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Effects of the weak point disorder on the vortex matter phase diagram are studied by an irradiation of 2.5
MeV electrons in untwinned YB&u;O, single crystals. We find that the point disorder lowers the critical
point H, of the first-order vortex lattice melting lind,(T) and has an opposite effect on the vortex glass
phase boundary above and belbly,. BelowH,, the field-driven disordering transition lit¢* (T) between
the Bragg glass and the vortex glass phases shifts to lower fields and the vortex glass phase is expanded after
irradiation. Near the vortex liquid-to-glass transition lidg(T) aboveH,, on the other hand, the vortex glass
phase is reduced after irradiation, indicating the enhanced vortex wandering by the point disorder in the critical
region.

In the mixed state of high-temperature superconductors, gtroyed by the introduction of the point disorder by the elec-
has been demonstrated that the vortex solid in clean systemi®n irradiation. Although the increase of viscosity of the
undergoes a first-order melting transition into the vortex lig-vortex liquid has been discussed in terms of the vortex
uid due to strong thermal fluctuatiohs The vortex lattice entanglement’ the effect of the point disorder on both the
melting line H(T) terminate$® at a critical pointH, and  field-driven disordering transition linel* (T) in the vortex
changes to a continuous second-order vortex %i‘z%ssansi- solid phase and the vortex glass transition lfgT) above
tion line Hy(T) aboveH,,. Recent experimenits have Hg, remains unanswered.
shown that the vortex matter phase diagram is more compli- ", this paper, we investigate effects of the electron irra-
cated and the vortex solid is divided into at least two distinClyi5tion on the vortex matter phase diagram and on three
phases by a characteristic fieli* (T) at which the posi- transition lines ofH,(T), Hy(T), andH*(T) in untwinned

tional C(l)rlrzelanons of the vortex lattice are significantly YBa,C150, . We find an opposite effect on the vortex glass
reduced'*? and the magnetization shows steep increase to-hase boundary above and beloty,. We show thatH
ward the second peak in fBrCaCyOg 214 P Yy p: cp

YBa,Cu;0, 16-19and N g:Cey ;<Cu0,. 2 These results are and I_-|_*(T) shift t(_) lower fields gnd Fhe vortex glass phase is
supported by both several theoretical studlie® and nu- stab|I|zec_i by the introduced p0|ntd|so_rder bglbwp. _These_
merical simulation€® andH* (T) is interpreted as the field- '€Sults give a strong support for the field-driven disordering
driven disordering transition line between a relatively or-transition scenarié!~*® We also present thatl(T) above _
dered vortex latticdor the Bragg glagsphase at low fields Hep Shifts to lower temperatures and the vortex glass phase is
and a highly disordered vortex glass phase at high fields. Theéduced after irradiation, indicating the enhanced vortex
stability of the Bragg glass phase with quasi-long-rangdluctuations in the critical region.
translational order and the nature of the vortex system are YBa,Cu;O, single crystals were grown by a self-flux
determined by the delicate balance between thregethod using yttria crucibles and were detwinned by anneal-
energie$ 2% namely, the vortex elastic enery,, the vor-  ing at 450 °C under a uniaxial pressdfeAccording to the
tex pinning energ¥,;,, and the thermal enerdy,,. There-  relation between a doping level and an annealing
fore, the degree of the disorder in the system related to thtemperaturé? a sample in this study was a slightly over-
value ofE, is an important parameter to understand detailgloped single crystal of untwinned YBawO,. The un-
of the vortex matter phase diagram. twinned single crystal with dimensions of 066.55x0.07
Fendrichet al?” have reported that the first-order vortex mm® showed a superconducting transitionTat=92 K. A
lattice melting transition in untwinned YB&u,O, was de-  Hall probe magnetometry was performed by measuring the
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FIG. 1. (8 Magnetization curves of untwinned YBau;0, be-
fore electron irradiation. A characteristic fiel* is defined by a
sharp peak in the magnetic-field derivatiy®l/dH at (b) low tem-
peratures andc) high temperatures.

