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Vortex matter transition in Bi ,Sr,CaCu,0g.., under tilted fields
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Vortex phase diagram under tilted fields from thexis in B,Sr,CaCyOg,  is studied by local magneti-
zation hysteresis measurements using Hall probes. When the field is applied at large angles ¢raristhen
anomaly H;) other than the well-known peak effedtlf) is found at fields belowH,. The angular depen-
dence of the fieldH; is nonmonotonic and clearly different from thattéf and depends on the oxygen content
of the crystal. The results suggest existence of a vortex matter transition under tilted fields. Possible mecha-

nisms of the transition are discussed.
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It has been made clear that the vortex state in Aigh- Based on the angular, temperature, and doping-level depen-
superconductors has various interesting feathilesportant ~ dence of the anomaly, we discuss the origin of the transition.
parameters which control these features are large thermal Single crystals of BSCCO have been grown by the
fluctuations due to high critical temperatuFe and the an- floating-zone method. We measured several samples with
isotropy of these materials. Although the anisotropy paramdifferent oxygen contents, which were controlled by anneal-
eter y(=\¢/\4p) is very different in two typical highf,  ing at 300—500 °C for one day in appropriate partial oxygen
superconductors, YB&u;O,_ 5 (YBCO) y~5 (Ref. 2 and ~ Pressure. In this paper, we show results for four §amp|es;
Bi,SrLCaCy0g,, (BSCCO y~200 (Ref. 3, similar phe- optimally doped(OPT), overdopec{_C_)Vl, 0OV2), and highly
nomena such as the first-order phase transifi@®T)* ®and  overdopedHOV) crystals. The critical temperaturdg are
the (secondl peak effect® are commonly observed. The dif- 86.7, 80.3, 83.5, and 76.8 K, respectively. The configuration
ference of anisotropy is reflected in the fact that these tranof the measurement by using micro-Hall probes is schemati-
sitions in BSCCO occur in a much lower-field range thancally shown in the inset of Fig. 1. The details of the mea-
those in YBCO. An interesting question one may ask issurement are described in the previous paper.

whether the difference of anisotropy induces a qualitative A typical local magnetization curve at 35 K under a tilted
difference in the vortex states or not. field from thec axis is shown with a curve in the field par-

When the field is inclined from the axis, a drastic allel to thec axis in Fig. 1. In addition to the well-known
change in the vortex order is expected due to large anisoPeak effect ,),” an anomaly, indicated by , is observed
ropy. A vortex chain state in which all vortices form arrays belowH . This anomaly is observed only under tilted fields.
in the tilt plane has been observed under tilted fields inWe confirmed the presence of this anomaly in more than ten
YBCO by the Bitter decoration methddThe existence of single crystals and Pb-doped BSCCO crystils.
such a vortex chain in anisotropic superconductors has been Figures 2a) and 2b) show the first quadrant part of the
predicted within the framework of the anisotropic Londonlocal magnetization hysteresis curves at 35 K in the OV1

model!® The motive force of the chain formation originates
from the attractive magnetic interaction between inclined
vortices. On the other hand, vortices form more complicated
arrangements in BSCCO. Vortex chains embedded in ap-
proximately triangular vortex lattices have been
observed!'2 This vortex ordering has attracted theoretical
attention and the coexistence of two vortex species has been
suggested®~'° Experimentally, Grigorievat al. concluded
that vortex chains embedded in the vortex lattice consist of
two inclined vortex species which have different angles from
the ¢ axis!? These results suggest that the difference of an-
isotropy between YBCO and BSCCO causes different vortex
arrangements under tilted fields.

Such observations of vortex states under tilted fields,
however, have been limited to very low fields:200 Oe).
Our purpose is to clarify the vortex phase diagram in
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BSCCO single crystals under tilted applied fields in a wide FG. 1. Local magnetization hysteresis curvesdat0.3° and
field range 10 kOe). In this paper, we report on an ¢=83.8° in the OV1 sample. Arrows indicate the positions of two
anomaly in the local magnetization in BSCCO which is ob-characteristic anomalies. The horizontal axis shows the field paral-
served only under tilted fields. This anomaly suggests théel to the ¢ axis, H,cos6. The inset shows the configuration of a
existence of vortex matter transition under tilted fields.sample and micro-Hall probes schematically.
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FIG. 3. Angular dependence bl;cosa (triangles andH ,cosé
(circles in the OV1 sample at 35 K. Closed and open markers show
the peak fields in field-increasing and -decreasing processes, respec-
tively. At #*, the angular dependence ldf,cosé has a minimum.

two anomalies should be different.

