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Interplay of doping and structural modulation in superconducting Bi,Sr,_,La,CuQg, s thin films
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We have studied the evolution of the structural modulation in epitasdakis-oriented, BiSr,_,La,CuQg, s
thin films when varying the La contemtand for a givenx as a function of oxygen content. A series of thin
films with 0=<x=<0.8 has been prepared situ by rf-magnetron sputtering and characterizedR{¥) mea-
surements, Rutherford backscattering spectroscopy, transmission electron microscopy, and x-ray diffraction
techniques. The oxygen content of each individual film was varied by thermal annealing across the phase
diagram. The evolution of the structural modulation has been thoroughly studied by x-ray diffraction in
determining the variation of the amplitude of satellite reflections in special two aek@scans(reciprocal
space scanslt is shown that the amplitude of the modulation along thaxis decreases strongly whan
increases from 0 to 0.2. It is demonstrated that this variation is essentially governed by La gamdrthat
changing the oxygen content by thermal treatments has a much lower influence, even becoming negligible for
x>0.2. Such study is important to understand the electronical properties®fBLa,CuGs, s thin films.
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[. INTRODUCTION to the mismatch between the BiO layers and the perovskite
slab and/or the presence of extra oxygehlowever the re-

Compared to other hole-doped superconducting cupratdation between the modulation and the extra oxygen is not
with one CuQ plane per unit cell, like TBaCuG; (TI- clear, even controversial. On the one hand, some adthors
2201 or HgB&aCuQ; (Hg-1201), the compound BBLCuQ;  suggest that there is no essential relationship between the
(Bi-2201) exhibits two major differences. The first one is its incommensurate modulation and extra oxygen. On the other
maximum superconducting critical temperatu20 K),'3  hand, other authot$'® suggest that the extra oxygen is the
which is considerably lower than that of TI-22080 K)* or  real driving force behind the modulation. In fact, the samples
Hg-1201(94 K).5 For this reason this compound is very im- studied were only substituted with La in the former case and
portant in the investigation of the normal-state properties oPnly oxygen doped in the latter. Therefore it seems clear that
cuprates and paradoxica”y to the understanding of thé’T order to find a possible relation between the modulation
mechanism of highT, superconductivity. The other differ- and extra oxygen, it is necessary to systematically study both
ence, probably correlated with the first one, is the fact thafloping situations.
this compound exhibits an incommensurate structure modu- In this paper, we report our results obtained in a system-
lation in theb-c plane of displacive behaviéiTo understand ~atic study of both nonmobile La dopinfrom x=0 to x
why the Bi-2201 system is so different from other cuprates=0-8) and mobile doping for each La content in(Ba)-2201
the majority of the published works consider the effect ofthin films. The use of thin films allows us to easily modify
doping?~? which can be achieved in two ways. The first onethe oxygen content of the samples and to perform transport
is by changing the oxygen content in the sysfeffhis is Measurements. The mobile doping levels of these thin films
sometimes callednobile doping® The second way is by Were varied from overdoped to underdoped. The main goal
using cationic substitution, such as substituting divalent SPf this study is to show the relation between extra oxygen
by trivalent La, which decreases the hole content, or trivalen@nd the modulated structure for each given La content in the
Bi by divalent Pb, which produces the reverse efFéétThB Bi-2201 thin films. The most important issue in the present
can be callechon mobiledoping. Doping studies show that Study is that we show how much La doping influences the
Bi-2201 is one of the few systems that can be Comp|ete|)amplitude of the structural modulation in these thin films,
investigated from strongly underdoped to metallic overdopedvhatever the oxygen doping.
states’1?2 The T, value of pure Bi-2201 can vary from 0 to a
maximum valueT ., at most eq_ual to 20 K, and that de- Il. EXPERIMENTAL
pends strongly on the Bi/Sr ratio. The value Tf can be
raised by nonmobile doping up to 30—35 K using La/Sr sub- Epitaxial c-axis-oriented BiSr,_,La,CuGs,, (x=0-0.9
stitution and even up to 45 K with simultaneous La/Sr andthin films, 2000—3000 A thick, were prepared by single tar-
Pb/Bi substitutiot3* The origin of the structural modula- get reactive rf-magnetron sputtering on heated
tion present in the Bi-2201 system is often thought to be du€720—-750 °Q single crystal SrTiQ100) substrates and also
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TABLE I. Nominal composition of the BLa)-2201 targets with various La content and composition of
the films measured by RBS

