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Bose glass state in buldNd, Eu, Gd)Ba,CuzO, with a high irreversibility field
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(Nd, Eu, GdBa,Cuz0, (NEG123 bulk shows the high irreversibility properties. In order to clarify the origin
of high irreversibility fields, the transport properties of NEG123 bulk with the high irreversibility field were
investigated against high magnetic fields, temperatures, and field angles. We found that a dip in the angular
dependent resistivity appearsBit/c, originated to the correlated disorder along thaxis. In addition, the
Bose glass phase was observed aroBhtt by the detailed analysis of the glass transition temperature and
exponent. Therefore the Bose glass state plays an important role for realization of the high irreversibility field.
It is suggested that new effective pinning centers correlated along thes are responsible for the high
irreversibility field.
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It is well known that the REBZu0,; (RE123, RE erties of the NEG123 bulk with focus placed on the vortex
=rare earthsystem shows high irreversibility fields;, even  state.
at high temperatures such as the boiling point of liquid ni- The sample used in this study is(Ndy s,
trogen, 77.3 K. The typica; value of RE123 is about 8 T at EUgp 35, Gty 29Ba,Cus07_5 with 3 mol % NEG211, 10 wt %
77.3 K for B//c and is much higher than those of Ag, and 0.5 mol% Pt prepared by the top-seeded melt-
Bi,Sr,CaCyO, (Bi2212 and B,Sr,CaCuO, (Bi2223)  growth method under oxygen partial pressure of 0.1%' O
systems. Hence RE123 is expected as a promising High- the detail of which is described elsewhéréhe sample was
material for high field applications at high temperatures. Incut into a bar with dimensions of about 049.2X 2 mn’.
fact, much effort has been made for the development ofhis bar shape sample was mounted on the rotated sample
coated conductors of YB&WO, 522 However, the im- holder with cernox and capacitance thermometers and a
provement of theB; value as well as an increase in the criti- heater. The sample temperature was controlled by both He
cal current densityy)., are still important issues. It has re- gas flow in a temperature variable cryostat and the heater
cently been reported that a high irreversibility field over 14 Tplaced on the sample holder. Magnetic fields were applied
is achieved at 77.3 K foB//c in RE123 bulk where the RE using a 20 T superconducting magnet at the High Field
site is compounded with Nd, Eu, and Gd in an appropriatd-aboratory for Superconducting MaterigldFLSM), Insti-
ratio. According to Muralidhaet al.,* nanolamellae structure tute for Materials ResearaMR), Tohoku University. Mag-
is observed in the samples with extremely high irreversibilitynetic field angle was defined such that #&/ ¢ axis wasé
fields. It is well known that the disorders correlated along the=0° and transport currents were always perpendicular to the
¢ axis can enhance both thk and B, values through the field andc axis. Transport current density was fixed to be
vortex phase transition from the vortex glass to the Bosel3 A/cn? in the present study.
glass state. The examples of suzbxis correlated disorders The inset of Fig. 1 shows the angular dependence of the
are columnar defects and twin boundafiesThe columnar  resistivity at 77.3 K. One should notice that a dip is observed
defects introduced by heavy ion irradiation are effective inaroundB//c and becomes small with increasing magnetic
improving J. even whenT, is degraded. However, the en- field. In order to discuss the behavior of the dip, the resistiv-
hancement oB; is relatively small. Thus if one can introduce ity at #/=0° and 12° are plotted as a function of temperature
enough density of-axis correlated disorders without any in Fig. 1, whered=0° and 12° correspond to the onset and
degradation of critical temperature, a large enhancement dafffset angles of the dip, respectively. The kinks in the tem-
B; is expected. The origin of high irreversibility fields in perature dependent resistivity fé=0° and the resistivity
NEG123 may be ascribed to the defects correlated along th@pidly decreases with lowering temperature below the char-
c axis. With this in mind, we investigate the transport prop-acteristic temperature of the kink,. However, the resistiv-
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FIG. 1. Temperature dependence of resistivitgad® and 12°.
The inset shows the angular dependence of resistivity at 77.3 K.

ity for #=12° monotonically decreases with decreasing tem- FIG. 2. Critical exponer_u; at yarious magnetic fields fdd//c
perature without kink and is almost the same as that at th@nset angle pf the djpThe inset is an example of the least-squares
onset angle of the dip abovg. The difference in the resis- it for determination ofs and T

tivity be.twe.en0=0° andf= 12° grows large below,. Thesg gested that the Bose glass state is realized in this sample with
results indicate that the pinning due to the correlated disorg,g effective matching field of about 9 T.

