RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 59, NUMBER 18 1 MAY 1999-11

Vortex phase transformations probed by the local ac response of Bsr,CaCu,Og, 5
single crystals with various doping
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The linear ac response of the vortex system is measured locally,Br,BiaCyOg, s crystals at various
doping, using a miniature two-coil mutual-inductance technique. It was found that a steplike change in the
local ac response takes place exactly at the first-order trangiiom) temperaturél o1(H) determined by a
global dc magnetization measurement. Theyt(H) line in the H-T phase diagram becomes steeper with
increasing doping. In the higher-field region where the FOT is not observed, the local ac response still shows
a broadened but distinct feature, which can be interpreted to mark the growth of a short-range order in the
vortex system[S0163-1829)50518-3

The vortex phase diagram of the highly anisotropic high-in the dc magnetization has a critical point and thus disap-
T. superconductor BBr,CaCyOg, s (BSCCO has been in- pears above a certain fieldt is intriguing how the “decou-
tensively studied in the past few years. In superconductorsling” signal of the miniature two-coil technique transforms
strong supercurrents flow near the surface, which producet higher fields, above the critical point. In fact, the nature of
nonuniform magnetic-field distribution in the sample. Suchthe vortex matter in the field range above the critical point is
nonuniformity broadens the thermodynamic phase transitionstil| controversialt>~7 since the ac technique can probe the
and thereby hinders the study of the phase diagram. Also, thgrowth of the correlation lengths of the vortex systtfit,is
surface(or edge currents produce a geometrical barkier expected that the local ac measurement using the two-coil

flat samples at low fields, which gives rise to a hysteretiGechnique gives a new insight into the vortex phase transfor-
behavior? In higher fields, the Bean-Livingston surface bar- mations

rier is known to be strong in BSCCO and this makes the In this paper, we present the results of our miniature two-

global propgrnes of the vortex system complicateduseful ._coil measurements and the global dc magnetization measure-
way to get F'd of_the_ effects of the surface and the m.agnet'CFnents on the same crystals. It is found that these two tech-
field nonuniformity is to measure the electromagnetic prop- :

erties locally. There have been a number of efforts along thig!ques detect the ar_mmaly at the same temperdige(H),
line2~" and the true nature of the vortex phases of BSCCO iélirectly demonstrating that the two phenomena are of the
beginning to be fully understood. For example, local magneS&me origin. We measured crystals with three different dop-
tization measurements using microscopic Hall probes havigs and confirmed that the result is reproducible among sys-
found, quite conclusively, the presence of a first-order tranf€ms with different anisotropy. In higher fields where the
sition (FOT) of the vortex systerfiWith the improvement of FOT is not observed by the global dc magnetization mea-
instrumentation and crystal quality, it has become clear thasurement, a distinct feature is still observable in the local ac
the first-order transition can also be determined as a step #¢sponse and the position of such feature is weakly fre-
the global dc magnetization measured with a superconductuency dependent. We discuss that the frequency-dependent
ing quantum interference devi¢8QUID) magnetometet 1  feature above the critical point is likely to originate from the
The miniature two-coil mutual-inductance technitfueas ~ growth of a short-range order in the vortex system.
been used for the study of the vortex phase diagram of The single crystals of BSCCO are grown with a floating-
BSCCO®” With this technique, a small ac perturbation field zone method and are carefully annealed and quenched to
is applied near the center of the crystal and therefore thebtain uniform oxygen content inside the sample. We ob-
surface barrier, which hinders vortex entry and exit at thdained three different dopings by annealing the crystals at
edge, has minimal effect on the measured response. Becaudifferent temperatures in air; annealing at 800 °C for 72 h
of this advantage, a sharp distinct change in the local agives an optimally doped sample wiffi,=91 K (sample
response has been obse’édnd such a feature has been A), 650 °C for 100 h gives a lightly overdoped sample with
associated with a decoupling transittért* of the vortex T.=88 K (sample B, and 400 °C for 10 d gives an over-
lines. It is naturally expected that the “decoupling line” thus doped sample witil.=80 K (sample G. All the samples
determined is identical to the FOT measured by dc magnetihave the transition width of less than 1.5 K. A tactful
zation measurements, although there has been no direct compenching at the end of the anneal is essential for obtaining
parison between the two phenomenon measured on an idesdch a narrow transition widthl; is defined by the onset
tical sample. Since it is known that the first-order transitiontemperature of the Meissner signal in the dc magnetization
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FIG. 1. (a) T dependence of the in-phase signal from the two- According to the linear ac-response theory of the vortex
coil measurement on sample A in 190 G, taken at 3, 6, 12, and 28ystem, the ac response is governed by the ac penetration
kHz. Inset shows a schematic of our two-coil measurem@ntT  depth,..2%?° X, in our configuration is related to the in-

dependence of the dc magnetization of sample A in 190 G. Both thglane resistivityp,,, in the manneip,,=Re( wMo)\zc) 18 ¢

