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First-order vortex lattice melting in twinned NdBa ,CuzO;_, single crystals

A. K. Pradhan, S. Shibata, K. Nakao, and N. Koshizuka
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(Received 11 January 1999

We report on the observation of a first-order melting transition of the flux-line lattice in a twinned
NdBaCu;0;_, single crystal by transpoffor both Hllc andHllab directiong and magnetization measure-
ments. The position of kink and hysteresis in resistance and magnetization jump coincide8i#T thiane.

The observed melting transition is a strong function of gartial pressure during growth. The first-order
transition becomes continuous and the peak in critical current density first emerges with oxygen partial pres-
sure=0.07%. Our results demonstrate the existence of a first-order melting transition in a twinned RE-123
system containing rare-earth magnetic idi&0163-18209)06717-X

I. INTRODUCTION field resistance, hysteresis in the field dependence of the re-
sistance in both field orientations together with jump in mag-
First-ordermelting transition from an Abrikosov vortex netization confirm this interesting observation. Precise
lattice state to a vortex liquid state has been recently obeurrent-voltage V) characteristic clearly distinguishes the
served in clean and untwinned Yg2u;0;_, (YBCO) single  melting of solid into a liquid phase. The most important
crystals~*in a variety of experiments probing characteristic point in our observation is that the first-order transition in
singularities in specific heat, magnetization, vortex transportiNdBCO single crystal, previously thought to be an intrinsi-
and neutron diffraction. The first-order melting line is char- cally nonstoichiometric system, is found to be robust even in
acterized by a sharp “kink,” hysteresis in resistance near thgne presence of twin boundaries. We have also shown how

kink region, and, more importantly, a sharp jump in s first-order transition turns out to be continuous with in-
magnetizationrevealing the actual thermodynamic s'gnat“recreasing Nd-Ba substitution.

of the first-order transition. The first-order transition in
YBCO single crystals is suppressed by disorders as demon-
strated in twinnedand electron-irradiated untwinned single
crystals® Similar signatures in favor of a first-order transition
have been observed in optimally and overdoped The present samples were grown by self-flux method us-
BiSr,CaCyO; single crystals. ~_ ing a special technique under 0.01-0.07 % p@rtial pres-

It remains, however, unsuccessful so far to obtain highy e (PQ) in Ar atmosphere and the details will be de-
quality clean other rare-earth-based single crystals to exhibit.inaq elsewher¥ The crystals showed superconductivity
the first-order transition. The recent investigation of a mag'only after annealing at 320 °C for 300 h. The crystals show
netic rare-earth-based  superconductor,  NABEO;_, i plane in both(110 and(1-10 directions under polariz-
(NdBCO) Is very exciting d_ue to Its h'.gﬁ'c (~95 K) and_ ing light microscopgwith average twin spacing of &m).
high flux pinning resultlng n high critical .current dens_lty, Although we have carried out measurements in our all crys-
J..51%The efficient flux pinning by magnetic rare-earth NS 1. we will mainly concentrate on the crystal for PO

(Nd) on Ba sites in NdBCO is thought to be a natural . . Lo
consequencE: The magnetic rare-earth ions on Ba sites are_ 0-03 % having dimensior) =1.16x0.54x 0.36 mrr?, and
95.65 K andAT.y (10-90%)<300 mK. Resistance

thought to be one of the best flux pinners and pair breaker&co= X
due to magnetic scattering. For this reason, NdBCO singl¥/as measured by the standard four-probe method using an ac

crystals are believed to retain some disorders both due to Ngchnique with a frequency of 17 Hz and at a current density
on Ba site substitution and oxygen vacancies as well. Apai@f 0.06 Alcnf. The current was sent parallel to the ab plane.
from these defects, NdBCO crystal contains twin boundarie§Ve used a low-noise ratio transformer to increase the sensi-
as found in YBCO crystal. Unlike YBCO, there is no report tivity of the measurement. The contact pads were gold-
so far available on a pure NdBCO crystal having 123 stoichi-sputtered and gold wires were attached with silver epoxy and
ometry. Probably, it has been thought that NdBCOsintered at 320°C fo2 h in flowing oxygen. The contact

is an intrinsically nonstoichiometric system having resistance was comparable to the sample resistance. The cur-
Nd;; xBa,_Cus0;_ structure. Several magnetization and rent contacts were placed on both polished sides of the crys-
transport measurements have been reported on this crystaltal for uniform current distribution whereas voltage contacts
favor of a continuous or vortex glass transitisrt> were made onto the surfack.V measurements were per-

In this paper, we present transport and magnetizatioformed using dc current and the current direction was re-
measurements on a very high quality twinned NdBCO singleversed at each value to cancel thermal voltages. Magnetiza-
crystal and demonstrated the observation of a first-ordetion measurements were performed in a superconducting
melting transition in such a system for the first time. Thequantum interference device magnetoméMPMS) with a
sharper “kink” feature in high field compared to the zero- 3 cm scan length to avoid field inhomogeneity.

