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Characteristics of flux pinning in YBa2Cu3Oy /PrBa2Cu3Oy superlattices
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The resistivity of (YBa2Cu3Oy /PrBa2Cu3Oy)n @(YBCO/PBCO)n# superlattices under magnetic fields was
measured to investigate the flux pinning and anisotropic superconducting properties, wheren is the number of
the modulation layer. The fields applied were parallel to theab plane and thec axis of the films. The resistivity
under magnetic fields shows thermally activated behavior. A power law magnetic field dependence ofU0

;H2a in YBCO/PBCO superlattices was observed. TheU03Ha/(Hc2,c)
2 was observed to scale to a constant

which increases linearly when the thickness of YBCO layers is increased and decreases linearly when the
thickness of PBCO layers is increased. There exists both one-unit-cell YBCO and interlayer YBCO couplings
in YBCO/PBCO superlattices. These couplings affect the coherence lengths.@S0163-1829~99!01010-3#
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I. INTRODUCTION

Among the many remarkable mixed-state features
high-Tc superconductors, the mixed-state resistivity has
tracted much attention.1–3 The dc resistivity under magneti
field yields important information about the flux motion. F
finite current density, the Lorentz force is sufficiently stro
that the vortex lines in the vortex glass region can overco
a certain class of pinning barriers, leading to flux creep,
a finite voltage. Above the glass transition temperatu
Tg(H), the resistivity is nonzero and its temperature dep
dence,r(T,H)5r0 exp„2U0(T,H)/kBT…, follows an Ar-
rehenius law; one has the thermally activated flux fl
~TAFF!.3

Regarding the flux pinning energy, theoretical work h
suggested that the activation energy,U0(T,H), should de-
pend logarithmically on the field4 while experimental results
have shown a power law dependenceU0;(1/Ha), for ex-
ample, a50.25– 0.5 for Bi2Sr2CaCu2O8.

3 Other works re-
ported thatU0 cannot be fitted with a field dependence of t
power lawU0;H2a for YBCO/PBCO superlattices in th
whole investigated magnetic fields~up to 10 T!.5 An impor-
tant question is to understand how the activation energyU0
depends on the applied magnetic field in YBCO/PBCO
perlattices in the thermally activated flux flow regime. W
have chosen the YBCO/PBCO superlattices in this study
cause we can vary the pinning energyU0 by varying the
thickness of YBCO or PBCO layers. Besides, one can inv
tigate the coupling between the YBCO layers or within t
YBCO layers. In this work, in the pinning energy study w
have observed a scaling behavior inU0;H2a(Hc2,c)

2 for
(YBCO/PBCO)n superlattices with different thickness o
YBCO and PBCO layers, whereU0 is the pinning energy,H
is the applied magnetic field, andHc2,c is the upper critical
field with the applied field parallel to thec axis in the ther-
mally activated flux flow regime. We also observed the co
pling between one-unit-cell of YBCO layer and the inte
layer YBCO coupling in YBCO/PBCO superlattices.

II. EXPERIMENTS

The (YBCO/PBCO)n superlattices were prepared by th
rf magnetron sputtering techniques. A detailed description
PRB 590163-1829/99/59~13!/8956~6!/$15.00
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the growth and characterization of YBCO/PBCO superl
tices has been reported in Refs. 6 and 7. In resistivity m
surements the film was patterned to a resistivity geometry
shown in Fig. 1. The longitudinal resistivity,rxx , was mea-
sured. The applied current density in the resistivity measu
ment was;13104 A/cm2. The applied magnetic fields up t
5 T were parallel to thec axis and theab plane of the film.
We obtained the superconducting upper critical fields,Hc2,ab
and Hc2,c , the coherence lengthsjab and jc from the 50%
resistive transition.