La Target(Nominal) Films (RBY

X Bi: Sr: La: Cu Bi: Sr: La: Cu

0 2.00:1.90:0.00:0.90 2.07:1.93:0.00:1.20
0.05 2.00:1.95:0.05:0.90 2.20:1.93:0.07:1.04
0.1 2.00:1.90:0.10:0.90 2.10:1.90:0.10:1.14
0.2 2.00:1.80:0.20:0.90 2.00:1.82:0.18:1.10
0.3 2.00:1.70:0.30:0.90 1.94:1.72:0.28:1.08
0.4 2.00:1.60:0.40:0.80 1.91:165:0.35:1.21
0.5 2.00:1.50:0.50:0.80 2.00:1.50:0.50:1.01
0.6 2.00:1.40:0.60:0.90 1.79:1.40:0.60:1.40
0.8 2.00:1.20:0.80:0.90 1.82:1.14:0.90:1.22

on MgQ(100) substrates for composition analysis. The depo-under Q-rich process gas. The three other doping states
sition conditions were similar to those previously describedwere subsequently obtained lex situannealing treatments
for pure Bi-2201 thin films. To prepare films with differemt  of the same sample in different oxygen atmosphe(i¢Sthe
values, a series of targets with the requiredalues were samples were partially deoxygenated by an annealing treat-
used. The composition of the films measured by Rutherfordnent in vacuum at 300 °C for 1 h giving underdoped states.
backscattering spectroscogRBS) on films deposited on (i) Then the samples were oxygenated in a pure oxygen flow
MgO is shown in Table I. The measured valuexafre quite ~ at 420 °C (iii) Finally, the samples were exposed in an oxy-
close to the nominal composition of the target exceptxfor gen plasma at 420 °C with 100%,@ obtain a still higher
=0.8 (about 15% more in the films Figure 1 presents a oOxygenation level. After each treatment, the samples were
high-resolution TEM[110] image of such a film viewed in characterized by the following methods. The superconduct-
cross section. The quality of the film-substrate interface isng transition temperatures of the films were measured resis-
perfect. There is complete epitaxy, no amorphous layer betively by a standard dc four-probe method and also con-
tween film and substrate, and no secondary phases formedfitimed magnetically by ac susceptibility measurement with a
the interface. SQUID magnetometer. The properties of the crystal structure
After deposition the samples were cooled down to 420 °of the films were thoroughly studied by x-ray diffraction
under process gas. For eactialue, the films were studied in  (XRD): conventionalé-26 scan, rocking curve scan, partial
four typical oxygen-doping states, spanning the phase digpole figure(¢-scan, and special two- axes#26-6 scan(re-
gram, obtained as follows. The so-called as-prepared statprocal scanmethods were used.
was obtainedh situ: it is close to optimal doping for samples ~ To study the structural modulation in the Bi-2201 system
with 0=x=0.4, which were kept in vacuum at 420 °C for on a local scale, transmission electron microsc¢pgM)
1 h, while it is an underdoped state for the samples witthas proved to be very usefth!® TEM is certainly a very
0.5=x=0.8 although they were continuously cooled downpowerful method, but as it is a destructive technique it does
not allow the examination of the evolution of the modulation
s P R 3 in the same sample for different oxygen-doping levels. In the
it Mgk . Pars B present caséa Bi-2201 film on a STO substratéhe prepa-
. ration of suitable cross-sectional TEM samples was not
AT straightforward because of the limited adhesion of the film to
W e
e

.J'

Y -,}, 2 ' ’, . ’ 5 ;he stubﬁtrgte. AnFaIternativ_e approach i§ to uhse X-ray difflrac-

&J ] ,,,;‘}JJ&"'}»I . ion techniques. For ceramlc_samp(psw e, the structura
WP E R == P PEER modulations  were studied from standard6-26

‘ /¥ ! diffractograms® However this technique is not suitable for
thin films because it appears that the modulation amplitude is
much less important there than in ceramic samples, resulting
in very low diffracted intensities of the same order of mag-
nitude as the background in between average-structure Bragg
peaks that are difficult to measure. The situation is worse
when the films are highly textured or even epitaxied. For
single-crystal samples, the modulated structures were studied
using a precession-camera techni§uehis method is also
difficult to use for thin films because of the presence of thick

FIG. 1. [110] HRTEM image of an undoped Bi-2201 thin film. absorbing SrTiQ substrate. The diffraction volume ratio be-
The cations are imaged as bright dots under the present conditionveen film and substrate is inadequate for this transmission
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annealed at 420 °C in oxygen flow, a®l exposed at 420 °C in
pure oxygen plasma.
x=03 noted that a phase transition from monoclinic to orthorhom-

