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Magnetoresistance and a crossover from activated to diffusive dissipation in the mixed state
for YBa,Cu;0,_ 5 epitaxial thin films
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We measure the magnetoresistance of X880, _ s epitaxial thin films as a function of ange between
applied magnetic fieltH and theab planes at a fixed temperature of 90 K beldw, and a temperatur€ for
Hllc axis, respectively. The magnetoresistance curves for various afigiesw a three-dimensional aniso-
tropic scaling behavior. The magnetoresistance curves reveal three distinguishable regions: a low-field nonlin-
ear region, a high-field nonlinear one, and a linear one between them. The transition from a low-field nonlinear
magnetoresistance to linear magnetoresistance shows a crossover from thermally activated to diffusive vortex
motions as distinct from reported early. THeT phase diagram of a vortex system is discussed.
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I. INTRODUCTION width at half-maximum of the rocking curve for tH@05
diffraction peak was less than 0.3°. A film with the thickness

The nature of flux motion and the energy dissipation of . . :
high-temperature superconductors in a mixed state are &f 300 nm was patterned into a narrow bridge n wide

considerable fundamental and technological importance, arf'd 100 um long. The current and voltage leads were at-
continue to be subjects of considerable interest and@ched by indium solder on silver terminals deposited onto
controversy:~1° The reason for this interest is the existencethe surface of the film. The ac susceptibility as a function of
of several vortex phases iH-T phase diagrams of these temperature showed a superconducfipgf 91.6 K, and the
materials. These phases are separated by different kinds #ansition widthAT,, defined by a temperature interval from
thermodynamic transitions. It is known that in clean90% y,.to 10%y,., is smaller than 0.3 K. This is consistent
YBa,Cu;0,_ s (YBCO) single crystals a vortex solid trans- with the result of electrical measurements, as reported in Ref.
forms into a liquid through a first-order phase transition.15. The critical current density., defined as the current
When correlated disorder is present in the materials, the trartensity at which a voltage of 1uV appeared, was 3.8
sition from a vortex solid to a liquid is a second-order phasex 10 A/cm? at 77 K and zero applied magnetic field.
transition. In a range of temperatures and magnetic fields, the The magnetoresistance of the film was measured in a vari-
resistivity shows an activated behavior with a field- able temperature insert by a four-probe technique. The cur-
dependent activation energyJ(H) (Ref. 1) and a rentdensity in the electrical measurement is 167 Aicthe
temperature-dependent obgT).** In higher ranges of tem- sample was held on a rotatable holder to vary the angle be-
perature and field, the resistivity in a mixed state exhibitssween the film surface and the magnetic field with a 0.1°
flux flow, a diffusive flux motion behavidt®*2*3For tem-  resolution. The temperature was measured by a calibrated
peratures abové,, the resistivity as a function of an applied Rh-Fe resistance thermometer, corrected for the effect of
field shows a normal-state magnetoresistdficdowever, magnetic field and controlled by a DRC-93CA temperature
the nature and behavior of vortex liquid are still unknown. controller with an accuracy of 10 mK. A magnetic field of up

In this paper, we investigate the angle and temperatureo 10 T was supplied by a water-cooled solenoid magnet
dependencies of the magnetoresistance, and a crossover frayystem.

activated to diffusive dissipation. We also discus$arl Figure 1 plots the magnetoresistance as a function of
phase diagram of a vortex system for an YBCO epitaxial filmmagnetic field up to 8 T for various angle8=0°-90°,
in a mixed state below... where 6 is the angle between the magnetic field andlhe

planes, as defined in the inset of Fig. 1, at a fixed temperature
of 90 K. We can distinguish three regions: a nonlinear region
at low field, one at high field, and a linear one between them.
The high-quality c-axis-orientated YBCO epitaxial thin They expand in a wider field range with decreasing arsgle
film used in this study was deposited onto {08l) surface respectively, also showing a strongly anisotropic dissipation
of a single crystal SrTi@ by dc sputtering. An x-ray- behavior. In the field dependence of the resistivity lftic
diffraction pattern showed only th@0Il) peaks, and the full axis at several fixed temperatures, as shown in Fig. 2, three
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FIG. 1. Field dependence of the resistivity for various angles FIG. 3. Normalized magnetoresistance &y9)H as a function
at a fixed temperature of 90 K|y separates the regions of low-field of magnetic field for various angle8. All the curves in Fig. 1
nonlinear dependenceH<Hy) and linear field dependencéd(  converge onto one curve, showing a 3D anisotropic scaling behav-
>Hy), showing that a crossover from activated to diffusive dissi-ior. The inset shows that the scaling behavior at low field is not as
pation behavior occurs dtl . The inset shows the definition of good as that at high field, due to activation.
angle .

