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Phase intergrowth effects on the magnetic and transport properties of Bi2Sr2CaCu2Oy thin films
grown in situ by laser ablation
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Bi2Sr2CaCu2Oy ~2212! films, grownin situ by laser ablation, show the presence of the intergrowth phenom-
enon: the random stacking of 2201 (Bi2Sr2Cu1Ox) and 2212 cells. The precise fraction of the 2201 phase
intergrowth depends on the growth conditions. We have measured the influence of such structural defects on
electrical transport and magnetic properties. The main consequences of the intergrowth are a broadening of the
superconducting transition and a decrease of the critical temperature. The irreversibility line of the films has
been deduced from ac susceptibility measurements in magnetic fieldsH parallel to thec axis of the films using
a superconducting quantum interference device magnetometer. A strong shift of the irreversibility line to low
fields and temperatures is reported with increasing the percentage of 2201 stacking faults.
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INTRODUCTION

Numerous experiments probing the mixed state of cup
superconductors have established the presence of a bou
in the magnetic phase diagram, which separates a mag
cally irreversible, zero-resistance state from a reversible s
with dissipative electrical transport properties.1,2 This bound-
ary has been suggested to be due to either depinning,2–4 or to
a vortex-glass formation,5 or to flux-lattice melting.6 The
electronic and magnetic properties of Bi2Sr2CaCu2Oy in the
superconducting state have proved to be rich in physics
cause of its large anisotropy. One of the subjects that
needs to be clarified is the dimensional crossover in the
tex system with the magnetic field parallel to thec axis.
Theoretical studies7–9 suggest that thermal fluctuations of th
pancake vortices10 lead to a thermally induced dimension
crossover, above which the superconducting layers are e
tively decoupled and behave as a two-dimensional syst
Such a dimensional crossover has been reported in som
periments on Bi2Sr2CaCu2Oy single crystals as the irrevers
ibility line.11,12 If the pinning in each layers is sufficientl
strong, the correlation between pancake vortices in thec di-
rection is considerably weakened above a crossover
B2D , because the magnetic interaction between pancake
the same layers becomes stronger than that between
cakes in adjacent layers.11–14 B2D has been reported to b
around 50 mT.11,12,14–16An alternative explanation of the
irreversibility line, based on geometrical effects, was
cently suggested17 where local vortex dynamics in
Bi2Sr2CaCu2Oy single crystals was studied using micr
scopic GaAs/AlGaAs Hall-sensor arrays. The irreversibil
line is found to exist in the absence of bulk pinning. At hig
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temperatures the irreversibility line is due to geometrical b
riers, whereas at intermediate temperatures, the irrevers
behavior is determined by surface barriers.

In this paper we show that 2201 stacking faults mod
the shape and the position of the irreversibility line. We a
present resistance measurements and show how 2201 s
ing faults reduce the critical temperature of our film com
pared to that of a pure 2212 film.

EXPERIMENT

Thin Bi2Sr2CaCu2Oy films were grownin situ on ~001!
oriented MgO substrates by pulsed-laser ablation. The de
of the preparation process have been previously reporte18

Briefly, a bulk superconducting target is irradiated with
frequency quadrupled pulsed Nd: YAG laser~B. M. Indus-
tries!, which provides at 266 nm, 200 mJ pulses with a 7 ns
duration at a 5 Hzrepetition rate. The laser beam is focus
through suprasil quartz window onto the target at a 45°
lique incidence, to give a power density in the 60
300 MW/cm2 range. The emitted material is deposited on
MgO single crystals located 4 cm away. The deposition
carried out under a pure oxygen pressure~0.2 mbar! on
heated substrates~700 °C!.