ders along the axis works effectively belowl.. Details of The temperature dependent resistivities for field angles
the high field transport property have been published;om o to =20° are shown in Fig. 3. The inset of Fig. 3
elsewheré. The temperature dependence and the field anglg,gicates the angular dependencesandT, at 0.5 T. Boths
dependence of reS|_st|V|ty for the NEGlZB bulk are very S'm"andTg are almost constant for —262 < —6° but vary with

lar to those for twmngd Y123 smgle crystdlsn Fvvmned the field angle above6°. Thes values below —6° are 6 to 7
YBCO crystals, the twin boundaries act as thexis corre-  gng correspond to those at high magnetic fields above 13 T
lated disorders in the vortex state and lead to the Bose glasg, g//c. The Bose glass theory predicts that the angular
state. The scaling theory of the Bose glass state predicts thé&pendence oF,, shows a cusplike peak arouBd/c for the
when the temperature approaches the Bose glass tempegayis correlated disorder, which was also confirmed
fcure, the linear resistivity at a small curren'g Qensity van- empirically>13 The angular dependence Bf ands also sug-
ishes agp~ (T—Ty)*, whereTy is a glass transition tempera- gests the presence of the Bose glass phase. There are only a
ture ands=»'(z'-2) is a critical exponent related with a fe\y studies on the vortex dynamics such as the vortex glass
static exponent’ and dynamic one’ for the Bose glas3.  for the melt textured RE123 bulk, although many reports on
While the scaling theory of the vortex glass state gives ahe transport and flux pinning properties have been
similar expression op~(T-Ty)® with s=1(z-1), wherev  pyplishedt*15 In particular, no detailed experiment on the
andz are critical exponents for the vortex gldSsHere we  critical exponent in the glassy state of the vortex was re-
use the same characteristic temperafly@s the glass tran- ported up to now. Hence the Bose glass behavior of the
sition temperature for both the Bose glass and the vorteRE123 bulk system without columnar defects was confirmed
glass states in this study. [t In p/dT)™" is plotted as a for the first time by the detailed evaluation of the critical
function of temperature, we can obtam@nd T, values from  exponents in this study.

the linear temperature dependent region. The inset of Fig. 2 Figure 4 shows th&; value in aB-T plane. TheT value
shows an example of the determinationTgfands. A solid is about 10.5 T at 77.3 K and is larger than that for twinned
line is a fitted line obtained using a least-squares method. A123 single crystal$® The normalizedT,, obtained in this
smalls value of 3.4 is obviously reasonable from this figure study is compared with that of the twinned Y123 single crys-
at 7 T. The linear temperature dependencédih p/dT)™  tal in the inset of Fig. 4. Tha, of the single crystal shows
means that the linear resistivity is associated with the relathe kink atB, and is smaller than the extrapolated values
tionship of p~(T-Tgy)® and the critical state of the Bose from the low field region above,. Whereas, there is no
glass or the vortex glass exists in this region. $halues for  anomaly onT, around 9 T where the value increases for
various magnetic fields foB//c are shown in Fig. 2. The  the NEG123 bulk. In addition, th&; value agrees with that
value in high magnetic fields above 13 T is 7 to 8, and de-of the single crystal below 9 T but is larger above 9 T. The
creases down to about 4 below 9 T and tends to increaddonte Carlo simulation shows that the curvature Tf
below 0.2 T. It is well known that the values in the Bose changes aB, andB,/3 due to the discontinuous change of
glass phase are smaller than that in the vortex glass phase.tlme averaging trapping rate to the columnar defects in case of
heavy ion irradiated samples, tlevalues in the Bose glass coexistence of the columnar and weak random point pinning
state are about 1.3 for the Y123 single crystal, about 3.5 fosites in Bi2212Y” However, in the film samples with ran-
the Bi2212 single crystal, and 3.6-4.5 for the domly distributed strong pinning defects, the anomalyr of
Tl,Ba,CaCuyOg films 51112In addition,s increases above the is not observed aB, and theT, value becomes large above
matching fieldB,, where the number of the vortices is equal B, compared with those of the single crystdisdence we

to that of thec-axis correlated defects. Therefore it is sug-can conclude that the coexistence of the strong random pin-
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o ~ FIG. 4. ObtainedT at various magnetic field foB//c. Inset
FIG. 3. Temperature dependence of resistivity at 0.5 T and varispows the comparison oF, between the NEG123 bulk and the
ous field angles from —20° to 0°. The inset shows the angular depyinned Y123 single crystal of Ref. 16.

pendence of the obtainedand T, values at 0.5 T.