onto one curve, as shown in Fig. 3, showing an anisotropic

similar regions can also be distinguished. However, they ap3D scaling behavior. However, it should be noted that the
pear in a higher field range and expand on a wider field rangscaling law is more valid at high fieltfluctuation regimg

with reducing temperature, respectively. than at low field(activated regimg as shown in the inset of
Fig. 3.
1. ANALYSIS AND DISCUSSIONS On the other hand, the scaling behavior of the magnetore-
) _ sistance as described by Blatteral’s approach’ is still
A. 3D scaling behavior of angle-dependent controversial. As an example, in Ref. 18 the scaling gfoy
magnetoresistance curves Blatter et al's approach is shown to fall in the field region

YBCO is known to be an intermediately anisotropic Wherep,y is negative'®
superconductor with an anisotropy factor=m./my,
=5-916 and exhibits, in general, three-dimensior{aD) B. Activated-diffusive crossover andH-T phase diagram
anisotropic properties. According to Blattet al,'” the de-
pendence of a physical parameter as a function of angle arg]
magnetic field should scale as the prodaic@)H, where the
factore(6) has a form

As mentioned above, in the magnetoresistance curves
own in Fig. 1, three regions—a nonlinear region with a
positive curvature at low field, one with negative curvature at
high field, and a linear one between them—can be distin-
- guished. The low-field nonlinear region may be attributed to

£(60)= \sir?9+coS 0/ y’. @D the dissipation caused by flux creep, and was discussed in
detail by Chienet al! in terms of p=pyexp(—U/H). Here
Sve discuss it no further.

The linear resistance as a function of magnetic field al-
ways ranges fronp/p,=0.045 to 0.18, although it expands
in a wider field range with decreasing andgleas seen in Fig.

If we properly normalize the magnetoresistance as a fun
tion of the magnetic fieldH and angled by an effective field
e(6)H with y=7, all the curves in Fig. 1 could converge

. —— : : :
0.55 |- anmann 90K 1. The constant value of the linear resistance at various
Ll
i e Loeve * 88K anglesd might be related to a constant macroscopic Lorentz
- L] o® - .
0.44 . o’ force and a fixed measurement temperature.

It was well known that the dissipation process in the dif-
fusive regime is characterized by a linear resistivity versus
magnetic field behavior typical of the flux flow regihig®

p=pnH/Hc,. (2

Obviously, the above-mentioned linear relationpdp, vs H
in Figs. 1 and 2 is in agreement with E&), showing a flux
H(T) flow behavior: a diffusive flux motion. This shows that a
crossover from thermally activated to diffusive flux motions
FIG. 2. Field dependence of the resistivity at several fixed temOccurs between the low-field nonlinear and linear magnetore-
peraturesHy separates the low-field nonlineaH&H,) depen-  Sistances. The linear field dependence of the magnetoresis-
dence shift and the lineaH(>H,) field dependence shift toward tance was previously observed in YBCBWith increasing
low field with reducing temperature. magnetic field, the magnetoresistance deviates from linearity,
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as seen in Figs. 1 and 2. The deviation was accounted for by BT T T T T T
the fluctuation of the superconducting order param@ter. E Hir He o H
However, it is notable that a crossover from activated to 20 | ; A
diffusive flux motion was defined as a transition from linear

to high-field nonlinear magnetoresistance, i.e., the crossover 15 T
field H¢ separated the regions of strong <Hy) and weak = I

(H>H,) field dependences, in Ref. 11. In addition, the fluc- I wof 7
tuation is enhanced with increasing anisotropy; as a result, [

the fluctuation region expands toward a low field and the 5 Hie T
linear region may disappear, as observed in N
YBa,Cu;O; /PrBa,Cu;O; multilayerg®?2 and 0 0 &5 70 75 80 85 90

