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Zero-magnetic-field dynamic scaling in BySr,CaCu,Og thin films
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We investigate the zero-magnetic-field dynamic scaling #8BCaCyOg thin films from nonlinear current-
voltage(I-V) characteristics and by using the concavity criterion recently proposed by StrachariPhys.
Rev. Lett. 87, 067007(2001D]. We find that fresh samples show a BKT-like transition vwztf0.8, smaller than
expected for a conventional Berezinskii-Kosterlitz-Thouless transition. The effect of sample size and finite
Josephson coupling are discussed. We examine the effect of thermally-induced disorder in the oxygen sublat-
tice finding that the BKT-like transition is suppressed by point disorder.
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[. INTRODUCTION Within this context, dynamic scaling has been propéged
the BKT transition, resulting from the divergence of a time
Scaler asé?, provided its well established continuous nature.

aglricmzjeursf()tr”:—l'rreger']l'thieg Selrr(]adcc;rt]rrlli?tt;?enawnglhh?ErZ%_iso- The scaling ansatz is basically similar to that proposed by
P $HTS). Y 9 Fisher, Fisher, and Hug&FH),® but with a temperature de-

tropy of HTS promote decoupling between copper oxygen S . ,
planes, and breakdown of the superconducting coheren t_e?/ngspvte;e:;%m'éysgggnasby Eq2), and accordingly the

along thec direction. In 3D superconductorsaxis phase

coherence is due to the finite interlayd8osephsoncoupling, 1IZY[VT?] = g(17Rn(T)TH. (3)

but decoupling of vortex segments in adjacent layers may .

occur by increasing applied magnetic fields when intralayef\though the value of the dynamic exponer#t2 expected
interactions become dominant. In 2D superconductors, withor the BKT transition has been theoretically confirmed in
negligible interlayer coupling, the dissociation of logarithmi- Many numerical S|mulat|onsv, as for example the lattice Cou-
cally interacting vortex-antivortex pairs in the individual lay- 10mb gas with Monte Carfoor Langevin-type molecular
ers gives rise to the Berezinskii-Kosterlitz-Thoul&B&T) dynamics® or the 2DXY model with both resistively shunted

oy . 1030 .
transitior? at a finite temperaturdgy, in zero applied mag- lunction and relaxation dynami€s? experimental work
netic field. While extensive work has been directed to examShowing evidence of the=2 universality class are scarce in
ine the dynamics of the vortex phase transitions in presencd 1> Systems. A zero field BKT transition has been reported

of magnetic fields, comparatively less attention has been ddor the higTX anisotropic BSCCO and TBCCO super-
voted to the BKT transition. conductors-** assuming bunot testing the valug=2. In

Close to the unbinding transition @k, the correlation  fact quite high values ai~6 have been reportédh various
length &acr, representing the scale at which vortices begin to?D Systems and as low as 0.6—0.77 in Nb/Cu/Nb Josephson

Phase transitions in vortex matter have attracted conside

unbind takes the forén junctions array$JJA),*® questioning the universality class of
the transition. More recently it has been shown that finite
Ear(T) ~ exd [b/(T/Tgir — D1V2], (1) size effects can be responsible for large changes in the scal-

ing exponents as discussed by Medvedyetaall® and
Holzeret al,*” which may explain the large values of Ref.
5. A true BKT transition in ultrathinflone unit cell thick
YBCO films has also been questiod&dn the basis of size
effects. Reduced values, on the other hand, have been dis-
Rin(Ta exd - Zb/(T/ Taxr - 112, 2) cussgq in terms (_)f_ disqrd_er affecting the dynamigs of the
transition®® In addition, limited instrumental resolution has
where z is the dynamic exponent of the transition. At low also been shown to be critical in determining the correct
temperature$T < Tgyy), Vortex-antivortex pairs dissociate in exponents and transition temperature unambiguotisky:
the presence of applied current densitjés This results in  wide set of transition temperatures and exponents produce
powerlike dissipation of the forival T, with the tempera- equally satisfactory scaling plots, questioning the validity of
ture dependent exponeatT) exhibiting a sudden decredse scaling arguments to provide the correct critical parameters.
from the universal valuex(Tgkr)=z+1 to a(T>Tgky)=1.  Acriterion recently proposed by Strachanal.®?°based on