0 50 100 150 200 250 300 bic occurs forx=0.1" Figurg 3 .allows us to compare the
T(K) values of the as-preparédr in situ) samples with the values
found after the three annealing treatments: deoxygenation in
FIG. 2. (a, b Temperature dependence of the resistance normalvacuum, oxygenation in Oflow, and in oxygen plasma. It
ized to its value at 300 K,R/Rgp g, for x=0 to 0.6, of appears that for & x<0.4 the as-prepared samples were op-
Bi,Sr,-La,CuQ, thin films in the as-prepared state. In insert of Fig. timally doped ad; decreases undex situannealing. This is
2(a), T((R=0) as a function ok for Bi,Sr,,La,CuQ, thin fims in  in agreement with the linear variation &T) in a largeT
the as-prepared state. interval [Fig. 2(@)]. In contrast, forx=0.5, T,(R=0) appears
not to be influenced by oxygen overdoping. The reason for
technigue. We then used reflection-diffraction geometries otthis remains unclear. It should be noted that in Fig. 4 of Ref.
a four-circle diffractometer. Copper radiation was used for22 the T, value for the same composition is out of the pa-
this study. A graphite analyzer was mounted in front of therabola line representin@.(p), and in Ref. 23T, for x equal
detector(proportional gas counterAs XRD is a nondestruc- to 0.5 was only 10 K, whereas it was 33 K fer0.4. For
tive techniqueat least for the kind of samples studied here x=0.6, the samples were underdopedTadk=0) value in-
we were able to examine the modulated structure of the samgeased from=4.2 K (as-prepared sampléo 8 K and to

sample at different oxygen-doping levels. 12 K when the samples were subsequently treated by anneal-
ing in oxygen atmosphere and by exposing in pure oxygen
IIl. RESULTS AND DISCUSSION plasma, respectively. Fox=0.8, after the oxidizing treat-

ments, the film remains semiconducting at low temperature
Figures 2a) and 2b) show the temperature dependence ofalthough there is a decrease of the resistance values.

the resistance of Bsr,_,La,CuQ, films with 0<x=<0.6 in Phase identification, crystal orientation, and film structure
the as-prepared conditions. Critical temperature valuesyere obtained from XRD¥-26 scans. In all cases the XRD
T((R=0), are about 20 K fox=0, 0.05, 0.1, and(R=0)  patterns of the films correspond to a single phase as can be
values are up to 30 K for=0.2,0.3,0.4! On the other hand  seen on a typical XRD pattern given in Fig. 4. The full width
T.(R=0) is equal to 20 K forx=0.5 and is less than 4.2 K at half maximum(FWHM) of the rocking curves through the
for x=0.6 and forx=0.8, theR(T) curve(not shown exhibits (008 diffraction peak were always in the range of 0.15 to
a semi-conducting-like behavior. It is thought that maximum0.2°, indicating that all films are highlg-axis orientedwith
T. in the La-doped Bi-2201 system occurs forequal to  the c axis perpendicular to the film and substrate surfaces
about 0.42 Therefore the region whereis less than 0.4 is The epitaxial character is further attested to with the record-
called overdoped. Our results presented in the inset of Figng of a partial-poles-scan of the(115 Bragg reflection as
2(a) show that the maximuni, corresponds tx=0.2, 0.3, shown in Fig. 5. Knowing the parameterfrom the earlier
and 0.4; that is,T; is maximal over a large compositional #-26 scan, the lattice parametaris deduced from another
range. It is known that in this system is not only depen- 6-26 scan carried out in the reciprocal direction0 3h).
dent onx, but is also dependent on the Bi/Sr ratio. TheThe variations of lattice parametezsanda of the films as a
microstructure plays an important role in the valueTpfas  function of La content are given in Figs(eés and @b). It is
well. In the rest of this paper, we will see that the microstruc-shown thatc decreases and increases with increasing La
ture distortion because of the incommensurate modulation isontent. From Fig. @), we can also see thatdecreases with
attenuated by La doping for=0.2. So the large modulation increasing oxygen-doping level for given La contdaee
amplitude existing fox=<0.1 could be one of the main rea- also Fig. 2 of Ref. 12 This result is in agreement with those
sons to WhyT.a iS Only 20 K in these cases. It should be reported for single crystals and for ceramic sampfesn
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FIG. 4. A typical XRD pattern for a BLa)-2201 film. The re- 538 5707 0% 08 3
flection peaks of SrTi@substrate are indicatgthe square root of X