Bi,Sr,CaCy0, samples>**Under this condition, the mag-
netoresistance curves can be scaled by 2D Larkin tHéory, T(K)
and the crossover fieltl, could be defined as a field at FIG. 4. HT phase diagram of the vortex system in a YBCO
which the curvature of magnetoresistances transits frongpitaxial thin film. TheH,, line exhibits a linear behavior. The solid
positive at low field to negative at high field. line, Heex (1—t) %77, is a fit to the data foH(T). The irrevers-

It is known that the activation energy for flux creep in ibility line H;,, determined by the criterion op=0, follows
YBCO is smaller by 1-2 orders of magnitude than that inH;, >(1—1t)%2
low-temperature superconductors, and decreases with in-

creasing temperature and magnetic f?e?H.From. such a Our results suggest the following picture. When an ap-
small magnitude of the activation energy, and its decreasgjied magnetic field increases from zero at fixed temperature,
with temperature or field, one may predict a temperalige  the vortex solid undergoes a melting transition at the irre-
or a fieldHy at which the activation energy is equal to ther- versibility field, H;,, . The melting transition is a first-order
mal energyU =kT. Below Ty or Hy, the activation energy phase transition for clean single crystis®?and a second-

is larger than the thermal energy; thus the flux motion occurerder phase transition for correlated disordered
by thermally activated flux motion. Conversely, abdyeor  materials>>~3¢ Above and belowH;,, , the critical current
Hg , the thermal energy is larger than the activation energydensityJ, changes dramatically, and follows a distinct mag-
and the flux motions become diffusi%&j.e., are character- netic field and temperature dependerités/hen the applied
ized by the flux flow. This implies that a crossover from magnetic field increases further, the vortex liquid undergoes
thermally activated to diffusive flux motion occurs B or & crossover from activated to diffusive dissipations at a field
H . It could be surmised, from the above argument, that thé'x - BetweenH;, andHy, as shown in Fig. 4, the vortex
thermally activated flux creep resistivity should be equal toPOSSESSES a pinning behaﬂ%ﬁ showing a correlated vor-
the flux flow resistivity?® Peree=Priow, at Ty of Hy . This tex liquid state. Wher is exceeded, the vortex liquid un-

means that a crossover from a pinned to an unpinned regimcéergoes a transition from a co_rrelatgd to an uncorrelat_ed lig-
takes place af or Hy . According to Vinokuret al” at Ty uid state. The vortex motion is activated beld¥y and is

or Hy the characteristic time of the plastic deformation of ad_lffuslve aboveH, . BetweenHy and He,, the vortex mo-
. o ..~ “tion is characterized by free flow, showing a diffusive flux
vortex, ty, is equal to the characteristic time of pinning,

motion.
t

pinT'h b di . h hat th . h In the resistive transition as a function of temperature,
e above discussion shows that there exists a p asaﬁzcording to Palstrat al,?® T, was taken as a temperature at

pqgndfiry which is labeled as th# line above the irrevers- which the slope of the Arrhenius cune|n p/dT~2, versusT
ibility line H;, . The temperature dependencettf, taken  gyhibits a sharp increase with decreasing temperature. Some-
from Eqg. (2), is plotted in Fig. 4 and followsd,«(1-t)"  {imes the resistance curve can manifest itself as a shéulder
with n=1.27. TheH line divides the vortex liquid into two 4, 3 kink for untwinned single crystdi&-“at T . However,
regimes: an activated regime and a diffusive regime. the kink has been believed to be associated with a melting of
It is known from Eq.(2) that the slope of linear magne- \ortex lattice, a first-order phase transitidrit The above
toresistance in Fig. 2 is equal toHy,, and increases with - arquments imply that the crossover line from thermally acti-
increasing temperature. Therefore, the upper critical field afated to diffusive flux motion is consistent with the melting
various temperatures can be deduced. The temperature dge of a vortex lattice; thus the vortex liquid above a first-
pendence of the mean field;, deduced from the slope of order phase transition line was certainly unpinned for clean
linear magnetoresistance in Fig. 2 is plotted in Fig. 4. It canpaterial such as an untwinned single crystal. As a result, the
be seen thaH:,(T) exhibits a good linearity with a slope fiyx motions above the first-order phase transition were char-
1.46 T/K in the temperature range studied. According tOacterized by a diffusive motion, and demonstrated by the
GLAG theory?® H(0)=0.69T(—dHc,/dT)r_7; there- |inear voltage-current characteristcHowever, in oriented
fore, the upper critical field at 0 K{.,(0), can beestimated twinned crystals in an inclined magnetic field, the transport
to be about 92 T. For comparison, an irreversibility limero  properties of a vortex liquid above the first-order phase tran-
resistance criterjadetermined on an identical sample in this sition at angles well beyond the so-called depinning afgle
study is also plotted in Fig. 4. showed that the vortex liquid remains correlaté&d quite
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different from those observed in clean samples. On the othefurve by a product(6)H, where (6) = \si?6+cogd/y?
hand, for sufficiently good pinning material such as thinand the anisotropy factory=7. The magnetoresistance

