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Deviations from plastic barriers in Bi,Sr,CaCu,Og, s thin films
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Resistive transitions of an epitaxial f8ir,CaCyOg, s thin film were measured in various magnetic fields
(Hllc), ranging from 0 to 22.0 T. Rounded curvatures of low resistivity tails are observed in Arrhenius plot and
considered to relate to deviations from plastic barriers. In order to characterize these deviations, an empirical
barrier form is developed, which is found to be in good agreement with experimental data and coincide with
the plastic barrier form in a limited magnetic field range. Using the plastic barrier predictions and the empirical
barrier form, we successfully explain the observed deviations.
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One of the most intriguing features of high-supercon- For explaining the vortex dynamics of HTSCs, many the-
ductors(HTSCs is the remarkable broadening of resistive oretical approaches have been proposed to characterize the
transitions in applied magnetic fields. The broadening is reactivation energies:®°-1!Among these approaches, the scal-
lated to thermal barriergthermal activation energiesor  ing of the barrield « H"Y3(1-t) was first theoretically sug-
vortex motion. In general, the vortex motion can be dividedgested by Geshkenbeat al. in 1989% and then developed
into three characteristic regimé&s. In the high-temperature by Vinokur et al® This theory is based on the model of
regime where the barriddy<T, resistivity is given by flux plastic flux creep ascribing the dissipation to the plastic shear
flow resistivity p=B/H,. In the intermediate temperature of dislocations in a weakly pinned vortex liquid. It seems
regime, flux motion occurs through thermally assisted fluxthat this model perfectly describes the barrier relation of Bi-
flow (TAFF), where flux lines are weakly pinned in the vor- 2212 thin films determined by Kucerd al.” and Wagneet
tex liquid with Uy>T, and resistivitypexp(-Uy/T), where  al.2 However, this model is based on the analysis of 3D
U, is independent of the current densijtyfor j—0. In the  vortex dynamics that provides a poor correspondence with
low-temperature regime, the formecexp(-Uy/T) remains  the highly 2D vortex matter for which vortex cutting and
valid for the resistivity analysis withy(j) growing unlimit-  reconnecting can change the plastic barriers in the same or-
edly for j—0, thus leading tp— 0. der of magnitudé&.Previously, most of the published papers

Bi,Sr,CaCuOg, 5 (Bi-2212) is a strongly anisotropic su- have extensive discussions on the regions of validity of the
perconductor with a layered crystalline structure. The correplastic creep concept. Deviations of the concept in experi-
sponding vortek3 matter is highly two-dimensiongPD) in ~ ments are observéd®!2 but have not been studied de-
high magnetic fields, and is 3D in low magnetic fields. Thetailedly until now. As a consequence, a detailed study of the
study of the activation energy of Bi-2212 is very interesting,creep deviations from the plastic barrier model predictions is
as its TAFF regime is very broad and gives the necessargf primary interest.
knowledge for understanding the vortex characteristics in In this paper, we report measurements of resistive transi-
HTSCs. Generally, resistivity in the TAFF regime is often tions of a Bi-2212 thin film in magnetic fields parallel to
analyzed in an Arrhenius plot with the approximation axis from 0 to 22.0 T. Comparing these transitions with pre-
In p(T,H) =1In po—Uy/T,® where Inpy is the logarithmic re-  viously published papers, we develop an empirical barrier
sistivity for linearly extrapolating to I'=0, andUy is the  form for describing the deviations from plastic barriers. We
average slope for the resistivity data in the low resistivityfind that this empirical form coincides with the plastic barrier
portion of the curves. Palstrt al® found a power-law de- form in a limited magnetic field range. By using this new
pendencelocH™ with py being several orders magnitude expression, we successfully explain the observed deviations.
larger than the normal state resistivity in HTS_Cs. Kucera Epitaxial Bi-2212 thin films were prepared by an inverted
et al’ suggested that the prefactpg could be highly re-  cylinder magnetron sputtering technique t00) SrTiO,
duced with a factor exiJo/Tc) and that the activation en- and (100 LaAlO; substrates. The composition of the target
ergy UorH™Y2(1-T/T,) for Bi-2212 thin films, whereT,  was compensated in order to reach an ideal composition in
was the critical temperature. The same relatigpwH™>%(1  the thin films. The sputtering gas was a 1:1 mixture of Ar and
-t) was also suggested by Wagretral® for Bi-2212 thin O, at 100 Pa. Deposition temperature was in the range of
films, wheret=T/T.. 810 °C-840 °C. After deposition, Bi-2212 thin films were
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FIG. 2. Magnetic-field dependence 0f, in both of the double
FIG. 1. The Arrhenius plot of the BSr,CaCyOg, s thin film. log scale and the double linear scéilese). The solid lines are plot

From left to right:oH=0.0, 0.0037, 0.0052, 0.0070, 0.0089 0.013, "égressions ob), for two different field regimes.