II. EXPERIMENT
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. - FIG. 2. I-V characteristics in a fieldfo5 T for Hilc at T
3.0 = =86.6—0.1K interval to 87.7 K and 0.2 K interval to 89.5 K. The
] r corresponding ,, at 87.2 K is shown in the figure. The inset shows
25 [ the resistive transition in a magnetic field T for Hllab for two
3 X current densities.
207 N ior is the residual sample inhomogeneity that becomes active
G ] C approachingrl .. We did not observe the shoulder feature in
E.5 = resistance for all measured field values exhibiting any influ-
T3 ence of twin boundary pinning as found in YBCO crystal.
10 -] o Though similar kink feature is observed fétlab but at
] N higher temperature as shown in FigbJl the height of resis-
] L tance at the kink is almost twice than that fdfic. In con-
0'5—: 1 trast to twinned YBCO crystdl the height of the resistive
. - kink feature in NdBCO is found to be dependent on field
0.0 — -

orientation. FoHllab, the kink remains sharp to the highest
applied field ofH=7 T. We carried out the measurements of
hysteresis in resistance near the kink region as a function of
FIG. 1. (a) Resistive transition in magnetic fields of 0, 0.1, 0.5, field at several temperatures as shown in the inset of k&y. 1
1,2,3,4,5,6,and 7 T fadlic in a twinned NdBaCu,0; _, crystal at one temperaturd,=86.45 K forHiic. We observed a pro-
with PO,=0.03%. Inset shows the field dependence of the resisnounced hysteresis of about 200 Oe and a sharp drop in the
tance atT=86.45K for Hlic displaying the hysteresis behavior at resistance aH,,=5.73T that is exactly consistent with the
H,,. (b) Resistive transition in magnetic fields of 0, 0.1, 0.5, 1, 2, 3, magnitude of drop in resistanceldt, as shown in Fig. ().
4,5, 6, and 7 T foHllab. Inset shows the determination @f,  While we observed a symmetric hysteresis fdfic, a

94
T(K)

from inflection peak odR/dT at 7T for Hlic andHllab. slightly asymmetric and sharp hysteresis was observed for
Hllab. We observed a hysteresis in temperature cycling also
IIl. RESULTS AND DISCUSSION at a constant field that rules out the effect due to pinning. The

hysteresis and a sharp drop in resistance strongly support that

Figure 1 shows the temperature dependence of the resithe transition aH, or atT,, is indeed first-order.
tance for NdBCO single crystal with B&0.03% in mag- We have shown the influence of current density on the
netic fields up® 7 T for Hilc andHllab. A distinct kink in ~ melting transition in the inset of Fig. 2 for two current den-
the resistance neaR/R,~15% for Hllc and ~30% for sities, |=0.06 Alcnf and 1.2 Alci at H=7 T for Hllab
Hllab is observed where the resistance drops sharply to zer@lane. The height of the kink remains constant, howevgr,
This characteristic kink behavior has been attributed to avas found to shift downward only by 0.05 K for higher
first-order melting transition of a vortex solid to a vortex current density. In order to have more insight into the current
liquid. In the inset of Fig. (b), we have demonstrated the dependency on the melting transition, we she¥ curves in
sharpness of the kink fad=7 T for both field orientations Fig. 2 atH=5T for Hllc recorded with a temperature inter-
by plottingdR/dT as a function of temperature. The kink is val of 0.1 K over a wide temperature range near the kink
extremely sharp with a temperature widtAT,,  region. Thel-V curves display an Ohmic behavior above the
(10-90 %150 mK at 7 T compared to 300 mK at zero kink at 87.2 K. In the narrow transition region of the kink
field. The height of the resistance at the kink almost remaingwithin 200 mK), thel-V curves show characteristic S-shape
constant from 1-7 T, and increases rapidly below 0.5 T andurves displaying a drastic change in the vortex state. At low
finally disappears. One of the possible reasons of this behavemperature, below 87 K, the-V curves exhibit concave
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FIG. 3. Field dependent critical current densily,at T=77 K 4

for crystals grown in various oxygen partial pressureHdc. Inset

shows the resistive transitions fblilc in these crystals exhibiting a 3
crossover from a first-order melting to a continuous transition at 3
H=5T.

