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Direct atomic structure determination of epitaxially grown films: Gd 2O3 on GaAs„100…
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We have used coherent bragg rod analysis~COBRA! to investigate the atomic structure of an epitaxial
Gd2O3 film grown on a~100! GaAs substrate. COBRA is a method to directly obtain the structure of systems
periodic in two dimensions by determining the complex scattering factors along the substrate-defined Bragg
rods. The system electron density and atomic structure are obtained by Fourier transforming the complex
scattering factors into real space. The results show that the stacking order of the Gd2O3 film layers is different
from that of cubic bulk Gd2O3 and resembles the stacking order of Ga and As layers in GaAs. Furthermore, in
the first few Gd2O3 layers, Gd atoms are displaced to positions right above the Ga and As positions in the
substrate, and they relax towards bulk Gd2O3 positions with increasing distance from the interface.
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I. INTRODUCTION

Epitaxially grown thin films have emerged as a class
materials whose properties often differ substantially fro
those of the corresponding bulk materials. Such films fo
the basis of much of current electronics technology. As
vice dimensions shrink to nanometer levels, and novel na
fabricated composite structures are explored, the inter
region between the film and the substrate on which it
grown takes on an increasingly important role.

Obtaining accurate structural information at interfaces
nowhere more critical than in semiconductor passivation l
ers, where details of the atomic structure and bonding de
mine the nature of the interface electronic states. In this
per we report the results of a study of the structure o
recently discovered passivation layer for GaAs: epitaxia
grown Gd2O3. We have been able to achieve an unpr
edented level of detail in the atomic structure by using
diffraction technique coherent bragg rod analysis~COBRA!1

which is especially sensitive to the arrangement of atom
epitaxial films and interfaces. There have been many
tempts over the past 30 years to find an insulating layer
will passivate the GaAs~100! surface.2–8 Most of the at-
tempts have failed either because the interfacial state de
0163-1829/2002/66~20!/205311~12!/$20.00 66 2053
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was unacceptably high, or because the layers were not
modynamically stable relative to the GaAs interface. This
a particularly difficult problem for III-V compound semicon
ductors on account of their reactive nature and the relativ
high mobility of the group V species in this family of com
pounds.

A promising direction was initiated by Honget al.9 in
their studies of (Ga2O3)12x /(Gd2O3)x -GaAs interfaces,
showing that while pure Ga2O3 does not passivate GaAs, th
mixed oxide is electrically insulating with high electrica
breakdown strength ifx.14%. These results pointed th
way to Gd2O3 as an effective dielectric layer for the pass
vation of GaAs. Subsequent studies10 confirmed that Gd2O3
is indeed potentially useful as a passivation layer exhibitin
midgap interfacial state density of as little as 1011 cm22

eV21, only slightly higher than that of Si-SiO2 interfaces.
With a dielectric constant of 10, this oxide is an excelle
dielectric with leakage current densities in the ran
1029–10210 A/cm2, showing much promise as a passivati
layer. Gd2O3 and Y2O3 films are also viewed as potentia
high dielectric constant passivation layers for Si. Howev
the reason for such a remarkably low interfacial state den
is not understood at this time.

The first step in understanding the properties of any m
©2002 The American Physical Society11-1
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terial system usually begins with its atomic structure. Ho
ever, little is known about the detailed atomic structure
buried interfaces on account of the lack of appropriate n
destructive techniques which could provide the statistical
formation needed for the theoretical modeling of their pro
erties. This difficulty arises because interface structures
complicated. The atomic positions may be different in ea
layer of the structure, so that in general the thre
dimensional crystal translational symmetry is reduced
two-dimensional periodicity in the plane of the film with th
aperiodic structure in the perpendicular direction vary
throughout the entire film thickness. We refer to this situat
as a two-dimensional~2D! crystal. Various techniques hav
been used to investigate the atomic structure of epitaxi
grown films. These include high resolution transmiss
electron microscopy,11 x-ray absorption fine structur
~XAFS!,12 diffuse x-ray scattering,13 x-ray reflectivity,14

x-ray standing waves,15 x-ray diffraction along Bragg and
truncation rods,16 channeling,17 and x-ray holography.18