0.021, 0.030, 0.050, 0.078, 0.113, 0.157, 0.302, 0.604, 1.0, 2.0, 3.0,

5.0, 8.0, 12.0, 15.0, 18.0, 22.0 T. The dashed lines are linear regreear for 1196<U,<5620 K corresponding to the field re-

sions of the data in the range p,<p=<10"?p,. The inset is the gime of 0.02%& ugH=<1.0 T, where the regressions in the

p(T,H=0) curve. Arrhenius plots as shown in Fig. 1 are also linear, so that the

annealed in an atmosphere of 10 Pa pugea0-500 °C for detgrminations of Imy(Uy) are quite accurate through the
45 min. X-ray diffraction patterns show that thin films are regime, _and can_be assuredly used to deduce some important
highly c-axis oriented and epitaxial. The studied film with a Information as discussed below.
thickness of 210+20 nm was patterned with a microbridge Considering the fact that many authors suggestkd
[500 um (length X 100 um (width)]. Gold leads were stuck > (1-1)# with =1 in Refs. 4-8 and 13-15=1.5 in Refs.
onto the film with silver paste. In order to reduce the resis6, 9, and 108=2 in Refs. 6 and 9, and thg value selected
tance between the film and the gold wires, the film wasffom 1.5 to 2.4 in Ref. 16, we start by assuming that
baked at 350 °C in flowing oxygen for 6 h. Bipolar DC cur- =pos €Xi-U(T,H)/T], where py is constant, U(T,H)
rent of 40uA (corresponding to the current density of =g(H)f(t), g is the magnetic field dependencis (1-t)%,
~190 A/cn?) was applied for the resistive measurement.and 8 accounts for the nonlinearity in the Arrhenius plot.
This current density ensures that the low resistivity is ohmidJsing the progression(1-t)#=1-pgt+B(B-1)t?/2!- B(B
in the most range for the measuremént. -1)(B-2)t3/3!+---, we obtain Inp=(In py;+9B/T,)
Figure 1 shows(T,H) data of the Bi-2212 thin filminan —(g/T)[1+8(B-1)t?/2!1-B(B-1)(B-2)t3/3!+---], where
Arrhenius plot. The dashed lines in Fig. 1 are linear regresthe term(In po;+9B8/T.) =In py is temperature independent.
sions for the resistivity data range of fp,<p=<1072p,, With =1, we have Ipg=In pos+Uy/ T, as observed in the
where p,=p(120 K) =300 uf) cm. A detailed examination linear part of Fig. 3 for 1196:U,<5620 K (denoted by
of each curve suggests that these regressions are in goadows, whereUy=g. Here, the linear Ip(Uy) portion cor-
agreement with three or four order of magnitude of the reresponds to the field range of 0.02uoH<1.0 T. By lin-
sistivity data in a limited magnetic field rangé@.021 early extrapolating Ipg(Uy) to Uy=0, we find that py
<ueH=<1.0T), but do only approximately average the =~69.7 u{) cm, andT.~83.1 K is the approximation of the
rounded curvatures for the other ranges. In following discusinverse value of the slope in the double linear scale. Assum-
sion, we will simply use some special field values as just

mentioned above, which are arbitrarily defined by the in- 240 —

tended field values in measurements, as these values shall be 8 o y~

close to the precise characteristic field values of the sample 200 ¢ % V. J

in reality and give very close information about the vortex ? 6of & 0] = g

matter. i < 100 1000 10000 /’/
Figure 2 showsUy(H) data. The linear regressions of £ 120} o 1) ;,r’

Uog(H) in the plot suggest a power-law dependeridg S wof \y,r'

o« H™ with a=0.258 for ugH=<0.113 T, anda=0.490 for £ e

moH=0.157 T. The second value consists with the plastic wf - o Linear-linear scale

barrier form and the results determined in Refs. 7 and 8. V" --—- Plotregr.

