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Structure and defects of epitaxial CL,O5(0001) overlayers on Cr(110)
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The structure and defects of thin epitaxial,Og(0001) overlayers on €t10) films have been investigated
by grazing incidence x-ray diffraction. r10 films were prepared by molecular beam epitaxy before expos-
ing them to a controlled oxygen atmosphere in the temperature range 400—800 K. The experiments reveal over
the whole temperature range the same in-plane orientational relationship betw&g(0001) and G110,
which is a Nishiyama-Wassermann—type alignment between the oxygen sublattice and1tt® Srface.
Out-of-plane measurements demonstrate the presence of growth and deformation faults within the Cr-ion and
oxygen-ion sublattices. At higher temperatures mainly twin formation takes place, whereas at lower tempera-
tures a random stacking of the Cr-ion layers prevails. We propose that the twin grain boundaries serve as
diffusion channels for Cr ions during the oxidatid&0163-1828)08931-(

. INTRODUCTION stagd. The oxidation kinetics of GO3(0001) on C¢110)
can be described quantitatively by assuming that the Cr-ion
Oxidation of metals is an everyday phenomenon. Dependdiffusion current controls the oxide growth. For the metal-
ing on temperature, oxygen pressure, and time, oxide layeiisn diffusion an activation energy of 1.4 eV is found, which
are formed on metals having different thicknesses and struds a factor of 2 smaller than the bulk valuéon diffusion
tural properties. The analysis of the oxide crystal structuregan take place via interstitial sites of the corundum lattice or
the epitaxial relationship to the metal substrate, and the desa topological defects such as grain boundaries. Because of
fects formed during the oxidation process are therefore issudgbe low activation energy, Cr-ion diffusion via grain bound-
of fundamental interest. They determine the oxidation kinetaries in the growing oxide layer appears more probable. The
ics and the potentially protective character of the oxide lay<conclusion that the Cr ions are the diffusing species is also
ers. In this paper structural investigations of thinsupported by chemical trader and nuclear tracer
Cr,05(0001) films are described. Polycrystalline Cr,O4 experiments.
layers play an important role as protective overlayers for Up to ~725 K, the growth of the oxide layer is laterally
stainless steefsUp to now it is not clear whether the close- very homogeneous. The surface and interface roughness are
packed corundum structure of the Cr oxide layer or itscomparable to the initial Cr surface roughn&sAbove 725
chemical properties are responsible for the protective chalK a roughening of the oxide layer occurs. This roughening
acter of the oxide. indicates that the ion diffusion current through the oxide
The surface aspects of oxidation seem to be well underayer (vertical diffusion has suddenly become much stron-
stood. First, oxygen is chemisorbed dissociatively on theger, exceeding the lateral diffusion current on the oxide sur-
metal surface and later on the growing oxide layer to enabléace. Since the metal-ion diffusion current proceeds along
a continuous oxide growth® Second, a charge transfer has structural defects, the question arises how the structures and
to take place from the metal/oxide interface to the oxidedefects of the oxide layers differ above and below the rough-
surface and ions need to diffuse through the growing oxidening transition. Using grazing incidence x-ray diffraction
layer*~" In a steady state these charge currents have t6GIXD), which probes the in- and out-of-plane structure of
equilibrate. Depending on the conductivity of the oxidethe oxide layerd:'? some of the questions raised shall be
layer, either electron or hole conduction prevails. In the casanswered in the following sections.
of electron conduction the metal ions diffuse from the inter-
face to the surface, whereas in the case of hole conduction Il. EXPERIMENTAL DETAILS
the oxygen ions diffuse from the surface towards the inter- ) .
face. The processes occurring at the metal/oxide interface Single crystalline G110 films were grown by molecular
cannot be studied with standard surface science methods nbeam epitaxy(MBE) on Al,0O3(1120) substrates, using a
the overall structure of the oxide layer. Information on bothNb(110) buffer layer*3'4Typical thicknesses of the Nb10)
is, however, essential for a detailed understanding of thand the C{110 layer were about 20 nm each. The rms sur-
growth mechanism. face roughness of the Qr10) layers routinely obtained was
In situ x-ray reflectivity studies of the Cr-oxide growth on 0.2-0.4 nm, as determined by x-ray reflectivity
Cr(110 have revealed a passivation of the surface for oxidameasurement®:** After growth, the samples were trans-
tion temperatures up to 700 KFrom 400 K to 700 K the ferred from the MBE system into an ultrahigh vacuum
oxide thickness increases very rapidly within the first few(UHV) x-ray diffraction chamber, equipped with Be win-
seconds(early growth stage whereas after the following dows, sample heater, and oxygen inlet. During the sample
1000 s the oxide growth increases very slowibte growth  transfer the sample was always kept under UHV conditions
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and before the oxidation the clean Cr surface was studied.
For each oxidation temperature a fresh sample was prepared
and the oxidation was monitored by x-ray reflectivity mea-
surements as a function of the oxidation time. The samples
were oxidized at an oxygen pressure of 8B 2 Pa for
1000 s. After the oxidation x-ray reflectivity scans provide
the precise information on the oxide thickness grown, the
surface and the metal/oxide interfacial roughness, and on the
amount of Cr consumed by the oxide growth process.

