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Structural features of (Ba,Cu,0,.,)/(CaCuO,),, superconducting oxide superlattices
with ultrathin individual layers
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The structural disorder in (B&wW,0, . ,)/(CaCuQ), superlattices with ultrathin individual layers consisting
of a noninteger number of unit cells is investigated. X-ray diffration and reflection high energy electron
diffraction show that a two-dimensional layer by layer growth occurs and that layers of mixed composition are
corrugated to adjust the internal stresses. On the basis of these conclusions we can outline an explanation for
the behavior ofT; vs nin (Ba,Cu,0,.,)/(CaCuQ), superlattices.

[. INTRODUCTION ¢, and ¢, values are known independently, the individual
layer thicknesses; andn, can be calculated. This approach
Presently, considerable attention is being addressed to theas been extensively applied to the study of metallic,
engineering of artificial structures based on ultrathin indi-semiconducting, and, more recently, oxide superlattiées.
vidual layers consisting of complex oxides. In this frame-Often, following this simple procedure, noninteger values of
work ferroelectrict colossal magnetoresistarfcéhigh tem-  n; and n, were found®*® In the case of the manganites
perature superconductihg oxide superlattices have been superlattices, investigated in Ref. 2, HRTEM images have
extensively studied due to their scientific importance anctlearly shown that the structural quality of the topmost layer
technological interest. Fabrication of such artificial struc-is not deteriorated, relative to the first layer, even in the case
tures, with a control on the atomic layer level, can allow toof noninteger individual layer thicknesses. In the past, indi-
improve the physical properties of such oxides and, in pervidual layers made of noninteger numbers of unit cells were
spective, can be used to design devices with new functiondirst observed in the case of semiconducting superlattites.
propertie$. Obviously, in order to achieve such objectives, This effect was successively explained on the basis of inter-
an extremely careful control of the interface disorder duringfacial controlled disordet due to a systematic error in the
the growth procedure is necessary. Interface disorder controhickness of the deposited layers. However, especially in
is usually achieved bin situ reflection high energy electron connection with complex oxide superlattices, where the unit
diffraction’ (RHEED) or by ex situtechniques such as x-ray deposition cell(thinnest block of a single constituent oxide
diffraction®>® (XRD) or high resolution transmission elec- which can be depositgdmay consist of several atomic
tron microscopyHRTEM).? RHEED technique, through the planes and may differ strongly from each other both in
detection of the intensity oscillations of the diffraction spots,chemical composition and crystallographic structure, the
is a powerful tool for the control of the layer thickness andideas of interfacial disord&t! have to be reconsidered. This
interface quality. However, even for a purely two- is especially true in the case of artificial structures made of
dimensional(2D) growth mode, clear RHEED oscillations ultrathin layers consisting of feior even ong unit deposi-
cannot always be detected. Moreover, the oxygen pressut@n cells where the concept of interface itself becomes ill
necessary for the growth of oxide layers could hinder the uséefined.
of the RHEED technique. In such cases situtechniques In this paper we discuss the case of the
are necessary. For this respect, HRTEM is a powerful techtBa,Cu,0,, ,)/(CaCuQ), superlattices grown by pulsed la-
nique to enlighten the local structure of the interfaces. On theer depositioPLD).* These superlattices, grown under ap-
other hand, XRD gives information averaged over the wholeropriate temperature and oxygen pressure conditions, can
superlattice thickness. At the simplest level XRD spectra caimave a superconducting transition temperafiy&s high as
be used to estimate the superlattice perfod@nd the indi- 80 K.!? All their superconducting properties are drastically
vidual thickness of the constituent layers. In the case of twaffected by the large degree of structural disorder préSent.
constituent oxides, the superlattice period (A=n;c; Recently it has been shown by EXAFS and x-ray diffrac-
+n,c, wherec; andc, represent the thickness of the unit tion measurements in (B@w,0,.,)/(CaCuQ), super-
deposition cell of the two constituent oxides amgandn, lattices**°that the crystallographic structure of the Ba block
the respective number of unit cells calculated from the consists of a sequence of four atomic planes, namely
angular spacing between the zeroth order pe8ig) of the  Cu0,/BaO/Cy_ s0,/BaO with ¢c;=8.9A. The Ca block
superlattice and the first order satellite peakd {;) using  consists of a sequence of Cuénd Ca planes and has a true
the equatiomA = \/(2|sin 6..,—sin 6|), where\ is the x-ray  infinite layer(IL) structure withc,=3.2 A.® The Ba block
wavelength,6, and 6., are the angular position, respec- containsx extra oxygen ions and, therefore, can act as a
tively, of the average structure peak and of the first ordecharge reservoir(CR) block. The coexistence, in a single
satellite peaks. The average lattice parameaterA/(n,;  structure, of CR and IL blocks regularly stacked along the
+n,) can be estimated from the angular position of the av-growth direction gives rise to superconductivity. The behav-
erage structure peaks by Bragg's law. Finally, assuming thér of the superconducting transition temperaturg of
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(Ba,Cw,0,.4)1/(CaCuQ), superlattices as a function of
(calculated according the procedure outlined aboves
been reported in Ref. 12. The maximum value is obtained
for 2=<n,,=2.5. For largen values,T.(n) shows a smooth
decrease, which is well explained taking into account the
decrease of the effective hole concentration per single,CuO
plane due to the increase of the total number of €pl@nes