where b is a nonuniversal constant of order of unity. For
temperatures abovEgkr, the system develops a finite den-
sity of free vorticesn, ~ &) inducing Ohmic behavior at
small current densities as
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the change of curvature of the derivativesl f iosotherms

at the transition has been used to arrive at the correct sets of
exponents and critical temperature from scaling arguments in
different vortex systems. Summarizing, it is not clear
whether the observed departures from #? value result
from extrinsic effects like finite size or instrumental resolu-
tion, or whether intrinsic effects like disorder may change the
dynamics of a BKT-like transition.

In this paper, we investigate this issue analyzing the zero
field vortex system in epitaxial Bsr,CaCyOg thin films
4000 A thick. We report measurements of both nonlinear
current-voltage(1-V) characteristics and linear resistance
Rin(T). The criterion recently proposed by Stracledral 1°-2°
is used to arrive at the correct exponent and critical tempera-
ture from scaling arguments. Fresh,8LCaCyOg films
show a BKT-like transition withz=0.8, smaller than ex-
pected for the BKT transition but similar to that observed in
frustrated Josephson junction arrgysA).!® The possibility
of the vortex dynamics being affected by disorder is explored \
introducing thermally induced point like disorder in the oxy- \X

gen sublattice. We find that the BKT transition is suppressed
by disorder and the transition displays the scaling behavior

. ; > = 1
typically found under applied magnetic field. 1S & \\,\
g’ 86 K4 L
Il. EXPERIMENT > - \“
2 2- e,
-
©

Samples were grown of100) SrTiO; using a high pres-
sure (4 mbal pure oxygen sputtering apparatus at 900°C. | W
The correct oxygen stoichiometry was ensured byrasitu
annealing at 700°C in one pure oxygen atmosphere for 30

min followed by a slow cooling down ramf K/min) to 0 R i o ™
ensure an ordered structure in the oxygen sublattice. Samples 10 10 10 10
were epitaxial as proven by x-ray diffractigs-260 geometry (b) I(A)

and pole figuresand transmission electron microscopy. Fur- N I

ther details about sample preparation and epitaxial properties FIG. 1. (a) I-V characteristics in double logarithmic scale for the

can be found elsewhef&23 Underdoped samplesT. omogeneous BSCCO thin film in zero magnetic field. The tem-
" C

_ . . ) erature ranges from 75 Kower right) to 90 K (upper lefj. Tem-
=78 K) with a disordered oxygen structure were obtained b%erature increments for not labeled isotherms in the figure is 1 K.

vacuum annealing the samples at 500°C as proposed in R&f) perivative plotd log(V)/d log(l) vs | for the same sample as in
24. These postdeposition anneals do not produce other strugy

tural defects as inducing point disorderacanciey in the

oxygen sublattice as confirmed by x-ray diffraction andof the low temperature isotherms at the highest current and
transmission electron microscopyV curves were measured voltage levels are due to sample heating pronounced

on photolithographically patterned bridges with dimensiongump in the low current dissipation is observed around 86 K,
100X 400 um?. Contacts were done on evaporated silversuggesting a transition at this temperature. In the following
pads to ensure small contact resistances. A temperature stae use scaling arguments to show that this is actually a BKT-
bility better than 10 mK was ensured prior to data acquisidike transition and to obtain the critical exponenand the
tion. The effect of these postdeposition anneals on the scafransition temperature. The transition temperature is obtained
ing behavior described below was checked on three differerftom the derivative plot as suggested by Strackaal192°

