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High quality, very flat Nd,,Ba,_,CusOy films have been grown by sputtering and analyzed by low energy
electron diffraction, scanning tunneling microsco@®TM) and grazing incidence x-ray diffractioiG1XD)
employing synchrotron radiation, in order to investigate the surface structure and morphology. The refinement
of the GIXD data has been performed on the basis of structural models sensitive to the nature of the termi-
nating layer. The interpretation of the results provides a picture of the surface structure that is in full agreement
with STM results. The surface is composed by two terraces with different termination, one of which is an
ordered and complete C)-O layer and the other an incomplete BaO layer that partially covers a disordered
Cu(1)-O layer. Atomic vacancies and steps bounding terraces with a height of about 0.4 nm, are present on the
surface.
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I. INTRODUCTION In this paper, we report on a detailed analysis of structure,

In spite of the enormous amount of work dedicated to thgicrostructure and surface structure of N&a,.,CusO,
subject, the knowledge of the ;RBa_,Cu0, (RBCO, (NBCO) films. To this aim, grazing incidence x-ray diffrac-
where R=Y or rare earjhsurface structure and termination 1N (GIXD), low energy electron diffractionLEED) and

layer is still far from being complete. This study has a num-Scanning tunneling microscopy data have been collected and

ber of technological and fundamental difficulfies, also be-2nalyzed. The GIXD experiment has been carried at the ID32

cause of the large variety of factors affecting the surfacé)Eegg“n_e gf thebIEulr opegn Synchrotron R??iati(;n Fa%ility
termination, defects, surface relaxation and reconstruction. Al ; B '? renof e gtc;]r er toblget mfeanlngbllj surface char-
noncomprehensive list includes effects related to the supgcterization, we faced the probiem of possibie aging or con-

. - o tamination of the samples, which have been grown in an
strate choice, the deposition conditions and growth mOdeSUItra High Vacuum(UH\F/)) deposition system notgconnected
film stoichiometry, strain due to different lattice parameters:

) - . in situto the UHV surface diffraction chamber. Our previous
and expansion coefficients with respect to the substrate, a’@perience, corroborated by similar studies performed by
the interaction with the environment during and after the

_ other groups;* proved that suitable thermal treatments can
cooling process. __restore the surface structure of RB@@xis films as dem-

A great progress in the knowledge of surface properties ijnstrated by LEED. Similar treatments have been adopted in
connection with film growth modes has been achieved rethis work.
sorting toin situ Reflection High Energy Electron Diffraction The choice of Ng,Ba,_«CusO, for our investigation, in-
(RHEED). RHEED studies pointed out that deposition of stead of the more popular YBau;O; compound, is due to
YBa,Cu;0;7 (YBCO) films proceeds by unit-cell by unit-cell the different surface morphology of this material. One intrin-
growth modé’: This result would imply a dependence of the sic characteristic of YBCQz-axis films grown by various
terminating layer on the starting monolayer sequence at thiechniques is that, after few layers, 3D islands are formed.
interface between the substrate and the film, that may chandguch structures are made up of stacks of terraces 1 unit cell
according to the substrate choice and the termination layehigh. Relaxation can be one of the main reasons for the
Such data may complement in some cases the results of suarossover from a 2D to a 3D growth mode, but also other
face analyses performed by scanning tunneling microscopgnechanisms have been proposed to explain this
(STM). However, even though atomic resolution has beerphenomenof.YBCO surfaces show therefore a substantial
demonstrated in a few STM measureméntise interpreta- roughness that is a clear obstacle for the determination of the
tion of data is troublesome, due to the intrinsic mixing of surface structure using electron diffraction or x-ray surface
electronic and topographic information. Moreover the STMdiffraction. However, the growth mode of NgBa, ,Cus0,
measurement is not able to give direct information on thds different. A 2D-nucleation growth mechanism has been
chemical composition of the surface and on the relation bedemonstrated for such films, when grown by sputtering from
tween the interface between the surface layers and the bulk. single target. STM measurements proved the existence of
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FIG. 1. STM topography images ofa) a 100 nm thick 0 . —l : L T : . :
Ndy.,Ba,,Cuz0y film and of (b) a 50 nm thick YBCO film depos- 20 4 60
ited on a SrTiQ substrate. The images are taken in the constant 26 [degrees]
current mode with electrochemically etched iridium tips, tunneling ) )
current of 300 pA and tunneling voltage of 1.2 Volts. FIG. 2. 9-29 scan of a typical sample. The inset shows well

defined pendellésung fringes around t0€1) reflection.

2D-terraces separated by steps with height even less thanvious studie$.The sputtering takes place in an Ar+@&mo-
unit cell” As a consequence, NBCO films have a superiorsphere with a partial pressure rati¢A?): P(O,)=20:1 and
flatness with respect to YBCO. A comparison between theotal pressure in the range 40—60 Pa. The deposition tem-
morphology of a 100 nm thick N¢,Ba,,Cu;O, film and of  perature is 740 °C for the samples considered in this work,
a 50 nm thick YBCO film is shown in Fig. 1. The UHV-STM with a growth rate of 0.02 nm/s. After deposition the films
images are takeim situ on as grown samples in the constantare annealed for one hour at 480 °C, in pure oxygen
current mode, using an electrochemically sharpened iridiunt99.998% at 3x 10* Pa.
tip. We estimated by EDXEnergy Dispersive X-rayand
The microstructure of Nd-rich NgyBay,-,CusO, films  XPS (X-ray Photoemission Spectroscopnalyses that the
was previously investigated by HRENHigh Resolution Nd/Ba ratio in the film used in this study is 0.62+0.03,
Electron Microscopy, and compared with that of stoichio- Which is slightly larger than in the targétld/Ba=0.58. The
metric NdBaCu;O;, with the aim of determining the loca- Ndi+Ba CuOy c-axis length is known to be related to the
tion of the excess Nd ions in the structure, and the relatef\d/Ba ratio in films®and in bulk sample$. The estimation

defects that are originatédt was demonstrated that in Nd- ©f the Nd/Ba ratio based on x-ray measurements of the lat-
rich films, Nd-excess is incorporated in two ways: by form_tlce parameter is however consistent with the target stoichi-