. . . . On the other hand, an increasesdt low magnetic fields
ning and thee-axis correlated disorder are responsible for thejess than 0.2 T may also be related with the low field
high irreversibility field for NEG123 bulk. A theoretical anomaly around,/3 estimated by the Monte Carlo simula-
model on the Bose glass state in the competition system Gfon, although 0.2 T is smaller tha,/3.7 An increase of

the correlated and the random pinning centers will be necespe critical exponent belowd,,/3 was already observed ex-
sary to fully understand the nature of the NEG123 bulk sysperimentally for the Y123 filma®

tem in detail. _ _ In summary, transport measurements were carried out for
The average distance between thaxis correlated disor- - {he NEG123 bulk sample with the high irreversibility field in
ders is estimated at about 10 nm from the effective matching,qer to study its origin. We found that the Bose glass nature

field of 9 T. This distance is in agreement with the averaggor the NEG123 bulk plays an important role for the increase
distance among the nanolamellae in the NEG123 bulk withy the irreversibility field and the introduction of the corre-

the high irreversibility field over 14 T at 77.3 KTherefqre lated disorder surely improves the irreversibility field as well
itis considered that the nanolamellae hasaxis correlation 45 the critical current density.

and becomes an origin of the high irreversibility fields. This

is consistent with the fact that the nanolamellae are observed The authors would like to thank Dr. T. Naito, Dr. T.
only in NEG123 bulk samples with the high irreversibility Nojima, and Dr. T. Nishizaki for useful discussions. The high
field 2 However, the possibility that the twin boundaries maymagnetic field measurements were performed at the High
be effective as the-axis correlated disorder still remained Field Laboratory for Superconducting Materials, IMR, To-
because the effectivB is very analogous to that of the hoku University. We also thank Y. Ishikawa, Y. Sasaki, and
twinned Y123 single crystal and the normal resistance of th&. Sai at the HFLSM and H. Miura, S. Tanno, and K.
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*Electronic address: awaji@imr.edu F. de la Cruz, Phys. Rev. Let81, 2348(1998.
1K. Watanabe and S. AwajRroceedings of the 18th International  8M. Muralidhar, M. Jirsa, N. Sakai, and M. Murakami, Appl. Phys.
Cryogenic Engineering Conference (ICE@)orsa, Mumbai, Lett. 79, 3109(2007).
2000, p. 251. _ _ _ 9S. Awaji, K. Watanabe, M. Muralidhar, M. Mukarami, N. Koshi-
2Y. Tokunaga, T. lzumi, and Y. Shihara, Cryogenid®, 393

zuka, and K. Noto, Supercond. Sci. TechndV, S6(2004).

10 i i
3A. P. Marozemoff, D. T. Verebelyi, S. Fleshler, D. Aized, and D. Dl'gsé)' l;)sger, M. P- A Fisher, and D. A Huse, Phys. Revi®
Yu, Physica C386, 424 (2003. 1 (1990 i
4M. Muralidhar, N. Sakai, N. Chikumoto, M. Jirsa, T. Machi, M. W. S. Seow, R. A. Doyle, Y. Yan, A. M. Campbell, T. Mochiku,

(2002,

Nishiyama, Y. Wu, and M. Murakami, Phys. Rev. Le89, K. Kadowaki, and G. Wirth,Proceedings of the 8th Interna-
237001(2003. tional Workshop on Critical Currents in Superconduct@/¢orld

5D. R. Nelson and V. M. Vinocur, Phys. Rev. £, 13060(1993. Scientific, Singapore, 1996p. 149.

6R. J. Olsson, W. K. Kwok, L. M. Paulius, A. M. Petrean, D. J. 12R. C. Budhani, W. L. Holstein, and M. Suenaga, Phys. Rev. Lett.
Hofman, and G. W. Crabtree, Phys. Rev.68, 104520(2002. 72, 566 (1999

’S. A. Grigera, E. Morre, E. Osquiguil, C. Balseiro, G. Nieva, and 138, Mairov and E. Osquiguil, Phys. Rev. B4, 052511(2007).

214522-3



AWAJI et al. PHYSICAL REVIEW B 69, 214522(2004)

14T, Puig, F. Galante, E. M. Gonzalez, J. L. Vivent, B. Martinez,  (199%.

and X. Obradors, Phys. Rev. B0, 13099(1999. 17R. Sugano, T. Onogi, K. Hirata, and M. Tachiki, Phys. Rev. Lett.
15F, Galante, E. Rodriguez, J. Fontcubera, and X. Obradors, Phys. 80, 2925(1998.

Rev. B 60, 13099(1999. 18T, Nojima, M. Katakura, S. Okayasu, and N. Kobayashi, Physica
16T, Naito, T. Nishizaki, and N. Kobayashi, Physica Z93 186 C 378-381 593(2002.

214522-4