magnetic flux density at the center and the outside of the woH (T)
sample using two Hall probé&.The resistivityp was mea- o _
sured by dc four-probe method using a Keithley 2001 mul- FIG. 2. Magnetization curves of untwinned YR2u;0, before
timeter and a Keithley 1801 preamplifier with a noise leve|and aftt_er electron irradiation with different irradiation doses for
of ~0.1 nV under a current densifi=1 Alcm?. The mag- e different temperaturesa) T<Tg,, (D) T=Tg,, and (c) T
L . >T.,. Inset: Schematic drawing of the measured temperature re-
netic field (H| the ¢ axi9 up to 27 T was generated by a ~. . theH-T phase diaaram
hybrid magnet system at High Field Laboratory for Super—glon in the phase diagram.
conducting Materials, IMR, Tohoku University. An irradia- peak. In addition, a partial magnetization loop technique has
tion of 2.5 MeV electrons was performed with the Dynami- been applied to the broad second peak recently and it is
toron electron accelerator in JAERI at Takasaki. A very lowconcluded that the onset of the second peak corresponds to
dose (1x 10'® e/cn?) of electron irradiation was chosen to the field-driven disordering transition lif& With increasing
study the effect of weak point disorder on the vortex mattetemperatureH (T) andH* (T) increase and terminate at the
phase diagram; the value is an order of magnitude smallegritical point (uoH =11 T) of the first-order vortex lattice
than the one of the previous stutfySince the irradiation and melting line as mentioned below.
the measurement were repeated twice using the same crystal, The magnetization curves in Fig(al show an additional
the total irradiation dose was>210'® e/cn®. The T change  structure around 14.5 T. In our hybrid magnet system, the
after the second irradiation wasT .~0.4 K. magnetic field is applied by using the superconducting mag-
Figure Xa) shows the magnetizationM-H) curves of net below 14.5 T and the field by the water-cooled magnet is
untwinned YBaCu;O, before electron irradiation. The mag- superposed above 14.5 T. The sweep rate of the supercon-
netization shows a steep increase at a characteristicH®ld ducting magnet is reduced in the field range 11.5-14.5 T and
and a remarkable second peakigt As shown in Figs. ®)  a sweep rate £10 mT/9 of the water-cooled magnet is
and Xc), H* is defined by a sharp peak in the magnetic-fieldabout two times larger than that of the superconducting mag-
derivatived M/dH, indicating the drastic change of the vor- net. Therefore, the additional structure around 14.5 T results
tex state. The steep increase of the magnetization dtom the relaxation effect due to the different sweep rate.
H* is remarkable in the local magnetization Figure 2 showsM-H curves of untwinned YBZu0,
measurements1®192%s compared with the bulk magneti- before and after electron irradiation with different irradiation
zation measurement$!® Although the peak irdM/dH be-  dose. The electron irradiation effect on the magnetization
comes broader in the high-temperature region near the critstrongly depends on the temperature region which is charac-
cal point due to the thermal smearing effedt; still behaves terized by a temperatufg,, of the critical point on the first-
as a characteristic field such as the onset of the broad seconeder vortex lattice melting line. The inset of Figc2shows
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FIG. 3. Normalized resistivity versus temperature in untwinned .y poH=13T
YBa,Cu;0, before and after electron irradiation. = o 1
- —— before irradiation |
. . . Q I —o— 1% 10" e/cm?
a schematic drawing of measured temperatures inHfle E 5000 -
phase diagram. Figure(@ shows magnetization curves in < i —— 2X10'"" ¢fem’
the low-temperature region beloW.,~75.5 K. With in- ! I
creasing irradiation doséf* andH, shift to lower-field re- L (b)
gion and the jump height of the magnetizationHit be- oL— m e 09 — 0
comes smaller. The hysteresis width in the magnetization : :
curve, which is proportional to the critical current density, T,

increases after irradiation in the low-field region belbly,

however it slightly decreases aboH%. at 13 T in the vicinity of the vortex glass transition temperatlige

