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Scaling of the Flux Pinning Force in Epitaxial Bi,Sr,Ca;Cu3;0, Thin Films
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Magnetic-field and temperature dependence of the critical current density J. is investigated in epitaxi-
al Bi;Sr2Ca,Cu3Oy thin films. For the magnetic field H applied parallel to the ¢ axis, the flux pinning
force density F, (=J.B) exhibits clear scaling behavior when H is normalized by the irreversibility field
H*. The maximum pinning force density scales linearly with H*. This is the first observed scaling of
Fp in high-quality thin films of Bi oxides, which we can reasonably explain with flux-creep theory by as-
suming that the activation energy is proportional to the flux line spacing.

PACS numbers: 74.60.Ge, 74.60.Jg, 74.72.Hs, 74.76.Bz

Bi oxide cuprate superconductors, Bi;Sr;CaCu,O,
(Bi-2212) and Bi;Sr,Ca,Cu3O, (Bi-2223), are techno-
logically important because relatively high transport criti-
cal current densities, J, ~108-10° A/m?2, can be obtained
in polycrystalline samples such as Ag-sheathed tapes
[1,2]. J., however, declines precipitously with magnetic
field at moderate temperatures (> 30 K) because of
weak flux pinning [1]. The mechanism controlling J. in
the Bi oxides is one of the key issues for the application of
this material. The irreversibility temperatures and the ir-
reversibility fields H* above which magnetization be-
comes reversible and hence J. becomes zero are much
lower than those observed in YBa,Cu;07; (YBCO) [3].

Recently, we prepared high-quality, epitaxial Bi-2223
thin films by metalorganic chemical vapor deposition,
showing high critical temperatures 7. of 92-97 K [4].
These films have the highest reported J. for the Bi-oxide
system: J.= 102 A/m? at 77.3 K in high magnetic fields
(1-8 T, Hlla-b plane) [4,5]; zero field J.=1.3x10'°
A/m? at 70 K and 10'" A/m? at 30 K [6]. In this Letter
we report clear scaling behavior over a wide temperature
range, 20-60 K, for the flux pinning force density F),, cal-
culated from J, values measured in fields parallel to the ¢
axis. Such F), scaling has been observed in the transport
J. of YBCO polycrystalline thin films [7] and epitaxial
films [8,9] in limited temperature ranges, but until now
was not reported for high-quality Bi-oxide thin films.
The F, scaling, which is technologically important in pre-
dicting the J. behavior in magnetic fields, is reasonably
explained using flux-creep theory by assuming that the
activation energy is proportional to the flux line spacing
ao.

The details of sample preparation have been reported
elsewhere [4]. The 60-80 nm thick films used in this
study, deposited on LaAlO; (100) single-crystal sub-
strates, were characterized by x-ray diffraction to be
single-phase Bi-2223 thin films with the ¢ axis oriented
perpendicular to the film surface. High-resolution scan-
ning electron microscopy and reflection high-energy elec-
tron diffraction observations confirmed that they were
epitaxially grown without apparent grain boundaries.

The transport J. was measured by a four-probe dc
method for bridge patterns with narrow strip lines, 2 mm
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long and 50 um wide, made by a chemical etching tech-
nique. Evaporated silver film pads were used as elec-
trodes, which were annealed at 300 °C to reduce the con-
tact resistivity. J, is defined by a criterion of 2 uyV/cm
electric field. Magnetic fields were always applied per-
pendicular to the transport current.

Je(H,T) measured in applied fields parallel to the film
surface (a-b plane) was almost field independent at tem-
peratures S60 K [Fig. 1(a)], while J., (H,T) measured
in fields perpendicular to the a-b plane decreased sharply
with field except at low temperatures (<20 K) [Fig.
1(b)]. Such anisotropic J. behavior comes from the
quasi-two-dimensional nature of the Bi oxides [6,10,11].