: ; sy ometry within the experimental uncertanties. Such
ing Nd,Ba,Cu,O, 224-type stacking faults, which in less ex- .
tent are observed also in stoichiometric YBCO films, and b Ndy.,B3,-,Cus0, films are superconductors, and due to the

the introduction of extrgNd-CuQ,) blocks. In the Nd-rich {gﬁg\éﬁzuﬂg{:ﬁgi T(O,Rt.?cn:t35%?’\/\,\%irlgl?tt'i\ée&;gmg?g ‘Z'S?n
samples far more Anti-Phase Boundari#®B) are formed  (imize the critical temperature of sputtered NBCO filfrayr
due to the enhanced Nd-Ba exchange. Some APB's are prgngice for a relatively loweT, film is dictated by the better
served up to the surface and do not end at a dislocatioryface morphology and structure as shown below.
defects through the introduction of extflid-CuQ) blocks.  samples were investigated lny situ UHV scanning tunnel-
This mechanism allows a further inCOprfation of the Nd ining microscopy’ and by X-ray diffraction measurements.
the Nd .,Ba, CusOy matrix, and partially explains the supe- X-ray diffraction spectra always show a high degree of
rior flatness of these filn. c-axis epitaxy. Most of the samples exhibit well defined Pen-
In the next section, the sample’s fabrication and characgellgsung fringes in the)-29 scan on thg001) reflection
terization are presented. The remaining part of the paper igig. 2) that allow a careful determination of film thickness.
then dedicated to the description of the experiment at the |n Fig. 3a) it is shown a magnified image of the surface
ESREF, to the analysis of the structural data, and finally to thf a Nd-rich NBCO film. The surface is composed by ter-

discussion of the results. races with different topography separated by steps. Each ter-
race is between 50 and 80 nm wide. Some terraces are very
Il. SAMPLE FABRICATION AND CHARACTERIZATION flat, while others show a rmgoot mean squajeoughness

of about 0.2 nm as shown in the height profile of Fi¢h)3

The high quality Ng,Ba_Cu;0, (NBCO) thin films  This is about the same value as the distance between
have been grown by dc magnetron sputtering, using a singl&vo neighbor atomic layers along the-axis in the
target with Nd ,Ba; CusO, stoichiometry. Ngl,,Ba, ,CusO,  Nd;.Ba, «CusO, structure. Consequently, rough terraces
films were deposited on 85 mn? wide, (100) SrTiO;  may be incomplete layers and the second surface layer may
(STO) substrates. Before the deposition the substrates weige also partially exposed at the surface.
annealed for one hour at 950 °C in vacuum. Such thermal More details on the results of the STM measurements and
treatment provides a clean surface, mainly Ji€minated, on the fabrication technique of NgBa,_,Cus0, films have
as revealed by lateral AFM friction measurements and prebeen reported elsewheté.
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100 , thermal treatment, the LEED pattern is restored even in the

case of samples kept in a controlled atmosphere for more
than two weeks. This treatment has therefore been adopted
for the sample used for the GIXD experiment, in a specially
designed UHV chamber connected to the UHV diffraction
chamber, kept at a pressure below 1Pa.

50 ]

Height (nm)

R IIl. GIXD EXPERIMENT

distance (nm)

The surface x-ray diffraction experiment was carried out
[nm] at the 1D32 surface diffraction and standing waves beamline

FIG. 3. The magnified STM image of the surface of a 60 nmat the ESRF. The incoming x-ray beam was generated by two

Nd.,Ba_CsO, film (tunneling current of 200 pA and bias volt- “r;d“'atorshand mO”OChromﬁit'Zﬁd W'trl‘é%]tﬁ‘“) double crys-
age of 1.0 Volty (a) and height profile along the line showing the tal monochromator, cryogenically coo. atwas set to an
rough and flat terrace®). energy of 13.9 keV at the 5th harmonic of the undulator. The

whole UHV surface diffraction chamber is mounted on the
2+2 circle goniometer. Additional motors that allow the
sample surface alignment by changing the height of the
rQample respect the direct beam, and tilting in thandy
rections are located in the chamber.

The Nd,,,Ba,_,Cu;0, film employed in this experiment is

composed of 52 unit cells. Before performing the GIXD

Here the samples were hermetically sealed in a glass cona -
; ) ! . . easurements, the structural quality of the sample was
tainer filled with ultra-high purity Ar gag99.998% purg checked from the rocking curves of several reflections. The

The effect of aging and contamination of the surfaces of th ~1, 0, 1 and (0, -3, 1) rocking curves exhibit a FWHM
samples after such exposure to the atmosphere has bee”iﬁ'uh Width Half Maximum of 0.05° and 0.03°, respectively.
vestigated by low energy electron diffractighEED). The We have experimentally determined the critical anglefor

LEEDI analydsis h?s k:egn perf?égnt_a;d SﬂtEEOS as-deposited our sample. During the GIXD data acquisition procedure the
Samples and on treated samplessitu on as-grown angle of incidence of the x-rays to the surface was conse-

films has shown that the surface of N@Ba,_,Cu;0, exhibit o il ;

