5 G and ti#&:or is ~150 Oe in
several temperatures is plotted in Fig. 2(a) together wittour slightly overdoped sample at 70 K, the influence due to
the curve of Eqg. (1) withy = 100. A clear difference the angular dependence M., is small enough<0.4%)
is observed between the data and the curve of Eg. (1zompared with the deviation from Eq. (1). Therefore, the
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deviation for the angular dependence is intrinsic to the FOTield suppresses JC and the apparent anisotropy increases
and the peak effect. at constant out-of-plane fiel#/ror co®¥ andH, cod are

To check whether Eq. (1) can be fitted to the experi-expected to become smaller with increasing the in-plane
mental data qualitatively, the data are plotted in Fig. 3field.
whose horizontal and vertical axes &f#&(9) sind/H (0)]? To see the influence of the in-plane field, the out-
and [H(6) cos9/H(0)]?, respectively. Although Eq. (1) of-plane componentq, = H(6)cos] of the transition
must be shown by a straight line in this plot, the experi-field is plotted in Fig. 4(a) as a function of the in-plane
mental results are clearly different from that. To under-field [H = H(#)sind] in the slightly overdoped crystal.
stand this deviation, we need to consider effects whichinterestingly, the transition field follows a straight line
were ignored in the derivation of the scaling law [14]. in this plot for all temperatures. Therefore, we obtain a

One possible origin is the influence of screening [24,26]unique relation as an experimental result,
In the derivation of the scaling law [EqQ. (1)], it is assumed . R
that the field is large enough and the screening of the H(6) = H(0)[co% + a(T)sind]"". @)
magnetic field is ignored. This assumption corresponds télere,«(T) is the only one fitting parameter. As shown in
ignoring EMC term in the tilt modulus [26]. In BSCCO, the inset of Fig. 4(a)a(T) becomes large at lower tem-
however, the FOT and the peak effect occur éar. In  peratures. This new relation also holds with good accu-
this situation, EMC is important as is JC. racy for the peak effect in samples with different oxygen

The observed deviation from Eq. (1) can be qualitativelycontents as shown in Fig. 4(b). In the inset of Fig. 4(b),
explained as follows. The contribution of EMC to the tilt « is plotted as a function aff,,(0) which is roughly pro-
modulus does not depend gn while the contribution of  portional toy ~2.
JC decreases to zero with increaswgp infinity [20]. In
the condition ofy = o without EMC, the angular depen-

dence of the transition field is determined by the out-of- 1.00 3 ' i ' T T T |
plane component of the field. However, if there is a finite R 5*1% 005 I LS
EMC between pancake vortices, this contribution makes [ ".\Ak Ha SR ‘x -8;'
the system more isotropic and weakens the angular depen-g 0.951 ‘\,\ Q’\ggﬂu . r -4 9]
dence over that given by Eq. (1). Therefore, itis expected T s - A\‘A:\‘ R 0
that EMC makes vortex transitions occur at lower fields < - N - S
than that by Eq. (1) in tilted fields. Experimentally, the de- § i e ‘“»fé.\'“ e
viation from Eq. (1) is more remarkable at lower tempera- g 0.90} - o . 4
tures. This behavior is consistent with the fact that EMC T " 0 Heor (75K) ‘0\\ “. .
becomes more important than JC at low temperatures [21]. [ ¢ Heor (70K) 2 SRS
Another possible origin is the effect of the in-plane | & Hpor(60K) e N
field on JC, which is averaged over in the anisotropic 0.85 ¢ Hp (35K ' @ _
GL model ignoring layered structure. The fields where 0 1 2 3 4 5 6 7
vortex lattice melting transition [22], decoupling transition H(6) sin 6 / H(0)
[27], and 2D-3D crossover [28] occur are expected to be
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slightly overdoped sample and (b) the samples with different
FIG. 3. [H(8)co®/H(0)]? as a function of[H(#)sind/  oxygen contents. In both figures, the broken lines show the
H(0)? in the slightly overdoped BSCCO. The solid straight results of fitting by Eq. (2). The insets are (a) temperature and
line represents the conventional scaling [Eq. (1)] with= 10. (b) H, dependence ok andH.

4310



VOLUME 82, NUMBER 21 PHYSICAL REVIEW LETTERS 24 My 1999

We try to interpret this angular dependence as the Inconclusion, the angular dependencéfghr, H, can-
change of anisotropy by the in-plane field. From Eg. (1),not be fitted by the conventional angular scaling based on
H(6) is approximately equal td/(0)/co¥ at largey  the anisotropic GL model. Instead, we found an unique
except nead = 90°. The angular dependence, therefore relationH(0) = [co® + «(T)sind]~!. We propose two
can be written as scenarios for this novel angular scaling: (1) The contribu-

N _ 2 tion of the electromagnetic coupling and (2) the effect of

H(9)cosy = H(0) = Hoy/y". @) the in-plane field on the Josephson coupling. For the for-

Here, the anisotropy dependence #€0) is assumed to mer, a quantitative theoretical calculation is needed. On
be proportional toy 2 and H, is a constant. When the other hand, in the latter scenario our experimental result
the field is tilted, however, the results show that theimplies that the Josephson coupling is strongly suppressed

angular dependence gradually deviates fioos)~'. If by the in-plane field in vortex lattice phase.
the deviation is caused by the change of the anisotropy by We thank R. lkeda for fruitful discussions. This work
H\|, the anisotropy depends @fj as is supported by Grant-in-Aid for Scientific Research from
2 _ 201 _ " the Ministry of Education, Science, Sports, and Culture
Vy™ =1y (1 = Hy/Hj) ) and CREST. s.0. acknowledges support from JSPS.

in order to reproduce the experimental relation Eq. (2).
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