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Phase intergrowth effects on the magnetic and transport properties of Br,CaCu,O, thin films
grown in situ by laser ablation
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Bi,Sr,CaCyO, (2212 films, grownin situ by laser ablation, show the presence of the intergrowth phenom-
enon: the random stacking of 2201 ¢(Bi,Cu,O,) 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 magneticHigddsallel 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.
[S0163-182698)01622-1

INTRODUCTION temperatures the irreversibility line is due to geometrical bar-
riers, whereas at intermediate temperatures, the irreversible
Numerous experiments probing the mixed state of cupratbehavior is determined by surface barriers.
superconductors have established the presence of a boundaryln this paper we show that 2201 stacking faults modify
in the magnetic phase diagram, which separates a magnethe shape and the position of the irreversibility line. We also
cally irreversible, zero-resistance state from a reversible staf@resent resistance measurements and show how 2201 stack-
with dissipative electrical transport propertfesThis bound-  ing faults reduce the critical temperature of our film com-
ary has been suggested to be due to either depifnfra,to ~ Pared to that of a pure 2212 film.
a vortex-glass formation,or to flux-lattice meltind The
electronic and magnetic properties o,8,CaCy0O, in the EXPERIMENT
SUpeCOnIng Sl e oL Iy b 11 BNV B T B155CaCu0, flns wer grounin i on (001
' oriented MgO substrates by pulsed-laser ablation. The details

heeds to be cllar|f|ed is the dlmeQS|onaI crossoverin the VOI5t the preparation process have been previously repb*?ted.
tex system with the magnetic field parallel to theaxis.

: 7o : Briefly, a bulk superconducting target is irradiated with a
Theoretical studi€s® suggest that thermal fluctuations of the frequency quadrupled pulsed Nd: YAG lag@&. M. Indus-

pancake vorticé$ lead to a thermally induced dimensional tries), which provides at 266 nm, 200 mJ pulseshnét 7 ns
crossover, above which the superconducting layers are effegyration a a 5 Hzrepetition rate. The laser beam is focused
tively decoupled and behave as a two-dimensional systemhrough suprasil quartz window onto the target at a 45° ob-
Such a dimensional crossover has been reported in some €igue incidence, to give a power density in the 60 to
periments on BiSrL,CaCyO, single crystals as the irrevers- 300 MWi/cnt range. The emitted material is deposited onto
ibility line.*2 If the pinning in each layers is sufficiently MgO single crystals located 4 cm away. The deposition is
strong, the correlation between pancake vortices irctde  carried out under a pure oxygen press@de2 mbaj on
rection is considerably weakened above a crossover fielbdeated substratd300 °QO.

B,p, because the magnetic interaction between pancakes in The irreversibility line was investigated by ac susceptibil-
the same layers becomes stronger than that between pdty and dc magnetization measurements as already been
cakes in adjacent layets-** B, has been reported to be done'®?’ac magnetic susceptibility measurements were per-
around 50 mT11214-16An alternative explanation of the formed in dc magnetic fields up to 20 kG parallel to the
irreversibility line, based on geometrical effects, was re-crystallographicc axis. Superconducting data are obtained
cently suggestédd where local vortex dynamics in using a Quantum Design MPMS2 superconducting quantum
Bi,Sr,CaCyO, single crystals was studied using micro- interference device magnetometer from 5 to 300 K and in the
scopic GaAs/AlGaAs Hall-sensor arrays. The irreversibilityfield cooled conditions. In Fig. 1, the temperature depen-
line is found to exist in the absence of bulk pinning. At high dence of the reaM’ and the imaginaryM” parts of the ac
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FIG. 1. Real M") and imaginary M") parts of the ac magne- FIG. 2. Superposition of the magnetization curves obtained by a

tization (H,.=0.01 G, frequency =30 H2 of a 2212 thin film vs temperature shiff (H) at low fieldsHq, [see Eq(2)].
temperature in various dc fieldsty.=2 G, 50 G, 200 G, 500 G, 1

kG, 2 kG, 3 kG, 5 kG, 8 kG, and 10 k@rom right to lef.