In _th(,a intermeQiate—temperat.ure_region nﬁ@ﬁf' the C_har' before and after electron irradiation. Inset: Magnetic-field depen-
acteristic feature in the magnetization changes drastically b&ance of the critical exponerstaboveH,,. The solid curves are

fore and after irradiation as shown in Figh2 Before irra-  gyides to the eyeh) Reduced temperature dependence of the acti-
diation, the magnetization decreases monotonically WitRation energy at 13 T before and after electron irradiation.
increasing field and the irreversibility fieltl;, is much
smaller than the vortex lattice melting fielti,,, similarly to  T,,, the resistivity decreases after irradiafibit because the
previous results:>**Melting fieldsH,, andH, expressed by viscosity in the vortex liquid increases by the introduced
arrows in Fig. 2 were derived from the resistivity measure-point disorder.
ment as mentioned below. After irradiation, however, the Above the critical pointH.,, the signature of the first-
second peak appears just belé¥y and the magnetization order melting transition disappears and the transition be-
shows the irreversible property up kt,. AlthoughH;, and  comes the second-order glassy transition. The vortex glass
Hy decrease with increasing point disorder, the hysteresitheory”® predicts the temperature dependence of the linear
width increases, indicating the enhanced pinning force afteresistivity p(T)o(T—T,)® near the glass transition tempera-
irradiation in the vortex solid phase. ture Ty, wheres is the critical exponent. As shown in Fig.
In the high-temperature region aboVg, [see Fig. 2c)],  4(a), the linear resistivity above ., is well described by this
the magnetization shows reversible property in the wide fieldequation and a plot of 9(In p)/dT]* versus T shows a
region belowH . Since the magnetization hysteresis is in-straight line in the critical region of the glass transitidn.
dependent of the irradiation dose, the introduced point disorThe inset of Fig. 4a) shows the critical exponerg as a
der is not effective as the pinning center. The extremelyfunction of the magnetic field abovid., before and after
weak vortex pinning abov@, is related to the anomalous electron irradiation. The critical exponent obtained from the
irreversibility line'® due to the thermal smearing effect on the slope 1% in Fig. 4(a) is independent of both magnetic field
disordered potentidlor the depinning transitiotr,° and irradiation dose in the high-field region well abdvg,,
Figure 3 shows the normalized resistivigyp(T,) versus except for the slightly smaller value afin the vicinity of
temperaturel /T before and after electron irradiation. The H.,. The averaged value of the critical exponest6.9
unirradiated sample shows the sharp resistive drop due to the 1.2 in high fields is consistent with the previously reported
first-order vortex lattice melting transition below,H., value for single crystals of untwinned YBau;O, (s=6
=11 T. Although the vortex lattice melting transition re- —7=1) %% twinned YBaCu0, (s=6.5+1.5)* and
mains after irradiation in the low-field region, the transition Bi,Sr,CaCy0, (s=7=1).3* The result agrees well with the
temperaturd (H) slightly shifts to lower temperatures. The vortex glass theory’ so vortices in the liquid phase are fro-
behavior is contrary to the results by Fendrighal?’ who  zen into the vortex glass phase with decreasing temperature.
have reported that the vortex lattice melting transition wasContrary to the above result, earlier experiments on un-
completely destroyed by the electron irradiation with a dosewinned YBaCu,0, irradiated by electroff and protor®3®
of 1Xx 10 e/cn?; the value is an order of magnitude larger did not show evidence of the vortex glass transition and the
than one in this study. In the vortex liquid phase just abovefield-dependent critical exponent (k2<4.5) was

FIG. 4. (a) The inverse logarithmic derivative of the resistivity
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20— ” electron irradiation. The vortex matter phase diagram re-
L 26Y1 Zm fg f’ before inadiation markably depends on the irradiation dose near the critical
i X, A A A 1x10®e/om? point. The characteristic fieldd* (T), Hy(T), andH, shift
mo_ |0 o m 2x10"e/em’ to lower-field region with increasing point disorder, how-
o | m(, ] ever, three transition lines dfi*(T), Hy(T), and Hy(T)
~ - ‘i:m“o " ] always terminate at the critical point independently of the
T 10 Vortex glass %a® \ vefore) Vortex ] irradiation dose. The vortex matter phase diagram before ir-
o liquid N . . -
= k:iﬁ Hr oty radiation is dlscgsged in a previous _pdﬁem_dH ('I_') con-
il nected withH, is interpreted as a field-driven disordering
10t transition liné'~2° between the vortex glass phase and the
topologically ordered Bragg glass phase with quasi-long-
Bragg glass ] range translational order. Beyond the disordering transition
OF line, dislocations are induced by the randomly distributed
50 60 70 80 90 disorder and the Bragg glass phase undergoes a transition
T (K) into the disordered vortex glass phase. In the Bragg glass