The irreversibility line was investigated by ac susceptib
ity and dc magnetization measurements as already b
done.19,20ac magnetic susceptibility measurements were p
formed in dc magnetic fields up to 20 kG parallel to t
crystallographicc axis. Superconducting data are obtain
using a Quantum Design MPMS2 superconducting quan
interference device magnetometer from 5 to 300 K and in
field cooled conditions. In Fig. 1, the temperature dep
dence of the realM 8 and the imaginaryM 9 parts of the ac
13 811 © 1998 The American Physical Society
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magnetization is shown at different magnetic dc fields fo
2212 thin film. These curves can be superimposed by tra
lating each by a temperatureDT(H) that depends on the
applied magnetic field:

M 9@H,T2DT~H !#5M 9~H0 ,T!, ~1!

whereM (H0 ,T) stand for the reference curve. The irreve
ibility field is defined as

T~H irr!5T0irr2DT~H irr!, ~2!

whereT0irr is the temperature that defines the irreversibil
field on the reference curveM (H0 ,T). Here,T0irr is chosen
to be the maximum of the imaginary partM 9 of M (H0 ,T)
for the lowest fieldH0'2 G. The functionDT(H) has been
evaluated from a mean least-squares fit ofM 9 around T
'T0 :

x5(
i

$aM 9@H,Ti2DT~H !#2M 9~H0 ,Ti !%
2, ~3!

FIG. 1. Real (M 8) and imaginary (M 9) parts of the ac magne
tization ~Hac50.01 G, frequencyf 530 Hz! of a 2212 thin film vs
temperature in various dc fields:Hdc52 G, 50 G, 200 G, 500 G, 1
kG, 2 kG, 3 kG, 5 kG, 8 kG, and 10 kG~from right to left!.
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where the sum is over the measured points atH0 . The pa-
rametera provides a better agreement and stays close t
within a few percent. The values ofM 9@H,Ti2DT(H)# are
calculated from a cubic spline interpolation from the expe
mental data. The error onDT(H) is about 0.1 K and mainly
depends on the number of measurements. Figure 2 show
superposition of the ac magnetization at different magn
dc field curves. At large magnetic fields (H.5 kG), there is
no more exact superposition because of a broadening o
peak. Nevertheless,DT(H) is still evaluated by the sam
method.

INTERGROWTH

Intergrowth of the different phases~2201, 2212, and
2223! of the Bi compound is a property of BiSrCaCuO film
grown in situ by laser ablation, as shown by the shift and t
broadening of the x-ray-diffraction peaks.21 We have used an
intergrowth model to simulate the diffraction patterns cor
sponding to the intergrowth of 2201 or 2223 phases in 22
films. As shown by Hendricks and Teller and Rannoet al.,21

x-ray-diffraction intensities can be written as

FIG. 2. Superposition of the magnetization curves obtained b
temperature shiftT(H) at low fieldsHdc @see Eq.~2!#.
I ~u,p!5uF~u!u2
2p~12p!$12cos@k~d22d1!#%

11p21~12p!212p~12p!cos@k~d22d1!#22p cos~kd1!22~12p!cos~kd2!
, ~4!
are
ons
aly-
well-
Bi
to

e to
ing
the
where p is the stacking faults percentage of 2201 or 22
phases,d1 is the distance between Bi2Sr2Oy subunits of the
intergrown phase, andd2 is the distance of the 2212 phas
k54p sinu/lCu the scattering vector,u is the Bragg angle,
andF(u) is the structure factor of the Bi2Sr2Oy subunit. We
have fitted our data with Eq.~4!, providing a value ofp. As
a more elaborate model including the intergrowth of t
three phases does not improve the rms deviation,21 we as-
sume a two phase intergrowth model to be enough to exp
3

in

the experimental data. The Bi/Cu concentration ratios
indeed in very good agreement with the atomic compositi
deduced from Rutherford backscattering spectrometry an
ses. All these measurements underline the absence of a
defined stability limit between the different phases of the
family, since the intergrowth phenomenon allows one
change the structure continuously from one pure phas
another one. This continuous change is achieved by vary
the oxygen pressure at a fixed substrate temperature. In
following we consider only 2201 intergrown films.
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TRANSPORT PROPERTIES

The intergrowth phenomenon has an influence on tra
port properties. An important effect of the intergrowth a
pears on the resistivity curves as shown on the normal
resistivityR/R ~300 K! of samples with different percentage
p of 2201 stacking faults~Fig. 3!. The transport resistivity
was measured in a standard four-point geometry using g
contacts. The main consequences of the intergrowth a
broadening of the superconducting transition and a decr
of the critical temperature. Asp increases, the slope of th
resistivity curve in the metallic regime decreases. The
crease ofTc with the percentage of intergrowth is shown
Fig. 4. Tc decreases from 50 K for 4.5% of 2201 stacki
faults down to 10 K for more than 30% of 2201 stacki
faults.

