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Sequential vortex states upon lattice melting in untwinned single-crystal YBgCu;0-
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Simultaneous measurements of the ac susceptibility and the dc magnetization of an untwinned single-crystal
YBa,Cu;O; have been carried out to clarify the nature of vortex lattice melting. The first-order melting
transition appears as a jump in the dc magnetization. Evidence for effectual pinning at temperatures above the
melting transition is obtained as a sharp transitioryirand a sharp peak ig” of width 0.2 K in 10 kG. In
addition, a precursor lattice softening phenomenon can be segraimd y at temperatures below the melting
temperature. This sequential change is more visible when the ac susceptibility is giveryia-fiegepresen-
tation. It has been confirmed that there exists a melting transition of,G&®; even below 10 kG.
[S0163-182897)06133-X

An exotic phase boundary in the mixed state of high- a pinning force is active even if weak. Kwak al° argued

superconductors has attracted considerable interest in recethit the peak effect of the critical current densitycan be
years. The vortex lattice melting of the first-order nature wasnterpreted as a precursor to vortex lattice melting in a
predicted in the early stage of high-researche§Recently,  twinned single-crystal YB#ZCu;O,. They described that the
the local-Hall-probe measurements detected the abrupt jumpeak effect was due to enhanced vortex pinning by the twin
in the magnetization in BEr,CaCu,Og in fields lower than  boundaries and disappeared when the field was declined by
0.038 T, where the melting transition terminated at a critical4® from thec axis. Giapintzakiset al!! attributed the onset
point? The entropy changaS per vortex per layer increased of the ac susceptibility peak of untwinned Y2150, to a
from zero (at the critical point to 6kg as the temperature vortex lattice melting. They obtainedH=5830(1
increased to the critical temperatufe.® A characteristic —T/T.)*®®for a melting line defined as the onset of the ac
feature of the melting transition is somewhat different be-susceptibility in the field range below 10 kG. It is nat
tween BpSr,CaCu,0Og and YBaCu;O;. An untwinned priori to answer a question of whether the peak effect ap-
crystal YBgaCu;O; is supposed to be one of the cleanestpeared in the ac susceptibility is assigned to a melting tran-
systems among various high- cuprates. The resistivity sition or to a preceding lattice softening. One implicitly as-
drop? the magnetization jump® and the calorimetric sumes that the vortex pinning does not work in a vortex
measuremeht have been reported by using Y®u,O; liquid state. It might be useful to compare the ac susceptibil-
crystals. A phase boundary 6f=997(1-T/T.)'% in kG ity with the dc magnetization for clarifying the mutual rela-
units was not consistent with the first-order transition buttionship upon melting. In this paper, we describe the melting
consistent with the critical exponentr21.33 of a three- phase transition of an untwinned single-crystal ¥8a;0;
dimensionalXY model. Contrary to BiSr,Ca,Cu,Og, the inthe dc field range of 0—-50 kG by means of the ac suscep-
first-order melting transition of the latent heAS=0.7g tibility and the dc magnetization.
was evident in fields higher than 10 kG. The disappearance A high-purity single crystal of YBgCu;O; was prepared
of the latent heat was accompanied by the broadening of they a flux method in a ¥O; crucible™® Annealing was car-
resistive transition. Welget al® explained it as the domi- ried out at 550 °C for 7 days in 5-atm oxygen pressure under
nance of single vortex pinning by the residual pinning cen-a unidirectional force to remove the twin boundaries. We cut
ters below 10 kG because the number of vortices decreas#lse twinned parts of the crystal by using a wire saw. The
proportional to the field. In addition, a critical point has not polarization-microscope observation indicated that the crys-
been observed for the melting transition of ,Ba,0;. Itis  tal was completely free from twin boundaries. The lattice
a mysterious open question why evidence for the first-ordeparameters werea=0.3819 nm, b=0.3890 nm, andc
melting transition was missing in so-called clean=1.1680 nm. The crystal used for the magnetic measure-
YBa,Cu;0O; single crystals in fields lower than 10 kG. ments was 1.80.5X0.18 mm in size and 0.6 mg in weight.
The alternative of doing thermodynamic measurements ifhe complete detwinning was also confirmed by a
a dynamic probe for sensing a sequential change in a vortexeciprocal-lattice image of an x-ray precession camera.
state. Since the melting is defined as the varnishing of the The ac susceptibility was measured using a homemade
shear modulusgg, it is expected to occur a lattice softening susceptometer. In the ac susceptibility’ ¢ix"”) measure-
as a precursor to the melting phase transition. Pippdist ~ ments the amplitude and the frequency of the ac field were 1
cussed the softening effect for a classic superconductofs and 390 Hz, respectively. Both dc and ac fields were ap-
Compared to the dc measurements, the ac response is serplied parallel to thec axis. We also carried out the ac sus-
tive to a subtle change in the sample magnetization wheneveeptibility measurements when tloeaxis is declined by 5°
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——————— —— T spondingy”’ peak appear in the narrow temperature range
[ Untwinned YBagCugO7 7 ey 4 near the susceptibility onset. The magnitude of the diamag-
FCC netic transition gradually increases tal and the transition
] breadth becomes wider &k, increases. Contrarily to Giap-
'_0 intzakiset al,!* we assign this transition to a melting transi-
Hac,Hyc // € axis Hae=1G =390 Hz tion rather than a softening peésee below,
A typical change in the ac susceptibility during a super-
0kG | conducting transition appears as a diamagnetic transition in
x' and a loss peak i’ under either zero or finite dc field. A
superconducting transition of a homogeneous supercon-
ductor often forms a simple domed trajectory in tple- x”
- chart. Either Bean critical-state model, Kim critical-state
model, an average-conductivity model, a weakly-connected-