. . IXEE2 quently kept constant at 0.375°, which is slightly higher than
ac(2x 2) reconstructior(Fig. .4)' This is different from the the measured value af,=0.360°. This rather low incidence
p(2x2) surface4 reconstruction of NdB@uO; (Ref. 12 5hq16 was selected in order to enhance the signal to back-
and YBaCusO,." The LEED pattern of films exposed to the ground ratio coming from the surface, and to minimize con-
ambient atmosphere for 1 minute is completely degradedyihions of the substrate to the diffracted intensity.

and only exhibits an isotropic diffuse intensity. This effect e fiim Jattice parameters were determined from the re-
can be related to the well known contamination of RBCO b¥finement of 12 film bulk reflections by least-square proce-

water vapor and carbonatsThese contaminants are how- gres. In order to avoid the contribution of the substrate, we
ever eliminated by annealing the sample in 50 mTorr of MOt5ye chosen film bulk reflections which are far from the
lecular oxygen at 500 °C for 30 minutel® situ XPS per-  gypstrate peaks. For example {1e0 1) substrate reflection
formed in an ESCALAB system connected situ to the g gynerimposed to thel 0 3 film reflection and for this
LEED and preparation chamb€rshows that in the RBCO  ea50n has been discarded in the fit refinement. Using this
samples, chemical film properties and surface morphdfogy procedure the final values of the cell parameters ware
are not affected by this annealing procedure. After such @a2:0.39021) nm, a;=1.17301) nm, a=B=y=90.0°. The

lattice parameters of the NgBa, JCu;0, starting target are
a=0.39121) nm, b=0.386%3) nm, and c=1.172%1) nm.
Thus, the film has lattice parameters that slightly differ from
the target ones. Moreover, the target unit cell is orthorhombic
while the film one is pseudo-tetragonal. This effect may be
accounted for by a slight difference in composition and
by the strain induced by the substrate as discussed in the
following.

As reported in the previous section, the composition mea-
surements performed by XPS and EDX indicate that the ratio
between Nd and Ba is given by Nd/Ba=0.62+0.03 for the

(100) investigated sample. X-ray measurements proved that this
film possesses a tetragonal unit cell and is untwinned. This is

FIG. 4. The LEED image showing the2 x 2) reconstruction of ~ certainly an intrinsic property, and cannot be related to oxy-
a Ndy.xBayCws0, film after exposure to the air and annealing gen loss. In fact, tetragonal RBCO structures are found for
procedure. very low oxygen contents, which implies sensitive expansion

In order to perform the structural investigation with the
synchrotron radiation, the samples must be transferred fro
the deposition chamber to the synchrotron beamline. The
grown films used for the experiment were introduced at a
pressure lower than 1®Pa to a fast-entry intro-chamber.

010
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of the c-axis and a consequent contraction of thend b 3.0

axes; this is not the case of our film, which has a shorter

c-axis (1.1730 nm compared to the 1.1745 nm value for the 2.5

c-axis of a stoichiometric NBCO filjnand a and b axes

similar to the substrate. On the contrary, the tetragonal struc- __ 2.0

ture may be due in this case to the combined effect of excess =

oxygen and strain at the interface with the substrate. When L5

an excess NY is inserted in the structure, charge neutrality <

is satisfied allowing some more?Oions in the free sites of LG

the Cyl1)-O planes. This effect has been demonstrated in 0.5

NBCO bulk samples by neutron diffractidhln particular it ’

has been established that for each two*Nid excess, one 0.0 ,

oxygen ion is added at the anti-chain sites and at the same 1.0 0.5 0.0 0.5 1.0
time a reorganization of the remaining oxygen in the struc- o [degrees]

ture leads to a gradual destruction of the chains and finally to

an orthorhombic to tetragonal transformation er0.25. For FIG. 5. Contour plot of the scattered radiation(bt1,k=1)

our Nd/Ba=0.62 value we ggt=7.1, which is an excess of obtained throughv-scans at various values bf
0.1 O-ions per unit cell. While thb-axis of our film is not
much different from the expected value for this composition,plotted in Fig. 5 thew-scans around thél,1)) reflection
thea-axis, which is actually equal to theaxis, is unexpect-  from which the(1,1) CTR has been determined. Easfscan
edly high. This result suggests that oxygen ions are added & integrated, and geometrical corrections are implented ac-
the anti-chain sites. Moreover the film is subject to straincording to Ref. 19 in order to obtain the intensity profile of
induced by the substrate. As a consequencetaedb axes  the six(h,k) integer order rods.
of the film are similar to that of the substrate and the in-plane
axes of the Ng,Ba ,Cus0, film resulted parallel to the
principal axes of the SrTiQsubstrate. IV. RESULTS

Before collecting data, we have defined an orientation

matrix through the base vectof,,b,,bs) of reciprocal formed using a modified version of the ROD software
space chosen as followds,//[100] film; b,//[010] film; 000018 Due to the high complexity of the structure, the
bs//[001] film, with by,b, lying parallel to the substrate sur- it of the experimental data required a number of intermedi-
face. Their amplitudes have been chosen according to thge steps. In the preliminary fitting sessions, a reduced num-
determined lattice parameters of the film, i.6;=27/a;  per of parameters was introduced to get the overall physical
=b,=2m/a,=16.09 nm*, and by=2m/a;=16.06 NM",  picture; moreover, these analyses also allowed us to check
whereaz=a5/3. Notice that the length df; has been defined the sensitivity of the fit to specific sets of parameters. The

with respect to the-axis of the Nd.,Ba, ,CusO, film di-  royte toward the final structural description is discussed in
vided by 3. According to this definition, a vector of the re- the following.

ciprocal space is denoted in the following lats; + kb, +1bs.