Figure 4a) shows the hysteresis curves at 45 and 55 K at
a constant angle of 83.7° which is larger théth. The nor-
mal peak effect observed at 45 K and 630 Oe changes into
the magnetization step at 55 K which is a sign of the FOT. In
addition, a steplike structure is observed at a field lower than
Hp. This anomaly can be traced to the anomhly ob-
served at lower temperatures as shown in Fig. 1. We could
not observe an anomaly within our experimental resolution

FIG. 2. First quadrant part of hysteresis curves at 35 K in the” 10 MG when the irreversible magnetization disappears at

OV1 sample at angle&) below 6* and (b) around *. Dashed
lines indicate peak positiond ,cosé# and chosa The definition
of #* is described in Fig. 3. Each curve is properly shifted along the

vertical axis for clarity.
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sample at various angles from 0° to 84°. When the field is
nearly parallel to thec axis, only the peak effectHy) is
observed at 630 Oe. On the other hand, the magnetization
anomaIyH; starts to be observed beldd, at angles above
about 60° in this crystal. Since the anomalies have a broad
steplike forms at lower angles, the fie|+q§ is picked up as

the position of the shoulder of magnetization, which is
shown by the dashed line in Fig. 2. At larger angles, the
anomaly has sharper shape and the definitionﬁpfis not
ambiguous.

The angular dependence blf;cose is plotted in Fig. 3
together with the normal peak effect. The difference of peak
positions between increasing and decreasing field process is
due to the self-trapped field in the crystal. The angular de- L i
pendence ofH, follows the scaling relationH o (cos6 0 PR I I T S
+asing) %, as reported previouslyf.At angles higher than a 0 20 40 60 80
characteristic angle@™, Hycose deviates from the scaling

gnd starts tQ 'n.(:rease'. On the other haﬁgpqse slightly FIG. 4. (a) Hysteresis curves at 45 and 55 K at a constant angle
increases with increasing angle up 6, and it decreases ot g37° in the OV2 sample. Arrows indicate positions of the
rapidly aboved*. At around#* both H,cosd andH;cosé  anomalies(b) Temperature dependence of ivaxis component of
approach closely to each other. Since the angular dependengg,, Hp, andH% . Closed and open markers indicate the field
of H; is quite different from that oH,, the origins for these increasing and decreasing processes, respectively.
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high temperatures. The temperature dependendd @fr,
Hp, andH; at 83.7° is shown in Fig.#). One can see that
the H;(T) line is always below the normal transition lines
(Heot,Hp) even aboved*, which rules out a possibility
thatH,(6) crossesHy () at 6* (see Fig. 3. Thus thisH{
line divides the vortex lattice phase into two parts under an
oblique field.

Let us discuss possible origins of the observed anomaly at
HJ . Dynamical scenario may also be applied in this case as

the vortex solid phase, and is accompanied by a drastic
change in the vortex configuratiéh?! A disorder-induced
transitiorf>?! and a dimensional crossover of the vortex

1000
H,(0) (Oe)

in the case of the fish-tail effect in YBC@.HOWEVEI’, in 0 2000 4000 6000
such a case, changes in the irreversible magnetization are H sin 6 (Og)
smoother compare with the present caséifit The situa- 100 s 0 T ]——m————
tion is rather similar to the case of the peak effect in [ Sea[ g (b) 1
BSCCO! where the irreversible magnetization shows a step- : 582 C _ ]
like change. The peak effect is believed to be a transition in g I Gsoo' P

IQ_
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systend are proposed as possible origins of the peak effect. 10 ; ; 8‘63@2&; . ]
Since the critical current is related to the collective pinning [ o OPT(35K) ]
force determined by the configuration of vortices and the 50 80 70 80 90
pinning potential, a change in the vortex configuration in- 0 (degree)

duce a steplike change of the critical current at the charac-

teristic field. As a result, the irreversible magnetization show FIG. 5. (a) Dependence offjcosé on the in-plane component
a distinct anomaly, as in the present Case-lgtt. Although of the field for the OV2 sample belo¥closed circles and above
magnetization step is not observed in the reversible regimgoPen circles ¢”. Additionally, H,cosé (pluses is also plotted.
the height of the step might be simply too small to be ob-Solid curve shows a fit to the transition line from the mixed chains
served. Since the transition occurs within the vortex solid@ttice state to the distorted lattice wigh=200,A =400 A and the
state, it is reasonable that the entropy change, which is prdliStance between neighboring superconducting lagers5 A. (b)

. L
portional to the magnetization step, is much smaller than th&"ular dependence o, in decreasing-field branch for four
case of the vortex lattice melting transition. samples with different doping levels. Solid lines are guides to the