For magnetic fields applied parallel to the ¢ direction,
the flux pinning force density F, =J., (H,T)B was found
to scale with the irreversibility field H* and the max-
imum pinning force density F,_ . H* was determined to
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FIG. 1. Critical current density J. measured in a Bi-2223
thin film at various temperatures (a) in magnetic fields applied
parallel to the a-b plane J.i(H,T) and (b) in fields parallel to
the ¢ axis Joo (H,T).
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be the field at which J. defined in this particular case by
the criterion of 1 yV/cm is less than 107 A/m? [5]. The
H* values are not dependent on the definition much be-
cause of the steep J. decline with magnetic field at
T =30 K [12]. When the magnetic field was normalized
as h=H/H?¥, clear scaling behavior was observed in Fy
(Fig. 2). Similar scaling was also observed in the other
two samples with lower J.’s over the temperature range
20-60 K. The F,_, values scale linearly with H* for
three different Bi-2223 thin film samples as depicted in
the inset of Fig. 2. The physical interpretation of these
data will be given later. For YBCO a scaling of the form
F,=K(H*)"Vh (1 —h)? has been reported for a limited
temperature range (71-81 K) [7,9]. However, too large
H* values at lower temperatures hindered the observa-
tion of the exact scaling behavior over a wider tempera-
ture range [7,8], and no analysis has been able to explain
the F), scaling for YBCO satisfactorily.

Figure 3 shows the Arrhenius plots of the resistivity
p(H,T) measured in fields parallel to the ¢ axis for the
same sample whose J. data are shown in Fig. 1.
T.(R=0) was ~86.5 K. Except near 1/T, where super-
conducting fluctuations set in, these plots are almost
linear in a wide 1/7T range, which indicates that the resis-
tance is caused by a thermally activated process. Tem-
perature independent linear logp-1/T plots have been re-
ported for Bi-2212 single crystals [13] and thin films
[14]. From the data of Fig. 3 the activation energy U,
was calculated and plotted against H in the inset of Fig.
3. The p(H,T) data were taken with small J=2.5x10°
A/m? Essentially the same p-T curve was also obtained
using a smaller current density, which means that the
resistivity has been measured in the linear portion of the
J-E characteristic. In this experiment, therefore, the cal-
culated Uy is for the limit J = 0. The inset of Fig. 3 indi-
cates that Uy is proportional to H ~%3' = 1/~H. This
1/NH dependence of Uy has been demonstrated in the de-
tailed analyses of p(H,T) data in Bi-2212 thin films
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FIG. 2. Scaling of the flux pinning force density F,=J.B

measured with the field parallel to the ¢ axis. Inset: Relation-
ship between F, __ and H* for three different thin film samples.
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[14,15] and has also been observed in Bi-2212 wires [16],
although a 1/H dependence has been observed in YBCO
[8,171.

The physical origin of the observed 1/~/H dependence
of Uy is proposed by Geshkenbein et al. [18]. In this
model Uy is associated with the plastic deformation of
flux line lattice (FLL) at FLL dislocations, analogous to
the thermally activated motion of edge dislocations in
crystals. Up is estimated as the energy required to create
a double kink in the flux line,

Uop=2€1a9= (®F/2m1or?) Inx(dy/B) /2

=poH24nE  Ink(do/B) 72,

where g is the extra energy per unit length of the flux
line along the CuO; plane, A the penetration depth, & the
coherence length, and k =A/& [18]. This model is similar
to Tinkham’s model of thermally activated vortex lattice
shear which explains the 1/H dependence for YBCO
[19], in that ‘“the motion of a row of fluxons past neigh-
bor rows” [18] occurs. However, in highly anisotropic
Bi-oxide system, FLL deforms plastically forming double
kinks rather than shearing without kinking [14,18].