samples to ensure reproducibility. The proposed criterion fol-V data is that logv/ vs log|
isotherms above and belolgkt must have opposite con-
IIl. RESULTS AND DISCUSSION cavities at the same applied currents. Figuge) Shows the

current dependence of the derivative of the 6gs logl

Figure Xa) shows the typical nonlinedrV characteristics isotherms of Fig. (@). Note that the isotherms below and
on a double logarithmic scale for a fresh,8i,CaCyOg thin  above 86 K have opposite concavities at the same current
film in zero magnetic field. The temperature range of thesdevel indicating a transition temperature in the range
[-V isotherms is from 75 K at the lower right to 90 K at the 85.5 K< Tzt <87 K. Now, in order to investigate the scal-
upper left in increments of 1 K. While theV characteristics ing properties of this transition, scaling plots were con-
at high temperatures have positive curvatures, negative custructed using Eq(3). Using the transition temperature,
vature is observed at low temperatufaste that the upturns Tgkr, of 86 K all isotherms collapse into a single master
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2208 b,z and Tgkt. In fact, if we tentatively fix the value of
Tyr=86K =2 for conserving the concept of universality of the BKT, it
is actually possible to scale the data of Fig. 1 but, with a
much smallefTgky. Figure 2b) shows a fairly good scaling
plot with z=2, but with aTgk7=83.85 K. Obviously, this
scaling is not consistent with the sharp resistance drop below
87 K, nor with the Strachan concavity criterion. Moreover, if
. 0 we fix the highervalue ofz=5.6 reported by Piersoet al.>
] it is also possible to scale the data of Fig. 1 eventually, but
with a much smalleffgc of 76 K. It is worth stressing that
-4 the scaling argument by its own is not sufficient to provide
84 88 92 the actual values of transition temperature and critical expo-
1072 rmprmprarregrerrere e nents, but the concavity criterion produces a value of the
" transition temperature which is consistent with the resistance
@) I%(R(T)T?) drop in resistance curves. This flexibility of the scaling has
been also discussed very recently by other autfforsis
10° important to notice here that the applicability of this scaling
to the BKT transition has been recently questioned on the
\ _

KOO

soinad soid sound s sovned sived ool voond vl il dised ol sl ol il

basis of size effectgdiscussed latg#® and on an inconsis-
tency with power law dependent isotherms below the transi-
tion temperature in the very small current lirffitAttempts to
reanalyze the data of Fig. 1 using 3D or quasi-#2f. 26
VG transition scaling relations proposed by Fisher, Fisher,
and Huse produced deteriorated scaling plots supporting the
picture of a BKT-like transition. To check reproducibility we
have measured two different samples all showing the same
behavior. Figures & and 3b) show I-V and derivative
plots, respectively. Figure 4 shows the corresponding scaling
plot with very similar scaling parameter as found for the
10" 10° 10* 10" sample of Fig. 2z=0.8,Tx1=86,b=1.2) supporting the pic-
(b) FIR(T)T? ture of a BKT-like transition in these samples.
We now discuss the occurrence of a BKT-like transition in

FIG. 2. (a) Scaling plot according to BKT theory, for the homo- connection with sample details. In the BKT theory the criti-
geneous BSCCO samplsame data as in Fig.(d], with param-  cal separation between a bound pajs, is defined(below
eters Bk7=86 K andz=0.8. Inset: Temperature dependence of lin- Tgkt) such that vortex pairs separated a distance greater than
ear resistance for homogeneous BSCCO thin film in zero magnetic, repel each other under the action of an applied current
field. The solid line represents the theoretical fit to E2). with densityj,p, thus giving rise to linear dissipation. The critical

parameters o£=0.8, Texr=86 K andb=0.9. (b) Scaling plot ac-  distancer, can be expressed2§s
cording to Ref. 14 with parameteffgr=86 K andz=2 for the

