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Critical currents and order-disorder phase transition in the vortex states of YBgCu,Og
with chemically introduced disorder
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A series of YBa_,Sr,Cu,Oq single crystals was measured to study the influence of site disorder on the
transition lineH { T) between quasiordered vortex lattice and highly disordered vortex glass, as well as on the
maximum critical current density within the glass phag&;. When 32% of Ba is replaced by 3£ is an
order of magnitude higher than in the unsubstituted compound. In contrast, the transitidr fiétdt drops
by a factor of about 5 with a substitution of just 10% of Sr for Ba, and then remains approximately constant for
higher Sr contents. Our results indicate that in very clean systems the order-disorder transition is affected very
strongly by any crystallographic disorder, while above a certain threshold it is relatively robust with respect to
additional disorder. In all substituted crystégs decreases monotonically with an increase of temperature.
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I. INTRODUCTION lational order and melts into a fluid, when thermal fluctua-
tions become of the order of the lattice spacing, it loses trans-

The vortex matter of cuprate superconductors has a rictational order and “melts” into a glass when the disorder-
phase diagram in the-T plane(see, e.g., Ref.)1Not long  induced line wandering becomes of the order of the lattice
after the discovery of cuprate superconductors it was estat$pacing. In both cases the stability against the formation of
lished that there are at least two phases: a flligid or ~ topological defects, such as dislocations, is lost. The massive
ga9? phase at high temperatures and fields, and a ¢laitd  proliferation of dislocations accompanying the destruction of
tice or glass phase at low temperatures and fields. It wastranslational order leads to an entangled configuration of vor-
shown that the transition between these two phases is of fir§ices, i.e., topological order is lost as well. In highly aniso-
order, at least in low fields up to a critical poit Recently,  tropic superconductors, the lattice-glass transition may fall
it was showf3that there are two distinct solid phases. In together with a decoupling between the lay@érS; of which
low fields the vortices form a quasiordered lattice in a sothere is some evidence in M,CaCyOg, s (BSCCO.**
called Bragg glas&*'°which is stable against the formation This is not expected in less anisotropic systems, like
of dislocations. In higher fields they form a highly disor- YBa;CusO,_ 5 (Y123).7#% There is considerable evidence
dered, entanglédsolid. The nature of the high-field phase is that the phase transition between the lattice and the glass,
not well understood. It could be anything from a highly vis- like the melting transition between the lattice and the fluid, is
cous fluid to a vortex glass with unbounded barriers agains®f first ordet®**~?°and is even a continuation of the melting
vortex movement®'” Henceforth we will simply term it line?

“glass.” Since the solid-solid transition is an order-to-disorder

The high-field glass phase is caused by weak, randonifansition with the disordered phase located at high fields, the
and uncorrelated disorder due to pointlike defects such aansition lineH.{T) can be expected to shift to lower fields
oxygen vacanciesThis type of disorder is present even in with the introduction of additional disorder in the crystal
the most pure crystals of cuprate superconductors. Strongfructure. Calculatiod$ 2% of Hs, based on a Lindemann
correlated disorder due to extended defects, such as twigriterion, confirmed this expectation. Indeed, there seems to
boundaries or columnar irradiation defects, has a differenbe a correlation between the positiontbf; and the purity of
influence on the vortex matter, and can lead to additionaf sample, as can be seen by comparing different measure-
phases, e.g., a “Bose glass” ph&dcated at low fields®  ments on Y123 crystals. Also, studies of the effect of elec-
Correlated disorder may not be present in all crystals. In théron irradiation on the transition between the lattice and the
following, when we simply speak of “disorder,” we are re- glass found a systematic decreaseHgf with increasing ir-
ferring to weak random pointlike disorder. radiation dosé:'?

The pinning induced by the disorder has two effects on An alternative way to introduce structural disorder into a
the vortex latticé® First, it localizes vortices by trapping System is to partially substitute an element of the compound.
them in low-lying metastable states, hardening the solidHowever, the generally varying level of oxygen within
Second, it promotes a transverse wandering of vortices froraamples, which is difficult to measure and control, consti-
their ideal lattice positions. The mechanism of the destructutes a serious problem. YBau,Og (Y124) is a compound
tion of the lattice, triggering the transition to the glassvery well suited for studying the dependence t8fs on
phase:>?°-23js very similar to the mechanism of melting at chemically introduced disorder, because in this compound
higher temperature. Similar to the way the lattice loses transthe oxygen content is fixed to eight per unit cell. Another
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advantage of Y124 is that twinning, which leads to strong 0.2

correlated disorder, does not exist in this compotfhi- 0.0 YBaZ-xsrxcu408

nally, Y124 has an intermediate anisotropy-122° which, o x=0 ;

as compared to Y123, shifts the glass phase down to fields -0.2+ =02

more easily attainable experimentally. To exclude or at least 04 ' [
0.64_5 x=04 7

K)

to minimize concurrent sources of disorder in the system, it
is advisable to use single crystals for any measurements.

If vortices are not ordered in a lattice, they can better 08]—a—x=064 o £ /
adapt to the local pinning potential. Therefore, critical cur- 1.0 e 7 3/7 “‘f-nﬁ
rent densities can be expected to be higher in the glass phase. ] : : : .
High critical currents in high magnetic fields are desirable 72 74 76 78 80 82
for many applications. Investigations of the disordered solid
state and its boundaries are thus very important in view of FiG. 1. NormalizedM(T) curves of the crystals used in this
practical applications. Many irradiation studies found thatwork, showing sharp superconducting transitions. The curves
critical current densities can increase by orders of magnitudehown were measured in a magnetic fieldtof 1 Oe, under zero-
upon irradiating a sampfé. Studies of compounds with field-cooled conditions.
chemical disorder also found increasesjgfand even the
development of a second pe#k.