the intensity is plotted to enhance the visibility of low-intensity

diffraction peaks FIG. 6. (a) and(b): Variation of the lattice parameteasandc as

a function ofx for Bi,Sr,_,La,CuQ, thin films in the different dop-

general, the decrease of the lattice parametierthought to  ing states(see text

derive from the fact that the atomic radius of La is smaller

than that of Sr. But from our results or from those of Refs. 70bserved satellites are related to the La content of the as
or 2, the variation of the parameterbetweenx=0 andx prepared films. In the reciprocal space, the modulation wave
=0.5, for instance, is much larger than the simple differenc&/ector can be described as=(0,0y,q,). Figure 1c) shows

of atomic radius between La and Sr. So this explanation ighat for x=0.3, the shape of the satellite contour becomes
not sufficient. In fact, as we know, in the Bi-2201 system, theelongated. This fact means that there is a loss of long-range

lattice parametec decreases, while increasing the @ping

level. The reason for this could be the insertion of extra 17.0 -
oxygen in the BiO bilayer. If this is correct, the decrease of 0016
lattice parametec in the La-doped Bi-2201 system is of the 16.5 ( )
same origin: additional oxygen atoms needed for charge
equilibrium increase with increasing La content and are also 16.0 1 , - \
inserted in the BIiO layers. 15.5
Let us now consider the main results of this x-ray diffrac- . x = 0.00
tion study. In order to investigate the incommensurate struc- 15.0 - ’
ture modulation in the La-doped Bi-2201 system, scans in ’
reciprocal space were carried out around (8€® 16) main —_ 17.0
Bragg reflection. Typical patterns of this kind of scan are W7 ® ¢
shown in Figs. f@—-7(c). These figures show the presence of a 16.5 (00 106)
modulation in all of the BiLa)-2201 system as signaled by 2 16.04 -
the existence of satellite reflections around a main Bragg = ’
" S
peak of the average structure. The position and shape of the =~ 15.5- ‘ ®
15.0 - x=0.20
® 2 0
= = g = 17.0 . .
_ . (00 16)
< 16.0 -
g
\_m/ 15.5 . £ 3
15.0 - ' %=0:30 ‘
T l T l T l T
B . , ‘ , -0.2 0.0 0.2
0 60 120 180 240 300 360 .
FIG. 5. XRD ¢ scan of the (115 reflection of a FIG. 7. XRD 6/26-6 scan patterns of Bia)-2201 films with(a)
Bi(La)-2201film. x=0, (b) x=0.2, and(c) x=0.3 in the as-prepared state.
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FIG. 8. (a, b g, andg, vs x of Bi(La)-2201 films in the different
doping stategsee text

order of the atomic displacements along thexis. Figures

8(a) and &b) show the variation ofy, andq, as a function of

La- and Q-doping levels. In the case of La-undoped Bi-2201
as-prepared samples only, there is a second kind of modula-
tion with g’ =(0,0.17, 2, which disappears once the samples
are annealedthis modulation is no longer present for La-
doped even withx as low ax=0.05. We can see thaj, and FIG. 9. [110] electron diffraction pattern ofa) the undoped
g. increase monotonically with increasing La content. TheBi-2201 and(b) the Bi(La)-2201 film with x=0.3.

results abouty, are very similar to those of Wareg al?* For

instance, the values ¢f},(x)-qy(x=0)]/ap(x=0) were about |ength. Interestingly, as we measured satellite intensities
13, 18, and 20% fox=0.2, 0.3, and 0.6, respectively, in their around the Bragg reflectiof0 016), we got insight into
case, and the values were about 15, 17, and 19%, respegmose atomic displacements that are polarized atdiyec-
tively, in our case. However the superconducting propertiesion, that is, perpendicular to the superconducting guO
are quite different between their ceramic samples and oyslanes. Therefore, to measure the behavior of the amplitude
thin films. We can see also from Fig. 8 that for0 and 0.05,  of the modulation at large, with respect to the different dop-

the values oft, andq. increase with increasing fdoping ing conditions, we took the following quantity as a test
level. In contrast, fox=0.1, g, andg. becomes independent probe:

on the Q doping level.