Some of these techniques have been used to investigat
structure of the Gd2O3 films. Kortanet al.19 found that films
grown under conditions similar to those of our sample gr
as a single cubic crystal with Gd2O3 ^110& perpendicular to
the GaAs~100! substrate surface, Gd2O3 ^001& parallel to
GaAs ^011& and the orthogonal Gd2O3 ^1210& axis coin-
ciding with the GaAŝ 0211&. The film has 180° rotation
symmetry but no 90° rotation and is single domain. Seco
ary electron imaging has confirmed these results.20 XAFS
measurements12 have shown that the Gd-oxygen bonds
crease by 2.7%1/- 0.6% relative to the bulk and this in
crease is consistent with the observed expansion in the la
spacing perpendicular to the interface. Generally, all th
techniques provide important information but they all suf
from one or both of the following limitations.

~a! Obtaining reliable structural information requires
correct structural model with parameters that can be refi
by comparing the experimental results to the predictions
the model.

~b! The structural information provided is an average o
inequivalent probe positions.

Both limitations are severe when dealing with epitax
layers. Guessing the correct structural model for an epita
layer may be very difficult because of its complexity. In a
dition, probe atoms of the same species are often locate
many inequivalent positions.

The COBRA technique we have used for this study ov
comes these limitations because it is a direct method
structure determination, utilizing the high degree of tra
verse coherence of x-ray beams from an insertion devi1

Most importantly, by measuring the diffraction intensiti
along substrate-defined Bragg rods, COBRA is able to
tract the phase of the complex structure factor and he
obtain the three-dimensional electron density distribution
Fourier transformation.

A number of attempts have been made to solve the g
eral phase problem for systems with 2D periodicity. Torrel
et al.21 developed a method based on the Riuset al.22 tangent
formula for obtaining the structure of reconstructed surfac
Recently, this method was used to study the structure of60
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on Au crystals with a resolution of about 1.9 Å.23 Another
method has been recently proposed by Saldinet al.24 This
method is based on the Bayes theorem and the maxim
entropy approach. Both methods lead to recursion formu
that are quite cumbersome and require a very large num
of iterations to obtain convergence, which is not alwa
achieved. In contrast, COBRA requires only a very sm
number or no iterations at all. Our method can theref
handle complicated structures with very large numbers
atoms per 2D unit cell. We shall demonstrate that the res
obtained provide very detailed and quite surprising new
formation on the structure of the GaAs:Gd2O3 system.

This paper is structured as follows. In Sec. II we provi
an outline of the COBRA method. In Sec. III we discuss t
sample preparation and characterization. Sec. IV present
experimental aspects of this work followed by the results
Sec. V. In Sec. VI we provide a detailed account of the ana
sis. The structural implications of the electron density ma
are discussed in Sec. VII. Lastly, Sec. VIII summarizes
results and presents conclusions with respect to the COB
method in general, and to the GaAs:Gd2O3 system in par-
ticular.

II. THE COBRA METHOD

We present here an overview of the structure determ
tion method in the optimized way it was applied to the GaA
Gd2O3 system based on the method that has been prese
by Yacobyet al.1 To simplify the discussion we first assum
that the epitaxial film has 2D periodicity with a period equ
to that of the underlying substrate. The Fourier transform
the electron density of this system has the form of 2D de
functions in reciprocal space known as Bragg rods with
perimposed 3D delta functions due to the 3D periodic el
tron density of the underlying crystal. The reciprocal latti
and the scattering conditions are schematically illustrated
Fig. 1.