. . a
zero-field-cooled(ZFC) data and the field-cooled=C) data are  has been reported that the apparent resistivity measured in

shown. _Th(_e dqtted Ii_nes are guides to the eyes. Inset show the dge mixed state of BSCCO is largely dominated by the sur-
magnetization in a wider temperature range. face currenf Recent measurement of the bulk and surface
contributions to the resistivity foutithat the bulk contribu-
measurement. The crystals are cut into platelets with laterdlon shows a sharp change at the FOT, while the surface
sizes larger than:83 mnt and the thickness of the samples contribution is governed by the surface barrier and shows a
are typically 0.02 mm. We used a very sm@lé mm diam- broader change. Since our measurement is not sensitive to
eten coaxial set of pickup and drive coils for our two-coil the edge current, it is expected thaf, of our measurement
mutual-inductance measuremeritee the inset to Fig.)1 reflects mainly the bulk resistivity. Therefore, the steplike
The details of our technique have been describe¢hange in the local ac response is most likely to originate
elsewheré:*® The amplitude of the drive currehj was 7.5, from the reported sharp change in the bulk resistitityve
7.5, and 1.0 mA for the measurements of samples A, B, andote that there has been a confusion about the origin of the
C, respectively. The linearity of the measured voltage withsteplike change in the local ac response measured by the
respect td 4 was always confirmed. Thesg produce the ac miniature two-coil technique and it was discussed that the
magnetic field of about 0.01-0.1 G at the sample. We emsource of the sudden change may be related to a change in
phasize that our two-coil geometry mainly induces and dethe c-axis resistivity>’
tects shielding currents flowing near theenter of the Figure 2a) shows theT dependence of the in-phase sig-
sample, while usual ac-susceptibility measurements are mosgals of our two-coil measurement on sample A in three dif-
sensitive to shielding currents flowing near thégeof the  ferent magnetic fields. We observed that the sharp steplike
sample. All the two-coil measurements are done in the fieldehange in the two-coil signal becomes broadened when the
cooled procedure. The global dc magnetization measurenagnetic field exceeds a certain linkit;,, ; in the case of
ments are done with a Quantum Design SQUID magnetomesample A, the steplike change is observed in up to 400 G, but
ter equipped with a slow temperature-sweep operation modéecomes broadened at 500 G. It was found that khjs,
Figure Xa) shows the temperature dependence of the in€orresponds to the magnetic-field value at the critical point
phase signals of our two-coil measurement on sample A iof the FOT; namely, the FOT in the dc magnetization mea-
190 G, taken at various frequencies from 3 kHz to 24 kHz.surement also disappears in fields abélg, . Figures 2b)
To compare the signals from different frequencies, the datand Zc) show that the FOT is observed in the dc magneti-
are plotted in the unit of inductance change. It is apparentation at 400 G but is not detectable at 500 G. This is also a
that there is a frequency-independent steplike change at @dear evidence that the origin of the steplike change in the
temperaturel 4, which is 68.5 K here. The temperature de- two-coil signal is the FOT.



RAPID COMMUNICATIONS

PRB 59 VORTEX PHASE TRANSFORMATIONS PROBED BY THE ... R11 663
T T T T T T T T T T T T T T
S — (a) |
= R
>
e | i 3 15~  Sample B T
(] ",
2 ® 12 kHz A
g8 D 1L i
o pi
o I ——400G
§ Ny > osL L 800 G
S Temperature (K) ] .
3 24 kHz 0 P
£ - Sample A il . h I | 1 o
| P 36 kHz 20 50 60 70 80 90
Temperature (K)
600 G T T T T T T
0 A R R B S B
20 30 40 50 60 70 80 90 100
Temperature (K) .
>
FIG. 3. T dependence of the in-phase signal of the two-coil =
measurement on sample A in 600 G taken at 12, 24, and 36 kHz.
Inset shows a magnified view of the data n&gy andT,,, which %
are marked by arrows. The thin solid lines are guides to the eyes. g
=}
. . >
In Fig. 2@, the 500 G data do not show a steplike
change, but clear changes in the slope at two separate tem-
peraturesT,; andT,,, are discernible. The signal changes .
1 1 L 1

much more rapidly betweei,; and T,, compared to the
temperatures outside of this region, so the data show that the
steplike change @I, is broadened to the temperature region
of T,n<T<T,,. Figure 3 shows the in-phase signals of
sample A in 600 G, which is abovd,;,,, taken at various
frequencies. Apparentlyl,; and Ty, inferred from the 600
G data change with frequency, although the change is smal#.
This indicates thafl; and T,, do not mark a true phase
transition but mark a crossover.