III. RESULTS AND DISCUSSION

A. Resistive transition

In Fig. 2 we show the resistivity as a function of temper
ture for YBCO/PBCO superlattices with varied thickness
magnetic fields of 0, 1, 2, 3, and 4 T parallel and perpendicu
lar to the crystalc axis, respectively. The resistivity unde
magnetic field shows a broadening behavior. The broaden

FIG. 1. ~a! Schematics of a YBCO/PBCO layer structure bu
ered with 96 nm PBCO layer and~b! the resistivity and Hall pattern
of a YBCO/PBCO superlattice.
8956 ©1999 The American Physical Society
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is wider in fields parallel to thec axis compared with the dat
obtained with fields parallel to theab plane. The results dem
onstrate the anisotropic properties of superlattices and
similar to that observed by other groups in thin films a
superlattices.1,3

B. Anisotropy upper critical fields H c2,c„T… and H c2,ab„T…

In Fig. 3 we show the upper critical fieldsHc2,c(T) and
Hc2,ab(T) as a function of temperature for a series
~YBCO/PBCO! superlattices. TheHc2,c(T) and Hc2,ab(T)
show a linear behavior. The values of2dHc2,c(T)/dT and
2dHc2,ab(T)/dT along with other series of YBCO/PBCO
superlattices are shown in Table I. The values ofHc2,c(0)
and Hc2,ab(0) are derived using the formula derived b
Werthamer, Helfand, and Hohenberg:8 Hc2(0)
50.693TcudHc2(T)/dTuTc . For the series of (120 Å
48 Å)8 , (96 Å/48 Å)10, (60 Å/48 Å)16, (48 Å/48 Å)20, and
(36 Å/48 Å)26 superlattices, the values ofHc2,c(0) varied
from (71.6766.07) to (47.4961.66) T in magnetic field par-
allel to the crystalc axis while theHc2,ab(0) varied from
(509.21621.9) to (1458.5687.26) T in magnetic field par
allel to the crystalab plane. The value of2dHc2,c(T)/dT

FIG. 2. Resistivities as a function of temperature for YBC
PBCO superlattices with applied magnetic fields parallel to~a! thec
axis ~b! the ab plane. The applied magnetic fields were 0, 1, 2,
and 4 T.
re

f

varied from (1.1860.1) T/K to (0.8660.03) T/K in a mag-
netic field parallel to the crystalc axis and varied from
(8.3960.36) T/K to (26.4161.58) T/K in a magnetic field
parallel to the crystal ab plane for (120 Å/48 Å)8 ,
(96 Å/48 Å)10, (60 Å/48 Å)16, (48 Å/48 Å)20, and
(36 Å/48 Å)26 superlattices.

C. Coherence lengthsjab and jc

For isotropic superconducting materials the cohere
length, j, can be obtained from the Ginzburg-Landau~GL!
theory andj is given by the formulaj5(F0/2pHc2)1/2,
whereF05hc/2e is the flux quantum andHc2 is the upper
critical field. For anisotropic superconductors, the GL theo
has been extended to include the anisotropic properties.
coherence lengths,jab andjc , in the anisotropic GL theory
are related to the upper critical fieldsHc2,c andHc2,ab by the
formulas

jab5~F0/2pHc2,c!
1/2, ~1!

jc5F0/2pHc2,abjab , ~2!

whereHc2,c is the upper critical field with the applied mag
netic field parallel to thec axis,Hc2,ab is upper critical field
with the applied magnetic field parallel to theab plane. We
derived the superconducting upper critical fields,Hc2,ab and
Hc2,c , the coherence lengthsjab andjc from the 50% resis-
tive transition. Table II shows the obtained values ofjab(0)
andjc(0) along with the anisotropy ratio,g5(jab /jc), for a
series of YBCO/PBCO superlattices. The values ofjab(0)
and jc(0) for YBCO films are 20.2 Å and 3.1 Å, respec
tively, which are close to the reported values9 of 16–24 Å for
jab(0) and 3–7 Å forjc(0). Typical high-Tc superconduct-
ors are YBa2Cu3Oy with anisotropy ratio g55 – 8,10,11

Bi2Sr2CaCu2Oy ~BSCCO! with g555– 150,12,13 and
Tl2Ba2CaCu2Oy with g570– 350.14,15 For YBCO/PBCO su-
perlattices with a fixed thickness of PBCO layer and a
creased thickness of YBCO layers, the value ofjab(0) in-
creases while the value ofjc(0) decreases. However, fo
YBCO/PBCO superlattices with a fixed thickness of t

/

,

FIG. 3. Upper critical fieldsHc2,c(T) andHc2,ab(T) as a func-
tion of temperature for~YBCO/PBCO! superlattices with applied
magnetic fields parallel to thec axis and theab plane.
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TABLE I. Upper critical fields and@dHc2 /dT#Tc
parameters for a series of YBCO/PBCO superlattic

with a fixed PBCO thickness. The subscriptn of each sample refers to the number of modulation layer
YBCO/PBCO superlattices. For example, this~120 Å/48 Å!8 sample has 8 modulation layers.