Two different sets of reflections have been collected: in-
teger and fractional order rods. A total of 1929 reflections A. ldeal truncated crystal model
were measured, which reduced to 1617 nonequivalent inten- Figure 6 shows the comparison between the simulations
sities corresponding to 28 fractional order rods and 6 crystahptained from an ideal NBCO truncated crystal with the ex-
truncation rOdiCTR) The analySiS of the data related to the perimenta”y corrected intensiti@s measured at several
fractional order rods will be discussed in a separate papef.values related to different integer order reflections. The dif-
and are not reported here. We wish only to mention that thgerences between the various simulated curves in Fig. 6 are
surface of our sample is characterized &2 X 2) recon-  due to the different surface terminations, which are in prin-
structed domains about 50 nm wide, as inferred from theiple possible for this kind of material. Each possible plane,
angular widthsAh and Ak of the (3, 3, 0.19 reflection. The  that is Cu-O(chain layey, Ba-O, CuQ (copper-oxide layer
(%, % 0.15 reflection intensity was periodically measured for or Nd, was considered. As clearly shown in each of the sub-
checking anomalies during the data collection procedureset figures of Fig. 6, none of the theoretical curves agree with
The systematic errors resulting from sample misalignmentthe experimental results, showing that the surface structure is
were checked by measuring several rods from all four quaddifferent from the ideal one. The most striking feature of the
rants in reciprocal space. intensity shape profile of the different ideal surface termina-

The exploration of the reciprocal space of the film hastions calculated in Fig. 6 is the abrupt variation around the
been performed as follows. The CTR’s were collected by théBragg peaks located at lowalues, i.e., CTRL,0) I=1. The
subsequent acquisition af-scans at different values bfor ~ experimental measurements, instead, show smooth intensity
each fixed(h,k) value. Herew refers to the degree of free- changes around these peaks. Moreover weaker peaks be-
dom of the sample concerning a rotation around the axisween the Bragg points can be distinguished in some of the
perpendicular to the surface. Arspacing of 0.05 rlyrecip-  measurements shown in Fig. 6. In the following we will
rocal lattice unitshas been adopted. As an example, we haveshow that they are related to th€ X 2) surface reconstruc-

The calculations of CTR'’s intensities have been per-
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FIG. 6. A comparison between experimentally corrected intensities at different Bragg fojkisas a function of 1(CTR’s) and
calculated curves relative to different ideal surface terminations of the NBCO film. The experimental error bars have been omitted for clarity.
Filled circles correspond to the experimental data while continuous lines are the simulations: black line correspo(fis@g QuNd(4)
termination, the blue line G)-O or Bg2)-O termination, the red line B&)-O or CU3)-O, termination and a black dashed line corresponds
to a coherent superposition of two @)+O layers separated along the surface normal by two laedsnm). The notation used is the same
shown in Fig. 7.

tion. All these features cannot be reproduced by a simple 1. lon relaxation and chemical disorder
bulk termination structural model.

In the following we will consequently consider two mod-
els for the NBCO film surface(i) a regular film surface
having only one kind of termination with the possibility of a
random substitution of Ba atoms on Cu sites in its topmos
surface layer. In this case the distribution of steps boundin
terraces is parametrized by a roughness coeffici@ntA
surface formed of two differently terminated domains in-

The film is considered as a stack of unit cells. Starting
from the interface with vacuum, we consider nine indepen-
dent unit cells to take into account surface normal atomic
elaxations of the outermost part of the film, plus a bulk unit

ell (collection of identical cells which represents the inner
%art of the sample. We have also taken into account the pos-

volving atomic layers of different heights and separated be- a) )
tween them distances smaller than the coherence length of & add cu‘l CU3
the x-rays. From the STM measuremefi&g. 3a)] it is =2 Baz Nd4
evidenced that the surface is composed of terraces with dif- ". o c
ferent heights and separated between them around « Ot us cu5 ";
50—80 nm. Consequently the total diffracted intensity can be O . Nd4 Ba 6 <.
. . . . 3 .
due to the coherent contributions from the different regions. ,“ pao. CUS U1 ‘
B. Single termination model = ™ Ba 6 Ba 2 :"3
In order to fit the GIXD data, as a second step, we devel- 4 0'0 / CU1 CU3 a

oped a coherent, single termination, model of the sample

structure. A different level of complication is gradually intro-  FIG. 7. (a) Basic NBCO unit cell used to build the model. Red
duced in this model in order to understand the effective rolemall spheres correspond to the oxygen ataisScheme showing
of ion relaxation, chemical disorder, surface termination andhe Cu/Ba exchange distribution that preserves the film
roughness. stoichiometry.
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FIG. 8. A comparison between the experimental results relative tolteand(2,0) (filled circleg CTR’s and the single termination
model fit obtained by considering relaxation of the cations with oxygen positions coupled to the correspondentdzati@mtslingand the
model which consider the oxygen free to rel@ontinuous ling