phase, elasticity of vortices is strong, so the volume pinning

FIG. 5. Vortex matter phase diagram in untwinned ¥8a,0, force is reduced. In the vortex glass phase, on the other hand,
before and after electron irradiation. Three different phases, i.e., theortices have an additional effective degree of freedom due
vortex liquid, the vortex glass, and the Bragg glass, are divided byg free dislocations and can adapt more easily to the pinning
transition linesH(T), Hy(T), andH* (T). The solid curves are fit potential, indicating the strong volume pinning force. There-
to the field-driven transition lin@g(T). fore, the magnetization and the critical current density show
steep increase at the field-driven disordering transition line.
ﬁince the Bragg glass is the almost perfect vortex lattice as
ar as translational order is concerned in spite of a finite
pinning force, it is reasonable that the Bragg glass phase is
suppressed and the vortex glass phase is enhanced by the
introduced point disorder as predicted in recent thedties.

As mentioned above, the field-driven disordering transi-
ﬁion line H*(T) is connected with the critical poirft, and
divides the vortex solid into two regions. However, in the
high-temperature region abovg,, H*(T) turns down and
meets the vortex lattice melting lind,(T) below H, for
irradiated YBaCu;O, . This feature is observed only in the

observed’*° However, Petreart al®’” have recently sug-
gested that there is a threshold of the pinning disorder an
the sufficiently large pinning is required in order to observe
the vortex glass transition with the universal critical expo-
nent; the result by proton irradiatidhis consistent with the
present studysee inset of Fig. @] because the obtained
critical exponent increases only in low fields né#y, and
becomes constant with increasing effective disorder in hig
fields. In addition, the activation enerd, (=1000 K at 13
T) for untwinned YBaCu;O, in this study, which is shown
below [see Fig. 4b)], is larger than that in previous

reports?’*® These results indicate that the vortex glass tran : ’ .
P g crystal with relatively strong pinning force, becausé(T)

sition with the field-independent critical exponent is observ--. ; _ :
able when the disorder density and the applied magnetic ﬁe|g|§appear§ alp for un||rrad|ated Y%QS%OY' Slncer:-|* (M g
are higher; this situation has been predicted by the rece?OV€Tcp ecreases aorigm(T_) and disappears, the secon
theory® peak effect just belowH(T) is closely related to the en-

' hanced vortex pinning due to the vortex lattice softening

The vortex glass transition temperaturgdetermined b . . : .
9 P & y prior to the vortex lattice melting as reported previouSiy**

the extrapolatiorisee Fig. 4a)] decreases after irradiation. S .
At puoH=13 T, for exampleT, decreases\T,~3 K, after These results indicate thet* (H) merges with bothH ,,(T)

the second electron irradiation; the value is considerabl)?nd the premelting peak effect at the critical point for irradi-
larger thanA T~ 0.4 K. Figure 4b) shows the local slope in @ted YBaCusOy. The region betweetd*(T) and H(T)
the Arrhenius plots—a(In p)/é(T~%), namely the activation aboveT, is very narrow in the present study, so the result
energyU, as a function of the reduced temperature befor@bove mentioned is Cg’mP'e“?'y different from the recently
and after electron irradiation. With decreasing temperature €Ported second pedk*?which intersects ,(T) well below

the activation energy shows a platéhif with a value of Hcp for optimally doped and slightly underdoped
U,=1000 K and changes to a divergent behavior below!B32CUsOy . _ i 23
T/T.~0.82, indicating the crossover from the Arrhenius to . APPlying the Lindemann-type criteriof,™ temperature