where the sum is over the measured pointsigt The pa-

magnetization is shown at different magnetic dc fields for aametera provides a better agreement and stays close to 1
2212 thin film. These curves can be superimposed by trangvithin a few percent. The values M"[H,T;—AT(H)] are
lating each by a temperatur®T(H) that depends on the calculated from a cubic spline interpolation from the experi-
applied magnetic field: mental data. The error cAT(H) is about 0.1 K and mainly
depends on the number of measurements. Figure 2 shows the
superposition of the ac magnetization at different magnetic
M’[H, T=AT(H)]=M"(Ho,T), (1) dc field curves. At large magnetic fieldsi &5 kG), there is
no more exact superposition because of a broadening of the
peak. NeverthelessAT(H) is still evaluated by the same
method.

whereM (H,,T) stand for the reference curve. The irrevers-
ibility field is defined as

T(Hi) =Toin—=AT(Hiyr), 2

where T, is the temperature that defines the irreversibility INTERGROWTH

field on the reference curvd (Hy,T). Here, Ty, is chosen Intergrowth of the different phase€201, 2212, and

to be the maximum of the imaginary pavt” of M(H,,T) 2223 of the Bi compound is a property of BiSrCaCuO films

for the lowest fieldHy~2 G. The functiorAT(H) has been grownin situ by laser ablation, as shown by the shift and the

evaluated from a mean least-squares fit\Mf aroundT  broadening of the x-ray-diffraction peaksWe have used an

~Ty: intergrowth model to simulate the diffraction patterns corre-
sponding to the intergrowth of 2201 or 2223 phases ir;12212

_ ” o M 2 films. As shown by Hendricks and Teller and Rareial,,
X Z {aMYTH T = AT(H)]=M"(Ho, T)}%, - () x-ray-diffraction intensities can be written as

oo F() 2p(1-p){1—cogk(d,—dy)1}
(0.0 =IO 7 (1= p)?+ 2p(1—p)cog k(d,—d1)]— 2p coskdy)—2(1— p)coskdy) '

(4)

where p is the stacking faults percentage of 2201 or 2223the experimental data. The Bi/Cu concentration ratios are

phasesg, is the distance between fir,O, subunits of the indeed in very good agreement with the atomic compositions
intergrown phase, and, is the distance of the 2212 phase, deduced from Rutherford backscattgrmg spectrometry analy-
k=4 sin 6\, the scattering vector is the Bragg angle, Zes_. All these measurements underline the absence of a well-

. . efined stability limit between the different phases of the Bi
andF () is the structure factor of the g8r,0, subunit. We family, since the intergrowth phenomenon allows one to
have fitted our data with Ed4), providing a value ob. AS  change the structure continuously from one pure phase to
a more elaborate model including the intergrowth of theanother one. This continuous change is achieved by varying
three phases does not improve the rms devidtione as-  the oxygen pressure at a fixed substrate temperature. In the
sume a two phase intergrowth model to be enough to explaifollowing we consider only 2201 intergrown films.
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FIG. 5. Variation of the normalized resistance vs temperature

for a pure 2201 thin film and the same film after annealing. The
FIG. 3. Variation of the normalized resistance vs temperaturecurves show an insulating behavior.
for BiSrCaCuO thin films with different percentage of 2201

stacking faults. The intergrowth broadens the superconducting trarkehavior. Oxygen deficiency of 2201 layers may change the
sition and decreases the critical temperature.pAmicreases, the  pqje carrier density of 2212 films, lowering the critical tem-
slope of the resistivity curve in the metallic regime decreases. perature. Superconductiri@212/insulating(2207) superlat-
tices, a42212/(2209) or Y,Ba,Cu0,/Pr;Ba,Cu;0O,, can be
considered as films with stacking faults, and a broadening of
The intergrowth phenomenon has an influence on tranghe superconducting transition and a decrease of the critical
port properties. An important effect of the intergrowth ap-temperature were also found in this c&$€
pears on the resistivity curves as shown on the normalized
resistivity R/R (300 K) of samples with different percentages
p of 2201 stacking faultgFig. 3). The transport resistivity
was measured in a standard four-point geometry using gold The intergrowth phenomenon has a drastic effect on the
contacts. The main consequences of the intergrowth are @agnetic transition. As seen in Fig. 6, intergrowth broadens
broadening of the superconducting transition and a decreasgd shifts the magnetic transition to the low temperatures;
of the critical temperature. Ap increases, the slope of the the critical temperature decreases. ac magnetic susceptibility
resistivity curve in the metallic regime decreases. The demeasurements are performed in dc magnetic fields up to 20
crease ofT, with the percentage of intergrowth is shown in kG parallel to thec axis and lead to the irreversibility line.
Fig. 4. T, decreases from 50 K for 4.5% of 2201 stacking Each irreversibility line drawn in Fig. 7, in a semilogarithmic
faults down to 10 K for more than 30% of 2201 stacking plot, corresponds to a precise percentage of 2201 stacking
faults. faults. We show two distinct regimes and it appears difficult
In order to know the electronic nature of the 2201 layersto fit the curves by the same law over the whole range of
in 2212 thin films, we have grown pure 2201 thin films by temperature. Nevertheless, the temperature dependence of
laser ablation, under the same growth conditions as for 221the irreversibility line behavior in the low-field regidr:250