Figures 4a) and 4b) show the in- and out-of-phase sig-
nals of samples B and C, respectively, in two selected ma
netic fields below and abovél,,. Also in these two
samples, thel dependence of the two-coil signals show a
steplike change in magnetic fields beldw;,,, while the
change is broadened h>H,;,, . Figure 5 shows th& 4(H)
lines for the three samples determined by our two-coil mea-
surements. Clearly, th&y(H) line tends to be steeper for
more overdoped samples. Theqt data obtained from the
dc magnetization are also plotted in Fig 5; apparefitjyH)
andTro7(H) agree very well in all three samples. The inset
to Fig. 5 shows thél4(H) lines together with thel,;(H)
andT,»(H) lines at higher field¢determined with 12 kHg
plotted versus normalized temperaturéT.. The T,,(H)
and Ty ,(H) lines are much steeper compared to ThgH)
line.

After the existence of the first-order transition of the vor-
tex system in BSCCO had been establisheduch effort
was devoted to the clarification of the details of the phase
diagram. There has been accumulating evidence that the
FOT line is a sublimation line, at which a solid of vortex
lines transforms into a gas of pancake vortites In the
H-T phase diagram, there are two lines other than the FOT
line, called the “depinning line” and the “second-peak
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(@) and (b): In- and out-of-phase signals of samples B
and C, respectively, in two selected magnetic fields below and
aboveH;, .

ields aboveH,;,, and the second-peak line separates the
high- and low-field regions at low temperatures. Apparently,
our Ty1(H) and Ty ,(H) lines are very similar to the depin-

ning line; thus, an examination of thB4(H) and Ty »(H)
ines is expected to give an insight into the nature of the
depinning line.
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Since the steplike change B§(H) marks an abrupt onset picture. Note that we did not observe any feature which can
of the long-range correlation in the vortex system, the broadbe associated with thg, line; this is reasonable because the
ened change betwed;(H) andT,,(H) is expected to in- Ty line only manifests itself in a change in the surface bar-
dicate an increase of (@hort-ranggcorrelation in the vortex rier, which has little effect on our measurement.
system. In general, a probe with higher frequency looks at Finally, let us briefly discuss the magnetic-field depen-
physics at shorter length sc&fein the case of our local ac dence ofTy. As has been reportéd,the T4(H) line mea-
response) ,.(w) is smaller for largerw. With decreasing sured with the two-coil technique can be well fitted with the
temperature, it is expected that the local ac response shows@rmula for the decoupling lin&*This is actually a matter
qualitative change when theaxis correlation length., of  of course, because odiy(H) line is identical to theTgot
the vortex system starts to grow, and another qualitativdine and the FOT is most likely to be a sublimation transi-
change at a lower temperature is also expected vihdme-  tion, which is essentially a decoupling transition. Fittings of
comes comparable to,(w). This is one possible scenario our data to the decoupling formdfa® H=Hq(T.—Ty)/T4
for what is happening af,, andT,,. The facts thaff,; and  give the anisotropy ratioy of ~100, ~85, and~77 for
T., are dependent on frequency and that a higher frequencsamples A, B, and C, respectivelthe prefactor is given by
gives a higher apparerf,; are consistent with the above Ho=apy?¢3/[4m\(0)]?T.d, whereap=0.1 is a constant,
scenario. d=15 A is the spacing between the bilayers, ax(D)

Recently, Fuchset al. used the change in the surface- =2000 A is the penetration depth
barrier height for the determination of the vortex phase In summary, we measured the local ac response of three
transformation® (note here that the surface barrier is differ- BSCCO crystals(optimally doped, lightly overdoped, and
ent from the geometrical barrier which is only effective atoverdoped samplésusing a miniature two-coil technique
low fields nearH.;), and the presence of a new transition and compared the result with a global dc magnetization mea-
line, T, line, at temperatures higher than the depinning linesurement. The origin of the step-like change in the two-coil
(and above the FOT linevas suggested. Since it is almost measurement is identified to be the first-order transition
clear that the vortex phase above the FOT line is a gas afFOT), where thebulk resistivity (which is free from the
pancake vortices at temperatures higher than this iew edge contributiohis reported to show a sharp charfg&he
line,1® the existence of th&, line implies that the depinning sudden steplike change in the two-coil signal starts to be
line separates a highly disordered entangled vortex solittroadened at fields abov;,,,, where the FOT is no longer
(low-temperature sigefrom either(a) disentangled liquid of observed. This broadened change takes place betWgen
lines with hexatic order, ofb) some kind of solid which and Ty, and these two temperatures are still well defined,
consists of an aligned stack of ordered two-dimensional paralthough they are frequency dependent. We discussed that
cake layers® Our data suggest that the latter possibiliy ~ the observation of the feature @, and T,, is likely to
is more likely, because the growth of the short-range correindicate the growth of a short-range correlation of the vortex
lation betweenT,; and Ty, has a natural meaning of a matter, which gives a clue in identifying the nature of the
growth of the alignment of the pancake layers in the latterdepinning line.
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