We discuss the F, scaling observed in our Bi-2223 thin
films based on the theory of flux creep [20-22]. In inter-
mediate magnetic-field range, H, <H < H,,, collective
effects of flux lines are important. The electric field in-
duced by the motion of “flux bundles” is given by E
=Bdvoexp(—Ux/kT), where d is a distance which the
flux bundles move (of the order of ag), vp is an attempt
frequency, and Uex is an effective activation energy.
Thermally activated flux motion is assisted by the driving
force F=JB, and in the original Anderson-Kim model
Uer is expressed as Ueg=Uo—JBV,X,, where V, is the
activation volume and Xj, is the effective range of the po-
tential well [20]. If Jo=Uo/BV,X is defined as the zero-
temperature pinning force density when there is no
thermal activation and j=J/Jy, Uex can be written as
Uer=Up(1 "j)
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FIG. 3. Arrhenius plots of the resistivity p(H,T) for the field

parallel to the ¢ axis. Inset: Activation energy Up plotted
against applied field H.
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Until now there have been many reports that suggest
that Uer is not a linear function of J, but has an upward
curvature [17,23-25], which was already pointed out in
the classical paper of Beasley, Labusch, and Webb [21].
Recent study on YBCO epitaxial films observed an E-J
relation explained by Ueg=Uo(1 —j)exp(—, ) [17]. In
our present study we assume a sinusoidal potential U(X)
=L Ugcos(nX/X,) —JBV,X and Ueg=Uo(1 —;)*? [21,
24], which has a j dependence comparable to Ug(l — )
xexp(—j). It is to be noted that the functional form of
Uer(j) does not much affect our analysis: The classical
Anderson-Kim model was able to give a result similar to
the present study. Uegr=Uo(1 —;)>? leads to

E =Bdvoexpl —Uo(1 —J/J¢)¥*/kT] . (1)

In our transport J. measurement J. was defined by an
electric field criterion E. =2 uV/cm. By setting E =FE,
and J=J, in Eq. (1),

Jo=Joll = [(kT/U¢) In(Bdvo/E-)1?3% . )

Since In(Bdvo/E.) is a slowly varying function of H, we
set In(Bdvo/E.) =In(E¢/E.) to be a constant [26]. When
Uy is expressed as Uo=a(T)/~/H, as observed in our
p(H,T) data and in Ref. [14], and H, is defined as
(Ho)'?=a(T)/IkT In(Eo/E.)], F,=J.B is calculated to
be

Fp=JoBll —(H/Hp)'"1. (3)

We next need to calculate JoB =nUo/2V,X,. Since
there have been no experimental results from which V,
and X, can be estimated, we will make the following
speculations. If the Lorentz force is exerted effectively on
a row of flux lines having number NN, the activation
volume V, can be expressed as Nao&pdi, where dy is the
length of the flux line along the ¢ axis between the two
kinks formed. If we assume that the flux lines are weakly
pinned by prevalent pinning centers like point defects, the
movable length dy can be proportional to k7. The poten-
tial well range X, is approximated by ag= (dy/B) 2.
Since &, is weakly temperature dependent for low ¢
(=T/T.) values,

JoB = poKa(T)VH /kT =puoK~/HoNH*h In(E/E.) ,
4)

where K =nl2N&E@o(di/kT)]1 ™. Putting H* =p%H,,

we finally obtain
Fp=(uoK/BYH* IN(Eo/ENR (1 =BPh3) , (5)

which can explain the general feature of the F), scaling
and the linear H*-F,__ relationship shown in Fig. 2. The
curve fitting to the F, data of 30 and 40 K in the range of
0< h <0.4 with B=1.25 is shown in Fig. 4. Here, the
intersection of the curve with the horizontal axis gives
Hy. We point out that in Eq. (4) JoB is a monotonically
increasing function of A (and H). This seems to be con-

Fp/Fpmax

FIG. 4. Curve fitting by Egs. (5) and (7) to the F, data of
30 and 40 K.

tradictory to the F, behavior observed for conventional
low-T, superconductors [27,28]: The field dependence of
F,, can be expressed as (H/H:2)?(1 —H/H:3)4. Since the
upper critical fields of Bi oxides are very high compared
with H*, e.g., uoH.,=50 T at 60 K for Bi-2212 single
crystals [29], the term 1 — H/H.,, which describes the
decrease of the mean superconducting condensation ener-
gy with the magnetic field [30], can be neglected in our
analysis.