In order to know the electronic nature of the 2201 lay
in 2212 thin films, we have grown pure 2201 thin films b
laser ablation, under the same growth conditions as for 2
films but using a 2201 target. Figure 5 displays the variati
of the normalized resistance with the temperature for a p
2201 thin film and shows an insulating behavior. Thus
expect the 2201 layer in 2212 films to have an insulat

FIG. 3. Variation of the normalized resistance vs temperat
for BiSrCaCuO thin films with different percentagep of 2201
stacking faults. The intergrowth broadens the superconducting t
sition and decreases the critical temperature. Asp increases, the
slope of the resistivity curve in the metallic regime decreases.

FIG. 4. Decrease of the critical temperature with the percent
of 2201 stacking faults.
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behavior. Oxygen deficiency of 2201 layers may change
hole carrier density of 2212 films, lowering the critical tem
perature. Superconducting~2212!/insulating~2201! superlat-
tices, as~2212!/~2201! or Y1Ba2Cu3O7/Pr1Ba2Cu3O7, can be
considered as films with stacking faults, and a broadening
the superconducting transition and a decrease of the cri
temperature were also found in this case.22–24

MAGNETIC PROPERTIES

The intergrowth phenomenon has a drastic effect on
magnetic transition. As seen in Fig. 6, intergrowth broade
and shifts the magnetic transition to the low temperatur
the critical temperature decreases. ac magnetic susceptib
measurements are performed in dc magnetic fields up to
kG parallel to thec axis and lead to the irreversibility line
Each irreversibility line drawn in Fig. 7, in a semilogarithm
plot, corresponds to a precise percentage of 2201 stac
faults. We show two distinct regimes and it appears diffic
to fit the curves by the same law over the whole range
temperature. Nevertheless, the temperature dependenc
the irreversibility line behavior in the low-field region~,250
G! near Tc can be accurately fitted by power laws. Tw

e

n-

e

FIG. 5. Variation of the normalized resistance vs temperat
for a pure 2201 thin film and the same film after annealing. T
curves show an insulating behavior.

FIG. 6. Real and imaginary part of the ac magnetizat
(Hac50.01 G andf 530 Hz! of BiSrCaCuO thin films with differ-
ent percentage of 2201 stacking faults vs temperature in a 2 G dc
field. Intergrowth broadens and shifts the magnetic transition to
low temperatures; the critical temperature decreases.
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power laws describe the experimental data~equivalent close
to Tc!:

H5H0S Tc

T
21D n

, ~5!

H5H0S 12
T

Tc
D a

, ~6!

wheren, a, H0 , andTc depend on the percentage of 22
stacking faults. The law~5! describes our results~Table I
except for p518%. A parabolic dependence@~5!, with n
52!# has been proposed for the irreversibility line of B
based superconductors.11,26This temperature dependence c
be explained in the framework of a flux creep model, as
been shown by Yamasakiet al.26 Schilling and co-workers
propose that the parabolic dependence is attributable to
line melting in 2212 single crystals due to the thermal flu
tuations of vortices at low magnetic fields, in the temperat
range nearTc . The second power law~6! fits the experimen-
tal data of all our samples.a increases withp, while Tc
decreases withp as it has been shown before. The power-l
fits provide accurate evaluation of the critical temperature
each sample. The results are presented in Table II and in
7. Without stacking faults the power valuea52 is the largest

FIG. 7. Irreversibility lines of BiSrCaCuO thin films with dif
ferent percentagep of 2201 stacking faults and an annealed fi
~860 °C, under 1 bar of oxygen!. Solid lines are the power law fi
~6! of the experimental data nearTc , except for the annealed thi
film that was fitted by a linear law. The insert displays an enlar
ment of the low-field region. In this regime (H,4 kG), the irre-
versibility line is shifted to low field and temperature by increasi
p and is shifted to much higher field after annealing. All the irr
versibility lines merge in the 4–20 kG field range and the das
line is fited by an exponential law~7!.