VT
>
[}
N

[N

o = 83.85 K

same sample as in Fig. 1. . bo

c— —1
curve for a value of the dynamic exponer#0.8, showing (8_°C)27w oo\ |
the BKT-like character of the transitidisee Fig. 2a)]. Fur- °

ther support for a BKT transition in our homogeneous . ) -
Bi,Sr,CaCy0 thin film is based on the analysis of the lin- Where ¢ is the flux quantum, is the permeability of
ear resistanc®;,(T) data obtained from the low current re- vacuum, and the ratie../ g, is approximately 1, witre., the
sistance vs temperature measurements at zero magnetic fig@@@rmittivity taking into account screening of pairs agthe
[see inset of Fig. @)]. An analysis of those data in terms of vacuum permittivityX , is the effective penetration depth for
Eq.(2) produced a very good fit with exactly the same values2 thin film which in the case of decoupled layers can be
of the parameters=0.8, and algyr value of 85.98 K and a  Written as\?/s, where\ is the penetration deptt=2000 A
value for the nonuniversal constabt0.9. The fit is also for BSCCO ands the interlayer distance\, can be esti-
illustrated in the inset of Fig.(). It is worth noting that the mated to be in the 10@m range for our BSCCO film. The
resistance data drops abruptly below 87 K suggesting a trueompetition between, and the sample characteristic length
superconducting state in our pure 2D system below 86 K. Iscales can drastically modify or even suppress the BKT
is interesting to remark that the same set of parametdrs transition® A first issue which deserves discussion is size
and Ty consistently accounted for the resistance measureeffects'’ Free vortices can be induced beldwyr resulting
ments and for the scaling, which is not necessarily the case ffom size effects when the critical distanceis larger than
the opposite concavity criterion by Strachah al. is not ~ min[W,\ | ], whereW is sample width. Since no free vortices
observed??° Due to the large scaling flexibility equally sat- are expected for.<min[W,\ ] size effects may yield
isfactory scaling plots can be constructed for different sets oin apparent transition, termed “ghost” transition by
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FIG. 4. (a) Scaling plot according to BKT theory, for the data of

15 T ;\ Fig. 3@), with parameterdzx1=86 K andz=0.8 andb=1.2.
7 \ ". L decoupling of the layers turning the vortex system into?2D.
. - “ \_ Similarly, increasing temperature can also induce decoupling
S 10- 84 K T due to enhanced fluctuations, and a low current decoupling
% . . 'w. ! " ! temperaturel” =84 K has been reported by Met al?’ for
= " \‘ I Lo BSCCO samples similar to ours which is below the transition
| [ ]
> 85K \ i k_ \1- = temperature of our sample. It has begn repSrtkdt, at low
% 51 ‘\ -i: v = temperatures, finite Josephson coupling may cut-off BKT be-
) 86 K "F .. havior whenr(j,p) becomes smaller than the Josephson
f'.r"-"::t':.‘:-b' length \; which is related to effective mass anisotropy,
- and interplane separatios, as\;=1vs. At in plane distances
r_"‘—-‘ shorter than\ ; vortices interact logarithmicallg2D) while at
0 - " " distances larger thak; the interaction becomes lineésD).
o 10 10 A 10 BKT behavior will then be suppressed where \; what,

according to the expression given above ffgrsets a lower
FIG. 3. (a) I-V characteristics in double logarithmic scale for an current limit below which 3D effects are observed. On the
1G. 3. (3) uble 109 ...~ other hand 3D vortex correlations are destroyed by thermal

additional homogeneous BSCCO thin film in zero magnetic ﬁeld'fluctuations and the lavers decouple favoring 2D correla-

The temperature ranges from 77 #ower right to 90 K (upper i This introd y | thp 4 289 hich h

left). Temperature increment for the isotherms in the figure is 1 K_blons. IS 1n r((; UCSS a nEW engh s¢ %’2?{ which has