[ Hac=50kG/ 40

47 x it (cgs units)
F

-1 . _J ] loop model, or a diffusive model qualitatively predicts tHis.
] oo X ] The tracing of the trajectory is governed by a single or a few
810 — —— 9'0 —— parametgs), i.e., a critical densityl.. in the case of Bean

model. In Fig. 2, we show thg'—y" chart of the untwinned

YBa,Cu;O; under various differenH 4. (FCC). The plot is
FIG. 1. Internal complex susceptibility’,y" of the untwinned QOme shaped for data taken under 0, 20, 30, 40, 50 kG while

YBa,Cu;0; as a function ofl under various dc fieldsl . in field- it has a three-step structure for 1, 3, 5, 7, 10, 15 KB At

cooled-upon-coolingFCC) measurements. The dc and ac fields arelower temperatures, the behavior is specified by a bulk pin-
applied in parallel to the axis. ning and more or less similar to that expected for Bean criti-

cal state modé? or a diffusive modet® In other words, a
from the ac and dc fields. The ac susceptometer was calpample state is well described by a single parameter such as
brated using a Nb sphere at 4.2 K. We corrected the ac sug- critical current densityl.. (2) At intermediate tempera-
ceptibility for the demagnetizing factdd=0.678 of our un- tures, the data point almost traces back the lower-
twinned sampl€ by using the converting formulas between temperature branch. A gradual deviation from the lower-
internal and external complex susceptibilittéshe dc mag- temperature branch can be seen for the 7 and 10 kG data.
netization was measured as a function of temperature by ug-his may be due to a lattice softening and a plastic deforma-
ing a SQUID(superconducting quantum interference deyice tion. (3) At higher temperatures, a trajectory deviates appre-
magnetometetQuantum Design MPMS-XL The field was ciably from the lower-temperature branch in a narrow tem-
applied parallel to thec axis. For direct comparisons be- perature regime and forms a partial dome. The partial dome
tween the dc magnetization and the ac susceptibility, thehows the evolution to a full dome in fields above 20 kG.
SQUID magnetometer was also used to measure the ac suiapintzakiset al** considered that the sharp peak gf
ceptibility. arises from the synchronous trapping and the enhancement

We carried out the ac susceptibility measurements up tof J. accompanying a lattice softening. It seems to be more
50 kG to investigate a phase diagram. The transition curveplausible to relate this abrupt change to the first-order melt-
in 5 and 7 kG of the ac susceptibility were different amonging transition of a vortex lattice because of the strong devia-
the field-cooled-upon-cooling(FCC), field-cooled-upon- tion from the lower-temperature branch.
warming (FCW), and zero-field-cooled-upon-warming ~ Kwok et al!® showed that the peak effect of the twinned
(ZFC) measurements. In any case, however, we found a pesg@ample disappeared when the field was declined by 4°. We
effect near the onset of the ac susceptibility. In what followsalso carried out the ac susceptibility measurements of the
we concentrate on the FCC measurements for the mutuaintwinned YBaCu;O; in field-cooled-upon-coolingFCCO)
comparisons of the ac susceptibility. In Fig. 1, we show comimeasurements when tleaxis of the crystal was declined by
plex susceptibilityy’,x" of the untwinned YBgCu;O; as a  5° from the dc and ac fields. The results were very similar to
function of T under various dc fields in FCC measurementsthose shown in Figs. 1 and 2, confirming that the peak effect
The dc and ac fields are applied in parallel to ¢thaxis. The is not specific to vortices aligned parallel to thexis.
susceptibility is corrected for the demagnetizing factor. The dc magnetizatioM 4. was measured as a function of