The complex scattering factors~CSFs! along the Bragg
rods contains all the information on the structure of this
crystal and the electron density can be obtained by Fou
transforming the CSF into real space. In a general sense

FIG. 1. ~a! Scattering geometry: The incident beam with a wa
vectorki impinges on the sample surface. The sample is centere
a six circle goniometer. The scattered beam intensity with a w
vectorks is measured by the detector mounted on the detector
of the goniometer.~b! Reciprocal space representation of the sc
tering geometry: The dots represent the GaAs reciprocal lat
points. The vertical lines represent Bragg rods. The circle repres
the Ewald sphere. The three arrows represent incidentki the scat-
teredks and the crystal momentum transferk.
1-2
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total scattering intensity can be considered as cohere
composed of two contributions: the scattering of a kno
reference electron density and that of an unknown elec
density such that the combination of the two yields the sc
tering of the electron density of the real system. The re
ence part can be, for example, the known substrate an
simple model of the film. In this case the unknown electr
density will be large within the film and the region of th
substrate deformed by the film. At any two adjacent poi
along a Bragg rod differing byDkW

SS kW2
DWk

2
D 1US kW2

DWk

2
D 5TS kW2

DWk

2
D , ~1!

SS kW1
DWk

2
D 1US kW1

DWk

2
D 5TS kW1

DWk

2
D , ~2!

where,S, U, andT are the complex scattering factors due
the reference, unknown, and total electron densities, res
tively.

We now make use of the fact that the complex scatter
factors vary continuously along the Bragg rods and make
approximation that at two adjacent points along a Bragg r

US kW2
DWk

2
D'US kW1

DWk

2
D 5Ua~kW !. ~3!

This approximation is valid ifU(kW ) varies slowly relative
to S(kW ). Taking the absolute value of Eqs.~1!,~2! in this
approximation yields

USS kW2
DWk

2
D 1Ua~kW !U5UTS kW2

DWk

2
D U, ~4!

USS kW1
DWk

2
D 1Ua~kW !U5UTS kW1

DWk

2
D U. ~5!

In Eqs. ~4!,~5! the absolute values squared of the to
scattering factors are proportional to the experimentally
termined intensity. This yields two real equations that can
solved for one complex unknown. In general this pair
equations has two solutions and it is necessary to choose
correct one. The correct solutions are obtained by lookin
two pairs of equations at two consecutive pairs of poin
This is shown in Fig. 2. The figure on the left represents
equations atkW2DkW /2 andkW1DkW /2. The corresponding com
plex numbers are marked with indices 1 and 2, respectiv
The figure on the right represents the equations atkW1DkW /2
and kW13DkW /2 and the corresponding indices are 2 and
respectively. Each pair of equations has two solutionsUa and
Ub shown as solid and dashed lines, respectively. Under
assumption thatU varies slowly along the Bragg rods th
correct pair of solutions are the ones that change the l
when going from one point to the next; namely,~in Fig. 2!
U1a and U2a . This procedure then provides the unknow
complex scattering factors and the complex total scatte
20531
tly
n
n
t-
r-

a
n

s

c-

g
e
:

l
-
e
f
the
at
.
e

ly.

,

e

st

g

factors along each Bragg rod. To obtain the electron den
we Fourier transform the complex scattering factors into r
space.

The approximation made in Eq.~3! is justified if the rate
of change of the reference scattering factor along the Br
rod is larger than that of the unknown one. This is acco
plished by a combination of two means. First, we choose
reference electron density to be similar to the electron d
sity of the real system so that their scattering factors are
the same order of magnitude. Second, we use one of
properties of Fourier transformations, namely, that shift
the coordinate system origin in real space changes the ra
phase change in reciprocal space. We therefore place the
gin of the real space coordinate system to be close to the
with the unknown electron density and far from that of t
known electron density thus making the phase rate of cha
of the unknown scattering factor to be slow in comparison
that of the known part. In the present study we located
origin close to the top of the grown film. In the case of
buried layer system such as AlAs in GaAs the origin
placed in the AlAs layer far from the GaAs surface. T
exact location of the origin is not critical. For example, w
found empirically that changing the choice of origin by 20
of the film thickness did not significantly affect the electro
density results.

