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Two-dimensional properties of GdBgCu;0;_ 5 epitaxial thin films
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The resistive transition of an epitaxial GdBakO,_ ;5 thin film was measured in detail in a magnetic field
up to 7.5 T. The field dependence of the activation energy revealed a crossover from a three-dimensional to
two-dimensional(2D) vortex liquid induced by Lorentz force. The angular dependence of the characteristic
temperaturel* exhibited a curve with a cusp at 0°, showing a 2D behavior. It was suggested that the 2D
property of the epitaxial GdB&u,O-_ 5 thin film was due to the magnetic moment of the3Gdon which
suppresses the coupling of Cu@lanes[S0163-18207)05637-3

I. INTRODUCTION The film with 640 nm thickness was patterned into a nar-
row bridge 30um in width and 40um in length. The current

The highT, cuprate oxide superconductors may be scheand voltage leads were attached by indium solder on silver
matically represented by a layered structure which consistterminals deposited onto the surface of the film.
of CuG, planes separated by insulating or weakly metallic
layers. The copper oxide layers determine most of the physi-
cal properties of the system and are responsible for super-
conductivity. The physical properties of the high-cuprate The resistive transition of the sample was measured in a
oxide superconductors, such as resistivityritical field>®  variable temperature insert by a four-probe technique. The
and critical current densit{etc., are highly anisotropic and a sample was held on a rotatable holder, so, the angle of the
crossover of dimensionality can occlr. film surface with respect to direction of magnetic field could

The roles of anisotropy and dimensionality in an elec-be varied with 0.1° resolution. The temperature was mea-
tronic system are an important consideration for many propsured by a calibrated Rh-Fe resistance thermometer and was
erties and the understanding of these materials. A vastorrected for the effect of magnetic field. The magnetic field
amount of experimental results showed that in the temperaip to 8 T was supplied by a superconducting solenoid mag-
ture region above 77 K an anisotropic, three-dimensionahet system.

(3D) behavior is present for single crystals and epitaxial thin  Figures 1a), 1(b), and 1c) plot the resistive transitions as
films of YBaCu0; ; (YBCO)’!® and the field a function of temperature at several constant magnetic fields
dependendé'? of the critcal current density, up to 7.5 T for the configurationga) Hilc and HLJ, (b)
magnetoresistancéritical field, and irreversibility liné>**  H1c andHLJ, and(c) HLc andHIlJ, respectively. As is

as well as, the property of vortex lin@show a similar an- well known, the resistive transition in the magnetic field al-
isotropy. The temperature dependence of the fluctuation corways exhibits a broadening induced by a magnetic field and
ductance neaf . showed a 2D-3D crossover for YBCO ep- the broadening increases with rising field for any configura-
itaxial thin films, but merely 2D behavior for the tion. It can be clearly seen from Fig. 1 that the broadening of
GdBaCu;0;_ 5 (GABCO thin film.*® The magnetoresistance resistive transition foHlic andH_L J, as shown in Fig. (B),
study also showed a 2D behavidr. is much wider than that foH L J1 ¢ as shown in Fig. (b),

In this paper we report experimental results on the resisalthough there exists a net Lorentz force in all of them. How-
tive transition for epitaxial GABCO thin films in magnetic ever, the direction of Lorentz forcE, is different for two
fields upto 7.5 T. such configurationsf| L ¢ for the former and~_lic for the
latter. This result shows that the intrinsic pinning is dominant
in GdBCO thin films. Comparing Fig.() with 1(c), we can
find that there is hardly any difference of broadening of re-

The c-axis oriented GdBCO epitaxial thin films used in sistive transition despite a net Lorentz force for the former
this study were prepared by dc magnetron sputtering. Thbut no macroscopic Lorentz force for the latter. Such a weak
detailed process of preparation was reported elsewfere.dependence of orientation of transport current relative to
The superconducting transition temperature at zero resisnagnetic field has been observed in field dependence of criti-
tance is 91.0 K. The critical current density is 5 cal current densify'®?°and the distinguishable interpreta-