In this work, we study the influence of a substitution of

M(T)/M(10

field of the superconducting magnet without extending the
. ) . time of measurements too much. Throughout the paper
isovalent Sr for Ba in YBA ,SLCWOg on the lattice-to-  yongtes the applied field, i.e., no correction of the demagne-
glass transition lineHs{T), the irreversibility lineHi-(T),  tization was made. This is not a problem, however, since the
and the critical current densitigs. We provide evidence of i agnetization is always much smaller than the external field
an enhancement of the maximum critical current density INoxcept in the low-field range, which is not the particular
the glass phasg'™ by more than an order of magnitude, due jnterest in this paper.
to structural disorder introduced by Sr substitution. The The critical current density j. was calculated from the
change of the vortex matter phase diagram due to the influgigth of the hysteresis loop using an extended Bean midel.
ence of relatively strong quenched disorder will be pre-the jrreversibility field H;, was determined as the field
sented. where increasing and decreasing field branches okttid)
hysteresis loop meet, or equivalently as the field where the
Il. EXPERIMENT critical current density vanishes. A uniform criterion pf
) ) ) =50 Acm ? was used. For the crystals studied it corre-

were grown using a high-pressure technique; the details qf not far from the accuracy limit of our experimental setup.
crystal growth are reported elsewhéteSingle crystals of

YBa, ,Sr,Cu,Og, with a Sr content up tox=0.64 or 32%,

were obtained. The crystals were checked with energy dis- ll. RESULTS AND DISCUSSION
persive x-ray analysi$EDX) and their structure analyzed _ o _
with single-crystal x-ray analysi&. The transition tempera- In the following we will discuss the influence of Sr sub-

turesT, of the crystals were determined with a superconductStitUtion on disorder and structure, critical current densities,
ing quantum interference devi¢8QUID) magnetometer by the irreversibility line, and the transition from lattice to glass.
temperature sweegboth zero field and field cooleédn an
applied field of 1 Oe. All samples chosen for further mag-
netic measurements had a well-resolved transition with a
transition width(10—90 % smaller than 2 K(see Fig. 1 Sr substitution increases the disorder in the structure, evi-
Measurements of the dc magnetization were performedenced, for example, by a dramatically increased NQR
with a Quantum Design MPMS5 SQUID magnetometer. Ad-linewidth 3! No evidence of an introduction of correlated dis-
ditional measurements were performed with a noncommererder was found, and, since twin boundaries are absent in
cial SQUID magnetometer with a sensitivity better thanYBa,_ ,Sr,Cu,Og, the assumption of the disorder in our
10" ® emu. All measurements were done with the magneticrystals to be purely random and pointlike seems justified.
field applied parallel to the axis of the crystal, and gener-  The Sr substitution also induces a variation of structural
ally the magnetization was measured at fixed temperatures gsrameters, causing a charge redistribution. Bond valence
a function of the external field being swept up and down.sum calculations and nuclear quadrupole resonance measure-
After each change of the field, we waited for a time of ments indicate a transfer of holes from oxygen to copper
5 min before measuring the magnetic moment four timesatoms in the Cu@planes and from copper to oxygen in the
using a scan length of 2 cm. The relatively short scan lengtichains®! The charge redistribution can explain the increase
was chosen to ensure maximum homogeneity of the appliedf T, upon substituting more than 10% Sr for Ba. The initial
field, and was necessary to ensure a sufficient resolution afecrease of, may be due to the increased site disorfer.
all features of interest discussed below. A wait time of 5 min  An important structural modification due to Sr substitu-
was chosen to avoid effects of the initial relaxation of thetion is a decrease of the thickness of the blocking lader

A. Disorder and structure
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20 sity in low fields gives an indication of the degree of disorder
in the system. For our samples, measurements of the critical
10 current density at reduced temperaturesTél .=0.4 and
0.7, in fields of 1 and 2 kOe, suggest that the disorder in-
o) 0 creases monotonically up to the highest substitution level
E o measured, with the largest rate between0.4 andx=0.64.
10l |13 / 8 o ‘H When, upon raising the field, the lattice is destroyed in the
R 5 i glass state and the vortex system has an additional “disloca-
H ° e T=65K tion degree of freedom?? individual vortices can much bet-
2204 on \ R~g” ter adapt to local minima in the pinning potential. This re-

——— sults in a higher effective pinning force and thus a higher
critical current densityj; and relaxation barriéf Addition-

400 ally, the entanglement itself was also suggested to increase
critical current densities, due to an increased intervortex
viscosity®® provided the barriers to flux cutting are enough

500 high2%%?In our case, a steep rise of the magnetization occurs

just below the kink field, denoteH in Fig. 2@ (also see

Sec. Il D). Local magnetic measurements on a BSCCO

Z Lo crystal revealed a sharp increase|i(H)|, followed by a

monotonic decrease afterwdt@he so-called “second peak”

(or “fishtail” ) effect in BSCCO can thus be accounted for by

- \ L 200 an order-disorder transition. On untwinned Y123 crystals, a
R | similar sharp increase M (H)| was observed by local mag-
YBa SI‘O64C11408 netic measurements, but, contrary to the situation for

1 . - . . )
: 3.6 i b1 -400 BSCCO,|M(H)| continues to increase upon increasing field,
2 k30 4 10 1530 35 k40 45 although with a slower rate, which leads to a sharp kink in
H (kOe) H (kOe) H (kOe) M(H). Only in even higher fields does the magnetization
. .. start to decrease with increasing field.
FIG. 2. (&) One of the hysteresis loops measured. The direction Independently of vortex matter phase transitions, the sec-

of the field change is shown by arrows. The onset of the second . . . -
peak, the second peak maximum, and the kinbigH) between ond peak or fishtail effect in Y123 was attributed to a cross-

them are denoted a oy, Hap, and Ha, respectively. Note that  OVe' from elastic to dislocation-mediated plastic créép.
there are small differences between the respective fields betweeriS mechanism is closely connected to the lattice-glass tran-
the two directions of field changesee the text and Fig. 10The  Sition, however, since in the lattice phase dislocations are
irreversibility field, where field increasing and decreasing branche$trongly suppressed while in the glass phase dislocations
meet, is denoted al,, . (b) Additional parts of hysteresis loops Proliferate, as mentioned abo¥®.From collective creep
showing the kink region at three different temperatures. theory a rise of the experimentally observable critical current
density with the field is expectéd, as long as elastic creep

separating the superconducting Gu@@anes, linear with Sr~ ¢an be assumed and_the bulk pinning is. relev_ant. From the
content. A substitution of 32% Sr for Ba causes the blockingshape of the hysteresis loops shown in Fig. 2, it follows that
layer to shrink by about 1% which leads to an improved N YBa, ,SrCu,Og the situation is similar to the one in
coupling between the superconducting planes. Torque med-123. After raising the field even more, abolg, , the vor-

surements indeed indicate a corresponding decrease of ti@x matter finally enters the fluid phase, where critical current
anisotropyy.*® densities are zero.