The effectiveness of this procedure can be tested in
following way. To qualify as a real electron density, the fun
tion obtained from the Fourier transformation of the comp
scattering factor function must satisfy certain constraints
must be real and positive definite and it should go to z
outside the film. In general the function obtained from t
Fourier transformation of the CSF will not strictly satis

FIG. 2. Graphic representation of Eqs.~1! and ~2! in the com-
plex plane. The equations are shown for two pairs of adjac
points.S1 , S2 andS3 are the known complex scattering factors

kW2DkW /2,kW1DkW /2 andkW13DkW /2, respectively. The total scatterin
factorsT are known only in absolute value so they are represen
by arrows and arcs.U1a ,U1b ,U2a andU2b are two pairs of solu-
tions. The correct solutions are those that vary the least when g
from point 1 to point 2. Namely, in this case U1a and U2a .
1-3
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these constraints. So to test how good is the result we
tained we first impose the constraints by zeroing out all
negative parts and the parts that are clearly outside the
We then use the resulting electron density function to ca
late the diffraction intensities along the Bragg rods. If t
agreement with the measured intensities is not satisfac
one can use the newly obtained electron density as the
reference electron density and reiterate the entire proce
to obtain a better result. It turns out that, in the present c
no iterations ns were necessary.

In general epitaxial systems are not fully periodic in 2
with a period equal to the underlying substrate period. E
taxial systems may have a different commensurate per
may be locally incommensurate with the substrate, or may
nonuniformly strained. A commensurate structure with a d
ferent period will give rise to scattering along addition
Bragg rods and local incommensurability and non unifo
strain give rise to diffuse scattering throughout recipro
space. Thus, important information about the system is c
tained in the diffuse scattering intensity function. In th
work we only consider x-ray scattering along the substra
derived Bragg Rods. This provides the folded electr
density1 discussed in the next paragraph and, as shown
ther below, it provides detailed structural information on t
GaAs:Gd2O3 system.

Let us now consider the scattering along the subst
defined Bragg rods. Notice that, since the substrate is p
odic in 2D and the epitaxial film is chemically bonded to
the scattering factors along the substrate defined Bragg
have the form of a delta function in two dimensions.
calculate these scattering factors we divide the system
substrate defined unit cells; however, because of the de
tions from the substrate defined 2D periodicity, the elect
density is different in different unit cells. The electron de
sity of such a system can be expressed asr(x,RW i , j1rW),
wherex is the coordinate perpendicular to the interface,RW i , j

is the in-plane position of the (i , j ) unit cell and rW is the
in-plane position within the unit cell. Notice, that since t
system is not strictly 2D periodicr varies with (i , j ). The
complex scattering factorTh,z along the Bragg rod is propor
tional to the Fourier transform of the electron density

Th,z~k!}E
V
d2rdx(

i , j
r~x,RW i , j1rW !exp$ i @~RW i , j1rW !•kWh,z

1kx#%, ~6!

where the summation overi , j is carried over all 2D unit
cells.

Since kWh,z is a Bragg rod vector,RW i , j kWh,z52pn. Thus,
Eq. ~6! reduces to the form

Th,z~k!}E
V
d2rdxexp$ i @rW•kWh,z1kx#%(

i , j
r~x,RW i , j1rW !,

~7!

namely, the scattering factor along the Bragg rods is
Fourier transform of( i , jr(x,RW i , j1rW). We shall refer to this
as the electron density of the folded system and it is obtai
20531
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by moving all atoms into one 2D substrate defined unit c
using 2D unit cell vectors. Thus, in spite of local incomme
surability, non uniform strain and other deviations from t
substrate defined 2D periodicity, the complex scattering f
tors along the substrate defined Bragg rods are the Fou
transform of a well defined real space electron dens
namely, the folded electron density. We can therefore use
method we described before to determine the complex s
tering factors along the Bragg rods and determine the fol
electron density by Fourier transformation. The folding
the present case is discussed in more detail in Sec. V.