However, rounded curvatures in the low resistivity portions o 5000 10000 15000

are observed in the Arrhenius plot farpH <<0.021 T and U, (K)

uoH>1.0 T, which are apparently not described by the plas-
tic barrier form.

Figure 3 shows the Ipy(Uy) relation in both linear-linear
and log-log scales. Note that fg(U,) is approximately lin-

FIG. 3. Inpg(Ug) data in both of the linear-linear scale and the
log-log scale(insed. The dashed lines represent the plot linear re-
gressions for 1198 U,<5620 K (as denoted by the arroyvs
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FIG. 4. (a) The different symbols give #In p/JT~* data in sev-

eral magnetic fields as denoted by corresponding symbols. The doﬁj

ted line is the flux flow boundary determined (in). (b) The solid

lines presentU(T,H)=TIn[py/p(T,H)] data for all the tested
magnetic fields. The dotted line $=T corresponding to the flux
flow boundary(c) The solid lines are(T,H) data for all the fields.
The dashed lines ite)<(c) are regressions using the empirical bar- Crossing points between th&T,H) lines and the dotted line
rier form with the samey(H) and B(H) (see texk

ing B=const, a linear Ipy(Uy) relation will be found. Obvi-

ously, B=const(including 8=1) cannot account for the non-

linear portions of Impy(Upy) curves in the regimes ol
<1190 K andUy>5620 K. It is interesting to note that #

is magnetic field dependent, becomes magnetic-field de-
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FIG. 5. Solid circles preserg(H) data and open circles show
B(H) data. The dashed lines correspond to the plot regressions in
the log-log scale. The inset showsH) and B(H) data in linear-
linear scales.

7 and 8. These temperature dependences do not support the
f=1-t argument even by substitutinig(H) for T..

For high fields, each &n p/dT"' monotonously de-
creases with temperature from low temperature to a local
minimum. One may take the data around these minim#&for
simulation in which a constarg for =g In p(T,H)/dT™* data
ay be determinet;'® However, taking into account the
ux flow conditionU=<T, this may lead to a wrong result.
Figure 4b) showsU(T,H) =T In[ po/ p(T,H)] data with solid
lines and the flux flow boundary =T with the dotted line.
The flux flow temperatur@&;;(H) can be determined with the

U=T. We thus draw the flux flow boundary,
-dIn p(T¢s,H)/dT7L, with a dotted line in Fig. @). It is
found that minima of 91n p(T,H)/dT~* may result in a cor-
responding temperature higher th@n for high fields. This
means that the determination of a const@ghfaround the
minima of =9 In p(T,H)/dT~* shall be dismissed.

As a result, we argue that we have to dsg1-t)? as a

pendent, and thus a nonlinear character is introduced into thgubstitute forf=(1-t) in the barrier definition, wherg is

In po(Uy) dependence.

Previously, a magnetic-field dependdémnwas proposed by

magnetic-field dependent. The dashed lines in i) dor-
respond to the best regressions using the expression

Palstraet al® and Kim et all® by introducing a magnetic-
field dependent,(H) instead ofT, for the barrier scaling.
Assuming T,=T./B, we find Inpg=In pos+g/T, for the
similar explanation of the nonlinear fp(Up). In Bi-2212
thin films, Kuceraet al” and Wagneret al® suggested that
the barriers should scale according Wo<H 14(1-t) with

a constantT; in t. However, U(T,H) data for the low
resistivity portion as mentioned by the authors in Fig. 4 of
Ref. 7 do more favorT,(H) than T.. Figure 4a shows
-dIn p(T,H)/dT! data with different symbols for different
magnetic fields. In the field range 0.02uH=<1.0 T (not

all shown in the figure for clarify the data are roughly tem-
perature independent in the TAFF regime, indicating that =~0.751, andB increases with decreasing field, indicating a
«(1-t). Note thatf=1-t will lead to -dln p/dT1=U deviation from the plastic barrier model. As mentioned in
-ToU/dT=g, where theg is temperature independent. For many articles?-?! the binding and unbinding behaviors of
uoH>1 T in the TAFF regime, #In p/dT ! of our Bi-2212 2D vortex-antivortex pairs dominate the low resistivity in the
thin film in Fig. 4(@ and Bi-2212 crystals in Ref. 6 are low magnetic field range. Obviously, the 2D behaviors do
temperature dependent. It seems that similar temperature deet relate to the plastic vortex motion. In the range of
pendences can also be deduced from high-field data in Ref8.021= ugH<1.0 T, B=1, «=0.275 for 0.02% ugH

U(T,H)=g(1-t)? for which the resistivity data in the range
of 10%p,<p=<102p, are used, wherg and 3 are free fit-

g(H) and B(H) for =dIn p(T,H)/dT* and p(T,H) in Figs.
4(a) and 4c), respectively. These regressions are in good
agreement withJ(T,H), =dIn p(T,H)/dT™%, and p(T,H) in

the TAFF regime.