The dependence of the hysteresis loop of an unsubstituted
Y124 single crystal on defects created by fast neutron irra-
diation was studied in Ref. 39. Fast neutron irradiation leads

Figure 2a) shows one of the half hysteresis loops mea-to improved pinning properties due to collision cascades
sured. The second peak is clearly discernible and dominatéstrongly pinning extended defects of spherical sheaal
M(H). In all crystals, the second peak was observed over thagglomerates of smaller defects. A clearly discernible second
whole temperature range measured, even just 1 K beloyweak was observed in the untreated crystal. In the weakly
T.. The form of the hysteresis loop and thusjd@fH) can be irradiated crystal the second peak was less pronounced, and
linked to the different phases of vortex matter. In low fieldsafter irradiation to a fluence of 0 cm™?2 it disappeared. At
hysteresis is small, and the hysteresis loop is rather anisthe same timej. drastically increased in low to medium
tropic, which indicates that the major source of hysteresis irfields, and the hysteresis loops became more symmetrical.
low fields is not of bulk origin(also see Sec. Il € The The effect of fast neutron irradiation to remove the second
origin of the low bulk hysteresis is probably that the vorticespeak may be understood from the different defect structure.
are in the lattice phase in smadl. Weak random point dis- The disorder resulting from the collision cascades is to some
order is not effective in pinning an ordered dislocation-freeextent correlated, and fast neutron irradiation can therefore
lattice of vortices. The magnitude of the critical current den-create a Bose glass phase in low fields. Bulk pinning is also

B. Critical current densities
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FIG. 3. Critical current density &tl,, vs reduced temperature . I .
. . FIG. 4. Dependence of the maximum pinning force densit
for different Sr contents. It can be seen that unsubstituted Y124 hzémaL P P 9 Y

) o . . pin =Hzpl (H2p) ON Sr content, at a temperature of 65 K. The
much lower maximum critical current densities than substitute . inning f density i b h q f
Y124, at all temperatures. Insg(Hz,) vs Sr conteni at T/T maximum pinning force density increases by more than an order o
] . c

—07 magnitude upon substituting 32% of Sr for Ba. Upper left inset:

o second peak field vs Sr content BAT.=0.7. Lower right inset:
strong in the Bose glass phase, and, if the irradiation-induce@aximum pinning force density vs Sr content,Tdf.=0.7.
correlated disorder is strong enough, the Bose glass phase . _ . o
may well destroy the entire Bragg glass phase. In high field§- The theoretical meaning of the irreversibility field is not
fast neutron irradiation is not as effective in enhangingnd ~ Very clear; often parts of it are controlled by surface or geo-
the irreversibility fieldsH,, are not increased. metrical barriers(see below. In h|gh _flelds, it was often _

In our case of Sr substitution the significant fields shift,found to be located near the transition from glass to fluid
but the qualitative form of the hysteresis loop remains theSee, €.g., Refs. 10 and)1However, whether a true phase
same. As with fast neutron irradiation, Sr substitution in-transition between the glass phase and the fluid phase even
creasesj., but the effect is most pronounced in medium €XISts, is nota settlgd question. Not much is known about the
fields, in the second peak region. The maximum critical curroperties of the highly disordered entangled solid located
rent densities therg *{(T)=j(H=H,,,T), dramatically in-
crease upon Sr substitution, as can be seen in Fig. 3. At
temperature of 60 K, the critical current density reaches al
most the values of critical current densities for Y123: for a
crystal with 32% Sr substitution j"*{(T=60 K)=6
x 10" Acm™2, while for a Y123 single crystalj?®™(T o
=60 K)=6.3x10* Acm 2.° This is not the case, how- Q104
ever, at the lower temperature of 50 K, where Y123 crystal~ ]
have a maximum critical current density roughly three timesl
highe?® than the one measured on Sr-substitutec
YBa,_,Sr,Cu,Og. The main panel of Fig. 4 shows the de-
pendence on Sr content of the maximum pinning force den

sity Foin=Hapi (H2p), corresponding to critical current den-

sities measured aT=65 K. It can be seen thaF; %
increases by more than an order of magnitude upon Srsul 0.0 0.2 0.4 0.6 0.8 1.0
stitution. The lower right inset of Fig. 4 shows the Sr depen- T/TC

dence offF;i7* at a fixedreducedtemperature. The initially

approximately linear rise of the maximum pinning force den- FIG. 5. The graph summarizes the dependence on the reduced
sity saturates fox~0.4, indicating that increasing the sub- temperature of the irreversibility fieldéull symbols andH s (open
stitution level tox=0.64 no longer drastically increases the symbols, for different Sr contents in YBa ,Sr,Cu,Og: circles cor-
pinning. The critical current density itself also shows a satuféspond tx=0, diamonds tx= 0.2, down triangles ta=0.35, up
ration behavior, but for lower Sr contefstee the inset of Fig. triangles tox=0.4, and squares to=0.64. Error bars have been

3). The difference is due to the substitution dependence of™mitted for clarity. Full lines are fits of thels{T) data to Eq.(2).

the second peak field, shown in the upper left inset of Fig. 4EXcept forx=0, fitting was restricted to the range 0:63/T,

The dependenchb (1) is Simiar 0 the subsiution depen- 0. DAsh6 Ines e gudesfor e e ot on oo
dence ofHg, discussed in Sec. Il D. P P s P '

H;.(T) generally are relatively small, and the details depend on the
temperatureH {T) of the unsubstituted crystal is located in much
higher fields tharH{T) of all substituted crystals, and for high

The irreversibility fieldsH;,, as a function of tempera- temperatures is practically located in the region of the irreversibility
ture, are, for different Sr substitution levels, presented in Figfields.

C. Irreversibility fields
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aboveH,, apart from properties that distinguish it from the 1400 ]

{ I
lattice phase. The feature differentiating the glass phase from 12001 YBal.ssro.zcu408 Bk
the liquid phase is a rapid freezing of the dynamics, but it is 1000
not sure whether this freezing of the dynamics is a proper ‘-“E 200 ] 50|K
phase transition or merely a crossover. The existence of a &
separate so-called vortex glad4G) phase, distinguished by < 6004 70K|  65K| 60K K
an unbounded distribution of the heights of barriers between = 400473 \ ‘
metastable states, was proposed early after the discovery of 200 \ \\\ |
high-T, superconductivity® Vortex glass scaling of the 0 \ | | .| ;
current-voltage relations was used to determine the vortex 1 10
glass transition lineH, experimentally, and also provided H (kOe)

strong support for the VG theorgee, e.g., Refs. 3 and 10 . ] ) _
However, later experiments and numerical calculations foung F'G- 6. Critical current density vs logarithm of the magnetic

discrepancie¢see Ref. 17 and references thejeand sug- f!eld, for a jsamplg. with 10% Sr substitution. The relationship is
.{lnear for high critical currents. Below a temperature-dependent

gested a glas§ phase more akin .to W,'ndow glass. Despi ﬁreshold, deviations appear. Dashed lines extrapolate the linear re-
these uncgrtalntlgsﬂirr(T) is cer.ta|.nly |mporFant from a lationship t0j,=0.
more practical point of view, as it limits the field range for
applications. -, . o . L

It is hard to see a clear trend in the Sr substitution depengensmes. This may indicate that the irreversibility lines are
dence of the measured irreversibility fields. Differences belndeed considerably influenced by barrier hysteresis at higher