TABLE I. Fit of the irreversibility line by the law H
5H0(Tc /T21)n ~Eq. 5!, nearTc, for different percentage of stack
ing faults.

Percentage
of 2201 cells Tc ~K! n H0 ~G!

0% 45 1.6 814
7% 33 2.1 966
s

x-
-
e

f
ig.

value observed for all highTc superconductors. It is large
than the valuea51.5 predicted by the standard flux cree
model, but equal to the value given by the vortex latti
melting model.2 Zeldov et al. have found a51 for
Bi2Sr2CaCu2Oy single crystals, consistent with vortex pe
etration through geometrical barrier.27 Our exponent is ap-
parently in contradiction with such effects, even if they m
lead to a different exponent on thin films.

In the higher-field region~.3 kG!, the irreversibility line
can be fitted by an exponential law

H5H0 expS a
T

Tc
D . ~7!

The results are presented in Fig. 7. An exponential temp
ture dependence is consistent with vortex penetra
through a Bean-Livingston surface barrier by a thermally
tivated process.28 The exponential behavior can be also i
terpreted by the existence of the breakdown field in whic
proximity effect induced superconductivity is destroyed29

The structure may be seen as a superlattice compose
laminae alternatively normal and superconducting. The n
mal laminae could be the SrO-BiO-BiO-SrO layers, the s
perconducting ones being the CuO2 layers. On the other
hand, in the high-field region, Schillinget al. find that the
exponential behavior is a good approximation to describe
melting of the vortex ensemble in Bi2Sr2CaCu2Oy .

As seen in Fig. 7, in the low-fields region (H,4 kG), the
temperature dependence of the irreversible magnetic fie
clearly modified with the proportion of 2201 stacking fault
The irreversibility line is strongly shifted to low fields an
temperatures by increasing the proportion of 2201 stack
faults. This effect is stronger nearTc : at T/Tc50.9, the ir-
reversibility field is 15 times stronger forp50% than for
p518%. In the high-fields region (H.4 kG), the irrevers-
ibility line does not depend significantly on the percentage
2201 stacking faults.

To understand, in the low-fields region, the shift of t
irreversibility line to higher fields with the decreasing
2201 stacking faults, we propose two explanations. Oxy
deficiency of 2201 layers could reduce the hole carrier d
sity and would result in critical temperature reduction. Wh
the 2201 stacking faults increase, the London penetra
depthl of shielding currents in theab direction is expected
to increase because the critical temperature is decrease
the same time the anisotropy parameterg increases with de-
creasing carrier density.14,30 As the irreversibility line de-
pends both onl andg, it should be affected by the variatio
of the carrier density. In this sense, the exponenta of the
power law ~6! decreases by increasing carrier density.

-

d

TABLE II. Fit of the irreversibility line by the lawH5H0(1
2T/Tc)

a ~Eq. 6!, near Tc, for different percentage of stackin
faults.

Percentage
of 2201 cells Tc ~K! a H0 ~G!

0% 45,2 2 2172
7% 33 2,8 4681

18% 23,7 3,8 11149
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increasing the carrier doping, experiments have shown
the irreversibility line of the Bi2Sr2CaCu2Oy single crystal is
shifted to higher fields over the whole range
temperature.31 In our case, in the high-fields region (H
.4 kG) the irreversibility line does not depend on the carr
density. It should be noted that intergrowth is a rand
stacking of 2201 and 2212 layers and one can expect tha
carrier density is heterogeneous, while for a single crys
the doping states are homogeneous.