f|Im§ and S'F‘Q'.e crystals with defects, _the vortex_hqwd ‘."‘bovecurves can be divided into three regions: a low-field nonlin-
an irreversibility line (vortex glass ling can distinguish

: g 2 : ear region, a high-field nonlinear one, and a linear one be-
pinned and unpinned vortex liquid4 This means that there . . . .

. . S tween them. The low-field nonlinear magnetoresistance is
exists a phase boundafyabove the irreversibility line, and d by flux cr n activated flux motion. while th
that this phase boundary shows a crossover from thermall aused by fiux creep, an aclivated Tiu otion, e the

activated to diffusive vortex motiore.l:26 near magnetoresistance shows a flux flow behavior: diffu-
' sive flux motion. Therefore, the transition from a low-field
Il CONCLUSION nonlinear region to a linear one reveals a crossover from

thermally activated to diffusive vortex motion. The high-field
We have measured the magnetoresistance as a function wénlinear behavior was believed to be due to the thermal
magnetic field and anglé and temperature below, for an  fluctuation of superconducting order parameter. Hyel
epitaxial YBCO thin film. The magnetoresistance curves forphase diagram, including«(T) determined by an activated-
various angle® at 90 K show a 3D anisotropic scaling be- diffusive crossover an#li.,(T) deduced from linear magne-
havior; as a result, all the curves could be scaled onto ontoresistances as a function of temperature, was discussed.

*Corresponding author. Email address: zhwang@netra.nju.edu.cdJ. Bardeen and M. J. Stephen, Phys. Re\), A1197 (1965.

Fax: +86-25-3595535 21C. M. Fu, V. V. Moshchalkov, E. Rosseel, M. Baert, W. Boon, Y.
1T.T. M. Palstra, B. Batlogg, L. F. Schneemeyer, and J. V. Waszc- Bruynseraede, G. Jakob, T. Hahn, and H. Adrian, Physi2a6z
zak, Phys. Rev. Let61, 1662(1988. 110(1993.
2p, L. Gammel, L. F. Schneemeyer, J. V. Waszczak, and D. F2W. Volz, F. S. Razavi, G. Quirion, H.-U. Habermeier, and A. L.
Bishop, Phys. Rev. Let61, 1666(1988. Solovjov, Phys. Rev. B5, 6631(1997).
23 H H
3M. P. A. Fisher, Phys. Rev. Let62, 1415(1989. H. Raffy, S. Labdi, O. Laborde, and P. Monceau, Physick8g
“D. R. Nelson, Phys. Rev. Letf0, 1973(1988. 54, 159 (199D).
SR. H. Koch, V. Foglietti, W. J. Gallagher, G. Koren, A. Gupta, and CérM.nFurl V\é Bc;cr)]n, iY. %wa;?ig\gzv Moshchalkov, and Y.
. M. P. A. Fisher, Phys. Rev. Let63, 1511(1989. 25 Iu}ll_asrtlii :eJlg',rPsilschg (1980 :
Tég.AfVi/;Jr(tlhégggon, F. H. Holtzberg, and C. A. Feild, Cryogenics 26T, T. M. Palstra, B. Batlogg, R. B. van Dover, L. F. Schneemeyer,

and J. V. Waszczak, Phys. Rev.4B, 6621(1990.
27K. C. Woo, K. E. Gray, R. T. Kampwrith, J. H. Kang, S. J. Stein,
8 ] o R. East, and D. M. McKay, Phys. Rev. Le®3, 1877(1989.
M. N. Kunchur, D. K. Christen, and J. M. Phillips, Phys. Rev. 28y Dew-Hughes, Cryogenic28, 674 (1989

. Lett. 70, 998(1993- 2R. Koepke and G. Bergmann, Solid State Commu#, 435
J. A. Fendrich, U. Welp, W. K. Kwok, A. E. Koshelev, G. W. (1976.