. .~ “temperatures.
tweenHy of the different samples measured are relatively On the other hand, measurements of the influence of fast

small', f"m.d the details depend on the tem'pe.ratu're as Wetlfeutron irradiation on the high-temperature part of the irre-
Now it is important to remember that bulk pinning is not the o ity field on a Y124 single crystal found a slight de-
only source of magnetic h_y_stere5|s. There are additional cons.aace oM . upon irradiating the crystdT. Irradiation may
tributions due to Bean-Livingston surface barféf€ and  eqyce Bean-Livingston-type surface barriers, but those are,
geometrical barrier§’ The significance of surface and geo- |ike bulk pinning, strongly temperature dependent, and were
metrical barriers depends on several factors. One of them Senerally not found to be important ne@ig. Geometrical

the strength of the bulk pinning: the smaller tfieilk) criti-  parriers; on the other hand, should not change upon irradia-
cal current density the larger the relative importance of bargjon. As the irradiation did change the irreversibility field at
riers. In YBag_XSrXCu4(_)8 the critical current densities de- high temperatures, this would indicate i, at high tem-
pend strongly orx, as discussed above, and are very low forperatyres cannot be due to Bean-Livingston or geometrical
the unsubstituted crystal. Indeed, while the hysteresis loopgayrier hysteresis.

of substituted crystals are generally rather symmetric, this is  However, as mentioned above, the importance of barriers
not the case for the unsubstituted crystal, which is an indicastrongly depends on the sample shape, and we cannot be

tion tha’g lgarrier hysteres_is is more important than bU|kcompIeter sure to what extent barriers influetg, espe-
hy;tere5|§. Another factor is the sample shape: bulk hyster-gia|ly in the case of the unsubstituted crystal, where bulk
esis depends linearly on the sample diameter, while the bar-

rier hysteresis scales with the ratio of thickness to diameter.

Thus barrier effects are more important for thicker and 50 YBa. SrCu O
smaller(in diametey crystals. The thickness-to-diameter ra- 2-x" Tx T T478 /%
tio varies from 0.1 to 0.3 for the crystals used in this study. 40-& §//
Emally, an important factor is the temperature, since the bulk - \\}// /707 01T
ysteresis is depressed by thermal depinning, while the one o 304 \
due to geometrical barriers is less affected by temperéfure. = \ ——H, 07T
In the second peak region, the main part of the hysteresis is 1y 201 —O—H_(04T,)
clearly of bulk origin, as follows from the shape of the hys- \ //@\\
teresis loopgsee Fig. 2. However, since the total hysteresis 10 o o
observed is simply the sum of bulk and barrier hysteresis, the 0 o T ——
irreversibility field may still be determined by surface or 00 01 02 03 04 05 06 07
X

geometrical barriers, since the bulk hysteresis goes to O faster

; : 2,45 P "
a_t _hlgher field$24° In high fields, pulk critical cu.rrent den- FIG. 7. Sr dependence . at temperatures of 0.7, (open
sities were found to go exponentially to z&foA linear re-  giamonds 0.4 T. (open circles and Hy, (0.7 To) (full dia-
lationship betweerj; and Inf) is indeed followed in the mondg. For both temperaturesi o drops significantly by a small
crystals we measured. Figure 6 shows this relationship fogupstitution of Sr for Ba, but remains essentially constant upon
YBa gSIy ,Cu,Og. The figure also shows, however, that therefurther Sr substitutiond,, also drops by a small Sr substitution, but
are systematic deviations below a certain temperaturéess significantly. It rises again upon further substitution, and is
dependent threshold of critical current densities. For highehigher forx=0.64 than forx=0. Thex error bars have been omit-
temperatures the deviation appears at larger critical currengd for clarity.
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pinning is very weak. In order to explain the effect of the Sr 01m

substitution on the bulk properties, it is therefore advisable to Sr._ CuO
compareH;,(T) at not too high reduced temperatures. A -1007 S 1367064 TS
comparison oH;(T) atT=0.7 T.is shown in Fig. 7. The 200] !

position of the irreversibility field is not changed much, but @ g, 3

the general trend thad,, rises withx is consistent with the 3_300_240

also rising maximum critical current density. The only irre- 513

versibility field that does not fit into this trend is the one of 40043,

the unsubstituted crystal, which may be attributed to barrier 2

effects th_at still are not negligible at this temperature for this '5000 10 20 30 40
weakly pinned compound. H (kOe)

An increasing glass-to-liquid transition field can be justi-
fied theoretically in a way similar to that for the decrease of FIG. 8. M(H) curves for increasing field near the onset of the
the lattice-to-glass transition field. Since the glass-to-liquidsecond peak. Dashed lines are guides for the eye pinpointing the
transition line depends on the relation between the pinnin%“k in the magnetizatiors. The inset shows a magnification of
energy and the thermal energy, and because the pinning e e onset region of M (H) curve and its derivative af=58 K.
ergy is increased upon introducing more disorder into thes
system, it would seem natural that the transition occurs agt,dies performed on Y1287%2it is likely that the kink
higher temperatures. . N . corresponds to the transition line from the lattice to the glass

The dependence of the glass to fluid transition on disordestate of vortices. In Ref. 13 it was argued that the equilibrium
was 1§tud|ed, for electron-irradiated Y123, by Nishizaki phase transition corresponds to the kinkigH) in decreas-
et al™* They measured both the glass transition temperaturgg field, while the kink in increasing field corresponds to the
T, resistively, and the irreversibility fielt;,, and found  ypper limit of metastability of the lattice phase. However,
that the two linesTy(H) and H;(T) coincide. Nishizaki since the pinning is much stronger in the glass phase, the
et al. found an opposite disorder dependence of the glass-tasquilibrium transition can be expected to be located quite
fluid transition; in their casély and H;, decreased with an close to the upper limit of metastability. This was indeed
increasing fluence of electron irradiation. found from the measurements of Ref. 13. Also in our case,

There are different possible explanations for the oppositgyhile we have more data on the increasing field branch, the
behavior of the glass-to-liquid transition line when the diSOf-kink in decreasing-{ was checked at representative tempera-
der is increased between the present measurements and th@sgs, and the difference in the two kinks was found to be
of Nishizakiet al. First, the disorder introduced by substitut- rather small indeedsee F|g 2 We should mention that the
ing 10% or more Sr for Ba in Y124 is much stronger than theactual equilibrium transition is a little bit lower than the field
disorder introduced by an irradiation of 2.5 MeV electronsgt the kink in M(H'), which we callH (see Fig. 1D It is
with a fluence of up to X 10'® electrons/crfiin untwinned  interesting to note that generally the kink positidfer both
Y123. This can be seen by comparing the phase diagramgirections of field changg¢sdo not depend on the waiting
The irradiated Y123 crystals show a first-order melting trantjme (we tested between 30 s and 10 min) after changing the
sition in fields up to 50-100 kOe, while all of our Sr- the field. Additionally the kink field location does not depend
substituted Y124 CryStaIS show no first-order meltlng tranSi'on the field Change Step size or on the small inhomogeneities
tion at all up to temperatures very ney. Nishizakietal.  of the magnetic fields£0.02%) tested by using different
noted that the decrease Hf; upon increasing disorder they gcan lengths, but thshapeof the M(H) curve around the
measured is consistent with a theoretical prediction made fogink doesdepend on step size and scan length. On the other
SyStemS with weak pinninﬁ‘.The disorder in our substituted hand, the onset ﬁe|dB|on’ defined as the fields where the
crystals may be too large for this to be applicable. absolute value of the magnetization is at a minimum, have a