films but using a 2201 target. Figure 5 displays the variationss) near T, can be accurately fitted by power laws. Two
of the normalized resistance with the temperature for a pure

2201 thin film and shows an insulating behavior. Thus we

TRANSPORT PROPERTIES

MAGNETIC PROPERTIES
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expect the 2201 layer in 2212 films to have an insulating 210 -
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FIG. 6. Real and imaginary part of the ac magnetization
(Ha=0.01 G andf =30 H2) of BiSrCaCuO thin films with differ-
ent percentage of 2201 stacking faults vs temperatui@ 2 G dc
FIG. 4. Decrease of the critical temperature with the percentagéeld. Intergrowth broadens and shifts the magnetic transition to the
of 2201 stacking faults. low temperatures; the critical temperature decreases.
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10° o T T TABLE II. Fit of the irreversibility line by the lawH=Hg(1
A A : P:%" n S%:L‘ ] —-TIT.)* (Eg. 6, nearT., for different percentage of stacking
. L AL ee p=7%, in si B
10 E / "f.‘ . p=18‘%’ in situ E faults.
; A = p=18%, 860°C ]
1000 ?H:exmsexp(-nTl) E Percentage
~ : ‘ of 2201 cells T. (K) a Hy (G)
2 100 | .
a s 0% 45,2 2 2172
10 ¢ o ° 7% 33 2,8 4681
1 b T4 18% 23,7 3,8 11149
2L
01 £ %05 o8 . .
: value observed for all high; superconductors. It is larger
0.01 SR — S ——— than the valuew=1.5 predicted by the standard flux creep
02 03 04 05 06 07 08 095 1 model, but equal to the value given by the vortex lattice
T, melting modef Zeldov etal. have found a=1 for

Bi,Sr,CaCyO, single crystals, consistent with vortex pen-

FIG. 7. 1 ibility i f Bi thin fil ith dif- . - ) -
G rreversibility lines of BISrCaCuO thin films with di etration through geometrical barri€rOur exponent is ap-

ferent percentage of 2201 stacking faults and an annealed film - s : .
(860 °C, under 1 bar of oxygenSolid lines are the power law fit parently in _contradlct|on with such effects, even if they may
(6) of the experimental data nedg, except for the annealed thin lead to a @fferent expon_ent on thin f||m§. o

film that was fitted by a linear law. The insert displays an enlarge- 1" the higher-field regiori>3 kG), the irreversibility line
ment of the low-field region. In this regimeH( 4 kG), the ire-  an be fitted by an exponential law

versibility line is shifted to low field and temperature by increasing

p and is shifted to much higher field after annealing. All the irre- _ T
versibility lines merge in the 4—20 kG field range and the dashed H=Ho ex;{ a T_c ) )
line is fited by an exponential lawr).

The results are presented in Fig. 7. An exponential tempera-
power laws describe the experimental d@quivalent close ture dependence is consistent with vortex penetration
to T.): through a Bean-Livingston surface barrier by a thermally ac-

. tivated proces$® The exponential behavior can be also in-
H=H E_ 1 5) terpreted by the existence of the breakdown field in which a
oT ' proximity effect induced superconductivity is destroyed.