in the IL block!’ For n<2, T, shows a sharp drop. A strik-
ing result of this investigation was that the occurrence of a
non integer numben of CaCuQ unit cells in the IL block
does not affect th@ . of these artificial structures.

The aim of this work is to characterize, by means of a
simple kinematic analysis of the x-ray diffraction spectra, the
structural disorder of these artificial materials with the final
objective of correlating the superconducting properties with
the structural disorder. E °

To achieve this goal, different kinds of disorder are con- .
sidered. X-ray diffraction spectra are accordingly simulated 4
for n ranging from 2 to 3(where the maximum off; is ]
observed and finally compared with the experimental re-
sults. Conclusions are compared with the results of RHEED
in situ experiments. A possible explanation for the depen- 8 :
dence ofT; on n is sketched. 0 30 26 0 50 60

log I (arb.unit)

23 0000 000 © I

Il. EXPERIMENTAL RESULTS FIG. 1. Experimental x-ray-diffraction spectra shown in loga-
rithmic scale(open circley corresponding to four different samples
[(BaCuw,0444)/(CaCuQ),]y superconducting superlat- with n ranging between 2 and 3 and the corresponding simulated
tices were grown onto SrTiD(100 monocrystalline sub- spectralcontinuous ling obtained by the final structural model. The
strate by the PLD technique following the procedure de-S., peak splits gradually. Experimental strong peaks come from
scribed in Ref. 4N is the total number of iterations in the the SrTiQ substrate.
deposition proceséypically 30 in our superconducting su-
perlattices, corresponding to a total thickness of about 450 Il. SIMULATION MODELS
A). Samples were characterized by x-ray diffraction and ) ) . )
standard four contact transport measurements. Samples with Numerical simulations of the XRD experimental spectra
the same composition were also grown at low moleculatVere carried out following a kinematical approach. Such ap-

oxygen pressureRp. ~10"4 mbay in order to investigate Proximation is well justified in view of both the reduced
the growth mechanizsm bip situ RHEED thickness of the superlattices and of their crystallographic

X-ray diffraction spectra were taken by@26 diffracto-
meter.

Figure 1 shows in logarithmic scale the experimental
x-ray diffraction spectrdopen circleg corresponding to four
different samples witm ranging between 2 and 3 was
varied increasing gradually the number of laser shots on the
CaCuQ target. From the figure it can be noticed that, in-
creasingn, the spectrum is modified as follows.

The zeroth order peakSL,, (001 and (002 are dis-
placed to larger angles.

The angular distance between the zeroth order and first
order satellite peaks decreasesAaBicreases.

The SL.., satellite peak of the=2 sample splits gradu-
ally in aSL,, and aSL_, peak.

No relevant broadening of th8L.; and SL, peaks is
observed for superlattices with noninteger values.of

The SL., peaks, on the contrary, are much weaker and
broader whem has noninteger values.