Second, the rise dfij, with Sr substitution could also be gjight tendency to shift to lower fields upon increasing wait-
explained by a decreased anisotropy of the substituted crysng time, while the absolute value of the magnetization at the
tals, sinceH;, was found to scale withy"?s™*, wheresis  onset is decreased significantly upon increasing waiting time.
the distance between two adjacent superconducting pfanesadditionally, the onset measured in decreasing fields can be
If the rise ofH;, in YBay,_Sr,CuyOg, with X for x>0.2, is  much lower(up to 50% at low temperaturgthan the onset
due to a decreased anisotropy caused by the decreased blogheasured in increasing field. Figure 8 shows a selection of
ing layer thickness, the initial drop for<0.2 may be due to magnetization curves measured in the region where the kink
the disorder, in which case the dependenceigfon disor- s located. The sharpness of the kink varies with temperature,
der would be qualitatively the same as the one found byand depends on the sample as well. The inset of Fig. 8 shows
Nishizakiet al. an enlarged image of the onset region of one of the curves
and the derivative of the magnetizatiGaverage of the four
scang, which can help to locatkl . Within a range of a few
K below T, the unambiguous determinationtdf;nonethe-

As noted in Sec. Il B, a kink irM(H) (denotedH.) is  less becomes difficult.
visible between onset and maximum of the second peak of The increase of the absolute value of the magnetization
the hysteresis loop shown in Fig. 2. According to previousaroundH, observed in our measurements is hardly sharp

s is located at the position of the steepest increaseMVbfdtt .

D. Transition from lattice to glass
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enough to be called a “jump.” One reason for this is thetemperature dependence, as long as we are below the depin-
spatial averaging of the inhomogeneous induction inside theing temperaturd 4,~U./kg, we obtain
sample. Additionally, the difference between the onset of the
second peak in increasing fielcﬂtgn, define_d as the mini- Hooc & 3 [1— (T/T)41%2 )
mum of the absolute value of the magnetization before the
second peak, and the kink fieldl,s can be explained by the
existence of a region of metastability around the phas
transition’® Recent experimerft3?®indicated that an abrupt
change of the field injects a transient disordered vortex phase Hoee €[ 1—(TIT)*] 2 (€)
at the sample edges. If the thermodynamically stable phase is
the lattice phase, the transient disordered vortex phase thém the case ol pinning™ The calculation of Ref. 21 leads
decays. This decay occurs with a rate decreasing to 0 as tiie qualitatively the same results. Sintkg decreases with
field reaches,. In our measurements, the fieldg,,, H.,,,  temperature in our case, the pinning in ¥BgSr,CuwOp
andH, were found to follow the same dependence on temcannot besl pinning. The temperature dependenceHgf of
perature and Sr content &k (H.). Below the onset, both the unsubstituted crystal agrees satisfactorily with the for-
the magnitude of the critical current density and the averag'tla proposed foT, pinning. In the case of substituted
value of the magnetization for the two branches of the hys€rystals, however, the agreement is limited to value$/at,
teresis loop suggest that in this region surface and geomet/etween about 0.65 and (e Fig. 5; the full bold lines are
cal barriers are more important than bulk pinning in ourfits 10 Eq.(2)]. The loweredHin the vicinity of T. may be
samples; i.e., bulk pinning seems to be relevant only if thettributed to the finite transition width.
vortex matter is in the glass phase. However, at low temperatures, the temperature depen-
TheHT) lines, as determined by the kink in the(H') ~ dence is rather exponential in the case of the substituted crys-
curves for the measured samples, are also shown in Fig. &S, as indicated by dashed lines in Fig. 5, with some indi-
For all samplesH s decreases monotonically with increasing Cations of a flattening at the lowest temperatures measured.
temperature. A monotonically decreasifg,was also found ~ 1Nis behavior is clearly at odds with E®) and to the best
on Nd, gCe 1:CuO, 5, but measurements on Y12Refs. knowledge of the a_uthors is noF_predlcted by any present
10-13 showed arH, increasing with temperature. The po- f[heory of the_ order-disorder transition. An exponential upturn
sition of the phase transition between quasiordered latticl the onsetfield Hg, at low temperatures was also found on
and highly disordered glass is determined by the interplap N&b—xC&CuQ,_ single crystal by Andradet al.>* who
between elastic and pinning energy. For the case of Wea@,_ttrlbuted it to Bean—lemgs_ton surfacg b_arrlers. However,
random disorder due to pointlike defects, the theory of col-Since the observed magnetic hysteresis is the sum of bulk
lective pinning was developed in Ref. 49. The defects cand barrier hysteresis, it is difficult to imagine why the kink
interact with the vortices in two waysThey can cause a N M(H) atHgsshould be influenced by surface or geometri-
spatial variation of the transition temperatu@T{ pinning), cal barriers, and in our case a clear kink is observable at low
described by a modulation of the linear term of thetemperatures wheteshas already clearly departed from the
Ginzburg-Landau free-energy functional. Alternatively, they[1—(T/T)*]¥? dependence observed at higher tempera-
can cause a spatial modulation of the mean free path ( tures. .
pinning), described by a modulation of the gradient term of A possible cause for a changed temperature dependence is
the free-energy functional. In both cases, the influence oft dimensional crossover. Due to _the layered structure of the
disorder is described by a disorder paramateproportional cuprate superconductors, vortex lines should be thought of as

- ing composed of stacks of “pancake” vortice®nly be-
o tbe. def_ect density. However, the temperatur_e ereDden%eW the two-dimensional/three-dimension@D/3D) cross-
of vy is different for the two cases. FabT. pinning, vy

W over fieldH,p~®,/(y?s?), wheresiis the distance between
«1/\*, while for 8l pinning, y<1/(\)*, where\ andé are  two adjacent layers, is the interlayer interaction between pan-
the penetration depth and the coherence lehdthe order-  cake vortices larger than their intralayer interaction, and the
disorder transition position was calculated analytically by uspancakes form well-defined vortex lines. For all our crystals,

ing a Lindemann criteriof>! For the case of not too large H, =77 kOe is estimated well above the upper limit of the
anisotropy and disorder, following the calculation of Ref. 20,fields attainable in our magnetometers. Alsdd