The structure may be seen as a superlattice composed of

T\« laminae alternatively normal and superconducting. The nor-
H:Ho( 1- T_) , (®)  mal laminae could be the SrO-BiO-BiO-SrO layers, the su-
¢ perconducting ones being the Cutayers. On the other
wheren, @, Hq, andT. depend on the percentage of 2201 hand, in the high-field region, Schillingt al. find that the
stacking faults. The law5) describes our resultéTable | exponential behavior is a good approximation to describe the
except forp=18%. A parabolic dependendé5), with n  melting of the vortex ensemble in Mr,CaCy0, .
=2)] has been proposed for the irreversibility line of Bi-  As seen in Fig. 7, in the low-fields regioM& 4 kG), the
based superconductor’s?®This temperature dependence cantemperature dependence of the irreversible magnetic field is
be explained in the framework of a flux creep model, as haglearly modified with the proportion of 2201 stacking faults.
been shown by Yamasakit al*® Schilling and co-workers The irreversibility line is strongly shifted to low fields and
propose that the parabolic dependence is attributable to fluXemperatures by increasing the proportion of 2201 stacking
line melting in 2212 single crystals due to the thermal fluc-faults. This effect is stronger nedy,: at T/T,=0.9, the ir-
tuations of vortices at low magnetic fields, in the temperaturgeversibility field is 15 times stronger fqgg=0% than for
range neafl.. The second power la) fits the experimen- p=18%. In the high-fields regionH>4 kG), the irrevers-

tal data of all our samplesx increases withp, while Tc  jbility line does not depend significantly on the percentage of
decreases witp as it has been shown before. The power-law2201 stacking faults.

fits provide accurate evaluation of the critical temperature of To understand, in the low-fields region, the shift of the
each sample. The results are presented in Table Il and in Figreversibility line to higher fields with the decreasing of
7. Without stacking faults the power valae=2 is the largest 2201 stacking faults, we propose two explanations. Oxygen
deficiency of 2201 layers could reduce the hole carrier den-
TABLE I. Fit of the irreversibility line by the lawH  sjty and would result in critical temperature reduction. When
=Ho(Tc/T—1)" (Eq. 5, nearT,, for different percentage of stack- the 2201 stacking faults increase, the London penetration

ing faults. depth of shielding currents in thab direction is expected
b ; to increase because the critical temperature is decreased. At
of Zrzcoeln?egig T (K) N H, (G) the same time the anisotropy paramegencreases with de-
c 0 creasing carrier densify:*° As the irreversibility line de-
0% 45 1.6 814 pends both o andy, it should be affected by the variation
7% 33 21 966 of the carrier density. In this sense, the exponendf the

power law (6) decreases by increasing carrier density. By
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increasing the carrier doping, experiments have shown that 10° g e g
the irreversibility line of the BiSr,CaCyO, single crystal is Y *+  p=18%, 860°C |
shifted to higher fields over the whole range in Y +  p=18%insitu 7
temperaturé! In our case, in the high-fields regiorH( 1000 F 4 ]
>4 kG) the irreversibility line does not depend on the carrier § “AA
density. It should be noted that intergrowth is a random % 100 3 kY ‘ E
stacking of 2201 and 2212 layers and one can expect that the 10 £ i ] g
. . . . . E a O 21F <1 e 3
carrier density is heterogeneous, while for a single crystal, g s It ] .
the doping states are homogeneous. e 7t ] E
On the other hand, in the low-fields regiorl €4 kG), 01 b I TR ¥ §
the observed shift of the irreversibility line to low fields and F Temperature (K) ]

temperatures could be due to the influence of stacking faults 0.01 bbb I
on the Josephson coupling between pancakes vortices be- o 10 2 3 40 50 6 70 80
longing to adjacent layers. A random stacking of 2201 insu- Temperature (K)

lating layers between 2212 layers could weaken the coupling FIG. 8. Irreversibility line before and after annealing. One sees

betwe;n p;ancakes. At Iog\ll m?ucnonsk’ the_vortlcgsh are l,ixthe dramatic increase of the critical field after annealing. The insert
pecte _to orm an ensem e_ 0 panca_ e strings with 3D-li &hows the linear dependence of the line at low field near the critical
fluctuations. Therefore, an increase pncould lead to an temperature.