In the case of superlattices grown at low oxygen pressure,
the growth was monitored by the RHEED technique.
RHEED spectra showed that the growth occurs in a 2D mode
without degradation of the superlattice quality over the
whole thickness. In Fig. 2 a typical 2D pattern taken at the FIG. 2. RHEED image taken at the end of the growth. A 2D
end of the growth is shown. streaky pattern is still clearly visible.
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quality. In this simple approximation the diffracted intensity
at the angled, 1(8)=A(0)A*(0), is calculated by the ex-
pression

A(0)=2, fi()exp(—idmz;sin(6)/)), (1)
]

wherej indexes the atomic planes ahd 6) is the structure
factor (including anomalous dispersion correctiooorre-
sponding to atoms lying in thgth plane. Theg; is the height

of the jth plane and\ represents the wavelength of the Cu
Ka radiation. The sum is carried out over the whole thick-
ness of the film. The structure factor has been corrected by
the polarization and Lorentz factors and by the Debye-Waller
temperature factor. Thg andz; values depend on the par-
ticular structural model utilized.

For a comparison with the experimental curves the final
spectrum is convoluted with the 0.5° window used in the
x-ray measurements and the background intensity is added.

In Ref. 8 the concept afontrolled disordeiin a 2D layer
by layer growth was introduced in the case of GaAs/AlAs
semiconducting superlatticesControlled disorder occurs - E— .
when the amount of material deposited in each iteration re- 20 30 40 50 60
mains perfectly constant during the growth of the superlat- 26
tice even though it does not correspond to an integer number FIG. 3. XRD experimental spectrum in logarithmic scale of a
of atomic planes. In a pure layer by layer 2D growth modelg nerjattice witm =2.4 (open circles compared with the simulated
any layer must be completed before passing to the next ongectra/continuous ling obtained from different structural models.
(Frank—Van der Merve growihConsequently, the compo- (g Simple random disorder model with nonideal 2D growt).2D
sition of the interface is always well defined, and varies in agrowth model with abrupt steps in the deposition plaifég. 4a)].
controlled fashion throughout the film thickness. (c) 2D growth model with constant thickness unit deposition layers

On the other handandom disordecan be produced by a [Fig. 4(b)]. (d) Final model.
poor control of the amount of deposited material in each
iteration or by a nonideal 2D growth without surface recon-This model, similar to the one considered previously(&a-
struction over large areas. Cu-O)/(Sr-Cu-O superlattices® works quite well for

In the case of superlattices made of complex oxides, theamples with integen but fails in the other cases. It can be
above ideas about the growth mechanisms can be applied ssen in Fig. 8) that experimental and simulated spectra are
well. However, some special features, due to the more conmgualitatively different. In the simulation, ti8L,; peaks are
plex structure of these compounds, must be considered. very narrow while theSL_; peaks are broad. No split is

(&) The constituent oxides can grow block by block ratherobserved for theSL. , peak.
than atomic plane by atomic plane, each unit block consist- Such disagreement is expected on the basis of the

log T (arb.unit)

ing of several atomic planes. RHEED characterization, which shows that the growth
(b) Large structural differences between the constituentnechanism has a 2D character. Therefore a 2D growth

oxides may exist. model which allows the preservation of the real structure of
Both these features occur in the case of thethe Ba block (BaCu,O,.,) has to be considered. In this

[(Ba,Cuw,0O,.,)/(CaCuQ), ]y superlattices. specific case, the unit deposition lay€fDL) must be com-

We have simulated the x-ray spectra for different possiblepleted sequentially one by one. UD(the thinnest layer
disorder models fon=2, 2.4, 2.6, and 3. In Fig. 3 the XRD which can be grown from a single targebnsist, in our case,
experimental spectrum of [gBa,Cu,04. 4)/(CaCuQ), 4l of an alkaline earth plane and a copper plane.
superlattice is compared with the simulation obtained in the In such a model, two extreme possibilities, illustrated in
most relevant cases. All spectra are plotted in logarithmidrig. 4, can be envisaged for the UDL with mixed composi-
scale. tion.