(ien the case ofT. pinning, and

we obtain o £752(£52) for 2D andsT(41) pinning®i.e., the tempera-
ture dependence should be even flatter in the 2D regime. A
Uo\® dimensional crossover can therefore not be responsible for

Hss= HO(U_C) : (1) the observed upturn dfi. at low temperatures. In principle,

a second pinning mechanism, which is very effective at low

. — o2 2 — B2 2\ 2 temperatures, could be overlaid. However, pointlike disorder
with Ho=2c{®o/¢? Uo=Pge ¢/(16V2m°A%y), and the should rathefadditionally) suppres$is, while the influence

collective pinning energyU=[(y®5¢")/(16m°A*y*)1¥%. of correlated disorder should be more visible at high tem-

Here @, is the flux quantum, and, ~0.1-0.2 the Linde-  peratures or low field®’ Figure 9 showsH andH,, of two
mann numberH,; is inversely proportional to both the an- of the substituted crystals in the vicinity of the transition
isotropy ¥ and the disorder parameter. Concerning the temperature. No sign of a tricritical point, where the two
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FIG. 9. Hgs and Hy,, in the vicinity of T, for substitutions of
10% and 32% Sr.

lines would meet, can be seen. A tricritical point would have
to be located very neaf., where reliable measurements £y
become increasingly difficult. @)
It can be seen from Fig. 5 that any substitution of Sr24
lowersHgg very significantly. For two values &f/T., HggVvs —
strontium contenk is shown in Fig. 7. After a substitution of m
just 10% Sr for BaHg drops roughly by a factor of 5, at
both temperatures. A further increase of Sr substitution, how
ever, does not reduce the magnitude Hbfs any further. A
Rather,H .{x) remains essentially constant. We do not con- 0 — T T T
sider the peak at~0.4 to be large enough to be significant. 0.0 0.2 0.4 0.6 0.8 1.0
The initial decrease oH upon Sr substitution is not T/TC

unexpected. It follows from Eq(l) that Hee(yy) ~*. Sr

substitution increases the disorder parameter and decreasesFIG. 10. Phase diagrams of the crystals with the logstO,

the anisotropy(see Sec. Ill A. The large decrease ¢lss (8] and highesf{x=0.64, (b)] Sr substitution. The quasiordered

upon substituting 10% of Sr indicates that the influence ofattice phase at low temperatures and fields is separated from the

the Sr substitution on disorder is much larger than its influ-highly disordered glass phase by the transition lig (full down

ence on the anisotropy. triangles, thick ling. Around the transition is a region of metasta-
What is more surprising is the apparent saturation of th@ility (Ref. 13 where both phases can coexishaded The lower

influence of the additional disorder for a substitution levellimit of metastability is marked by, (open down trianglgsand

x=0.2, while the maximum pinning force is still linearly the upper limit, very close_ to }he equnlbrlur_n transnlon,l_la)?s(full

increasing up tox~0.4. In the case of weak pointlike pin- up triangleg. Also shown isH,, (open up trianglgs The irrevers-

. ~_ 4 -1 ~ . . ibility field Hy, (full circles) is assumed to correspond roughly to
ning, Hse<y™ “*ngg , wherey is the disorder parameter and ye yransition line between glass and fluid phases. BotandH,,

Ngis the defect density, is expectédt would seem natural t0  gecrease monotonically with increasing temperature. For the crystal
assume the defect density to be proportional to the Sr substjsith x=0 the region of a possible tricritical point was not mea-

tution levelx. On the other hand, the blocking layer thick- sured, and is blurred in the figure. For the crystal with0.64 a
ness, which is the structural factor with the greatest influencéicritical point could not be detected and would have to be located
on the anisotropy, decreases linearly witf A large initial very nearT,.
decrease oH, followed by the almost independence xn
is therefore difficult to explain. The resulting phase diagrams for Y&a,Og and

A downward shift ofH¢, upon introducing more disorder YBa; 36515 6,CUsOg are contrasted in Fig. 10. The glass
was also found in electron-irradiated crystals of BSCCOphase of YBassShheLu,O5 has, as compared to
(Ref. 7) and Y1232 The notable difference between both YBa,Cu,Og, expanded dramatically from a rather small part
these irradiation experiments and Sr substitution in Y124 iof the easily experimentally accessible phase diagram to the
that in both cases of electron irradiation there is no sign ophase covering the largest area in fields<55 kOe. The
any saturation of the disorder-induced loweringtbf;. As  most dramatic shift is the lowering dfigs, which is to be
discussed above, the disorder induced by Sr substitution isxpected as théquasjordered phase should become smaller
probably, even for the lowest substitution level 0.2,  upon introducing more disorder into the system. The region
already much higher than the disorder induced by the eleasf metastability is much smaller for the substituted crystal,
tron irradiation with the largest fluence measured in Refs. indicating that strong disorder tends to reduce overheating
and 12. It may be that in our substituted crystals the disordeand especially undercooling effects. We speculate that this
is already too large for the applicability of formulas derived may be connected to our observation that, for unsubstituted
for weak disorder. Y124 with very weak disordeld ¢ depends strongly on the
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exact amount of disorder, while for substituted Y124 withlarge positional differences of the local transition field in this
rather strong disorder it almost does not depend on the exacase.
level of disorder. In real crystals, the disorder density de- Similar to the robustness of the phase diagram above a
pends on the position on a mesoscopic scale. Sebal®?  disorder threshold, both the maximum pinning force density
observed that, for melting, supercooling exists only at locabnd the maximum critical current density in the glass phase
maxima of the transition field. In a first approximation the initially increase with increasing disorder, and the critical
width of metastability can be linked to the difference be-current density increases by an order of magnitude upon sub-
tween maximal and minimal transition fields within the stituting 10% Sr. But they then show a saturation behavior,
sample. In our case the same spatial variation of disordere., the pinning force density and critical current densities
should produce a much larger variation of the local transitiorcan be raised only up to a certain point by introducing ran-
field for the unsubstituted crystal than for the substituteddom pointlike disorder. This may be relevant for possible
ones. applications where high critical current densities are re-
quired.
IV. CONCLUSIONS It should be noted that current detailed theories of the
, ) . . . order-disorder transition generally assume the disorder to be
We investigated the influence of structural disorder, intro-ery weak. Our measurements indicate that in systems with a
duced by a substitution of Sr for Ba in YBawOg, on the  high amount of disorder, the phase diagram, and in particular

of the glass phase of vortices. We stress that the disordefyeak disorder case. Theoretical investigations beyond the
introduced chemically by means of Sr substitution, is randomyeak disorder limit would be very helpful.

and pointlike, rather than disorder due to extended defects. Both the pinning of unsubstituted Y124, and the pinning