After oxidation the samples were transferred back to the
MBE chamber, where reflection high-energy electron dif-
fraction (RHEED) and Auger electron spectroscopy provide
complementary information. The in-plane structural informa-
tion by RHEED examination can be compared to the results
from GIXD measurements, which were carried et situ
Ex situ x-ray reflectivity measurements confirmed that the SN
oxide thickness did not increase further when exposed to air. sk i A o A RS
However, a small increase of the surface roughness@# 60 120 180 240 300 360
nm can be observed, which is probably due to the formation © [deg]

of carbonylic species on the surface. FIG. 1. Diffracted intensity as a function of the in-plane rotation

GIXD measurements are highly sensitive to the in- and,anglew for different oxidation temperatures. The scattering vector
out-of-plane structures and to defects at the surface and in

layers a few nanometers below the surface. In Combinatiols fixed on Fhe _qo3(1120) reflect_ion. In all scans six reflections
with in situ x-ray reflectivity measurements they are an ideal ppear, indicative of the pseudosixfold symmetry of the corundum
probe to characterize oxidation processes within the first fewoC02 Planes. The topmost curve showsarscan on the Cr(1a)
nanometers of oxide formed. A first set of data was takerﬁeﬂecmon

using a grazing incidence x-ray diffractometer with horizon- L. . »

tal scattering geometry installed at a laboratory rotating antion- The incident angle was fixed at the critical angle of the
ode x-ray sourcé® The measurements were done using CuPXide layer @ =0.31°) in order to maximize the signal. The
K « radiation off a[0007] oriented graphite monochromator, Scans are displaced in tlyedirection by 12 orders of mag-
allowing a separation of th&a andK g lines. The incident Nitude for clearer presentation. The counting timeas for
beam had a divergence of 0.02° normal to the scatteringCh Point in all scans. The pseudosixfold symmetry ob-
plane in order to have a well defined incident angje The ~ >€rved here was also seinsitu with RHEED immediately
acceptance angle of the detector parallel to the surface wadter the oxide growth. Only the sample oxidized at 442 K
1.2° for quick overview measurements. For a more quantitadld Not produce a RHEED pattern, but the x-ray measure-

tive analysis of Bragg peak positions and peak widths gnents detepted already a faint diffraction pattern.
higher resolution was achieved via a soller slit on the detec. At all oxidation temperatures six reflections displaced by

tor arm with an acceptance angle of 0.15°. The diffracte 0° ig « ?al?i be recogni?erc]j. This i;’ g%rgpatlible Wi:‘rhh the
intensity had to be integrated over an exit angle from 0 tgPSeudosixfold symmetry of the corun L(. .]) planes. ihe
2.5° to have a reasonable signal-to-noise ratio. intensity of the reflections increases with increasing oxida-

From these measurements the crystalline structure, the igi_on temperature because the oxide thickness QISO ing:reases
plane crystallite sizes, the mosaic distributions of the oxide O™ 1.9 nm at 442 K to 10.4 nm at 807 8KTh_e Intensity
layer, and the epitaxial relationships between the1D) variation (_)f the reflections Wlthln one scan is due to the
film and the oxide layer were determined. For the examina—s""mple miscut and 1o geometrlcal effects. The 'background
tion of the out-of-plane structure an intense synchrotron raievel for all measurements is 10 counts/s, which is mainly
diation source was used. The synchrotron experiments wefd/€ t0 diffuse scattering from the sample itself. The topmost
carried out at the grazing incidence diffractometer of thecurve reproduces am scan on the Cr(1Q) reflection with
wiggler beam line BW2 at the HASYLAB inz-axis fixed Q=30.62 nm 1. The two Cr reflections separated by
geometryt! The angular acceptance of the detector was 1°80° appear exactly at angular positions of the oxide reflec-
normal to the surface and 0.07° parallel to the surface and #0ons, which shows that the oxide layer and metal lattice are

log(Counts) (arb. units)

wavelength of 0.13051 nm was used. exactly aligned in this direction. The asymmetric intensity
distribution of the Cr substrate reflections arises from the
Il. IN-PLANE STRUCTURE sample miscut.