downward curvature arising from the pinned nature of the
vortex solid and a finite critical current. This characteristic
sharp change ih-V curves strongly support the occurrence
of a first-order transition from a liquid to an ordered vortex 1
solid state.
In Fig. 3 we show the field dependence &f at 77 K

calculated using Bean critical state model for four crystals ,
grown in different PQ (0.01-0.19%. J. curves display a ee 85 88 90 92 o1 96

R (mQ)
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sharp fall with increasing field for P&3<0.05% without ex- T (K)
hibiting peak effect in the intermediate temperature region as o o o _
observed in other NdBCO cryste?l‘sl.o'lz However, a well- FIG. 4. (a) Resistive transition in magnetic fields fétic in a

twinned NdBaCu;O;_, crystal with PQ=0.05%. Inset shows the
hysteresis in temperature fot=4 T applied parallel to the axis
near the melting transition regioib) Resistive transition in mag-
netic fields for PQ=0.07%.

defined peak effect develops for ©0.07%. It is noted
that all these crystals are similarly twinned as ,PO
=0.03%. The resistive transitions fer=5 T applied paral-
lel to the c axis show a smeared first-order transition for

P0,=0.01, however a distinct transition for 0.03 and 0.05%qinyous as POSs further increased to 0.07% as shown in

as shown in the>inset (?f Fig. 3. The transition becomes Congjg () This is consistent with the first appearance of peak
tinuous for PQ=0.07%. It may be noted that for BO  ge inJ; for PO,=0.07%. The peak effect becomes very

=0.01%, the crystal becomes inhomogeneous where as thg,nqnced for PE=0.1% where major substitution takes
substitution effect becomes prominent for 2€D.07%. This

suggests that pinning due to either Nd/Ba substitution or sl Pl
oxygen defects are absent or extremely small in the present 10" B89K-0.15K-86K H=5.5T //c
crystal. The absence of a peaklinrules out the pinning due
to twin boundary for P@=0.03%. Therefore the interaction
between the generic point defects and twin boundaries plays
a major role to suppress the melting transition for,PO
=0.07%.

In order to have a clear comparison, we show the
temperature-dependent resistive transitions for,FM05
and 0.07% at various field values in Figsagand 4b),
respectively. A distinct kink in resistance is visible for PO
=0.05% in all measured field values. The inset shows the
marked hysteresis in temperature sweep near the melting
transition atH=4 T. Figure 5 shows thé-V curves over a . _

; : : 10 r——FT T —L T
wide temperature range a=5.5T displaying a sudden @ 3 4 s eTes A
change in the slope as observed for,P®.03%. However, | (mA)
the transition for P@=0.05% is not as sharp as 0.03%. This
is due to the increase of BGhat initiates a very small sub- FIG. 5. I-V characteristics in a field of 5.5 T fdtlic for PO,
stitution of Nd ions at the Ba sites. The transition becomes=0.05%. The correspondinfy, is shown in the figure.

P0,=0.05%

89K

V (Volts)

LARLL|

86.3K
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FIG. 7. The magnetic phase diagram of the melting transition
FIG. 6. Temperature dependence of the magnetizatidnTafor for Hilc andHllab for PO,=0.03%. The transition from the mag-
Hilc for zero-field-cooled(ZFC) and field-cooled(FC) cases for  netization jump has also been shown. The solid lines are scaling for
PO,=0.03%. The dotted line represents a linear extrapolation ofmelting transition as discussed in the text.
the low-temperature variation. The inset shows kheH curve at
88 K displaying a jump. The dotted line represents a linear extrapo-

: ; - In order to test the melting transition in view of the
lation of the low-field variation.