This is shown by the hysteresis loops keeping their generals s, substituted Y124 is likely to be afT., rather thansl,
form, similar to the case of electron irradiation, and unliketype, indicated by the temperature dependence of the order-
the case of neutron irradiation, where at least partially thgjisorder transition at intermediate temperatures. For the sub-
effect is to introduce extended defects. . stituted crystals this can be expected, since there are varia-

Our main conclusion is that the introduction of even atjons of T, upon Sr substitution. However, the exponential-
small amount of disorder into very clean systems changes thge temperature dependence of the order-disorder transition
phase diagram drastically by lowering the order-disordeif sypstituted crystals at low temperatures is also empha-
transition lineH(T), and also changing its temperature de-sjzed, The dependence cannot be linked to the influence of
pendence. When the disorder reaches a certain thresholgyface barriers, at least not in any straightforward way, the
however, introducing additional disorder does not continugame dependence of all significant fieldssets and clearly
this tendency. With other words, in highly disordered sys-giscernible kinks for both field directionsuggests it is a
tems(probably including most systems with partial chemicaltrye bulk property of the transition. We stress that the ob-
substitutiong, the vortex matter phase diagram is relatively ggpyed temperature dependence is at odds with currently
robust with respect to variations in the exact degree of dispublished theoretical formulas.
order. o L Note added in proof. Recent measuremefts on

This conclusion is supported by the rather small vc";lrlatlor]_az7)(erco4 found a temperature dependenceHf similar
of the measured kink location as an indication of the orderyg the one reported here on Sr substituted Y124. The authors
disorder transition at fixed reduced temperature for any Spropose a crossover between disorder-induced and thermal
substitution levek=0.2, especially as compared to the cor- melting as an explanation for the unusallependence. We
responding transition in a clean, unsubstituted crystal. Thafpqoyiq point out, however, that in our case the unusual up-
the disorder is still increasing with increasing substitutiony . of H(T) at low T is stronger in crystals with higher

level for ;(1>0-2_ is indicated both by an increasing NQR gisorder, contrary to what is expected by the model proposed
linewidth,>> by increasing critical current densities at low j, Ref. 53.

fields, and by the increasing maximum pinning force density.

In strongly disordered systems, metastability is less im- ACKNOWLEDGMENTS
portant than in very clean systems, and especially the region
of undercooling of the glass phase is much smaller. This This work was supported by the Swiss National Science
might be linked to the observation that the position of theFoundation, by the European Communigrogram ICA1-
transition line does not depend much on the exact amount d€T-2000-70018, Centre of Excellence CELDI&d by the
disorder in strongly disordered systems, since variations dPolish State Committee for Scientific Resea(kBN, Con-
the disorder density on a mesoscopic scale do not produdeact No. 5 PO3B 12421

*Corresponding author. Email address: angst@phys.ethz.ch tazawa, Phys. Rev. LetB0, 4297(1998.
1G. Blatter, M.V. Feigel'man, V.B. Geshkenbein, A.l. Larkin, and SH. Safar, P.L. Gammel, D.A. Huse, D.J. Bishop, J.P. Rice, and
V.M. Vinokur, Rev. Mod. Phys66, 1125(1994). D.M. Ginsberg, Phys. Rev. Let69, 824 (1992; H. Safar, P.L.

2T. Sasagawa, K. Kishio, Y. Togawa, J. Shimoyama, and K. Ki- Gammel, D.A. Huse, D.J. Bishop, W.C. Lee, J. Giapintzakis,

094518-9



M. ANGST et al. PHYSICAL REVIEW B 65 094518

and D.M. Ginsbergibid. 70, 3800(1993. Puzniak, J. Hofer, V. Alyoshin, and A. Sin, Supercond. Sci.
4R. Cubitt, E.M. Forgan, G. Yang, S.L. Lee, D.M. Paul, H.A. Technol.12, R1 (1999.
Mook, M. Yethiraj, P.H. Kes, T.W. Li, A.A. Menovsky, Z. Tar- 2°See, e.g., R.B. van Dover, E.M. Gyorgy, L.F. Schneemeyer, J.W.

nawski, and K. Mortensen, Natufeondon 365, 407 (1993. Mitchell, K.V. Rao, R. Puzniak, and J.V. Waszczak, Nature
SA. Schilling, R.A. Fisher, N.E. Phillips, U. Welp, D. Dasgupta, (London 342 55(1989; L. Civale, A.D. Marwick, M.W. McEI-
W.K. Kwok, and G.W. Crabtree, Natur@.ondon 382 791 fresh, T.K. Worthington, A.P. Malozemoff, F.H. Holtzberg, J.R.
(1996. Thompson, and M.A. Kirk, Phys. Rev. Le@5, 1164(1990.
6B. Khaykovich, E. Zeldov, D. Majer, TW. Li, P.H. Kes, and M. 3°See, e.g., M. Murakami, S.-I. Yoo, T. Higuchi, N. Sakai, J. Weltz,
Konczykowski, Phys. Rev. Let#6, 2555(1996. N. Koshizuka, and S. Tanaka, Jpn. J. Appl. Ph$8, L715
B. Khaykovich, M. Konczykowski, E. Zeldov, R.A. Doyle, D. (1994.
Majer, P.H. Kes, and T.W. Li, Phys. Rev. &, R517(1997. 813. Karpinski, S. Kazakov, M. Angst, A. Mironov, M. Mali, and J.

8K. Deligiannis, P.A.J. de Groot, M. Oussena, S. Pinfold, R. Lan- Roos, Phys. Rev. B4, 094518(2001).
gan, R. Gagnon, and L. Taillefer, Phys. Rev. L&, 2121  *2Actually the shielding current densify(t=5 min) is used rather