Samples
~YBCO/PBCO!

Hc.2c(0)
~T!

Hc2.ab(0)
~T!

2@dHc2,c/dT#Tc

~T/K!

2@dHc2,ab/dT#Tc

~T/K!

YBCO 80.8066.84 524.59613.05 1.3060.11 8.4460.21
~120 Å/48 Å!8 71.6766.07 509.21621.85 1.1860.10 8.3960.36
~96 Å/48 Å!10 67.5066.63 546.05679.56 1.1260.11 9.0661.32
~60 Å/48 Å!16 62.2067.04 755.75668.06 1.0660.12 12.8861.16
~48 Å/48 Å!20 54.9562.83 1165.356196.02 0.9760.05 20.5763.46
~36 Å/48 Å!26 47.4961.66 1458.50687.26 0.8660.03 26.4161.58

~96 Å/60 Å!10 68.4 61.78 525.21629.74 1.1560.03 8.8360.50
~60 Å/60 Å!16 65.8562.91 715.036125.29 1.1360.05 12.2762.15
~48 Å/60 Å!20 45.4263.36 1281.776264.09 0.8160.06 22.8664.71
~36 Å/60 Å!26 44.2561.64 1532.3561.64 0.8 60.03 28.0560.03

~60 Å/24 Å!10 80.3964.84 509.546139.02 1.3360.08 8.4362.30
~48 Å/24 Å!20 58.5062.36 725.656166.04 0.9960.04 12.2862.81
~36 Å/24 Å!26 55.7563.48 870.046131.26 0.9660.06 14.9862.26

~120 Å/96 Å!8 71.7964.79 607.84670.60 1.2060.08 10.1661.18
~48 Å/96 Å!20 59.9462.20 1214.726332.69 1.0960.04 22.0966.05
~36 Å/96 Å!26 31.4162.38 1314.586300.80 0.6660.05 27.6266.32
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YBCO layers and a decreased thickness of PBCO layers
value ofjab(0) decreases while the value ofjc(0) increases.
All superlattices showed satellite peaks in the powder x-
diffraction pattern and the surface probed by the atomic s
face microscope~AFM! revealed smooth morphology i
YBCO/PBCO superlattices as reported in Ref. 7. The x-

TABLE II. Parameters ofjab(0), jc(0), andg5(jab /jc) for a
series of YBCO/PBCO superlattices with a fixed PBCO thickne
The subscript of each sample refers to the number of modula
layers of YBCO/PBCO superlattices. For example, t
~120 Å/48 Å!8 sample has 8 modulation layers.

Samples
~YBCO/PBCO!

jab(0)
~Å!

jc(0)
~Å! g

YBCO 20.260.9 3.160.2 6.5
~120 Å/48 Å!8 21.560.9 3.060.3 7.1
~96 Å/48 Å!10 22.161.1 2.760.5 8.2
~60 Å/48 Å!16 23.061.3 1.960.3 12.1
~48 Å/48 Å!20 24.560.6 1.260.2 20.4
~36 Å/48 Å!268 26.360.5 0.960.1 29.2

~96 Å/60 Å!10 22.060.3 2.960.2 7.6
~60 Å/60 Å!16 22.460.5 2.160.4 10.7
~48 Å/60 Å!20 26.960.1 1.060.2 26.9
~36 Å/60 Å!26 27.960.5 0.860.02 34.9

~60 Å/24 Å!10 20.260.6 3.261.0 6.3
~48 Å/24 Å!20 23.760.5 1.960.5 12.5
~36 Å/24 Å!26 24.360.8 1.660.3 15.2

~120 Å/96 Å!8 21.460.7 2.560.4 8.6
~48 Å/96 Å!20 23.460.4 1.260.3 19.5
~36 Å/96 Å!26 32.461.2 0.860.2 40.5
he

y
r-

y

and AFM data confirmed that the YBCO layers of differe
thickness are of the same high quality. We noted in Tabl
the coherence lengthjab(0), of ~120 Å/48 Å!, ~96 Å/48 Å!,
~60 Å/48 Å!, ~48 Å/48 Å!, and ~36 Å/48 Å! superlattices,
increases monotonically from (21.560.9) Å to (26.3
60.5) Å while the coherence length,jc(0), decreases sys
tematically from (3.160.2) Å to (0.960.1) Å.