X 10° Alcm? at 77 K and zero magnetic field. tions have been proposét!®21-2

lll. EXPERIMENT

Il. SAMPLE
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E (c) the magnetic field of 7.5 T for various angléga) and for various
[ anglesa (b). The anglesy and @ were defined in the insets ¢&)
100 L H/jj Hllab and(b), respectively.
: o 0T
c o 01T as shown in the inset of Fig(®, and« is the angle between
= &~ 05T magnetic field and transport current, as shown in the inset of
% 102 £ v AT Fig. 2(b). It can be seen that the broadening behavior of
b o 2T resistive transition in Figs.(3) and 2b) is almost identical.
[ = 4T This indicates further a weak orientational dependence of
e 6T magnetic field relative to transport current. From the experi-
10° £ gA o 75T mental results in Figs. 1 and 2, we can conclude that the
; L h . . behaviors of resistive transition broadening are mainly domi-
8 8 %0 92 o4 nated by the orientation of magnetic field with respect to
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FIG. 1. The resistive transitions as a function of temperature at

crystal axis rather than to the direction of transport current.

IV. ANALYSIS AND DISCUSSION

several constant magnetic fields up to 7.5 T for the configurations:
(a) Hllc axis andH_L J, (b) HL c axis andH1 J, and(c) HL c axis

andHIJ.

In Figs. Za) and Zb), we plot the resistive transition as a for vortex motion from the resistivity data is to plot the re
lation of In p vs 1LIT for different magnetic fields. Our experi-

mental result in Fig. 1 shows a good agreement with the

A. Field dependence of activation energy

The standard technique to extract the activation energy

function of temperature for various angheand « at a con-

stant magnetic field of 7.5 T, respectively. Wheteas the
angle between direction of magnetic field and film surface Arrhenius plot for resistivity below 0.Gd,. In Fig. 3, we
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FIG. 3. The activated enerdy for vortex motion as a function FIG. 4. The dependence 3 on the angle si (a) and sina

of magnetic fieldH, (a) for Hllc axis andHLJ, and forHLc axis  (b) at magnetic field of 7.5 T.
andH_LJ, and(b) for HL c axis andHIlJ.

crossover from 3D at high field to 2D at low field and argued
plot U as a function ofH for the configuration(a) Hllc,  that the InH dependence of activation energy was in quanti-
HLJ; andHLclJ; (b) HLc, HIJ. We find that for con-  tative agreement with a model for thermal activation of
figuration(a), the field dependence is essentially logarithmicyortex-antivortex pairs. The crossover of the vortex dimen-

in the magnetic field up to 7.5 T investigated, as observed igionality suggests different mechanisms for activated vortex
YBCO/PrBCO multilayers filri*?® and a-MoGe thin film?*®  motion.

Since a InH dependence of the activation energy is often
observed in superconductors, such as YBCO/PrBCO multi-
layers andw-MoGe thin film where the vortices are in the 2D
region, this simple fact suggests that our GdBCO sample is In the measurement of resistive transition in magnetic
in quasi-2D state. However for the configuration-bf c and  field the onset of resistivity was usually used to measure
HIlJ, in which there is no macroscopic Lorentz force, thecritical field H* and characteristic temperatuiie*. The
field dependence of the activation energy follows a poweH* (T) or theT*(H) is essentially a irreversibility lin¢lL)

law, U(H)<H™“, with the exponenv=0.53, as shown in due to the onset of resistivity as a result of flux motion. The
Fig. 3(b). The power law in the field dependence of the ac-data obtained from Fig.(2) could be plotted as the depen-
tivation energy was often observed in 3D regime of vortex.dence of T* on the angled at magnetic field of 7.5 T, as
The comparison of the result in Fig(l8 with that in Fig.  shown in Fig. 4a). In fact, we have takep/p,=0.001, 0.01,
3(a) shows that the Lorentz force acting on the vortex line0.1, and 0.5 as the criteria to defif&, wherep, is the
may induce a crossover of vortex from 3D to quasi-2D vor-extrapolated normal-state resistance. From Fig). ¥ can be

tex liquid. Qiuet al?>’ observed a crossover from 3D at low clearly seen that the dependencel&fon sirg exhibits good
temperature to 2D vortex liquid state regime at high temperalinearity although there were distinct slopes for different cri-
ture in the field dependence of the activation energy fotteria. The relation implies that the dissipation occurring in
YBCO thin films. Eltsev, Holm, and Rapp observed a GdBCO thin films is only related to the magnetic field com-

B. Angular dependence ofT*
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TABLE I. The values of T*(0), Hjf(0), ande for criteria
p/p,=0.5,0.1, 0.01, and 0.001.

plpn T*(0) (K) HIF(0) (M &

112 91.60 126.18 0.180
0.1 91.10 82.64 0.284
0.01 90.95 69.05 0.345
0.001 90.84 62.54 0.380

ponent parallel to the axis, i.e., the dissipation is merely
determined by motion of pancake vortex in Gy@hanes. It is
a typical 2D behavior, as predicted by Kessal?® We find a
similar behavior in the relation of* vs siny, obtained from
Fig. 2(b), as shown in Fig. ).