In Fig. 2 radial scans in the gD, 1120] direction are
A. Crz05 on Cr(110 shown for different oxidation temperatures. In the following

Figure 1 shows the diffracted intensity as a function of thewe refer to directions in reciprocal space with square brack-
azimuthal sample angle (rotation axis normal to the sur- ets, which are perpendicular to the corresponding Bragg
face for Cr(110 films oxidized at different temperatures. planes written in parentheses. The measurements were done
The data were taken using the low-resolution setup describegsing the soller slit configuration to obtain a higli@rspace
above. The scattering vector in the plane was_kept fixed at gesolution. The data show the f£r;(1120) reflection at
value of Q=25.34 nm? for the —Cr,05(1120) reflec- =25.34 nmL. The most prominent peak in all scans is the
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Q [nm]] FIG. 4. (a) In-plane reciprocal lattice deduced from the x-ray
o _ scattering experiments after thermal oxidation of1@6) in the
~ FIG. 2. Radial in-plane x-ray scans are shown under glancingemperature range 400-800 K. Open squares denote the Cr and the
incident angle conditions as a function of the magnitude of thesjjeq circles the oxide reciprocal lattice points, respectively. The
scattering vecto@ along the CyO5(1120) direction and for differ-  Nb reciprocal lattice is indicated by a solid line without poirits.
ent oxidation temperatures. The oxide peak intensity increases withh-plane reciprocal lattice after additional deposition of Cr on the
the oxidation temperature because of increased oxide thickness aim,0,(0001) layer. Open circles denote oxide and filled squares Cr
improved structural coherence of the oxide layer. Nb and Cr reflecreciprocal lattice points, respectively. Three independ&h®) ori-
tions from the substrate are also present. ented Cr domains are formed on the oxide.

Cr(110) reflection atQ=30.62 nni . This value shows a They are both multiplied by a factor of 3 for clearer presen-
slight deviation from the Cr bulk value atQ tation. The C{002 reflection atQ=43.31 nm?! and the
=30.756 nm*, which was verified by measurements on acr,0,(3300) reflection at 43.58 niit overlap, giving direct
Cr(110 single crystal in the same scattering geometry. Theavidence for the small lattice mismatch between the Cr and
Cr(110 layer is expanded in the plane because of its epitaxyhe CpO; lattice in this direction. Decreasing the angle of
to the underlying NEL10) layer:® The variation in the incidence below the critical angle for the Cr layer, the signal
Cr(110) peak position as seen in Fig. 2 can be explained byrom the Cr layer becomes less pronounced, yielding clearer
different residual stresses in the Cr layers depending on the@vidence for the oxide signal. The oxide layer reflection can
respective thicknesséd.The Cf110] axis is found to be @lso be studied independently of the(@2) reflection if
parallel to the CyO4[1120] axis within 0.05°. The Nb(1@)  Scans are taken along the110] and[1010] directions. The
reflection atQ=26.93 nm'* shows a large variation in in- scans through the (083 and the (308) reflection of the
tensity, depending on the thickness of the Cr and the oxidexide layer are shown in the lower part of Fig. 3.
layer, which first has to be penetrated before the Nb layer can The orientational relationshifOR) between C{110) and
be reached. Cr,035(0001) determined over the whole oxidation tempera-
Equivalent oxide reflections are found in the ture range 442-807 K can be summarized as follows:

Cr,04[1210] and[2110] directions. In these directions the Ci{110]|Cr,04[1120], C1{001]||Cr,05[1100], and
scans are free of metal reflections because of the twofol€r{ 110]||Cr,O5[0001]. The corresponding reciprocal in-
symmetry of the bad10 planes. Additional radial scans plane lattice is plotted in Fig.(d). The filled circles mark the
were taken in th§1010] and equivalent directions. Figure 3 Cr.0; reflections and open squares the Cr reflections. The
shows measurements for a sample oxidized at 778xde  Nb reciprocal lattice is indicated only by a solid line without
thickness 10.2 nin The upper two curves were obtained in reciprocal lattice points. The lattice mismatch between bulk
the [1100] direction for two different angles of incidence. Cr203(0001) and Q110 films in the[1100] direction is

only 1.15%, explaining the good epitaxy between both struc-

10¢ tures.

i e Cr(002) The OR between the oxygen ion sublattice and the
dn Cr(110 surface can be considered as to of the Nishiyama-
WassermariNW) type. Theoretical calculations of the inter-
facial energy between b¢kl0/hexagonal closed packed
- .. o~ (0001 layers reveal an energy minimum
03302787 N TRl for Rycc/Rncp=0.8667° whereR is the atomic diameter in