Terashimaet al.16 reported one-unit-cell thick of YBCO
layer sandwiched between PBCO layers~6 PBCO layers!.
They observed a broad superconconducting transi
@Tc,zero;20 K andTc(50%);50 K#. The unit cell thickness
of YBCO layer is ;12 Å along thec axis. Both ~YBCO/
PBCO! ~120 Å/48 Å! and ~YBCO/PBCO! ~36 Å/48 Å! su-
perlattices have the same thickness of individual PBCO l
ers ~48 Å thick!. Nevertheless, the~YBCO/PBCO! ~120
Å/48 Å! superlattice showsTc,zero(50%) at 87.6 K while the
~YBCO/PBCO! ~36 Å/48 Å! superlattice showsTc,zero(50%)
at 79.7 K. From theTc data of Terashimaet al. and theTc
data of the~120 Å/48 Å! and ~36 Å/48 Å! superlattices we
conclude that~1! there exists an one-unit-cell YBCO cou
pling both in the 120 Å thick~ten-units-cell of YBCO layer!
YBCO layer and 36 Å thick~three-units-cell of YBCO layer!
YBCO layers and~2! the one-unit-cell YBCO coupling in
the 120 Å thick YBCO layers is stronger than that of the
Å thick YBCO layer. It is noted a single layer of YBCO film
~120 Å thick! shows Tc(50%);80 K while the ~YBCO/
PBCO! ~120 Å/48 Å! superlattice showsTc,zero(50%) at 87.6
K. Therefore, besides the one-unit-cell YBCO couplin
there exists also an interlayer coupling between the YB
layers in YBCO/PBCO~120 Å/48 Å! superlattice. Decreas
ing the distance between YBCO layers and adding one
cells to individual YBCO layer leads to an increased critic
temperature, that closer unit cells either adjacent or separ
by PBCO layers implies stronger coupling, that such co

.
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pling is expected to raiseTc . Due to both the stronger inter
layer and one-unit-cell couplings in~YBCO/PBCO! ~120
Å/48 Å! superlattice, therefore, a longerjc(0) was observed
in the YBCO/PBCO~120 Å/48 Å! superlattice compared
with that of the YBCO/PBCO~36 Å/48 Å! superlattice.

D. The activation energyU„T,H …

It has been found that the lower part of the resistive tr
sition under magnetic fields can be described by the form3

r~T,H !5r0 exp@2U0~T,H !/kBT#, ~3!

where U0 is the activation energy which depends on te
perature and the applied fieldH, r0 is the prefactor of the
resistivity. This behavior is generally understood as a th
mally activated flux motion. This thermally activated mech
nism of flux motion was proposed by Anderson17 and later
by Anderson and Kim.18

As shown in Fig. 4 the thermally activated behavior
evident in logrxx versus 1/T plot for a YBCO/PBCO~36
Å/48 Å! superlattice. The straight lines in the logrxx versus
1/T plot for low resistivity indicate that the dissipatio
mechanism is thermally activated flux flow, and the slop
give the activation energyU0 . For all samples theU0 can be
fitted to the field-dependenceU0;H2a with a in the ranges
of 0.44–0.79 as shown in Fig. 5.

FIG. 4. logrxx versus 1/T plot for a YBCO/PBCO~36 Å/48 Å!
superlattice under applied magnetic fields parallel to~a! the c axis
and ~b! the ab plane.
-
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-
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-
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Regarding the flux pinning energyU0(T), Yeshrum and
Melozemoff19 by a scaling argument suggested that the a
vation energy:

U05 f 3~m0Hc
2/2!Vc , ~4!

wheref is the fraction of the condensation energy,Hc is the
thermodynamic critical field,Vc is the volume of flux in-
volved in the activation process.Vc5Rc

2Lc with correlation
lengthsRc and Lc . The Rc and theLc give the size of the
correlated region of the vortex perpendicular and paralle
the magnetic field, respectively. TakingRc as the average
distance between the flux lines, i.e.,Rc;1.075(f0 /H)1/2.19

Equation~4! therefore can be rewritten as

U0; f 3~m0Hc
2/2!~F0 /H !3Lc . ~5!