sible contribution associated to the SrERBCO interface. disorder of the film. During the fit refinement procedure the
In our analysis we checked both incoherent and cohereriverall chemical stoichiometry of the film is fixed. This
interface contributions to the total CTR. The best agreemenineans the addition of 18 new parameters to the model. Fig-
for any of the models presented below, was always obtainedre 1b) shows a schema of how this Cu/Ba substitution is
when the contribution coming from the SrT@ incoherent. taken into account. In the best fit, the average substitution
The incoherent contribution from the substrate was estimatebdetween Cu and Ba along the surface normal direction is
from the fits to be 25%. A schematic drawing of the startingabout 6%. In spite of the extra occupancy parameters added
structural model is shown in Fig. 7. In each cell, the verticalto the model, no real improvement of the fit was observed,
coordinates of ions are free fitting parameters. To account fasince it gives similar fitting curves to those of Fig. 8
the presence of defects, we have also allowed some degree @htion+oxygen relaxationsind a higher value of?. There-
ion substitution(chemical disordgr Since the atomic scat- fore we decided to neglect the Cu/Ba substitution in the
tering factors of Nd and Ba are similar, the intensity of thenext, except for the outermost film layer.
scattered x-ray radiation is not sensitive to small changes in
the effective Nd/Ba ratio of the sample. Moreover, oxygen
gives a minor, but not negligible, contribution due to its low  As third step Cu/Ba exchange in the topmost unit cell is
atomic number. introduced in the model and roughness has been param-
At first, the positions of oxygen ions are coupled to thoseetrized. The roughness should be introduced in the model,
of the cations of the same layer while the chemical orderingince our film, even being quite smooth, is composed by
of the film is maintained. The maximum number of fitting
parameters involved in this model is %5 scale factor and TABLE I. »2 values obtained from the fit of the experimentally
54 parameters corresponding to the catipe®ordinates measured CTR’s using the refined structural single termination
Surface termination plays an important role in the fit. model. Each possible termination has been considered. The best
Therefore we have again considered all possible surface teagreement is obtained for a QYO layer termination containing a
minating layers during the fit refinement procedure. In Fig. 830% of Ba ions at the Cu site.
are shown the results of the fit for tiig,0) and(2,0) CTR’s
(dashed lings The best agreement in terms gt is obtained Termination layer X
for Cu(1)-O terminated layer. As shown in Fig. 8, the im-

2. Surface roughness

provement of the model which consider surface relaxation Cu)-0 84
compared to the ideal structure is obvious. When the oxygen Ba(2)-0 9.0
positions are also permitted to relax by including 45 extra Cu3)-0, 10.2
parameters the fit improves considerafdgntinuous lines in Nd(4) 9.6
Fig. 8. Cu5)-0, 8.5

Finally the Cu and Ba occupancies in each layer are Ba(6)-O 9.1

treated as free parameters to account for a possible chemical
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FIG. 9. A comparison between the single termination model best fit and the experimental data taking into account cation/oxygen
relaxations, substitution of Ba in the (i position at the topmost surface layer and surface roughness.

terraces separated by single and, sometimes, multiple stepgnce during sputtering each species is supplied at the same
We used a step of one NBCO unit cell to compute the surfacéme on the position of the substrate. This is different from
roughness within the beta-modéIThis choice gives the best the deposition by atomic layer by layer molecular beam ep-
agreement between the data and the models. The Cu-Ba efaxy technique. Again each possible terminating layer has
change at the surface is physically much more reasonableeen considered in this refinement. In Table | we report the
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X’ obtained from the fit to the structural model which con- V7T T T T T T T 1
siders (i) 9 surface unit cells with(ii) cation and oxygen 25_' o Nd,Ba,Cu |
atomic relaxations not forced to be identical giid) Cu/Ba ; % m_ Oxigen
substitution at the topmost surface unit cell, as well as rough- 201 % % ]
ness. As clearly shown in Table | the best results in terms of 154 % ]
X’ are obtained for a G)-O terminated surface layer, being & ] % )
characterized by a 30% amount of Ba substitution at the CL?< 10 .
site. Figure 9 shows the comparison of the best fit with the— T { { T
experimental data using this model. The differences betweerz *] % E %

the fits shown in Figs. 8 and 9 are noteworthy and are only 0 i % .
due to parametrization of the surface roughness and to thi T
Cu/Ba substitution on the topmost surface layer. From the ] ]
results displayed in Fig. 9 the topmost surface layer is mainly 44 J
Cu(1)-0O terminated =70%) with approximately 30% of Ba L
substitution on Cu sites. It is worth mentioning that tBe unit cell
value obtained from the fit correspond in this case to a rms
roughness of 0.1 nm, which disagrees with the maximum FIG. 10. Average layer displacement, obtained from the single
rms roughness of 0.2 nm observed by STM for someermination model, from its ideal position for each unit cell corre-
terraces. sponding to cation displacementspen circley and oxygen dis-
Another remarkable result is that a considerable displacePlacementsfilled squares d is the interlayer distance of the NBCO
ment toward the surface of the catianpositions is obtained unit cell (a3/6) andA the variation with respect to this value.