PR the hard sphere model. Assuming afi Qon radius of 0.14
3 I35 A s nm and a Cr metal atom radius of 0.125 nm, the atomic

Q [nm!] diameter ratio between gD;(0001) and G110 is 0.89,
which is close to the minimum for the ideal NW OR. For the

FIG. 3. Radial in-plane x-ray scans as a functiorQthrough ~ Cr°* ion radius of 0.062 nm the ratiBy.c/Rpcp is 2 and a
the (330), (03D), and (30B) reflections. For thg3300] direc- Cr/CP* interface is energetically much less favored. The
tion a measurement with the incident angle at the critical angld€alization of the NW OR indicates thus that the oxide layer
(;=0.31°, open circlesof the oxide layer and above the critical IS terminated by a close packed oxygen ion layer at the
angle (@;=0.4°, solid ling is shown. At the critical angle the signal Mmetal/oxide interface. A sharp metal/oxide transition at the

of the C(002) Bragg peak is reduced because of the limited pen-interface is also favored by the small interfacial roughness of
etration of the substrate. 0.2-0.4 nm that was deduced from reflectivity measurements
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FIG. 5. Left axis, in-plane oxide radial peak wid(RWHM)
determined from the (11 and equivalent reflection®pen tri- FIG. 6. In-planew scans with the scattering vector fixed on the
angles and the (308) and equivalent reflection®pen circles as C_:r(llO) reflection. Measuremerit) was obtained before deposi-
a function of the oxidation temperature; right axis, strain distribu-tion of Cr on the CyO3(0001) layer and measureme(®) after

tion for the (11—2)) (open diamondsand (3&)) (filed squares deposition of 6 nm of Cr. The broad intensity distributionglipare
directions as a function of the oxidation temperature. due to shadowing ‘“,Jf,reCtS of thg background by the rec.tgngular
sample shape. Additional reflections appear after deposition be-

L . . cause of the formation of three Cr domains on the oxide surface.
for oxidation temperatures below the roughening transition at

~725 K819 At higher temperatures a pore formation can be
observed after the formation of 10 nm thick oxide layers

which we attribute to the quick material consumption from __: . L .
the metal oxide interfack®’ Nevertheless. we believe that in axis) the relative strain distributioAd/d is plotted as a func-
i ' tion of the oxidation temperature. The open diamonds corre-

the initial stage of the high-temperature oxidation the same — - '
type of abrupt interface is present, which is washed out durSPond to the (11@) reflections and the filled squares to the
ing further oxidation. (3030) reflections. The values are consistent for both orien-
The OR observed here over a whole temperature rang@tions over the whole temperature range studied here, which
was reported before at more specific temperatures. Watarishows that inhomogeneous strain is probably the main cause
and Michel and Jardifi describe the same OR after oxida- of peak broadening in this case. As an origin for inhomoge-
tion at 723 K and 1123 K, respectively. However, in contrastneous strain in-plane grain boundaries may act, as well as
to Wataril’ a spinel-like phase was not identified in the misfit dislocations, the latter being present because of the
present study. Recently, Zhaeg al. reported the growth of epitaxial growth.
Cr,053 on P{111), showing also a spinel-like structure in the  In addition, the in-plane mosaicity was evaluated by the
early growth stage possibly induced by the(1Rfl) transverse widths of the reflectionsdnscans. A decrease of
substraté® At larger thicknesses the authors observe thehe mosaicity can be observed above 700 K from about 3° to
growth of a-Cr,O5 in the[0001] direction. Kennett and Lee 1°, in accordance with the reduction of inhomogeneous
detect the same OR after oxidation at 900 K and oxygerstrain of the films at higher temperatures.
exposures above 10 Torr s2° Other OR'’s reported by these

broadening can be calculated simply by differentiation of
'Bragg’s law: A29=—2tan (§)Ad/d. In Fig. 5 (right y

authors for oxidation temperatures between 570 K and 900 K B. Cr on Cr,05(000))
and after lower oxygen exposures could not be reproduced in ]
the present study. To understand the general nature of the epitaxy between

For a more quantitative analysis of the structural perfecCr(110 and CpO3(0001), the growth of Cr on a
tion of the oxide layer the radial width of the oxide Bragg C20s(0001) layer was studied. The oxide layer had been
peaks was evaluated. In Fig. 5 the oxide in-plane radial 2 Prepared beforehand by oxidation of(CL0) at 620 K. At
peak width(left axis) is plotted. Each point represents the this temperature smooth oxide films with sufficiently high
average over the widths from the three independent in-plan-Plane order are obtained. After tke situmeasurement of
directions. The triangles mark the peak width obtained fronfhe in-plane structure the sample was transferred back into
the scans through (1_93 and equivalent reflections, the the MBE chamber. After annealing at 1000 K for 30 min, 6