Early, Tinkhani® proposed a 2D modéturve with cusp
at 09. According to this 2D model, we have

H FIG. 5. The dependence @F on the angled.
H* (0)(/sir?6+ 4s%cog 60— sing)/2e2co 6’ _ _
(1) QdBQO reveals a 2D property in the temperature abovg lig-

) o uid nitrogen. It was well known that the GdBCO was iso-
where T*(0) is the characteristic temperature &  morphic to YBCO and they had almost identical lattice con-
=0,Hj (0) the critical field forHlic at 0 K, H a constant stant. However an important difference between them was
equal to the applied magnetic field, akt=7.5 T in this  that the Gd* ion had a magnetic monument equal to,8:0
work, e=HT/HJ =ym,,/m. anisotropy parameter. The and the ¥* ion was nonmagnetic. From such a simple fact
values of T*(0), Hj (0), ande for criteria p/p,=0.5, 0.1, we suggest that the 2D behavior of the vortex in the GABCO
0.01, and 0.001 obtained from the above experimental datepitaxial thin films might be due to the magnetic moment of
were listed, respectively, in Table I. For comparison of Eq.the G&* ion which suppresses the coupling of Guglanes.
(1) with the experimental results, the data in Figa)dwere

T*=T*(0)

replotted in Fig. 5 showing that the data could be approxi- V. CONCLUSION
mately described by the Tinkham model, as shown by the '
solid line in Fig. 5. For the relation of* vs «, the experi- We have systematically measured the resistive transition

mental data also have similar behavior. Such a curve witlof the epitaxial GABCO thin films in magnetic field up to 7.5
cusp at 0° in the relation oH* vs 6 was observed for T. The field dependence of the activation energy exhibits a
Bi,Sr,CaCuyO, (Refs. 31 and 3R YBa,CuyOp 6, °** respec- 2D behavior, i.e., it followsUy= —In H, for HL ¢ andHilc
tively. with HL J, and a 3D behavior, i.e., it followid gocH™ ¢, for

From the above results, it can be clearly seen that the 2BI.L ¢ andHIlJ, showing a crossover from 3D to 2D vortex
behavior of the vortex for the GdBCO epitaxial thin films liquid induced by the Lorentz force. The angular dependence
has been observed in the field dependence of the activatiasf the characteristic temperatufé at the magnetic field of
energy and the angular dependenceTdf In the layered 7.5 T exhibits a curve with cusp near 0° showing a 2D prop-
structure superconducting system, a crossover from a 3D toerty and can be approximately described by the Tinkham 2D
decoupled quasi-2D vortex liquid is possible under some cirmodel. Two-dimensional behavior of the vortex liquid is
cumstance such as magnetic field and temperature, etc. Howuggested to be due to the magnetic moment of Gehich
ever, the problem is why YBCO exhibits a 3D behavior andsuppresses the coupling of the Cu@anes.

1T.T. M. Palstra, B. Batlogg, R. B. van Dover, L. F. Schneemeyer, 5E. Silva, R. Marcon, R. Fastampa, M. Giura, and S. Sarti, Physica
and J. V. Waszczak, Phys. Rev.4B, 6621(1990. C 214 175(1993.

2B. Oh, K. Char, A. D. Kent, M. Naito, M. R. Beasley, T. H. T. K. Worthington, W. J. Gallagher, and T. R. Dinger, Phys. Rev.
Geballe, R. H. Hammond, A. Kapitulnik, and J. M. Graybeal, Lett. 59, 1160(1987.