from' the fit. As shown in Fig. 10 the average ghsplacement 'Serraces, with different terminations, which contribute coher-
maximum for the outermost surface Iaye{mzhlc_:h rea<_:h_a ently to the full diffracted intensity along the CTR’s. The
maximum of 20% approximatelyand progressively dimin- aight distance between these terraces is changed in each fit
ishes to zero with depth. In spite of such a large displacemerf,ocedure according to the termination layers. Moreover we
of each surface layer from its ideal position, the average,ayve taken into account relaxation of the last 4 unit cells by
interlayer spacing is very close to that of the ideal NBCOjntroducing extra parameters for the ion displacement along
film (open circles in Fig. 10 The behavior of the average the surface normal. Finally we have added a new parameter
oxygen displacements is different from that of cations in thewhich takes into account the disorder along the whole film
three topmost surface unit cells. This different behavior forsurface and bulkin the form of a global Debye Waller
both types of displacements could be related to the fact thahctor. The number of parameters in this model is strongly
one type of atorcations or oxygenmust be the main one reduced to 6Q30 z-parameters for cations, 25 for oxygen
responsible for the&(2x 2) reconstruction and consequently atoms, one global Debye-Waller factor, 2 occupancy param-
must be more sensitive to their contributions in the CTR’s. eters, one scale factor and one roughness parayesiaT-
pared to the previous model being characterized by 103 pa-
rameters. In Fig. 11 we show the result of the best fit for the
new model, which is obtained supposing a surface that
As shown in the previous section a model with a singlemainly contains two terraces, each of them covering the
terminated surface is able to fit the experimental data, supsame portion of surface. The surface termination of one of
posing thaia) there is a strong relaxation of both cations andthe terraces seems more ordered than the other since one of
oxygen ions in the 9 topmost surface unit cells) the sur- them is exclusively C{@)-O terminated while the other
face is Cil)-O terminated(=70%) with approximately shows a distribution of vacancies and disorder in the two
30% of Ba substitution on Cu sites. However we have alsdopmost layers: from the fit it is evinced that the topmost
noted that a coherent superposition of CuO and BaO surfacgurface layer is a partially filled BaO lay€50%) while the
terminating layers may smooth out the abrupt variationssecond layer is Gi)-O with a random substitution of Ba by
around the main Bragg peaks present in the ideal truncatedu atoms (50:50. The separation distance between the
crystal model, which is actually not observed in the experi-Cu(1)-O and BaO topmost surface layers from both domains
mental data. This means that by using a coherent superposs of one atomic laye¢0.2 nm. In spite of the much-reduced
tion of Cu1)-O and BaO surface layers in place of a singlenumber of parameters, th& is reduced to 5.2. By supposing
termination model, it is possible to reproduce the experimenthe oxygen ions in each atomic layer coupled to the cations
tal data without involving strong relaxation of the topmost 9(that means only 35 parameters in the modak x? in-
unit cells. creases only slightlyx?=6.2), remaining well below the
From the STM inspection of the surface morphology invalue obtained within the single termination model. It is
Fig. 3, we have seen that the NBCO surface is composed aforth noting that any other pair of surface terminations gives
two kinds of terraces: one of which characterized by a rms¢? values systematically larger. In Table Il the results ob-
roughness of about 0.2 nm, the other being atomicallftained from some of the fitting attempts, taking into account
smooth. For this reason we consider a structural model fothe possible termination layers for regions I and Il character-
the surface as suggested by the STM results. In this modéted by the different separation between respective topmost
we just suppose that the surface is composed by two kinds déyers, are shown. Moreover from the several possible sur-

C. Coherent, two termination, model
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FIG. 11. A comparison between the two termination model best fit and the experimental data as described in the text
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TABLE II. x? values obtained from the fit in the two terminations models. The two coherent domains are
designed as regions | and II. The difference in height between the topmost (&tejsfrom both regions |
and Il is expressed in terms of the separation distance as depicted in Fig. 13. Other surface terminations as
CuG, or Nd were also checked and gayvalues larger than 9.

Separation distance
(monolayer$

Region | Region Il (1 monolayer=0.2 nmn X
BaO (T.L.) BaO (50%) (T.L.) 0 7.0
Cu/Ba(50:50 (2nd L.
BaO (T.L.) Cu/Ba(50:50 (T.L.) 1 7.3
CuQ) (T.L.) CuQ1) (T.L.) 2orl 8.6 or 8.5

face terminations which we have considered in this modelons or oxygem must be the main one responsible for the
the best fit is always obtained for terraces which have a dife(2 X 2) reconstruction and consequently must be more sen-
ference in height between the topmost full surface layers oéitive to their contributions in the CTR’s. Concerning the
two atomic layerg0.4 nm). relaxation of the last surface cell it is remarkable that the
It is interesting to observe that both models give similarcomplete CuO surface termination layer is contracted while
quantitative results concerning the average chemical compdhe other is expanded. This result can be related to the more
sition of the surface termination. From the occupancies oflisordered structure of the topmost surface layers. The cal-
their respective topmost layers, the single termination modetulated roughness of the film is approximately one atomic
provides a Cu/Ba ratio at the interface with a vacuum oflayer. The 3 value?® is 0.15, which corresponds to a root-
about 2.3 while in the coherent superposition of two surfacanean-square elevation of the surface contour of 0.1 nm. The
domains model it is 1.7. film disorder introduced as a global film thermal vibration
Concerning relaxations of the last unit cells, it is impor- parameter corresponds to an average isotropic disorder of
tant to underline that the displacement of the ions obtaine®.02 Angstroms in the positioning of each atomic layer.
from the fit is much less pronounced compared to the previ- In Fig. 13 a schematic diagram of the surface structure
ous model, as expected. In Fig. 12 we show the ion displacevhich emerges from the two terminations model is depicted.
ment obtained in the best fit for cations and oxygen ions. It is
remarkable that also in the two terminations model the cation
relaxation is opposite to the oxygen ones in the topmost sur-
face layers, i.e., cations tend to displace along the surface ) o
normal, while oxygen ions have an opposite behavior. This Our structural models do not m_clude any contribution
different result for both types of displacements can be agaiffo™ thec(2x 2) surface reconstruction. One of the reasons
interpreted as related to the fact that one type of atoat- for suc;h a s_|_mpI|f|cat|on. in our analysis is related to the
lower intensities of fractional order rods compared to the
T y T y T y T y T CTR’S (Ifactional | cTR=4 %). However the experimental data
3 o Nd,Ba,Cu (e.g., Figs. 6, 8, and)9show additional weak reflections
% 2 m_Oxigen between Bragg peaks that cannot be reproduced from a
2 ] simple surface termination analysis. These extra peaks are

D. Surface reconstruction and final remarks
on the structural model

I o

—
) @ O Ba0(50%)