In Fig. 1, there are the three different classes of e temperature under the constant magnetic fields. In Fig. 3, we
peaks in the 5, 7, and 10 kG fields. In the 10 kG field, forshow the dc magnetization as a function of temperature in 50
example, one find§) a broady” peak at 85 K{ii) atiny y’  kOe(ZFC and FCQ. As shown in the inset of Fig. 3, a clear
peak at 89.4 K, andiii) a sharpy’ peak at 89.6 K. We stepwise change dfl 4. is seen at temperatures in the revers-
interpret these threg” peaks as follows(1l) The broady” ible region. We fit the FCC data at temperatures just below
peak appearing at lower temperatures arises from weak bultke step byMy=—a+bT. In Fig. 4, we showAM g
pinnings when vortices form a lattice. This class of ffe =My~ (—a+bT) as a function of temperature for various
peak is only seen in the dc fields below 10 K@). The tiny ~ Hg.. As reported by Welgt al,® the magnetization shows a
peak of Y’ seen in the 5, 7, and 10 kG measurements mayump and a change in the temperature derivative of the mag-
result from enhanced pinnings due to a vortex lattice softennetization at the melting transition. The change of the mag-
ing. Correspondingly, there is a temperature regime wheraetization per unit volume is AAm~1.6 G under 50 kG.
the diamagnetism is weakened Bslecreases in the 3, 5, 7, The application of the Clausius-Clapeyron equation gives a
and 10 kG fields(3) The sharpy’ transition and the corre- latent heat ofAS=1.6kg per vortex per layer. This value is
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FIG. 2. Internal complex susceptibility of the untwinned
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FIG. 3. My of the untwinned YBgCu;O; as a function ofT
under a constant field of 50 kG in zero-field-coolétFC) and
field-cooled-upon-coolingFCC) measurements. The dc magnetic
field is applied in parallel to the axis. The inset is an expanded
graph at temperatures near the irreversibility onset.

tion of temperature under the constant magnetic fields in 10
kOe. In the inset of Fig. 5, we can compafe ¥’, andAM g
without any ambiguity in temperatures. It is clearly seen that
the magnetization jump at,, corresponds to the offset of the
sharp diamagnetic transition. We emphasize that the pinning
is effective at temperaturébom T, to Ty) above the melt-

ing transition. At temperatures betwe&p; andT,,, x’ in-
creases a¥ increases monotonically. This increase is possi-
bly related with the plastic vortex motion reported by
Abulafiaet al’ In addition, ¥’ and Y’ show a tiny dip and a
tiny peak atTg, respectively. We consider that a subtle
change afl comes from the synchronization effect between
vortices and pinning centers. A sequential change of the vor-
tex state is seen remarkably in the ac susceptibility while the
dc magnetization only shows a jump and a change in its
temperature derivative. One may argue that the transition of
x' andy’ is not a manifestation of vortex pinning, but may

T [ T

| T regime of

YBa,Cu;0; in the ¥’ versusy’ representation for FCC measure-
ments. The dc and ac fields are applied in parallel todhexis
(6.=0°).

two times larger than that reported in the literatbire. lower
Hg4c, @ jump in the magnetization is less visible. However, a

change in the temperature derivative is clear even in 1 kG.

The dotted frames represent the transition regioty gfun-
der the same fields. The transition regiom@f is located at
temperatures above the magnetization jump.

It is not certain that thg’ dip and they” peak come from
the melting transition or from the lattice softening and the
resulting synchronous trapping of vortices. To clarify this,

My — (-a+bT) (1075 emu)

X ac transition FCC T
\ 50 kG
YBa,Cus0;

(0.6 mg) -

Temperature (K)

we measured the dc magnetization and the ac susceptibility g, 4. Relative change M, of the untwinned YBaCu;O,
simultaneously. Actually, the measurements are alternativelyersusT at temperatures around the magnetization jump. The dc
carried out upon cooling at a constant rate of 0.015 K/minmagnetic field is applied in parallel to tieeaxis. The corresponding
As shown in Fig. 5, the ac susceptibilig/ —i x” and the dc  temperature regime of thg,. transition is indicated by a dotted
magnetizatiorM 4. were simultaneously measured as a func-frame.



FIG. 5. Simultaneous measurements\vbf;,x’,x” as functions
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anomaly afT |+ andTy7, suggesting that these two tempera-
tures do not come from phase transitions but appear as cross-
over points. A phase boundary represented by the magneti-
zation jump is approximated &$=340(1—T/T.)*% while

the onset ofy’ is specified byH =740(1- T/T,)*?"in kG.

In conclusion, vortex lattice melting and softening of an
untwinned single-crystal YB&u;O; have been investigated
by means of the ac susceptibility and the dc magnetization in
the fields of 0—-50 kG. The vortex lattice melting is evi-
denced by a jump in the magnetization and a change in the
temperature derivative of the magnetization. From the sharp
x' transition and they” peak in the narrow temperature re-
gime above the melting transition, we discover a crossover
change from pinned vortex liquid to free liquid. It is quite
interesting to note that the effectual pinning force is active
even at temperatures above the melting transition. At tem-
peratures below the melting temperature, there are aytiny

of temperature in the field of 10 kG. The inset shows a sequentiadlip and a corresponding’ peak. Since this regime belongs
change in the magnetization and the ac susceptibility as a functiotp a lattice state, we interpret it as a lattice softening and
of temperature.

arise from a rapid change in ohmic resistivity above the
melting transition. However, this is not the case because wB
found a sharp peak in the third-harmonic susceptibijity
=x3—1ix3 at the corresponding temperatures. Abdyg,

synchronous trapping of vortices as a precursor of lattice
melting. The ac susceptibility measurements unveil that a
mixed state of YBaCu,O; in fields below 10 kG has a clear
hase boundary and hence cannot be characterized by the
absence of a melting transition.
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