Several theories predict an existence of a transition of theerﬁies' :;;?;V?S'B%tctztde gzeaiﬂg:;%h;?%)ez nstrllzvﬁsztmax'mum'
0 .

vortex arrangements in highly anisotropic layered supercon-
ductors under tilted fields. A recent theoretical work by In this scenario, deviation from the above behavior at
Koshele?” showed that the ground state under the tiltedangles larger thad* might reflect the presence of additional
fields except ford~0° is the crossing lattice state consisting transition in the vortex lattice structure. Particularly, it is
of almost independent units of pancake and Josephson vaifteresting to point out that the transition in this angle range
tices in such superconductors. The interesting Bitter decorapccurs at an almost constant in-plane field value as shown in
tion pattern of vortex chains embedded in vortex lattices obfig. 5a), suggesting the contribution from the Josephson
served in BSCCO single crystalsis explained by the vortex lattice. The deviation from the scaling law B,
mechanism that Josephson vortices attract additional pampove 6* may also be understood as reflecting a change in
cake vortices. In the same framework, experimentally obJJosephson vortex lattice, such as the overlap of Josephson
served linear dependence &frot coSé on the in-plane vortices.

component of fieltf is also understood. In this theory, a  Another possible transition is the one from the mixed
transition from the mixed chains-lattice state to the distortecthains lattice state to uniformly tilted lattice state. Bitter
lattice is suggested in the crossing lattice state. This transdecoration pattern observed by Bo#ieal ! implies that the
tion is a good candidate for the origin of the anomalyit. uniformly tilted lattice is not an equilibrium phase in low and
Experimental data below* can be fitted by the estimated oblique fields in superconductors with large anisotropy. Be-
transition field(Eqg. 11 of Ref. 22 as shown in Fig. &). sides Koshelev's theory, the instability of uniformly tilted
Although we have a reasonable fitting to the dat#tn¢*  vortex lattice has been predicted by several thedfies.

and the reasonable values f(600, 240, 200, 140 for the Particularly, Thompson and Modrehave suggested that
OPT, OV1, OV2, HOV samples, respectivelyhe obtained uniformly tilted vortex lattice state including vortex chain
penetration depth =400 A is too short compared with gen- state observed in YBCO is not stable in low and tilted fields,
erally accepted value of about 2000 A in BSCCO. Strictlywhen the superconductor has larger anisotropy ratio than a
speaking, the formula is valid when pancake-lattice spacinghreshold. According to their calculation, the thresholdyis
a>\ andy>\/s, which do not hold aH; . However, gen- ~12 for k=50, which is much smaller thap of BSCCO.

eral trend is believed to be valid beyond this range. This To compare the anomaly with the instability of the vortex
might be the reason why we get unexpectedly shoftom lattice, the angular dependencetdf in four samples with

the fitting. different oxygen contents is plotted in Figbd. The charac-
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teristic features thaki; (#) reaches maximum at about 80° vortex lattice phase, which is not present when the field is
and decreases at higher angles are consistent with the expgmarallel to thec axis. Observed sharp change of magnetiza-
tation of the instability field fory=60 andx =50 by Thomp-  tion at the anomalyH7) suggests the change of the vortex
son and Mooré® The angle where the instability field has a ordering as a possible origin of the anomaly. Transition from
maximum is predicted to shift to lower angle at smaller an-the mixed chains lattice state to the distorted lattice state
isotropy y. This is actually observed in our experiments. As as suggested recently by Koshelev may explain this anomaly.
shown in the inset of Fig. (), this angle decreases with Alternatively, the angular, temperature, and oxygen
decreasing anisotro_py, which is knowr;eto be invergely COldoping dependence dﬂ; are qualitatively similar to the
related to the peak field ,(0) whenHjc. An_other_pomt_|s .theoretical calculation for the instability of the uniformly
that the temperature dependence of the instability field i ilted vortex lattice. Direct observations of vortex lattice or-

expected to be proportional to the mean-field upper critical,_ - ! . . . :
field B;»(T), which may explain the observed linear tem- ﬂgmg duer;cilgbltlelted fields in the field range of interest are

perature dependence above TQ.5Fig. 4(b)]. As shown
above, qualitative features of the magnetization anorhl%ly The authors are grateful to A.E. Koshelev for stimulating
are consistent with the calculation of Thompson and Moorediscussion. This work is supported by Grant-in-Aid for Sci-

In summary, we measured the local magnetization hysterentific Research from the Ministry of Education, Science,
esis curves under tilted fields from tleaxis in BSCCO Sports and Culture. S.O. acknowledges the supports by JSPS
single crystals. We found a magnetization anomaly in thdor Research Fellowships for Young Scientists.
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