(b) Derivative plotd log(V)/d log(l) vs| for the same sample as in P€EN estimated to dep/,p=yé:, whereg. is the vortex cor-

@. relation length in thec-direction. Vortex decouples for in-

plane distances longer th#,,p. The competition between

Medvedyevaet al1® obeying a specific scaling behavior. Us- both length scalek, andlspzp is responsible for 3D effects

. . . . to be present in a current interval belo such that
ing the expression for, given above, and since, and W P Wcr

. ) Ny<r.<lsppp, as reported recently by Piersat al. for
are both in the 10Qm range, size effects are expected for BSCCO single crystafs.Note that when temperature is in-
current levels such that

creased towards the transition temperature this interval will
narrow sinceé. will approachs, and thuslzp,p Will ap-
A< b proachh ;.
(3)277“ 1o\ Our results reveal that the dynamic critical exponerg
€0 02D L 0.8, smaller than that expected for BKT transition but similar
to that observed in frustrated Josephson junction arrays
i.e., l,p<2x10°A, a current range practically out of our (JJA).X> A possible explanation for the reduced value of the
experimental windowsee isotherms of Fig.)1We therefore  exponentz is the effect of disorder on the dynamics of the
do not expect the observed scaling behavior being affectedortex system as proposed in the case of FJFhe effect of
by size effects. Another issue to consider is the influence opoint disorder through modified pinning has shown to deeply
3D correlation in our BSCCO sample. Although there is con-influence the vortex phase diagram. To further explore the
sensus that at low magnetic field and low temperatures mfluence of point disorder on the dynamics of the vortex
finite interlayer(Josephsoncoupling may exist in this highly  system we have analyzed samples with point disorder intro-
anisotropic superconductor, it is well known that increasingduced intentionally during the vacuum postgrowth anneal.
an applied magnetic field perpendicular to the layers trigger§he effect of quenched disorder was supported by the in-
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FIG. 6. FFH scaling plot for the disordered BSCCO thin film in
zero magnetic fieldsame data as in Fig(&].

magnetic field is obtained using the FFH scaling relétion

E(J) ~J &2 7ELIE)  do/ke T, (4)

where ,~|T-Ty|™ is the vortex-glass coherence lengih,
andz are the static and dynamic exponents, respectively, the
parameterD is the dimension of the system, afd is a
universal scaling function abovéE,) and below(E.) T,
Critical exponents were=1.4 andz=4.85 similar to those
found for YBaCu;O,_s in presence of magnetic fie?él,Tg

0 P . S » =77 K andD=3 ( see Fig. 6. The same behavior was found
10 10 10 10 in other two different samples after the same annealing pro-
(b) I(A) cess. An example of the reproducibility is shown for one of

them in Figs. 7 and 8. This sample had a slightly highgr

FIG. 5. (@ I-V curves in log-log scale for the disordered =79.6 K and critical exponents'=1.4 andz=4.7) also very

BSCCO sample in zero magnetic field. The temperature rangeg; . . .

. L imilar to those found for the sample of Fig. 6. Again, a
from S0K .(lower right to 85 K (upper lefy in increments of 1 K. reasonable collapse consistent with a 3D vortex system was
(b) Derivative plotd log(V)/d log(l) vs | for the same sample as in