. — . , nm of Cr was deposited at a substrate temperature of 773 K
circles the ones from the (303 and equivalent reflections. ;.4 4t 4 rate of 0.02 nmis. Figure 6 shows thescans at

The solid lines are guides to the eye. For both orientations, 1 — .
the peak width decreases with the oxidation temperature an@l_ 30.62 nm - for the_ _Cr(l](_)) reflection before(_l) and
after (2) the Cr deposition using the low resolution setup.

tends to saturate above 773 K at 0.4° for the (ALEeflec-  gefore Cr deposition, the Cr substrate reflections separated
tions, which corresponds to a V|rtua_l domalr_1 slz€ pf .20 nm‘oy 180° can be recognized. Afterwards, a total of six broader
using the Debye-Scherrer formutaThis valge IS not I|m|ted_ reflections are present, separated by 60°, which are superim-
by the structural coherence of the underlying Cr layer, Wh'dbosed on the much sharper reflections of the Cr substrate
was fqund to .be Iarger than 4(.) nm. ... layer. The reciprocal lattice related to the additional Cr over-
An interesting point to note is the fact that the peak Wldth|ayer is summarized in Fig.().

of the (30) reflections is much bigger than the one from  The Cr overlayer forms three domains labeled in Fig. 6
the (112) reflections. This can be taken as an indication ofwith 1, I, and Ill. They have roughly equal occupation prob-

a peak broadening due to a strain distribution in the filmsability on the CgO5(0001) surface, as can be judged from
Assuming an averagd-spacing distributionAd, the peak the equal Bragg intensities. Domain Il is oriented along the
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initial Cr[110] direction and the reflections overlap with the
sharp substrate reflectiofidomain Q. Domains | and Il are
rotated by+60° with respect to domain Ill. This implies
that, aside from the domain formation, the same OR can be
found for the growth of Cr on GOD3(0001) as vice versa. In
addition, high-resolution measurements with a soller slit b) A 00017 <) , 00011
show that the Cr domains have the same mosaic distribution 7
as the underlying oxide layer. The strain distribution ob- = 1=6

tained from radial scans through the Cr)1loverlayer re- = > 0 = )
flections isAd/d=1.6%, which is the same for the oxide ) L ) [ 2 )
layer substrate that was annealed 1000 K. This means that d
defects in the oxide layer such as grain boundaries are repro- £ 7. Model of the CjO, structure and out-of-plane recipro-
duced in the tOp, Cr Iayer', This has the intriguing Ir’nphcf"’lt'oncal lattice. (a) Projection of the lattice in th@llEO] direction,
that on each oxide domain only one of the three possible C\}'\/here every third row of G ions is missing, giving rise to an
FJomains grows. The observatic')n can be'explained by assUhcabec. .. fec-like stacking of the Cr ion layers. The box shows
ing & nucleation site density within the first Cr layer, which qne ynit cell.(b) In the [0001)/[0110] plane a fcc-like reciprocal
|s_equal to or smaller than the density of oxide _domalns. MNattice is present(c) In the [0001)/[ 1120] plane a hcp-like recip-
this case the Cr islands would grow laterally until they reachyocaj Jattice is present. The small circles correspond to reflections
the border of the underlying oxide domain and the oxidethat are directly sensitive to the displacement of the ions in the
domain structure is replicated by the growing metal film.  corundum lattice away from the ideal hcp positions. The size of the
symbols isnot proportional to the structure factor.

[0001]

J)— [1100]

[1120]

IV. ROD MEASUREMENTS S={4fc, cos 2rul+2f [ cos 2rvh+cos 2mvk

. . . . + 2rv(h+k
The measurements described in the preceding section cos 2mv( )1}

considered only the in-plane structure of the oxide films. iy

Additional information is required to complete the structural X|1+2cosmh cosmk cosz(h—k=)]. (1)
model and to characterize out-of-plane defects. For this rea- ) )
son measurements were performed in a crystal truncation rdd€"e fcr describes the form factor of &r, fo describes the
mode, providing an additional momentum transfer perpenform factor of G » andw,u are relative positions of the Cr
dicular to the surfact2Before reporting the experimental and the oxygen ions, respectively. For an ideal hexagonal

results, a brief summary of the corundum reciprocal Iatticéftg%% 6V: lf; _16323:;05"2\'5_}_/?’ ‘fir,,qo3 'ghelzse ;alﬁelsd a;e
and its description in terms of stacking sequences of dens1§ : anai=9. ) € case in Eq.(1) holds for