= CuO(50%)Ba0(50%)
J 1@ JBa0
{4~ Cuo,
| | | N
S R
H

A/d x100

] —1—1
7 =% 99 15%

4

-———————

8- } i
40 - i @0 ;0 JBa0
- - Pl
-12 1 v T v 1 v 1 v T ) ) b :
1 2 3 4 5 o )
unit cell FIG. 13. A schematic diagram of the surface structure which
emerges from the two termination model: on the left a complete
FIG. 12. Average layer displacement from its ideal position ob-Cu(1)-O terminated surface with the second layer being BaO; on
tained from the two termination model best fit for each unit cell the right the topmost layers of the second terrace being a partially
corresponding to cation displacemeritpen circley and oxygen filled (50%) BaO terrace. The second layer of this terrace is CuO
displacementgfilled squares d is the interlayer distance of the terminated where Ba atoms are substituting Cu atoms in a random
NBCO unit cell (a3/6) and A the variation with respect to this way (50:50. Note that the complete C1)-O layer is contracted
value. while the other is strongly relaxed.
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FIG. 14.1-scan of different integer and fractional order reflections showing the peaks dued@ th&) superstructurgia) experimental
(0,0) specular integer rod intensity of the oxygen treated sarfgaletinuous ling, not treated, air exposed, samgéhort dashed lineand
calculation for a fcc latticglong dashed ling (b) (2,0) integer(black line+filled circle$ and(%,%) (black line+filled triangle fractional
order rods compared to calculations for a fcc lattice corresponding {@Befcc rod (long dashed Iin)eand(% , %) (fce) fractional rod(short
dashed ling The peak placed at 2/3, indicated by the arrow, in the specular rod shows clearly the structural differences between the fresh
and the oxygen treatg@econstructegfilm.

due to thec(2 X 2) reconstruction of the surface. In order to clearly visible are in th&1,0) rod around thd =4/3 andl
prove that, in Fig. 1¢h) we compare the experimental inten- =10/3 ¢c(2X 2) superstructure contributions. Thg1Xx1)

sity profile of the speculaO, 0) rod of the oxygen treated model used to fit the CTR’s only takes into account the av-
(reconstructedsample with that of an identical sample ex- erage relaxations of the atoms in the superstructure cell but
posed to air. The intensity profiles calculated for a flae  not the most likely fcc-ordering of anion atoms in the super-
centered cubicc(2X 2) reconstruction is superimposed to structure which are responsible of the appearance of these
the data(dashed lines In Fig. 14b) the measured intensity peaks. However the simplification of the models does not
of the (2 0) integer anc{%,%) fractional order rods are com- affect the main outcomes of the fit concerning surface termi-
pared with a simple calculation for a fcc lattice. Figure 14nation and cation relaxation. On the contrary oxygen rum-
proves that the observed extra peaks in the CTR’s, as well adling obtained from the fits is strongly affected by the over-
the peaks of thé%,%) fractional order rod, are due to the Simplification of the model which does not consider the
(2 2) reconstruction. If we assume that this reconstructiorf(2x 2) reconstruction(likely due to oxygen vancancigs
arises from an ordered fcc distribution of vacancies at théonsequently the oxygen displacement in Fig. 10 and Fig. 12
surface, we should assign these types of vacancies to oxygé&Rould be considered with caution.

atoms since a distribution of cation vacancies on the surface

would introduce strong modulations along the CTR’s that are

not observed in the experimental data. Moreover, ¢t V. DISCUSSION

X 2) reconstruction extends to a minimum of three surface | the previous sections we have compared the experi-

unit cells in depth as deduced from the indexing of the surmental results obtained from STM and Gracing Incidence
face peaks that are observed in the integer as well as frag.ray Diffraction with structural models of NBCO films. The
tional order rods[Fig. 14b)]. From these results we con- relevant information that can be obtained from the CTR'’s
clude that oxygen atoms are probably the main oneg@nalysis have been discussed by introducing a gradually dif-
responsible for the(2 2) reconstruction in the NBCO film,  ferent level of complication. It has been shown that the
and consequently a different behavior of their atomic dis-analysis of the CTR’s data is sensitive to surface cation re-
placements with respect to those of cations would bedaxation and surface termination since these parameters
expected. strongly modify the calculated structure factors.