Some experimental data showed thatU0 is proportional to
(1/Ha) with a50.76– 0.88, deviating a little froma51 that
is expected from Eq.~5! in epitaxial YBa2Cu3Oy films,20

while other experimental results showed that the power
magnetic field dependence,U0;(1/Ha), a50.25– 0.5 for
Bi2Sr2CaCu2O8,

3 deviating a lot froma51. For all superlat-
tice samples theU0 can be fitted to the field-dependenc
U0;H2a with a in the range of 0.44–0.79. Equation~5!
which shows thatU0 is inversely proportionalH, is not con-
sistent with the observed power law dependence ofU0 in
superlattices.

FIG. 5. Activation energy as a function of magnetic field f
different superlattices.
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Figure 6~a! showsU03Ha/(Hc2,c)
2 as a function of layer

thickness for YBCO/PBCO superlattices with a fixed thic
ness of PBCO layer~48 Å thick! and varied thickness o
YBCO layer under magnetic fields parallel to thec axis
while Fig. 6~b! shows theU03Ha/(Hc2,c)

2 as a function of
layer thickness for YBCO/PBCO superlattices with a fix

FIG. 6. TheU0Ha/(Hc2,c)
2 as a function of layer thickness fo

YBCO/PBCO superlattices~a! with a fixed thickness of PBCO
layer ~48 Å thick! and varied thickness of YBCO layer and~b! with
a fixed thickness of YBCO layer~36 Å thick! and varied thickness
of PBCO layer, whereU0 is the pinning energy,a is the magnetic
field exponent, andHc2,c is the upper critical field with the applied
field parallel to thec axis.
sz

.

e

C

thickness of YBCO layer~36 Å thick! and varied thickness
of PBCO layer under varied magnetic fields, whereU0 is the
pinning energy,a is the magnetic field exponent, andHc2,c is
the upper critical field with the applied field parallel to thec
axis. Several features were observed in Fig. 6. First,U0
3Ha/(Hc2,c)

2 was found to fall at the same value for diffe
ent magnetic fields in (YBCO/PBCO)n superlattices with
different thickness of YBCO@Fig. 6~a!# or PBCO@Fig. 6~b!#
layers; second log@U03Ha/(Hc2,c)

2# increases linearly as
the thickness of YBCO layers is increased@Fig. 6~a!# and
log@U03Ha/(Hc2,c)

2# decreases linearly as the thickness
the PBCO layers is increased@Fig. 6~b!#.

For a fixed thickness of PBCO layer~48 Å thick! and an
increased thickness of YBCO layers, the coupling of YBC
layers is stronger, we have observed an increased valu
U0Ha/(Hc2,c)

2 @Fig. 6~a!#. For a fixed thickness of YBCO
layer ~36 Å! and an increased thickness of the PBCO lay
there is a decoupling of YBCO layers and we have obser
a decreased value ofU0Ha/(Hc2,c)

2 @Fig. 6~b!#. All super-
lattices reported here have a total thickness of 960 Å
YBCO layers. From the results shown in Fig. 6 we draw t
following conclusions: ~1! the U0 scales to (Hc2,c)

2/Ha

under different magnetic fields in (YBCO/PBCO)n superlat-
tices with different thickness of YBCO and PBCO layers,~2!
the U0 depends on the coupling strengths of YBCO laye
its value is larger when the coupling strength of the YBC
layers is increased and decreases when there is decoupli
the YBCO layers.

IV. CONCLUSION

The resistivity of (YBCO/PBCO)n superlattices unde
magnetic fields can be described by the thermally activa
flux-flow resistivity: r(T,H)5r0 exp@2U0(T,H)/kBT#. A
power law magnetic field dependence ofU0;H2a in
YBCO/PBCO superlattices was observed. The quan
log@U03Ha/(Hc2,c)

2# was observed to be a constant for
given sample but increased linearly as the thickness
YBCO layers increased and decreases linearly as the th
ness of the PBCO layers increased. There exists one-unit
YBCO and interlayer YBCO couplings in YBCO/PBCO su
perlattices. These couplings affect the coherence lengths
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