III. SAMPLE PREPARATION AND SAMPLE PROPERTIES.

The samples were prepared at Bell Labs, Lucent Te
nologies, using precleaned epi ready~100! GaAs wafers
specified to have a low crystalline miscut angle,0.50°. The
GaAs and oxide deposition were done in two separate
lecular beam epitaxy~MBE! growth chambers, one for GaA
growth and the other for depositing oxide, linked together
a transfer module with a background pressure of 6310211

Torr.7,25. The transfer process has been evaluated and the
no evidence for oxygen contamination. Inside the MB
chamber, the GaAs wafer was first heated to 580–600°C
an As flux to remove the native oxide from its surface. Ga
deposition was then done using pyrolytic boron nitride ef
sion cells for the elemental Ga and As. The deposition r
was approximately 0.75–1.0m/h and 0.3–0.5mm of GaAs
was deposited. Once the growth of the GaAs was comple
the wafer was transferred to the second MBE chamber
depositing the oxide. Before the oxide growth, the Ga
surface was heated up to;600°C to remove some As from
the surface in order to be gallium stabilized~i.e., contains at
least 70% more Ga than As atoms!. The resulting (436)
surface reconstruction is assumed to promote single dom
growth because it removes the twofold degeneracy of ali
ing the~110! Gd2O3 plane of rectangular symmetry onto th
square symmetric GaAs~100! surface. It was shown that a
arsenic stabilized surface, with its associated (234) recon-
struction, also works but the surplus arsenic is more vola
As described in Ref. 10, the gadolinium oxide was depos
from a powder-packed source using electron beam evap
tion. The substrate temperature was held at 550 °C and
deposition rate was about 0.1mm/h. During deposition,in
situ reflection high-energy electron diffraction~RHEED! was
used to monitor the growth process. Analysis of the twofo
symmetric RHEED patterns indicated that the Gd2O3 film is
~110!-oriented and grows as a single domain. To check
extent of the single-domain orientational epitaxy the sam
was rastered through the incident beam and the orientatio
the diffraction pattern was determined to remain unchang
X-ray diffraction19 and secondary electron imaging20 have
confirmed that under the growth conditions described abo
Gd2O3 grows as a cubic single crystal single-domain film

IV. MEASUREMENT OF THE DIFFRACTION INTENSITY
ALONG THE BRAGG RODS

The measurement of the diffraction intensities along
Bragg rods was done in the usual way and is schematic
1-4
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DIRECT ATOMIC STRUCTURE DETERMINATION OF . . . PHYSICAL REVIEW B 66, 205311 ~2002!
shown in Fig. 1~a!. The sample was mounted at the center
a six circle goniometer and had four rotational degrees
freedom while the detector had 2. The incident beam
pinged on the sample surface. As one can easily see from
schematic drawing of the Bragg rods in reciprocal space,
measurement of the diffraction intensity along a Bragg rod
achieved by rotating the sample around an axis perpendic
to its surface and by moving the detector to the posit
where the diffracted beam is expected to be.

Measurement of the diffraction intensities along Bra
rods requires precision in several ways. The scan must
ably be made along the Bragg rod and not fall off to t
sides. The relative intensities along the rod and among
ferent rods must be quantitatively correct to within a fe
percent. The background from scattering processes not a
ciated with the diffraction along the Bragg rods must be s
tracted. To address these needs we have developed a
LABVIEW based software package that controls the gonio
eters we used and the entire experimental system. The
ware system includes the geometry code and is capab
controlling both eulerian and kappa type six-circle gonio
eters. Huber eulerian and Newport kappa goniometers w
used. For our application, as described below, theLABVIEW

program has distinct advantages over popular goniom
control programs such asSPEC. To obtain reliable control of
the goniometers we have measured the orientation of
various rotation axes relative to each other. This was d
using an autocollimator mounted on the detector arm an
mirror mounted at the sample position. Once the rotat
axes are correctly determined the autocollimator and the
ror must remain aligned with respect to each other un
arbitrary rotations around an arbitrary axis. In both gonio
eters used the orientation of the rotation axes have b
found to deviate from orthogonality in some cases by m
than 1.5 mrad. Note that for the kappa goniometer, the ka
angle is measured. After determining the rotation axes v
tors and adding the corrections to the software control p
gram, the misalignment between the autocollimator and
mirror did not exceed 400mrad.