On the other hand, in the low-fields region (H,4 kG),
the observed shift of the irreversibility line to low fields an
temperatures could be due to the influence of stacking fa
on the Josephson coupling between pancakes vortices
longing to adjacent layers. A random stacking of 2201 in
lating layers between 2212 layers could weaken the coup
between pancakes. At low inductions, the vortices are
pected to form an ensemble of pancake strings with 3D-
fluctuations. Therefore, an increase inp could lead to an
enhanced two-dimensional behavior of the system by bre
ing these strings. Thus the exponenta of the power law~6!
increases with the anisotropy of the structure enhanced
the intergrowth phenomenon. A three-dimensional vortex
havior in Bi2Sr2CaCu2Oy thin films at 77 K has been
reported.32 This finding is in line with the theory written by
Glazman and Koshelev,7 where at magnetic fields below
B2D , the vortex system in Bi2Sr2CaCu2Oy consists of well-
correlated vortex lines rather than layers of decoupled vo
pancakes. Similar recent results on Bi2Sr2CaCu2Oy single
crystals show that this behavior is intrinsic to Bi2Sr2CaCu2Oy
materials.11,33,34At low inductions nearTc , we find a para-
bolic temperature dependence, while for larger inductionsH
decreases exponentially as it has been reported for mag
fields H parallel to thec axis for Bi2Sr2CaCu2Oy single
crystals.11 The two regimes reflect the three and the qua
two-dimensional character of the respective vor
fluctuations.11 For high applied magnetic field, the intera
tion between vortex objects within one layer is stronger th
the coupling between these 2D objects belonging to adja
layers. This leads to a quasi-2D behavior of the thermal v
tex fluctuations. In the high-fields region (H.4 kG), we find
that the irreversibility line does not depend on the percent
of 2201 stacking faults. Indeed, insulating 2201 layers co
not weaken further the coupling between pancakes along
c axis.

Results obtained on annealed~860 °C, under one bar o
oxygen! thin films could suggest that the observed shift
the irreversibility line is related to the carrier density, rath
than to the coupling between pancakes. As seen in Fig. 7
the low-fields region (H,4 kG), the irreversibility line of an
annealed thin film is strongly shifted to higher fields. T
annealed film contains 18% of 2201 stacking faults as be
annealing ~x-ray-diffraction measurements!. To know the
electronic nature of 2201 stacking faults in the annealed fi
we anneal~860 °C, under one bar of oxygen! pure 2201 thin
films grown by laser ablation, under the same growth con
tions as for 2212 thin films, but using a 2201 target. Figur
displays the variations of the normalized resistance with
at
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temperature for a pure 2201 annealed thin film and sho
again an insulating behavior. Despite 2201 insulating sta
ing faults, the irreversibility line of the annealed film
shifted to higher fields. Thus, this shift is not related to t
coupling between pancakes but to the carrier density
increases during the annealing at 860 °C under 1 bar of o
gen. Oxygen deficiency of the 2212 layers could be comp
sated by forming superconducting 2201 layers as has b
reported by Liet al.,22 or by annealing thin films. As seen i
Fig. 8, the critical temperature of the thin film increases af
annealing and reaches 76 K. This value is deduced fro
linear extrapolation of the irreversibility line. We note that
the 55 to 75 K temperature range, the irreversibility li
shows a power-law dependency~6!, with an exponenta de-
creasing from 3.8 before to 1.85 after annealing. In t
sense, as seen before, the exponent decreases by incre
carrier density. At lower temperature~18 to 28 K range!, the
irreversibility line is described by an exponential law~7!. As
seen in Fig. 7, all the irreversibility lines merge in the 4 to
kG field range. In the high-fields region, the thermal vort
fluctuations present a 2D behavior11,12 where the anisotropy
no longer plays a role. The anisotropy that varies with
carrier density,14,30 controls the irreversibility line. Thus, in
the high-field region, the irreversibility line should not sh
either by intergrowth or by annealing.

CONCLUSION

The intergrowth phenomenon reduces the supercond
ing properties of 2212 films. The random stacking of 22
insulating layers and 2212 layers broadens the magnetic t
sition and the resistivity curves. By increasing the percent
of 2201 layers, the critical temperature decreases. In
growth shifts the irreversibility line to low fields and low
temperatures because it would reduce the hole carrier de
of the film. As the irreversibility line is strongly shifted to
the higher fields and the critical temperature increases fo
annealed thin film, the transport properties appear to be
ter in annealed thin films than inin situ grown films.

FIG. 8. Irreversibility line before and after annealing. One se
the dramatic increase of the critical field after annealing. The in
shows the linear dependence of the line at low field near the crit
temperature.
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