Two samples(x=0 andx=0.3) have been examined by Us=1)/(1y=1p),
TEM (Fig. 9. Measurement of the vectors by electron
diffraction revealsq=(0,0.18,0.34 for the x=0 compound wherel and|, are the average values of the integrated in-
andg=(0,0.22,0.82 for x=0.3. With an accuracy of £0.03, tensities of the satellites and the neighboring background,
these values fit very well with the values determined byrespectively and,, is the related main Bragg peak intensity.
x-ray diffraction (see Fig. 8. Figure 10 shows the variation of the modulation amplitude as

As is well known in the case of displacive modulated a function of La content and doping level. The results dem-
structures, satellite intensities are related to the amplitudes @instrate that the modulation amplitude decreases with in-
the atomic displacements of those atoms involved. For smatireasing La content up to=0.3. Then above=0.4 the am-
displacements relative to the cell parameters, the contribwplitude increases again slightly. It should be noted that the
tion of one kind of atom to the amplitude of the diffracted value of the lattice parameterfor the smallest modulation
wave is proportional to the scalar product of its displacemenamplitude coincides with that of the Bi-2212 compound,
vector R=(u,v,w) with the scattering vectoQ=(h,k,I). where the amplitude of the modulation is known to be very
The total diffracted amplitude can be complicated to calcusmall in thin films. It is also to be noted that for a givethe
late because of the summation over all of those atoms inmodulation amplitude increases with increasing ddping
volved in the modulated structure. But what is left is that thelevel for x=0, 0.05 and 0.1. In contrast fer=0.2, the am-
corresponding diffracted intensifthe square of the modulus plitude appears to be independent of thg-doping level.
of the diffracted amplitudewill be low if the displacements Whatever the oxygen content the minimum of the modula-
are very small, higher if the displacements are larger, bution amplitude occurs fax=0.3-0.4. So from the comparison
always proportional to the square of the scattering vectoof Fig. 10 and 3 givingT.(x), there appears to be some
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0.26 ‘ - - the La content leads to an increase of the additional oxygen,
R i which occupies more and more of the BiO plaf@sis may
-, be the reason why the values qf and g, increase with
vacuum annealed | | increasing La conterFig. 8). The fact that additional oxy-
02 annealed g gen occupies more and more room leads to the fact that the
plasma annealed space left in the BIO, bilayer for the oxygen used for doping
= F the CuQ planes is less and less important. Consequently,
To ] . L oxygen overdoping becomes more and more difficult. As a
matter of fact, for 0.xx<0.5 the most oxygenated states
. o i always exhibit a superconducting transition and tfigival-
§ o . ues increase witk (Fig. 3), and forx>0.6 the overdoped
0 ‘ ‘ ‘ , region even cannot by reached by oxygenation.
0 0.2 04 06 0.8 1 In summary, by a systematic study of both nonmobile La
X doping(from 0 to 0.8 and mobile Q doping for each given
FIG. 10. Reduced satellite intensitys—1,)/(Im—1p) Vs x of L_a conter_1t in Bi-2201 thin films, our main results show that:
Bi(La)-2201 film in the different doping states. Subscriptis for () Tc Optimum corresponds to 02x<0.4 and not only to

satellite, m for main Bragg reflection peak, artilfor the nearby ~ X=0.4:(ii) for x<0.1 and for the higher oxygen-doping lev-
background. els the modulation varies with varying oxygen doping level.

In this case, we agree with the authors of Refs. 17 and 18, on
correlation between the occurrence of the maximumif)  the fact that the extra oxygen is the real driving force of the
and the minimum of the modulation amplitude. modulation. Forx>0.1, the modulation becomes indepen-

Several models aiming at the explanation of the origin ofdent of the Q-doping level. Then we agree with Ref. 16 on
the structural modulation are summarized in Ref. 15. Hereghe fact that there is no essential relation between the incom-
we focus only the relation between the extra oxygen and thenensurate modulation and dopir(@i) We have shown that
modulation. From Figs. 8 and 10, it can be seen that it is onlthe amplitude of the modulation along tleeaxis decreases
for x<0.1 and for the higher oxygenation levels that thewhile La content increases from 0 to 0.3. This result is very
modulation depends on the extra oxygen. In the La-dopeimportant to understand the electronic coupling between
Bi-2201 compounds, the extra oxygens located in the doubl€uO, layers of the BiLa)-2201 system and the related
BiO planes can be divided into two kinds of oxygen. One isanisotropy?®
used for doping the CuQplanes and the second one, the
so-called additional oxygen, is used for charge equilibrium
as a consequence of the substitution of the divalent Sr by
trivalent La atoms. Fox<<0.1, the extra oxygen is mostly We would like to thank N. Blanchard for powder synthe-
used for doping the Cugplanes. The higher oxygen-doping sis, D. Petermann for software support in x-ray analysis, and
level states with no superconducting transition down toF. Lalu, CSNSM, for RBS studies. S. Bals is grateful to the
4.2 K can be easily obtained. However, further increase ofund for Scientific Research-Flanders.
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