Crabtree, and B. W. Veal, Phys. Rev. Lét¥, 2073(1996. 304, safar, P. L. Gammel, D. A. Huse, J. D. Bishop, J. P. Rice, and
10M. N. Kunchur, B. 1. Ivlev, D. K. Christen, and J. M. Phillips, D. M. Ginsburg, Phys. Rev. Let69, 824 (1992.

Phys. Rev. Lett84, 5204 (2000. 31w, K. Kwok, S. Fleshler, U. Welp, V. M. Vinokur, J. Downey, and
17 R. Chien, T. W. Jing, N. P. Ong, and Z. Z. Wang, Phys. Rev. ~G. W. Crabtree, Phys. Rev. Le@i9, 3370(1992.

Lett. 66, 3075(1991). 32M. Charalambous, J. Chaussy, and J. Lejay, Phys. Re45B
123, A. Fendrich, W. K. Kwok, J. Giapintzakis, C. J. van der Beek, 5091 (1992.

V. M. Vinokur, S. Fleshler, U. Welp, H. K. Viswanathan, and G. 3D. S. Fisher, M. P. A. Fisher, and D. A. Huse, Phys. Re¥®

V. M. Vinokur, M. V. Feigel'man, V. B. Geshkenbein, and A. I.
Larkin, Phys. Rev. Lett65, 259 (1990.

W. Crabtree, Phys. Rev. Leff4, 1210(1995. 130(199).
B, K. Kwok, J. A. Fendrich, S. Fleshler, U. Welp, J. Downey, and 34R. H. Koch, V. Foglietti, W. J. Gallagher, G. Koren, A. Gupta, and
G. W. Crabtree, Phys. Rev. Leff2, 1092(1994. M. P. A. Fisher, Phys. Rev. Let63, 1511(1989.
143, M. Harris, Y. F. Yan, P. Matl, N. P. Ong, P. W. Anderson, T. *®A. Moser, H. J. Hug, |. Parashikov, B. S. Tiefel, O. Fritz, H.
Kimura, and K. Kitazawa, Phys. Rev. Le®5, 1391(1995. Thomas, A. Baratoff, and H.-J. Guntherodt, Phys. Rev. [7it.
15Xjaojun Xu, Jun Fang, Xiaowen Cao, Kebin Li, Weiguo Wang, ~ 1847(1995.
and Zhenzhong Qi, Solid State Comm®&?2, 501 (1994). 36\, Chralambous, J. Chaussy, P. Lejey, and V. Vinokur, Phys. Rev.
18D, E. Farell, C. M. Williams, S. A. Wolf, N. P. Bansal, and V. G. Lett. 71, 436 (1993.
Kogen, Phys. Rev. Letb1, 2805(1988. 87X. W. Cao, Z. H. Wang, and K. B. Li, Physica &5, 68 (1998.
17G. Blatter, V. B. Geshkenbein, and A. I. Larkin, Phys. Rev. Lett. 3E. H. Brandt, Rep. Prog. Phy55, 1465(1995.
68, 875(1992. %9Cao Xiaowen, Wang Zhihe, and Li Kebin, Phys. Rev.68,

185ee M. Amirfeiz, M. R. Cimberle, C. Ferdeghini, E. Giannini, G. 12522(2000.
Grassano, D. Marre, M. Putti, and A. S. Siri, Physic2&3 37 40B. Maiorov, G. Nieva, and E. Osquiguel, Phys. Rew6B 12427

(1997, and its references. (2000.
19y, B. Kim, C. F. Hempstead, and A. R. Strnad, Phys. Re88,  “’E. Morre, S. A. Grigera, E. Osquiguil, G. Nieva, and F. de la
A1163(1965. Cruz, Phys. Lett. 2233 130(1997.

064521-4