The disagreement between data and the best fit are exclu- Two structural models are able to fit the experimental re-
sively due to the fact that the2 X 2) superstructure has not sults. In both cases, the picture of the surface structure is
been taken into account during the fit refinement procedureguite complex. The surface composition obtained from the
but an approximated average estimation of it instead, since @fined models shows a similar mixed CuO and BaO termi-
model with ap(1x1) unit cell has been considered. The nation with a Cu/Ba ratio at the interface with vacuum very
regions in the CTR’s, where th®#2 X 2) superstructure con- close between thei2.3 and 1.7, respectivelyHowever ma-
tributes with stronger peaks aslin2/3 of the(1,1) and(2,0)  jor structural differences between the two models, in terms of
experimental results, are not well reproduced. Th€) rod  the surface cell size, are clearly manifest. The single termi-
also shows anothex2 x 2) peak at =4/3, better resolved in  nation model needs a stack of nine surface cells to progres-
Fig. 14b). Other examples where these discrepancies arsively reduce to zero the expansion of the topmost surface
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atoms. The two termination model also shows an expansiofBCO terminating layer inferred by other experiments.
at the topmost surface layers, but it is 3—4 times smaller anéngle resolved x-ray photoemission measurements on
consequently concerns four unit cells only. Moreover, theyBCO single crystals show that the relative intensity of Ba
picture emerging from this model is much more consistenpeaks tends to increase toward the surfddeEED measure-
with the STM results: the surface presents orderedl20  ments onc-axis films, however, indicate that the YBCO lat-
terraces mixed with disordered Qy-O layers characterized tice reconstruction is due to the ordering of the oxygen in the
by a high percentage of Ba substitutid®0%) and covered Cuy1)-O plane? In particular different kinds of reconstruc-
by an incompletg50%) BaO layer. Both terraces are very tion, like p(2x 2) and p(1x 4), are observed depending on
flat and separated by 0.4 nm steps between them which cofhe kind of annealing procedure used to cool the sample.
responds to Cu-Cu interlayer separation distar{ties dis-  Also Low Energy lon Surface ScatterifgEISS) give fur-
tance between the topmost filled layereven though mul-  ther evidence for a G)-O plane termination with the sec-
tiple steps are also foun@he topmost BaO incomplete gnd outermost layer being Ba®.
layer. Only a few studies have been performed on the NBCO
Since both models are based on similar surface structurgystem. Using atomic resolved STM images carried out on
and composition, the worst agreement with the experimentalBco stoichiometric single crystals, Tingt al?® have
data of the single termination model is only due to the dif-shown that air cleaved, and subsequently annealed crystals
ferent Way the contribution to the CTR’s intensities due tOShOW structures Compatib|e W|th a am_o terminated sur-
the CuO or BaO layers on the surface are added. The resulfgce, characterized however by various kinds of defects.
derived from this comparison force the atomic relaxations of Tq the best of our knowledge the use of the GXID tech-
the single termination model to be excessively high since alhique has been applied to the structural refinement of super-
ideal NBCO terminations produce high asymmetries in theconducting cuprate materials or complex perovskite struc-
shape profile of some of their calculated CTR’s peaks whichyres only in a few cases. Fran@sal. have studied the low
are not experimentally observeBlig. 6). This asymmetry is  and high temperature surface structure of Lafl€ngle
reduced through the introduction of Strong atomic relaxation%rysta|sz_4 Fonowing an approach very similar to ours, they
along the surface normal direction. were able to determine surface termination and ion displace-
Flna”y it is also quite evident that in both models oxygen ments(both in p|ane and out of p|am@f the low and h|gh
relaxations play a non-negligible role during the fit reﬁne'temperature LaAl@phases. Until now only few studies em-
ment procedure that show a different trend from those Obloying GIXD have been reported for RBCO compounds.
cations(Figs. 10 and 1P However, the oxygen displace- One of the most interesting result concerns the study of
ments should be interpreted with care since they could be apBCO single crystal performed by Yoet al25 Their experi-
artifact of the fit due to the omission of th2x 2) super-  ment is very similar to ours, with some important differ-
structure contributions during the flttlng procedure. This SU-ences. Indeed in both cases CTR’s measurements have been
perstructure would be compatible with an oxygen vacancitted using a structural model, however they essentially per-
distribution that of course has not been considered during thfyrmed anex situ experiment, without any kind of surface
fitting procedure, and consequently could introduce wrongleaning. The surface of their crystal does not exhibit a sur-
estimations in their relaxations. These errors would not b@ace reconstruction, while our Samp|es are reconstructed.
expected when determining the cation positions because theiye et al. found a yttrium termination layer. Since it is well
atomic number is higher and the experimental data havgnown that a charged surface cannot be stable, they claimed
shown a higher sensitivity to them. that charge neutralization is guaranteed by an oxygen layer.
Our results are strongly in contrast with those obtained by
Hue et al, but are in reasonable agreement with ihesitu
VI. CONCLUSIONS investigations performed by LEISS,LEED* and angle re-
solved XPS! Moreover our results agree well with energy
In this paper we present experimental results on the suminimization calculations performed for the YBCO com-
face structure and morphology of NgBa, ,Cu;O, films de-  pound, which show that G)-O chain and BaO layers are
posited on SrTiQ@ substrates. The experimental data includethe most stable layed%in this material. We believe that the
LEED, GIXD and STM measurements. These techniqueslifferences between our results and that obtained by éfou
provide unique information about the terminating layer ofal. can be ascribed to the reaction of the YBCO crystal sur-
our films. A refined structural model of the surface and of theface with atmosphere, which can lead eventually to the for-
interface between the bulk and the surface of our film hasnation of a BaCuQamorphous overlayer. This overlayer is
been obtained. not detected by x-ray diffraction. However we do not rule
There was a long debate about the last atomic layer obut the possibility of differences in the termination between
RBCO films and the differences with single crystals. Thesingle crystals and thin films. GIXD experiments on high
answer to this question in the case of the;NBa, ,Cu;0,  quality YBCO and NBCO crystals in UHV conditions with a
films deposited by dc magnetron sputtering on STO substratgreviously cleaned surface are needed to elucidate this point.
is that the surface mainly shows two different types of ter- Finally we wish to underline that the agreement between
races: an ordered CL-O plane and a disordered O  the surface termination of our Nd-rich NBCO films and
one which is partially substituted and covered by a BaOYBCO films is quite remarkable, since the growth mode of
layer. We can compare this result with the study of thethese two compounds is totally differéhtdowever it is
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noteworthy that Nd-rich films are characterized byc@  further investigations by carefully comparing the surface
X 2) reconstruction, while stoichiometric samples exhibitstructure of stoichiometric and Nd-rich NBCO films.
typically a p(2x2) reconstruction. An explanation of this
result requires a detailed knowledge of the surface structure
of both kinds of materials. In the case of .the Nd-rich filmwe  T1¢ present work has been partially supported by the
found evidences that the reconstruction is due to the oxygeg|pg A3, 5% CNR Projects and the D.G.E.d.E.C)
reorganization in the unit cell. Similar conclusions have beerprgject No. PB98-0483. The staff of the ID32 beamline at
obtained in the case of YBCO films deposited by sputteting. the ESRF is gratefully acknowledged for technical help dur-
Since the oxygen ordering in the NBCO system is stronglying the experiment and for the sample preparation. The
influenced by the Nd-excess, it is plausible that the differ-authors are grateful to F. Miletto Granozio, G. V. Tendeloo,
ences arise from the different reorganization of oxygen ionsand S. Bals for useful discussions and suggestions on data
which depends on the Nd-content. This point deserveterpretation.
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