the vortex glass regime. Although the crossover temperatur@ePendence of tr;e d|150(/33rder|ng transmgnghne IS given by
is almost disorder independent, the divergence of the activaﬁdis(T)zB_dis(o)(Tc_ip/T) exp[(Zc/B? (T_/po) Jfor T=>Tg,.
tion energy is suppressed by the irradiation. Therefore th&lere, Tg, is the single vortex depinning temperatdre, a
critical region of the vortex glass transition is enhanced byconstant of order unity,and Bg(0) the transition field for
the point disorder introduced by electron irradiation. In theT<Tg,. The disordering transition line increases exponen-
low-field region neaH,, however, the critical region of the tially in the highT region, because the smoothing of the
vortex glass transition becomes narrower, so the measurgfienched disorder potential by thermal fluctuations becomes
resistivity cannot reach the critical region because of the limgreater above the depinning liheAs shown by the solid
ited accuracy; in this case, the estimated valuswbuld be  curves in Fig. 5, the experimentally determinétf (T)
unreliable. agrees well with this model using the reasonable parameters,
Figure 5 shows the magnetic field versus temperatur®gs0)=0.93, 0.65, and 0.5 T an'ﬂfjp: 37.8, 39.2, and 40.5
phase diagram in untwinned YBau;O, before and after K for unirradiated, first-irradiated, and second-irradiated
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samples, respectively. In a previous papehe value of suppresses the vortex fluctuations ahg(T) increases with
Bgis(0) is estimated to be 46 T using the parameters for increasing columnar defect. These results indicate that ef-
YBa,Cu;0, and the reduction oB(0) is expected with fects of the introduced poin'g disorder depend on Fhe_region of
increasing disordett 2% Both decrease iBy(0) and in- f[he vortex matter phase diagram; the vortex pinning force
crease ifl, are consistent with the enhanced vortex pinning!Mcreases and the Bragg glass phase B suppressed near the
after electron irradiation. Therefore, the vortex glass phase igld-driven disordering transition linéi* (T) below Hey,
stabilized by the introduction of the point disorder and the@nd the vortex liquid is enhanced near the vortex glass tran-
strong pinning region is expanded to the lower fields. Thes&tON line Hy(T) aboveH,.

results of electron irradiation effect provide further evidencetiorllne?fnglgﬁ'a?é \\'/V:rtgivri;?t\é?Stnggddfger;f?g%?nwiﬂgé
of the field-driven disordering transition scendhd® as a b g

) L . . . YBa,Cu;O, . We have found that the vortex matter phase
* - 2 y
possible origin oiH* (T), which have been discussed in pre diagram is drastically changed nebir,, and H*(T) con-

vious papers?#-20 ) : : A
. . . nected withH, shifts to lower fields by the point disorder,
The reduction of the vortex glass transition lifig(T) indicating the reduction of the Bragg glass phase, i.e., the

and the increase of the critical region after irradiation result .
g . nhancement of the vortex glass phase. These results provide
from the enhanced vortex fluctuations by the introduce : X . : ; "
urther evidence of the field-driven disordering transition

point disorder. Since the randomly distributed point d'sorderscenario. We have shown the opposite effect on the vortex

induces vortex wandering, the vortex liquid phase and the :
vortex entangled state are stabilized by the combination glass phase boundary theif(T) aboveH., shits to lower

effect of the thermal and disorder fluctuations in the Criticaltemperatures and the vortex glass phase is reduced by the

region of the vortex glass. The vortex glass transition as gomt disorder due to enhanced vortex wandering in the criti-

function of the pinning strength is discussed theoretiélly cal region.

and the decrease df; with increasing point disorder is ex- The authors would like to thank T. Nojima, R. Ikeda, X.
pected for the system with weak pinning. Thus, the electroHu, K. Shibata, T. Sasaki, K. Watanabe, and S. Awaji for
irradiation effect on the vortex glass transition temperature ivaluable discussions, and A. M. Petrean for sending a copy
consistent with the recent theaty/In addition, the behavior of her unpublished work. Part of this work was carried out at
of Hy(T) after electron irradiation is different from the the HFLSM, IMR, Tohoku University. We thank K. Sai, Y.
heavy-ion irradiation effect, because the correlated disorddshikawa, and Y. Sasaki of HFLSM.

*Electronic address: terukazu@imr.tohoku.ac.jp M. P. A. Fisher, and D. A. Huse, Phys. Rev.4B, 130(1991).
TPresent address: School of Materials Science, Japan Advanced Ih*R. Cubitt, E. M. Forgan, G. Yang, S. L. Lee, D. Mck. Paul, H. A.
stitute of Science and Technology, Tatsunokuchi 923-1292, Japan. Mook, M. Yethiraj, P. H. Kes, T. W. Li, A. A. Menovsky, Z.
1G. Blatter, M. V. Feigel'man, V. B. Geshkenbein, A. I. Larkin, Tarnawski, and K. Mortensen, Naturé.ondon 365 407

and V. M. Vinokur, Rev. Mod. Phys56, 1125(1994). (1993.