Phys. Rev. B37, 7861(1988. 8W. E. Lawrence and S. Doniach, Proceedings of the Twelfth
3M. Oda, Y. Hidaka, M. Suzuki, and T. Murakami, Phys. Rev. B International Conference on Low Temperature Physicgoto,
38, 252(1988. 1970, edited by E. Kandé&eigaku, Tokyo, 197), p. 361.
4U. Welp, W. K. Kwok, G. W. Crabtree, K. G. Vandervoort, and J. 9K. Watanabe, S. Awaji, N. Kobayashi, H. Yamane, T. Hirai, and
Z. Liu, Phys. Rev. Lett62, 1908(1989; Phys. Rev. B40, 5263 Y. Muto, J. Appl. Phys69, 1543(1991).
(1989. 10xiaojun Xu, Jun Fang, Xiaowen Cao, and Kebin Li, Solid State

SDong-Ho Wu and S. Sridhar, Phys. Rev. Lé&5, 2074 (1990. Commun.93, 291 (1995.



56 TWO-DIMENSIONAL PROPERTIES OF GdBEuWO;_5. . . 8345

1p. P. Hampshire and Siu-wei Chan, J. Appl. Phyg, 4220 Fischer, Phys. Rev. Let67, 1354(1991).
(1992. 25X. G. Qiu, B. R. Zhao, S. Q. Guo, J. R. Zhang, L. Li, F. Ichikawa,
2C. G. Cui, C. C. Lam, S. T. Tang, S. L. Li, X. N. Jiang, P. C. W.  T. Nishizaki, T. Fukami, Y. Hoire, and T. Aomine, Phys. Rev. B
Fung, B. C. Yang, and X. P. Wang, Physical@2 385(1992. 47, 14 519(1993.
13H. A. Blackstead, Phys. Rev. 87, 11 411(1993. 26\, R. White, A. Kapitulnik, and M. R. Beasley, Phys. Rev. Lett.
14y. Yeshurun and A. P. Malozemoff, Phys. Rev. L@, 2202 70, 670(1993.
(1988. 27X. G. Qiu, B. Wuyts, M. Maenhoudt, V. V. Moshchalkov, and Y.

15K, E. Gray, J. D. Hettinger, D. J. Miller, B. R. Washburn, C.  Bruynseraede, Phys. Rev. 3, 559(1995.
Moreau, C. Lee, B. G. Glagola, and M. M. Eddy, Phys. Rev. B?®Yu. Eltsev, W. Holm, and O. Rapp, Phys. Rev.4B, 12 333

54, 3622(1996. (1994.
18\wen Haihu, Li Hongcheng, Qi Zhenzhong, and Cao Xiaowen,2?P. H. Kes, J. Aarts, V. M. Vinokur, and C. J. van der Beek, Phys.

Acta Phys. Sin39, 1811(1990. Rev. Lett.64, 1063(1990.

173.-F. Bobo, J.-C. Ousset, S. Askenazy, H. Rakoto, and J. M°M. Tinkham, Phys. Rev129 2413 (1963; Phys. Lett.9, 217

Broto, Physica CL80, 168 (199)). (1964.

8. C. Li, R. L. Wang, C. G. Cui, X. S. Rong, B. Yin, S. F. Cui, 1J.Y. Juang, J. A. Cutro, D. A. Rudman, R. B. van Dover, L. F.

D. S. Dai, W. Liou, Y. Chen, S. L. Li, Y. D. Cui, Z. H. Mai, F. Schneemeyer, and J. V. Waszczak, Phys. Rev383 7045

H. Li, J. Geerk, and L. Li, Cryogenic30, 445 (1990. (1988.
19T Nishizaki, T. Anomine, I. Fujii, K. Yamamoto, S. Yoshii, T. **M. J. Naughton, R. C. Yu, P. K. Davies, J. E. Fischer, R. V.

Terashima, and Y. Bando, Physical81, 223(1991). Chamberlin, Z. Z. Wang, T. W. Jing, N. P. Ong, and P. M.
20x. W. Cao, Z. H. Wang, J. Fang, X. J. Xu and K. B. Li, J. Appl. Chaikin, Phys. Rev. B8, 9280(1988.

Phys.(to be publisheg 33w. Bauhofer, W. Biberacher, B. Gegenheimer, W. Joss, R. K.
21G. E. Marsh, Phys. Rev. B0, 571(1994. Kremer, Hj. Mattausch, A. Miler, and A. Simon, Phys. Rev.
223. R. Clem, Phys. Letb4A, 452 (1975. Lett. 63, 2520(1989.
23E. H. Brandt, J. Low Temp. Phy89, 41 (1980. 34L. L. Daemen, L. N. Bulaevskii, M. P. Maley, and J. Y. Coulter,

240. Brunner, L. Antognazza, J. M. Triscone, L. Mieville, afd Phys. Rev. Lett70, 1167(1993.