@ obtained(see Fig. 8 While it is clear that this scaling re-

' flects a change of the dynamics of the vortex system with
crease of the normal state resistivity relative to that of homopoint disorder, we stress that the concavity criterion is not
geneous sample and a slight reduction of the critical temsatisfied unambiguously, and due to the large flexibility of
perature. Shown in Fig. (8 are thel-V isotherms for a the scaling parameters this does not permit us to conclusively
disordered BiSr,CaCyOg film measured at zero magnetic determine whether a change in the dimensionality occurs.
field. From an analysis of those data in terms of the derivaThis result seems to be at variance with previous studies on
tive plots shown in Fig. @) one could say transition tem- the effect of percolative disorder in Nb-Au-Nb JJASThey
perature to be around 78 K, but instrumental resolution doefound that although disorder suppres3gsnd broadens re-
not allow us to exclude the possible existence of an ohmiistive transition, the scaling invariance of the transition is
tail at lower currents for th&=78 K isotherm, and thus the conserved as shown by not modified values of the dynamic
transition temperature cannot be determined unambigouskxponentz. This result was discussed in connection with the
from the concavity criterion. However it is clear that the theoretical analysis of Hard$ of the disordered 2D Ising
79 K isotherm has an ohmic tgénd downward curvature in  model. However it is important to remark that at the time
the derivative plotand the 76 K isotherm has a clear upward Ref. 29 was published the concavity criterion was not known
curvature in the derivative plot, this pointing to a transitionand we do not know how the scaling flexibilty might have
in the vortex system in the temperature range 76—79 K. Nevaffected the value of the critical exponentOur result, on
ertheless, no matter which transition temperature was used the other hand, illustrates that quenched disorder has a dras-
this range(76—79 K), it was not possible to scaleV curves tic effect on the dynamics of the vortex system suppressing
according to a BKT transition scheme, what allows discardthe BKT-like transition. Several examples exist in the litera-
ing this mechanism for the transition. On the other hand, dure where samples with the same composition and in the
good scaling similar to that typically seen under an appliedsame magnetic fields show different dimensionality of the
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\ '\_ . FIG. 8. FFH scaling plot in zero magnetic field for the same data
47 . -\.\ | l as in Fig. 7a).
= 78K~ % wimw |l
5 3 . \. \a_"'.ﬁb reported in high magnetic field$,other authors have found a
3 79K A" T, 3D transition at the same doping level and magnetic figlds.
% , - e ™ These differences can be explained by different levels of
3 "BO_K_\;- ‘-"*-.._.E disorder which are expected to result in different anisotropy
© e ._-“‘"""‘-"'a: values. However, previous studiésn the effect of disorder
1 ﬁhﬁ generated by vacuum annealing of BSCCO filgsisnilar to
those used heyeshow that carrier concentration is reduced
0 . . and anisotropy is increased, suggesting that the suppression
10° 10% 107 of the BKT transition is most likely related to the generated
(b) 1(A) pointlike disorder. Further work will be necessary to clarify

the influence of disorder on the vortex transition in zero
FIG. 7. (a) I-V curves in log-log scale for a different disordered magnetic field.

BSCCO sample in zero magnetic field. The temperature ranges In summary, we have explored the zero field vortex matter
from 59 K (lower right) to 87 K (upper lefy. Temperature incre- in Bi,Sr,CaCuyQg thin films. We have provided evidence for
ments are 2 K below the isotherm marked with 77 K and 1 K aboveg BKT-like transition in fresh high quality epitaxial samples.
it. (b) Derivative plotd log(V)/d log(l) vs | for the same sample as  Scaling arguments and the concavity criterion consistently

in (a. yielded a reduced value of the dynamic exponenD.8,

similar to that found recently in JJA. The introduction of
glass transition. This is most likely due to different anisotro-point disorder suppresses the BKT-like transition and yields

pies resulting from different disorder. For example, aa behavior like that usually observed under applied magnetic

quasi-2D vortex glass transition has been observed fdfield, i.e., the concavity criterion is not demonstrated unam-
TI,Ba,CaCyOg thin films at low fields(H=0.1 T);** how-  biguously.

ever a 3D VG transitioft was found for the same compound
and in the same magnetic field, suggesting different anisotro- ACKNOWLEDGMENTS

pies in both samples. Concerning deoxygenated YBCO This work was supported by MCYT MAT 2002-2642 and
samples, while a quasi-2D vortex glass transition has beeGAM 07N/0032/2002.
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