. =0,4,8... and the =" case for|=2,6,10. .. .
packed layers may be in order. If both h andk+ 0, Bragg reflections having oddvalues

can also be exited. They arise from the oxygen ion sublattice

A. Reciprocal lattice of the corundum structure only and their structure factor can be evaluated as

The bulk structure of-Cr,05 in the [000]] direction is S=2folsin 2my(h+k)=sin 2mvh—sin 2mvk]
composed of hexagonal close packed @n layers forming T
a hcp stacking sequence suchABAB. .. . The oxygen X|1-2 coswh coswk cosg(h—k—l) - @
ion planes are alternating with buckled Cr ion planes, in

which only 2/3 of the possible octahedral sites are fified. Furthermore, forh=k#0 only reflections for evenl

Looking at a projection in théllEO] direction, every third =6,12 ... can beobserved and their structure factor is cal-

row of CP* ions is missing and three different places for theculated by Eq(1). _ _ _

missing atomic row are possible within the unit cell, as pic- N Fig. 7(b) the partial reciprocal lattice spanned by the

tured in Fig. 7a). This is equivalent to amnbcabc. .. fcc- [0110] and the[000] direction is plotted. Obviously the

like stacking of the Cr ion layers. Together with tA® . . . reciprocal lattice cannot be transformed into itself by a rota-

stacking of the oxygen ion planes the total stacking sequendén of 180° about th¢0001] axis due to the threefold sym-

of the structure is given byAaBbAcBaAbBgcwhich ex- metry of the system. The corundum reciprocal lattice plane

plains the large repeat distance of 1.3584 nm for thgdgr can be compared with the reciprocal lattice of1d 1] ori-

unit cell in thec direction? The 2/3 filling of the Cr ion ented fcc structure where equivalent reflections have a non-

layers provokes a distortion of the oxygen sublattice, whichvanishing structure factor. The fcc reciprocal lattice in this

will affect the absolute values for the x-ray structure factor.plane is sensitive to the layer stacking and stacking faults of
The structure factor for the corundum structure can besubsequent layers as was shown, for instance, for the phase

calculated in the standard fashi®hFor h=0 or k=0 only transition of hcp C€009) to fcc Cq111).2%%

reflections with even Miller indicekin the[0001] direction Similar considerations hold for the corundum reciprocal

are allowed. In this case the structure factor S can be writtefattice spanned by thgl120] and the[ 0001] direction[see

as Fig. 7(c)]. Looking at a simple hcp reciprocal lattice com-



PRB 58 STRUCTURE AND DEFECTS OF EPITAXIAL ... 5067

T(IOEZ)W/IR /I\( OH g

= Py &

5 5| (0222)5 R (2024)  (2)

g » [033L) £F

E . e | _abcabcabcabcab 3

Qo/ i s [0221) n _,Mﬂ

2l ) [ batbacacbeaben |
L 1 2 3 4 5 6 7

1

FIG. 8. Rod scans with synchrotron radiation as a function of _ FIG- 9 Model calculations of the diffracted intensity along re-
the relative coordinaté in different oxide reciprocal lattice direc- CiProcal lattice rods showr.l in Fig. 101_) and(2) Intensities glong
tions normal to the surface. The oxide layer was prepared by oxit101] and [022]] according to the ideal corundum lattice and

dation at 807 K. On th§0111] and the[0221] rod reflections at ~aSsuming two domains with equal probability fabca. .. and
I=2 and 4 are observed, indicative for twin formation. For further €Pac- - . stacking.(3) shows the intensity distribution along the
details see text. same reciprocal lattice rod for 14 close-packed planes with only one

domain of perfect stacking and) with completely random stack-

— Ing.
posed of the hcjp0001] and[1010] directions, nearly com- 9

plete equivalence can be found. The reflections with corunpetween the reflections at=2 and 42 Again a stacking
dum indices (338), (66123), ... or (33®), (33615) can correlation of 5.5 nm can be deduced from the peak width of
only be seen in the corundum structure because of the dishe [0101] rod.

tortion of the oxygen sublattice. In analogy to the previous For the bulklike, thicker oxide film, the scattered intensity
case, the reciprocal lattice in this plane is only sensitive tqan be calculated and compared to the measured intensities

the ABAB. .. stacking of the oxygen ion sublattice. using the bulk structure factor. This will provide information
on the occupation probability of the two stacking domains.
B. Experimental results The structure factor was calculated according to @yand

Rod scans have been performed on 10.4 and 3.2 nm thi(%ts;summg that both stacking sequences have the same prob-

oxide layers prepared by oxidation of (Ct0) at 807 K and lity.  Furthermore, —all ~geometrical and ~ Lorentz-

. : . : .. polarization corrections necessary for thexis geometry
233 K, respecn_vely. Figure 8 shows th_e diffracted m.tenS'tywere taken into account.In Fig. 9 the calculated intensity is
of four nonequivalent rods as a function of the reciprocal