2H. Safar, P. L. Gammel, D. A. Huse, D. J. Bishop, J. P. Rice, and?s. L. Lee, P. Zimmermann, H. Keller, M. Warden, I. M. Sa\ic
D. M. Ginsberg, Phys. Rev. Let9, 824(1992; W. K. Kwok, Schauwecker, D. Zech, R. Cubitt, E. M. Forgan, P. H. Kes, T.
S. Fleshler, U. Welp, V. M. Vinokur, J. Downey, G. W. Crab- W. Li, A. A. Menovsky, and Z. Tarnawski, Phys. Rev. L€t
tree, and M. M. Miller,ibid. 69, 3370(1992. 3862(1993.

3R. Liang, D. A. Bonn, and W. N. Hardy, Phys. Rev. L&t6, 835  ®B. Khaykovich, E. Zeldov, D. Majer, T. W. Li, P. H. Kes, and M.
(1996. Konczykowski, Phys. Rev. Let?6, 2555(1996.

4T. Nishizaki, Y. Onodera, T. Naito, and N. Kobayashi, J. Low *B. Khaykovich, M. Konczykowski, E. Zeldov, R. A. Doyle, D.
Temp. Phys105 1183(1996. Majer, P. H. Kes, and T. W. Li, Phys. Rev. 3%, R517(1997.

SU. Welp, J. A. Fendrich, W. K. Kwok, G. W. Crabtree, and B. W. **D. T. Fuchs, E. Zeldov, T. Tamegai, S. Ooi, M. Rappaport, and
Veal, Phys. Rev. Lett76, 4809(1996. H. Shtrikman, Phys. Rev. LetB0, 4971(1998.

6A. Schilling, R. A. Fisher, N. E. Phillips, U. Welp, D. Dasgupta, 16T, Nishizaki, T. Naito, and N. Kobayashi, Phys. Rev5B, 11
W. K. Kwok, and G. W. Crabtree, Naturg.ondon 382, 791 169 (1998; Physica C282-287 2117 (1997; 317-318 645

(1996; A. Junod, M. Roulin, J. Y. Genoud, B. Revaz, A. Erb, (1999.
and E. Walker, Physica 275, 245(1997); M. Roulin, A. Junod, 7K. Deligiannis, P. A. J. de Groot, M. Oussena, S. Pinfold, R.

A. Erb, and E. Walker, Phys. Rev. Le&0, 1722(1998. Langan, R. Gangon, and L. Taillefer, Phys. Rev. Lé&.2121

"H. Pastoriza, M. F. Goffman, A. Arrilse, and F. de la Cruz, (1997; H. Kupfer, Th. Wolf, C. Lessing, A. A. Zhukov, X.
Phys. Rev. Lett72, 2951(1994); E. Zeldov, D. Majer, M. Kon- Lancon, R. Meier-Hirmer, W. Schauer, and H. WPhys. Rev.
czykowski, V. B. Beshkenbein, V. M. Vinokur, and H. Shtrik- B 58, 2886(1998; S. Okayasu and H. Asaoka, Physica8C7-
man, NaturgLondon 375 373(1995. 318 633(1999.

8X. Hu, S. Miyashita, and M. Tachiki, Phys. Rev. Let9, 3498  18S. Kokkaliaris, P. A. J. de Groot, S. N. Gordeev, A. A. Zhukov,
(1997. R. Gagnon, and L. Taillefer, Phys. Rev. Le82, 5116(1999.

9H. Safar, P. L. Gammel, D. A. Huse, D. J. Bishop, W. C. Lee, J.1°D. Giller, A. Shaulov, Y. Yeshurun, and J. Giapintzakis, Phys.
Giapintzakis, and D. M. Ginsberg, Phys. Rev. L&, 3800 Rev. B60, 106 (1999.

(1993; H. Safar, P. L. Gammel, D. A. Huse, G. B. Alers, D. J. 2°D. Giller, A. Shaulov, R. Prozorov, Y. Abulafia, Y. Wolfus, L.
Bishop, W. C. Lee, J. Giapintzakis, and D. M. Ginsberg, Phys. Burlachkov, Y. Yeshurun, E. Zeldov, V. M. Vinokur, J. L. Peng,
Rev. B52, 6211(1995. and R. L. Greene, Phys. Rev. Letf, 2542(1997).