Figure 5 showgy(H) and B(H) data, respectively. From
the figure, we can roughly divide thpdata into four mag-
netic field regimes according to the field values that were
used in the measurements. We find that kgitd) and B(H)
have an apparent increase faipyH=<0.013 T where «
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ting parameters. We also present dashed lines using the same
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<0.113T, and a=0.502 for 0.15&ugH<1.0T. For between couplingreconnecting and decoupling(cutting).
0.021= uoH=<0.113 T, the intervortex spacing is relatively These changes may gradually drivéT ,H) into thej depen-
large and the vortex matter is in a 3D state where the vortedent regime with decreasing temperature jfe 0.
system is very close to or can be in the plastic barrier Itis easily found that the barrier estimations with the em-
regime’® For 0.15%& uoH<1.0 T, botha and 3 have the pirical and the plastic barrier formg in Fig. 5 andU, in
values predicted by the plastic form, indicating that the vor-Fig. 2) have the same order that is just consistent with the
tex system is in the plastic barrier regime. Note that theplastic barrier prediction for any vortex deformativom this
vortex system changes from 3D to 2D at a crossover fieldtase, the empirical form coincides with the plastic barrier
uoHq=4¢,/ v°d?, wherey is the anisotropic factor with 50 prediction. The similar barrier relation and values, obtained
< y=<200 in Bi-2212'-3d is the interplanar spacing, ant) by ac susceptibility measurements of a similar Bi-2212 thin
is the flux quantum. If 0.15% ugH < ugHg, the vortex sys-  film for ugH<1.0 T, give a support to thg(H) determina-
tem is 3D for the plastic barriers. JigHg<uoH<1 T, the tion22
system is in a 2D state where it maintains some 3D charac- Note that the increasing (8> 1) is a common behavior
teristics allowing plastic barrier behaviors. These 3D characwith increasing 2D feature fouoH<0.013 T and uH
teristics are gradually destroyed by further increasing the-1.0 T. This implies that the increasing features, as
magnetic field(uoH>1.0 T), where «~0.355 andg in-  shown in Fig. 5, give the signs of a crossover from 3D to 2D,
creases withugH as shown in Fig. 5. FopgH>1.0 T, the  which differs on both field sides by its strength. Fdr- 0,
vortex matter gradually crosses over into a highly 2D statehe low resistivity portion is dominated by the 2D behaviors
where 2D vorticegpancake vorticgsare largely overlapped of binding and unbinding of vortex-antivortex pairs. In high
and 2D collective interaction dominates the vortex behavfield, influences of interlayer decoupling and 2D collective
iors; besides, the plastic vortex behavior has to fade awalgehaviors must be taken into account for increasing
due to a strong interlayer decouplitig:*2In particular, Kuc- In summary, based on experimental results, we have de-
eraet al” and Wagnert al® also mentioned deviations of veloped an empirical barrier fortd o« H=*M (1 -t)A" in Bi-
the plastic barriers at high magnetic fields which were sug2212 thin films. This expression coincides with the plastic
gested to relate to a 3D to 2D transition. barrier prediction over the magnetic-field range 0.021
Note that bothU(T,H) and -9In p(T,H)/dT ! increase <y H=<1.0 T, and can be applied to account for the devia-
with decreasing temperature and deviate from the regressioni®ns from plastic barriers in Bi-2212 thin films. Moreover,
in low temperature. This implies that the vortex coupling andthis model may possibly be used for the analysis of TAFF
pinning are enhanced. The deviations corresponding to thieehaviors in other HTSCs.
curvature differences and the curve separations between ex- This work was financially supported by the National Sci-
perimental data and fittings are a consequence of changes efice Foundation of ChingGrant Nos. 10174091 and
competitive relations between pinning and depinning, and.0174093.
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