(1997. than the true critical current densify=j{(t=0), but since the
9D. Giller, A. Shaulov, R. Prozorov, Y. Abulafia, Y. Wolfus, L. time scale used is a typical one for SQUID measurements we
Burlachkov, Y. Yeshurun, E. Zeldov, V.M. Vinokur, J.L. Peng, still denote itj .
and R.L. Greene, Phys. Rev. Let9, 2542(1997). 33H.P. Wiesinger, F.M. Sauerzopf, and H.W. Weber, Physi@08
10T Nishizaki, T. Naito, and N. Kobayashi, Phys. Re\6& 11 169 121(1992.
(1998. 343. Attfield, A. Kharlanov, and J. McAllister, Natufeondon 394
1p. Giller, A. Shaulov, Y. Yeshurun, and J. Giapintzakis, Phys. 157 (1998.
Rev. B60, 106 (1999. 35M. Angst et al. (unpublishedl
127, Nishizaki, T. Naito, S. Okayasu, A. lwase, and N. Kobayashi,*®M.C. Marchetti and D.R. Nelson, Physical@4, 40 (1991).
Phys. Rev. B51, 3649(2000. 37Y. Abulafia, A. Shaulov, Y. Wolfus, R. Prozorov, L. Burlachkov,
By, Radzyner, S.B. Roy, D. Giller, Y. Wolfus, A. Shaulov, P. Chad- Y. Yeshurun, D. Majer, E. Zeldov, H. Wal, V.B. Geshkenbein,
dah, and Y. Yeshurun, Phys. Rev.@8, 14 362(2000. and V.M. Vinokur, Phys. Rev. Let7, 1596(1996.
14T, Nattermann, Phys. Rev. Lei4, 2454(1990; T. Nattermann  3®The observation of a prominent second peak at high temperatures
and S. Scheidl, Adv. Phyg9, 607 (2000. in the lattice phase can be explained by thermal production of a
15T, Giamarchi and P. Le Doussal, Phys. Rev. L&2.1530(1994); finite dislocation density. See Refs. 8 and 22.
Phys. Rev. B52, 1242(1995. 39M. Werner, F.M. Sauerzopf, H.W. Weber, and A. Wisniewski,
16\.P.A. Fisher, Phys. Rev. Let62, 1415 (1989; D.S. Fisher, Phys. Rev. B51, 14 795(2000.
M.P.A. Fisher, and D.A. Huse, Phys. Rev4B, 130(1991. “OM. Werner, G. Brandsteer, F.M. Sauerzopf, H.W. Weber, A.
17C. Reichhardt, A. van Otterlo, and G.T. Zima, Phys. Rev. Lett. Hoekstra, R. Surdeanu, R.J. Wijngaarden, R. Griessen, Y. Abu-
84, 1994(2000. lafia, Y. Yeshurun, K. Winzer, and B.W. Veal, Physica303
18D.R. Nelson and V.M. Vinokur, Phys. Rev. Le®8, 2398(1992; 191 (19998.
Phys. Rev. B48, 13 060(1993. 41C.P. Bean and J.D. Livingston, Phys. Rev. L&®, 14 (1964.
BW.K. Kwok, R.J. Olsson, G. Karapetrov, L.M. Paulius, W.G. 42|, Burlachkov, V.B. Geshkenbein, A.E. Koshelev, A.l. Larkin,
Moulton, D.J. Hofman, and G.W. Crabtree, Phys. Rev. L8f. and V.M. Vinokur, Phys. Rev. B0, 16 770(1994.
3706 (2000. 43E. Zeldov, A.l. Larkin, V.B. Geshkenbein, M. Konczykowski, D.
20y, Vinokur, B. Khaykovich, E. Zeldov, M. Konczykowski, R.A. Majer, B. Khaykovich, V.M. Vinokur, and H. Shtrikman, Phys.
Doyle, and P.H. Kes, Physica 295 209 (1998. Rev. Lett. 73, 1428(1994; E. Zeldov, A.l. Larkin, M. Konc-
21D, Ertas and D.R. Nelson, PhysicaZ2, 79 (1996. zykowski, B. Khaykovich, D. Majer, V.B. Geshkenbein, and
22T, Giamarchi and P. Le Doussal, Phys. Rev6B 6577(1997). V.M. Vinokur, Physica C235-24Q 2761(1994).

23A.E. Koshelev and V.M. Vinokur, Phys. Rev. &, 8026(1998.  **R.A. Doyle, S.F.W.R. Rycroft, C.D. Dewhurst, E. Zeldov, I.
24M.B. Gaifullin, Y. Matsuda, N. Chikumoto, J. Shimoyama, and K. ~ Tsabba, S. Reich, T.B. Doyle, T. Tamegai, and S. Ooi, Physica C

Kishio, Phys. Rev. Lett84, 2945(2000. 308 123(1998.
25D, Giller, A. Shaulov, T. Tamegai, and Y. Yeshurun, Phys. Rev.“°E. Zeldov, D. Majer, M. Konczykowski, A.l. Larkin, V.M. Vi-
Lett. 84, 3698(2000. nokur, V.B. Geshkenbein, N. Chikumoto, and H. Shtrikman, Eu-

26y, paltiel, E. Zeldov, Y.N. Myasoedov, H. Shtrikman, S. Bhatta-  rophys. Lett.30, 367 (1995; C.D. Dewhurst, D.A. Cardwell,
charya, M.J. Higgins, Z.L. Xiao, E.Y. Andrei, P.L. Gammel, and  A.M. Campbell, R.A. Doyle, G. Balakrishnan, and D.M. Paul,
D.J. Bishop, NaturgLondon 403 398 (2000; Y. Paltiel, E. Phys. Rev. B53, 14 594(1996.
Zeldov, Y. Myasoedov, M.L. Rappaport, G. Jung, S. Bhatta-*%See, e.g., H. Yamauchi, M. Karppinen, K. Fujinami, T. Ito, H.
charya, M.J. Higgins, Z.L. Xiao, E.Y. Andrei, P.L. Gammel, and Suematsu, K. Matsuura, and K. Isawa, Supercond. Sci. Technol.
D.J. Bishop, Phys. Rev. Let85, 3712(2000. 11, 1006(1998.

27N. Avraham, B. Khaykovich, Y. Myasoedov, M. Rappaport, H. ’M. Werner, Ph.D. thesis, Technical University Vienna, 1997.
Shtrikman, D.E. Feldman, T. Tamegai, P.H. Kes, M. Li, M. Kon- “®R. Ikeda, J. Phys. Soc. Jp85, 3998(1996.
czykowski, K. van der Beek, and E. Zeldov, Natytendon 49A.1. Larkin and Y.N. Ovchinnikov, Zh. Esp. Teor. Fiz61, 1221
411, 451(200)). (1979 [Sov. Phys. JETR4, 651(1972]; J. Low Temp. Phys.

283, Karpinski, G.I. Meijer, H. Schwer, R. Molinski, E. Kopnin, K. 34, 409(1979.
Conder, M. Angst, J. Jun, S. Kazakov, A. Wisniewski, R.5°We used the two-fluid approximation for the temperature depen-

094518-10



CRITICAL CURRENTS AND ORDER-DISORDER PHAS. .. PHYSICAL REVIEW B 65094518

dence of the superconducting parameters. S. Ooi, M. Konczykowski, and V.B. Geshkenbein, Nat(ren-
5IM.C. de Andrade, N.R. Dilley, F. Ruess, and M.B. Maple, Phys.  don) 406, 282 (2000.
Rev. B57, R708(1998. 53y, Radzyner, A. Shaulov, Y. Yeshurun, I. Felner, K. Kishio, and J.

52A. Soibel, E. Zeldov, M. Rappaport, Y. Myasoedov, T. Tamegai, ~Shimoyama, cond-mat/0112486npublishedl

094518-11