Figure 3a) shows the result of a simple random disorder (1) The unit cell of each constituent oxide maintains its
model. In this simulation, it has been supposed that, in eactelaxed dimensions. Due to the large difference between the
growth domain, the CaCuQlayer can consist only of an Ba-Ba(4.4 A), Ba-Ca(3.8 A), and Ca-C43.2 A) distances,
integer number of unit cells, with a probability=0.6 to  this situation implies the existence of abrupt steps in the
have 2 cells, and®=0.4 to have 3 cells. No correlation ex- atomic planegblack lines in Fig. 4a)] at the boundaries
ists between successive CaGu@yers in each domaifnon-  between regions of different composition.
ideal 2D growth. Furthermore, in order to take into account  (2) The thickness of each mixed composition UDL is con-
the experimental fluctuations in the amount of deposited mastant and can be calculated by the Vegard’' law from the
terial, a further random disorder has been incorporated coraverage chemical composition. This approximation has been
sidering a Gaussian dispersion in the above probabilitiesused successfully for semiconducting superlattices with non-
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(@)

Zi,c ............. .ﬁﬁ 0 :—
d tig * E '
Alkaline 0
Ba block — earth plane 2., | :|
- Ca block —— Copper plane
i-1 i i+l
FIG. 4. Sketch of a small portion of a superlattice built accord- Alkali
ing to the 2D growth extreme model&@) The unit cells maintain Ba block  — tﬁ 11;6
their relaxed dimensions and abrupt steps in the deposition planes earth plane
result. (b) The thickness of each unit deposition layer is constant - Ca block — Copper plane

and can be calculated by the Vegard’ law.
FIG. 5. (a) Sketch of a portion of a superlattice built according

integer compositiofi.In the present case, however, we have!© the 2D growth final model. Layers are corrugated to adjust the
also included the restriction of maintaining the structure of"ternal stressesb) Simplified discrete 1D model structure corre-
the (BaCw,0;.,) block [Fig. 4b)]. sponding to the situation depicted (a).

Simulated spectra far=2.4 resulting from the above ex-  (5) Random fluctuations in the amount of material depos-
treme cases are shown in FiggbBand 3c). Clearly the first  ited in each iteration give rise to an additional random dis-
alternative[Fig. 3(b)] gives rise a spectrum very different order component.
from the experimental one. A small region of a superlattice grown according the

The second possibilityFig. 3(c)] gives rise a simulated mechanism outlined above is sketched in Fig)5In order
spectrum qualitatively better. TI®L_, peaks are in the cor- to perform numerical simulation of the x-ray diffraction
rect position and th&L. , peak is split. The relative inten- Spectra, a simplified 1D model structure has been considered
sities and widths oL, and SL, peaks are better repro- [Fig. 5(b)]. This simplified model considers several growth

duced. However, in the simulated spectrum 8le, , peaks ~domains(numerated by the lettdy. _
are as narrow as the other ones in disagreement with the Each UDL(numerated by the lettdy consists of an alka-

experimental observation. This is indicative of an underestilin® earth plandindicated by black thick lines in the figure

mate of the interfacial disorder of the superlattice. and a copper planghin lines. In each UDL, domains are

We have tried then to model a more realistic intermediatecomple‘[e'y filled either with a Ca blocidark gray regions

alternative. This model is based on the physical assumptioﬂr with a Ba block(light gray regions In each deposition,

that Ca and Ba blocks are distorted in order to avoid sharp 52 andnc, take random values that follow a Gaussian dis-

. . Rribution with dispersions around the mean valuesg,)
steps and to create smooth and continuous surfaces.jEach _ and(nc)=n=2,2.4,.... In this simplified model, each

planfa has a variable local height which depends on the OVe{jp| domain has a constant thickndgsg. 5(b)] which can
all history of the growth. , be thought to represent the mean thickness value of the cor-

More specifically the key physical features that we con-regponding portion of the real undulated growth surfas.
sider in the final model are as follows. 5(a)].