10M. P. A. Fisher, Phys. Rev. Let62, 1415(1989; D. S. Fisher, 21T, Giamarchi and P. Le. Doussal, Phys. Rev. L&2, 1530



3654 NISHIZAKI, NAITO, OKAYASU, IWASE, AND KOBAYASHI PRB 61

(1994); Phys. Rev. B52, 1242(1995; 55, 6577(1997). 82T, Naito, T. Nishizaki, and N. Kobayashi, Physica293 186
22D, Ertas and D. R. Nelson, Physica2z2, 79 (1996. (1997.
233, Kierfeld, Physica 300, 171(1998. 33p. L. Gammel, L. F. Schneemeyer, and D. J. Bishop, Phys. Rev.

4D. Carpentier, P. Le. Doussal, and T. Giamarchi, Europhys. Lett. Lett. 66, 953 (1991).
35, 379(1996; J. Kierfeld, T. Nattermann, and T. Hwa, Phys. 344 gSafar, P. L. Gammel, D. J. Bishop, D. B. Mitzi, and A. Kapit-
Rev. B55, 626 (1997; D. S. Fisher, Phys. Rev. Leff8, 1964 ulnik, Phys. Rev. Lett68, 2672(1992).
(1997; Y. Y. Goldschmidt, Phys. Rev. 86, 2800(1997; V. 35p | gpez, L. Krusin-Elbaum, H. Safar, E. Righi, F. de la Cruz, S.
Vinokur, B. Khaykovich, E. Zeldov, M. Konczykowski, R. A. Grigera, C. Feild, W. K. Kwok, L. Paulis, and G. W. Crabtree,
Doyle, and P. H. Kes, Physica Z95 209 (1998. Phys. Rev. Lett80, 1070(1998.

25
26R. lkeda, J. Phys. Soc. Jp85, 3998(1996. 3w, Jiang, N-C. Yeh, T. A. Tombrello, R. P. Rice, and F.
M.J. P. Gingras and D. A. Huse, Phys. Rev5® 15 193(1996; Holtzberg, J. Phys.: Condens. Mat&r8085(1997.

5’30%){;9% l:agttl:;?l”g' Ran_? géatl);tn;?cgr’]dpgy? ;{ev.' ngz 37A. M. Petrean, L. M. Paulius, W. K. Kwok, J. A. Fendrich, and G.
L o ' B o ' W. Crabtreg(unpublished

81, 1497(1998. "

273. A. Fendrich, W. K. Kwok, J. Giapintzakis, C. J. van der Beek, SQR' Ikeda, J.kPhys. Soc. J@f{ 1603(1997. .
V. M. Vinokur, S. Fleshler, U. Welp, H. K. Viswanathan, and G. V\(/: Kk;tKWOP’hJ. AR. FerI\_drfer 2214‘](1;3; der Beek, and G. W.
W. Crabtree, Phys. Rev. Leff4, 1210(1995. s RVTEE, TS, ROV, LElS -

8T. Naito, T. Nishizaki, Y. Watanabe, and N. Kobayashi,Ad- T. Nishizaki, Y. Onodera, N. Kobayashi, H. Asaoka, and H.
vances in Superconductivity |Xdited by S. Nakajima and M. Takei, Phys. Rev. B3, 82 (1996.

Murakami (Springer-Verlag, Tokyo, 1997p. 601. 41T Ishida, K. Okuda, and H. Asaoka, Phys. Rev.5B 5128
29T Nishizaki, K. Shibata, T. Naito, M. Maki, and N. Kobayashi, J.  (1997.

Low Temp. Phys(to be publishey 42G. W. Crabtree, W. K. Kwok, U. Welp, D. Lopez, and J. A.
30B, Horovitz and T. R. Goldin, Phys. Rev. Le&0, 1734(1998. Fendrich, inPhysics and Material Science of Vortex States, Flux

31T, Nishizaki, T. Naito, S. Okayasu, A. lwase, and N. Kobayashi, Pinning and DynamigsVol. 356 of NATO Advanced Study In-
in Advances in Superconductivity ,Xddited by N. Koshizuka stitute, Series E: Applied Sciencexdited by R. Kossowsky
and S. TajimaSpringer-Verlag, Tokyo, 1999p. 585. et al. (Kluwer Academic Publisher, Dordrecht, 199¢. 357.