Lindemann criterion of vortex lattice melting, we used the
following expressiol? for the Lindemann constai which
place and acts as pinning centers giving rise to ligh successfully explains the melting transition in YBCO
Now we will discuss the thermodynamic evidence of thecrystal®
first-order melting transition in crystal with B&0.03%. A
distinct change in slope in magnetization is noticed in the
temperature dependence of the magnetization as shown in
Fig. 6 for a field d 4 T and is consistent with our resistance
measurements. In the inset of Fig. 6, we show MeH  whereB,, is the melting fieldH, is the upper critical field,
curve atT=88K displaying a pronounced jump in the re- and G; is the Ginzburg parameter #Bx*(kgTc)?/
versible magnetization, a true thermodynamic behavior of an’)ch(O)~4.6>< 107 ° with k~55 andH,(0)~ 287 T (us-
first-order transition. The jump in magnetization was founding dH.,/dT~—3 T/K for Hllab). Using B,,=4 T, T,
for several temperatures and observed consistently aHove =88.2 K, T.,=95.65 K, andH.,~22 T, we obtainc_
=1T in both field increasing and decreasing cases. The po~0.16 which is in excellent agreement with the theoretical
sition of the jump is sharp and consistent with the temperaprediction. It is noted that the values@H/d T~ — 3 T/K for
ture and field at which kink in resistance was observed on thélllab anddH/d T~ — 1 T/K for Hllc are quite different than
same crystal. This is in agreement with the recent observahose of YBCO crystal displaying a much stiffer melting line
tion of a thermodynamic evidence of a flux-line lattice melt-in NdBCO crystal. Considering highér. with sharpAT,,
ing in YBCO crystal® absence of flux pinning due to Nd/Ba substitutional defects,
In Fig. 7 we show the magnetic phase diagram from rea distinct first-order melting transition, and a lowgwalue
sistance and magnetization measurements. The melting trame conclude that this material maintains nearly stoichio-
sitions from resistance curves were determined plottingnetric Nd-123 structure.
dR/dT vs T as shown in the inset of Fig.ld and from The influence of correlated disorder such as twin bound-
magnetization jump for magnetization. A very good coinci-aries on the melting transition has been studied by many
dence was observed establishing a fact that the magnetizauthors>*® Twin boundaries are known to suppress the
tion jump and resistance kink are the manifestation of themelting transition promoting disentanglement, stabilizing a
same first-order flux-line lattice transition. The melting line liquid of vortex lines, and establishing tleeaxis correlation
is well described by a power law of the forH,(T) of vortex lines!® The velocity correlation is lost when the
=155(1-T/T)** and H,(T) =910(1- T/T) 8 for Hlc  sample thickness coincides with the vortex cutting lergth
and Hllab, respectively, usingl; value of 95.65 K. The which is typically less than 10@pm for a twinned crystal. In
power-law exponent is theoretically predicted as 2 for melt-view of the above, we speculate thatthe thickness of our
ing transition in low fields?>® but should be approaching crystal is too largg0.36 mm to promote vortex correlation
unity for higher fields. Hence the above value is reasonablypy twin boundaries to influence on the melting transition and
good for the melting of flux-line lattice. The ratio of the consequently on the kink height arid) the twin boundary
prefactors for above both directions yields a mass anisotropyginning is either too weak or absent foki=0.2 T to influ-
y=(M/m)¥?~5.9 and this value is comparable or slightly ence the melting process. We conclude that in contrast to
lower than the value for YBCO single crystdl. YBCO in which a Bose-glass transition was recently ob-

L ={[Bm/Heo( T /(1= T/ T) NG 4?/5.6),
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served by Grigerat al,'® the presence of twin boundaries transition is distinctly observed in the crystal with an optimal
alone does not suppress the melting transition in high qualitpxygen partial pressure up to 0.05% during growth and be-
NdBCO single crystal in high-field region. Recently, first- comes continuous for higher values. We obtain mass anisot-
order-like melting transition was observed in twinned YBCOropy, y=5.9, and a physically reasonable value of Linde-
crystal by specific he&tand from the resistantémeasure- mann constant,c, =0.16, consistent with the melting
ments in the high-fieldli=6 T) region only forHllc. An-  criterion. We observed the hysteresis in magnetoresistance
other suspect is the misalignment of the angle with respect tnear the kink region. The magnetic phase diagram obeys the
Hllc where the influence of twin boundaries is reduédthe  melting scaling. We obtain a higher melting line in NdBCO
accuracy for alignment of angle for magnetization measureerystal in comparison to YBCO. This is an interesting obser-
ments is certainly less tharn0.5° for Hllc in which we ob-  vation of a first-order melting transition in a system other
served the thermodynamic signature of the first-order transithan YBCO with 123 stoichiometry containing magnetic
tion at the same field at which kink in resistance wasrare-earth ions. Our results clearly demonstrate NdBCO crys-
observed. tal, grown by a special flux method, as a “clean” supercon-
ductor.

IV. CONCLUSION

In summary, we have shown that the first-order melting ACKNOWLEDGMENTS
transition occurs in twinned NdBCO single crystal, a previ-
ously thought intrinsic nonstoichiometric system, displaying This work was supported by the New Energy and Indus-
a kink in resistance and jump in magnetization. The meltingrial Technology Development OrganizatiNEDO).
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