enhanced two-dimensional behavior of the system by break-

ing these strings. Thus the exponenbf the power law(6)  temperature for a pure 2201 annealed thin film and shows
increases with the anisotropy of the structure enhanced b§gain an insulating behavior. Despite 2201 insulating stack-
the intergrowth phenomenon. A three-dimensional vortex belnd faults, the irreversibility line of the annealed film is
havior in BLSKLCaCyO, thin films at 77 K has been shifted to higher fields. Thus, this shift is not related to the
reported®? This finding is in line with the theory written by CcouPling between pancakes but to the carrier density that
Glazman and Koshelévwhere at magnetic fields below ncreases during the annealing at 860 °C under 1 bar of oxy-
B.p., the vortex system in Br,CaCyO, consists of well- gen. Oxygen d_eflmency of the 2_212 layers could be compen-
correlated vortex lines rather than layers of decoupled vortegat€d by forming szléperconductm_g 2201 layers as has been
pancakes. Similar recent results on,®CaCuy0, single reported by Liet al.““ or by annealing thin films. As seen in
crystals show that this behavior is intrinsic t(kBIizgaCLQO Fig. 8, the critical temperature of the thin film increases after
materialsi13334 At low inductions neafT. . we find a par)él- annealing and reaches 76 K. This value is deduced from a
bolic temberature dependence, while fc?r’ larger inductihs linear extrapolation of the irreversibility line. We note that in

decreases exponentially as it has been reported for magneHEe 55 1o 75 KI tenszerattére range_,hthe irreversibiliéy line
fields H parallel to thec axis for BiLSr,CaCyO, single shows a power-law dependen(®), with an exponent: de-

crystalst! The two regimes reflect the three and the quaSi_creasing from 3.8 before to 1.85 after annealing. In this

two-dimensional character of the respective vortexSENse, as seen before, the exponent decreases by increasing

fluctuations'® For high applied magnetic field, the interac- C&ITier density. At lower temperatu(é8 to 28 K rang the
tion between vortex objects within one layer is stronger thadrreve_rsm.lhty line is d(_ascnbeq t_)y an exponentle}l lah. As
the coupling between these 2D objects belonging to adjaceﬁ?en in Fig. 7, all the |rrgver§|b|llty I|n(_es merge in the 4 to 20
layers. This leads to a quasi-2D behavior of the thermal vor<C field range. In the high-fields region, the thermal vortex
tex fluctuations. In the high-fields regioki&>4 kG), we find _ fluctuations present a 2D behavibt? where the anisotropy
that the irreversibility line does not depend on the percentag@O I_onger pl_ayf;g role. The anisotropy _that varies W'th. the
of 2201 stacking faults. Indeed, insulating 2201 layers could@mer de.nS|ty‘, . control; . wrgygrsmlllty line. Thus, n
not weaken further the coupling between pancakes along thtge h|gh—f!eld region, the |rrever3|b|llty line should not shift
C axis. either by intergrowth or by annealing.

Results obtained on annealé860 °C, under one bar of
oxygen thin films could suggest that the observed shift of
the irreversibility line is related to the carrier density, rather The intergrowth phenomenon reduces the superconduct-
than to the coupling between pancakes. As seen in Fig. 7, iimg properties of 2212 films. The random stacking of 2201
the low-fields region i <4 kG), the irreversibility line of an  insulating layers and 2212 layers broadens the magnetic tran-
annealed thin film is strongly shifted to higher fields. Thesition and the resistivity curves. By increasing the percentage
annealed film contains 18% of 2201 stacking faults as beforef 2201 layers, the critical temperature decreases. Inter-
annealing (x-ray-diffraction measurementsTo know the growth shifts the irreversibility line to low fields and low
electronic nature of 2201 stacking faults in the annealed filmtemperatures because it would reduce the hole carrier density
we anneal860 °C, under one bar of oxygepure 2201 thin  of the film. As the irreversibility line is strongly shifted to
films grown by laser ablation, under the same growth condithe higher fields and the critical temperature increases for an
tions as for 2212 thin films, but using a 2201 target. Figure Sannealed thin film, the transport properties appear to be bet-
displays the variations of the normalized resistance with théer in annealed thin films than im situ grown films.

CONCLUSION
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