. . - ! plotted (in relative unit$ as a function of [curves(1) and
lattice coordinatd for the sample oxidized at 807 K=1 (2)]. The plots are displaced by one order of magnitude. The

corresponds to the reciprocal lattice unlie*|=2m/Co  intensity ratios of the reflections 4t=2 and 4 are in very
=4.6243 nm". good agreement with the measured ratios seen in Fig. 8,
The scans are offset by factors of 10 for clearer presentaonfirming the equal probability of the two stacking do-
tion. The[1121] rod is sensitive to the stacking of the oxy- mains, to be discussed further below. It would be of consid-
gen ion layers. The pure in-plane reflection occurs rear erable interest to determine the density of twir) (and de-
=0, followed by reflections at=3 and 6, as expected for formation faults (3) from the broadening of the reflections.
the ABAB. .. stacking of the oxygen ion layers. The full This is indeed possible for bulk fcc and hcp crystals and
width at half maximum(FWHM) of the reflections,Al different calculations exist to connect the peak broadening
=0.25 in relative units, corresponds to a stacking correlatiomwith faulting probabilities, assuming infinite systems and
length D of 5.4 nm in real space using the rough estimatesmall values forx and 8.21**?However, these expressions
Al=27/D. This value is about half of the total film thick- cannot be applied to thin films because the above-mentioned
ness of 10.4 nm. The peak broadening is related to deformaonditions are not fulfilled.
tion and twin faults in the hcp stacking, such as Figure 10 shows the same measurements for the thinner
ABABCACA .. andABABCBCBC. . ., respectively!
The[0111] and thg 0221 ] rods are sensitive to the stack-
ing of the Cr ion layers. In both scans we observe reflections
at =2 and 4. This contradicts the bulk structure factor,
where only reflections dt=4 on the[011I] rod and atl
=2 on the[0221] rod are expected. The presence of both
reflections in one scan is a typical sign for twin formation,
where domains witlabcabcand invertedcbacbastacking
sequences laterally coexist. The reflections assigned “I” can
be attributed taabcabc. .. stacked domains and “II” cor-
responds to thebacba. .. stacked domains. In these scans
also a broadening of the reflections is present due to defor- FIG. 10. Rod scans as a function lofor a sample oxidized at
mation and growth faults within each type of domain. In533 K. The broad intensity modulation on tfi¢01l] and the
addition, these structural defects give rise to diffuse intensity202] rod is produced by stacking faults of the Cr ion layers.
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sample prepared by oxidation at 533 K. The scans are dis- ) a)
placed by a factor of 5 for clearer presentation. Obviously (17001 Domain I DomainIl ..
the[1121] rod shows again the reflections néar0 and at

|=3 and 6, corresponding to t#eBAB hcp stacking of the L Site 2
oxygen ion layers. The peak width &fl =0.68 indicates a [1170]

stacking correlation length of 2 nm, compared to the total
film thickness of 3.2 nm. In contrast to the sample prepared

| |
— b)
at higher_temperatures, no reflections occur alond 110l ] [0001]
and [2021] rods. Only a broad intensity distribution is
present. The sharp feature along fi®1l] rod is perhaps

due to a substrate reflection. A broad intensity distribution [1120]

along the[101l] and [2021] rods is due to a completely  FiG. 11. Model for the domain formation during the oxidation:
random stacking of the Cr ion Iﬂ/ers as shown below. Alsqa) top view of oxygen islands occupying different sites on the
the reflection neak=0 on the[ 303l ] rod is always present, Cr(110 surface andb) side view of the oxide layer; the domain
indicative of in-plane structural order independent of thegrain boundaries can serve as channels for Cr ions for diffusion
growth temperature. The reflectionlat6 does not exist in  from the metal/oxide interface to the surface during oxide growth.
the 533 K sample, which is another clear sign for the large
amount of out-of-plane disorder in the Cr ion sublattice.  are displaced against each other, they cannot grow easily
From a more qualitative point of view, it is clear that the together. This is also shown by the side view of the structure
deformation and twin faults in the Cr ion sublattice seem toin Fig. 11(b), where the two domains are sketched after for-
be very high in the 533 K grown sample, causing a completenation of a certain oxide thickness. The grain boundary be-
disappearance of the reflections sensitive to the fcc-likeween the two domains can be used very effectively as a
abc... stacking sequence. They exist, however, in the oxdiffusion path for Cr ions from the interface to the surface
ide film grown at higher temperatures. On the other hand, thduring oxidation.
AB. .. stacking of the oxygen ion layers is well developed The oxide growth can develop independently for each
for low and high oxidation temperatures, as can be recogexygen ion domain. Cr ions, which diffuse on the surface of