Up to the present stage we have neglected the possibili-
ty of flux motion in the opposite direction toward a high-
er energy barrier by assuming that exp(JBV,X,/KT)
> exp(—JBV,X,/kT). However, this is not the case
when the driving force gradient is small compared with
kT. The equation which takes into account the probabili-
ty of flux motion in both directions is [22,24]

E =2Egexp{—Uol(1 — j)*2+ (z/2) j1/kT}
xsinh(zUqj/2kT) . 6)

This equation is applied for large h (0<<h < 1) where j
<1, and is reduced to E =2Eqexp(—Uo/kT) sinh(zUj/
2kT), because (1 —;)¥?+(n/2)j~1. By following the
same procedure used to obtain Eq. (5), we get

Fp=0Q/m)uoKH*h
xsinh 7' (% expil(1/8vh) —11In(Eo/E)}) . (D

The curve fitting using Eq. (7) with In(EE.) =8 is also
shown in Fig. 4. The experimental F,/F,_, data agree
well with the theoretical result. Equations (5) and (7)
have three independent parameters—K, B, and In(Eo/
E.). B and In(E¢/E.) were determined to be 1.25 and 8,
respectively, by the curve fitting shown in Fig. 4. Then K
was calculated to be 3.8x10%8 A/m? from the linear
Fp,..-H* relationship shown in the inset of Fig. 2.

The above analysis based on flux-creep theory explains
why F, scales with h =H/H?¥, not with H/H.,. Similar
treatment was done by Hettinger et al. [8] to explain the
Fp scaling observed in YBCO thin films. They over-
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looked, however, the upward curvature of the U-J rela-
tion (inset of Fig. 1 of Ref. [8]), which leads to an un-
derestimation of Jgo, a lower J. than observed at 20 K,
and an overestimation of Vy, the volume over which the
driving force is determined. If V; has the same field
dependence as ¥, in Ref. [8], a similar treatment to that
used to obtain Eq. (5) in this study leads to F,~+h (1
—ph 23) in low h regime, which better explains their F),
data. They assumed the individually pinned vortices re-
gime to explain the increase of F, in low h regime
(h =< 0.15). In this regime, however, field independent J,
is expected and the regime threshold is not necessarily
proportional to H* [31], which is contradictory to their
experimental results and interpretation. Civale et al.
assumed a different form Jooc 1/[1+B/Bo(T)] in their
analysis on the magnetization scaling in YBCO single
crystals [32].

The major assumption in our analysis is that the 1/~H
dependence of Ug derived from the relation Ug<ay,
which has been generally observed in Bi-oxide systems for
p-T data taken above the irreversibility line (IL), is also
the case in the discussion of J,. below IL. For the highly
anisotropic Bi system the theory of Geshkenbein et al.
[18] explains the temperature and field dependence of low
Uy values at high temperatures and low current densities.
It is reasonable to think that their theory can also be
applicable at lower temperatures and high current densi-
ties, since 2D-like J. behavior was observed also at low
temperatures. The stepwise flux penetration with many
kinks is expected because the blocking layers between the
superconducting CuQ, layers have a lower superconduct-
ing order parameter [10], which is confirmed by the an-
gular dependence of J.(H,0) determined only by the
magnetic field component along the ¢ direction, J.(H,0)
=J.1(Hsin@) [6,11]. This suggests that the flux motion
with formation of double kinks is plausible also below IL.
In recent transport measurements in epitaxial YBCO
films the 1/B dependence of Ug is observed both above
and below the irreversibility field [17], which gives a
justification to our analysis.
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