(1) The growth mechanism is 2D: UDL must be com- | the crystallographic cells are completely distorted and
pleted sequentially one by one. In the case of mixed compathe surfaces are very smooth, the resulting steps would be
sition UDL, 2D islands made of the first constituent OXidevery small. On the other hand, if the cells are very stiff, the
start to enucleate on the surface without reaching the fulkituation should be similar to the first extreme céBéy.
coverage, UDL is then completed with the second constitu4(a)] and the steps would be higher. In the numerical proce-
ent oxide. dure, the “surface smoothness” is adjusted by means of a

(2) In mixed composition UDL, cells are locally distorted smoothing parameterdefined thereafter. The thicknegsof
at the boundaries between different composition regions, ieach(i,l) domain, starting for the first UDL, is redefined as
order to form smooth and continuous growth surfaces. o o o

(3) Far from the boundaries between regions of different ti=ti+sA2(z 1 +1) = (Zir1 -1t g)
composition the UDL thickness tends to recover its relaxed _ 0
value. (Zi—q)—1+tq))]

(4) The structural identity of the Ba block, as determinedwheretﬂ, is the ideal relaxed thickness. The paramstean
from the EXAFS measurements, is preserved. vary from 0 to 1.s=0 corresponds to the extreme case de-
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picted in Fig. 4a). Finally we take into account interference  Finally we analyze the implications that this structural
among different UDL domains performing the sum ex-model could have on the superconducting behavior of these

pressed in Eq(l) over all domains materials.
The sharp drop off(n) whenn<2 can be explained
A(O)=, f5i(0)exp(—idmz;sin(0)/\). (2)  assuming that, in this compounds, the thinner superconduct-
ji

ing block consists of a Cu{plane surrounded by two alka-

line earth planes. If the last is true, the explanation for the
A very good agreement between the calculated and ex b P

perimental spectra has been obtained for values afound good superconducting properties of fract|on§1I superlattlcgs
- . : emerges naturally. Namely, superconducting blocks in
the 10% ofn ands=0.5. The resulting simulated spectra aresam les withn sliahtly larger than 2 are more ordered rela-
shown in Fig. 8d) forn=2.4 and in Fig. 2 fon=2,2.4,2.6, . P ightly farg .
and 3. tive to those withn=2. The presence of random disorder
prevents the existence of ordered superconducting blocks in
IV. DISCUSSION AND FINAL CONCLUSIONS then=2 sgmples. As far as increases, there are more su-
perconducting blocks. The competition between this effect
X-ray spectra simulations demonstrate that, for these artiand the decrease of the number of holes per Cplane,
ficial structures, a 2D layer by layer growth is achieved. Incould explain the maximum of . observed for 2n<2.5.
the case of mixed composition layers the 2D growth start$4owever, such hypothesis still needs a more detailed inves-
with the first constituent oxide and is Completed, still in a 2Dt|gat|on in Samp|es with different degrees of random disor-
mode, by the second constituent. Therefore the mixed uniger.
deposition layer¢UDL) consist of small regions of different  |n summary, from the comparison between different dis-
compositions. This result is in agreement with the finding oforder models we have inferred the key structural features
the in situ RHEED measurements which show no sizeablenecessary to reproduce the x-ray spectra observed in these
deterioration of the surface during the deposition. Moreoversyperconducting artificial materials. We have proposed a
HRTEM experiments with atomic resolution in oxide super-simple model that captures these physical facts.
lattices of different nature, show that, actually, the quality of  The conclusions emerging with respect to the structure
layers close to the physical surface of the film is comparablgind growth mechanism of these artificial materials are in

with that one of the first layet. _ _ agreement with the observations of RHEED and HRTEM
The second conclusion is that, in each mixed compositioRxperiments in similar compounds.

UDL, cells are distorted to avoid Sharp helght steps, however On the basis of these conclusions we can outline an ex-
such distortion is not enough to establish a constant thicknesgianation for theT(n) behavior. This explanation is valid
throughout the UDL. This is also in agreement with theynder the supposition that ordered superconducting ,CuO

HRTEM experiments published in Ref. 2, which show anpjanes are necessary to allow the development of the super-
undulation of the interfaces. conductivity.

Simulated spectra fit the x-ray experiments better if the
structure of the (B#&w,0,,,) block is maintained. This
finding gives further support to the EXAFS results.

We notice also that, to reproduce accurately the peak
widths, it is necessary to take into account an experimental The authors wish to thank P. G. Medaglia and A. A.
dispersion in the amount of material deposited in each iteravarlamov for useful discussions. This work was supported
tion. by PRA HTSS of INFM.
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