nized from the[ 1123] and[1126] reflections. the first oxygen ion layer, may populate any of the three
To show qualitatively that a high density of stacking different configurationsa, b, or ¢ known from the bulk
faults in a thin layer can produce very broad intensity distri-structure. The stacking sequence within one domain is fixed
butions, the ideal structure factor for 14 monolayers withafter chemisorption of the second oxygen-ion layer. If the
perfectabc . stacking Sequence is Compared in F|g gfIrSt Cr-ion Iayer was grOWn in tha Configuraﬁon, the sec-
[curve (3)] with a structure factor for a stacking sequenceond one can be grown in theconfiguration according to the
containing an equal amount of twin and deformation faultstegular abcabc. .. stacking or in thec configuration,
[curve(4)]. In curve(3) the expected peak for the ideal struc- Which corresponds to the invertagtbacba. . . stacking se-
ture atl=4 can be recognized, which is accompanied bydquence. This argument holds also for domains that are start-
finite film thickness oscillations. For the nonideal stackinging with a Cr-ion layer in thé or thec configuration. If the

sequence the intensity is smeared out over the ehtimege  temperature is high enough, the stacking sequence is main-
and no clear peaks can be identified. tained for each oxide crystallite during further oxide growth

because the diffusion coefficient for Cr ions on the oxide
surface is high enough to find the proper bulk positions. At
lower temperatures, however, the Cr ions have a high prob-
In this work it was shown that epitaxial growth of ability to be stuck in nonbulk positions and a large number of
Cr,05(0009) on Cr(110 by oxidation of a(110 oriented Cr  stacking faults may accumulate. The increase of the in-plane
film is possible over the whole temperature range from 400-oxygen domain size as a function of the oxidation tempera-
800 K. X-ray investigations of the out-of-plane oxide struc-ture is probably due to the enhanced diffusivity of the oxy-
ture reveal for high oxidation temperatures the followinggen ions on the Gt10 surface. With increasing tempera-
main defect types: two laterally separated stacking domaingires larger oxygen ion domains are formed, which leads to
with inverted stacking sequence of the Cr ion layers occuran increase of the in-plane domain size and the decrease of
ring with about equal probability and in addition a small the in-plane inhomogeneous strain as discussed in Fig. 5.
amount of stacking faults within each Cr-oxide domain. AtThe in-plane domain size is maintained during furthexis
oxidation temperatures at and below 533 K randomlygrowth of the oxide crystallites at a certain temperature.
stacked Cr-ion layers are identified, coexisting with a well From our previous resuff$ it can be concluded that
orderedABAB. .. stacking of the oxygen ion sublattice. = smooth CyO5 layers can be grown by thermal oxidation of
The twin formation at higher temperatures may be a conCr(110) at lower temperature€33 K) containing a signifi-
sequence of the heteroepitaxial growth o£,@g(0001) on  cant amount of stacking faults in the Cr ion sublattice. Above
Cr(110 and may already be implemented during the earlythe roughening transition at 725 K much rougher oxide lay-
growth stages. Figure 184 shows schematically the bcc ers with a nearly perfect Cr ion stacking sequence are
Cr(110 surface with its two types of hollow sites, indicated formed. The main imperfection of these layers is the forma-
as site 1 and site 2. Using both sites, two types of oxygen iotion of twin domains with inverted Cr ion stacking se-
domains can be formed on the surface. Since these domaigsiences. Measurements of a sample oxidized at 626eK

V. DISCUSSION AND CONCLUSIONS
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low the roughening temperature, not shown heaeady sibility for growing Cr/CpO; superlattices by Cr deposition
exhibit an improved crystalline structure, but the same twinfollowed by controlled oxidation.

domains. This temperature can be chosen as a compromise
between surface roughness and crystallinity to forraQgr
layers that can be used as substrates for other surface science
experiments. Twin formation, however, cannot be avoided
and seems to be inherently connected to the heteroepitaxial We would like to thank M. Nielsen and R. Feidenhans’l
growth of Cp05(0001) on C¢110. from the RigoNational Laboratory, Roskilde, Denmark for
For the deposition of GtL10) on a CrO5(0001) layer, their help with the rod measurements. This work was sup-
previously prepared by oxidation of @10 at 620 K, epi- ported by the Deutsche Forschungsgemeinschaft within the
taxial growth can be observed with the same OR’s as for th&raduiertenkolleg “Dynamische Prozesse an Fegtumb-
growth of CrO5 on Cr(110). This opens the intriguing pos- erflachen: Adsorption, Reaktion, Heterogene Katalyse.”
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