We used an incident beam with 10 keV photon ener
chosen because it is approximately the largest energy th
still safely below the absorption edges of all the relev
constituents, thus eliminating fluorescence. The incid
beam was focused vertically to about 100 microns, slit
down horizontally to 0.5 mm, and its orientation relative
the goniometer axes was determined to within 100mrad and
inserted into the system control software. The sample
mounted on the goniometer in such a way that the gonio
eter center of rotation was located at the sample surface
the incident beam impinged on the sample at this same p
A number of Bragg reflections were used to determine
orientation of the reciprocal GaAs unit cell. Any other Bra
point was then found to be within 2 mrad of the correspo
ing calculated values. This is not enough to guarantee a
rate rod scans. We therefore carried out scans perpendi
to the rods at several points along each rod and used
corrections to improve the accuracy. The corrections redu
the errors to less than 200mrad which is small compared t
the detector acceptance angle of 3 mrads. These errors
20531
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cause negligible inaccuracy in the position along the Bra
rods.

In these measurements we purposely used relatively w
slits, 333 mm at a distance of 1000 mm from the samp
We did this in spite of the fact that this somewhat increas
the background for two reasons.~a! With narrow slits the
intensity calibration can be less reliable especially if the
cident beam is not quite uniform in intensity. Inaccurate
tensity calibration will affect regions of both low as well a
high intensities and will therefore have serious adverse
fects on the resulting electron density.~b! In case the crysta
is slightly miscut so that the surface normal is not exac
along a high symmetry crystallographic axis the Bragg ro
will split into a number of parallel but non overlappin
Bragg rods each going through one Bragg point. We h
shown mathematically, consistent with previous work, tha
the miscut is ideal~namely, the terraces are of equal width!,
the sum of the intensities of all rods at any givenk along a
Bragg rod is equal to the intensity at that point of a nonm
cut sample. Thus using relatively large slits we automatica
add up the contributions of the most relevant split Bra
rods.

The diffracted beam intensity was measured using a p
tic scintillator photomultiplier detector operating in curre
mode with a stable dc preamplifier. The advantage of t
detection scheme in comparison to photon counting is
linear response up to at least several hundred thousand
tons per second. The dark noise was usually about 3 or
of magnitude smaller than the largest intensity along
Bragg rod contributed by the Gd2O3 film. We used an auto-
matic calibrated filter unit to measure the intensities ve
close to the Bragg peaks. The incident intensity was m
sured by an ionization chamber located just before
sample. We took precautions to make sure that the en
incident beam measured by the reference detector con
uted to the diffraction and the entire diffracted beam w

FIG. 3. Diffracted beam intensity in log scale along the@h1
21# Bragg rod. The abscisa is in reciprocal lattice cell units. 1026

has been added to the intensity to avoid negative values in
logarithm. Notice that the Cobra calculated and measured inte
ties are in very good agreement wherever the signal to noise rat
large. Dotted curve: experimental results; dashed curve: the in
model; solid curve: COBRA calculation.
1-5
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M. SOWWAN et al. PHYSICAL REVIEW B 66, 205311 ~2002!
measured by the signal detector. This requirement was d
cult to satisfy when the incidence angle was below 5
namely, in measurements along the@h00# Bragg rod forh
,1 .

Finally, the background was removed by installing,
front of the signal detector, a paddle which had two types
openings: a 333 mm2 opening to let the diffracted beam o
about 131 mm2 through and a set of two 332 mm2 open-
ings separated by a 3 mmblocking region to stop the signa
and let the background through. At each point along
Bragg rod a motor moved the paddle to measure the si
and background. The total scan time per Bragg rod amou
to about 2 h. Lastly, the data were corrected for Lorentz
polarization factors.

V. EXPERIMENTAL RESULTS

As explained further below, the range in reciprocal spa
where the diffraction intensities were measured is limi
and the electron density is obtained by Fourier transform
the complex scattering factors in this limited range. To mi
mize the effect of the missing regions we multiplied all t

FIG. 4. Diffraction intensity in along the@1.48 z2z# line.

FIG. 5. Diffracted beam intensity in log scale along the@h11#
Bragg rod. The abscisa is in reciprocal cell units. 1026 has been
added to the intensity to avoid negative values in the logarith
Notice that the Cobra calculated and measured intensities a
very good agreement wherever the signal to noise ratio is la
Dotted curve: experimental results; dashed curve: the initial mo
solid curve: COBRA calculation.
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spectra by a Gaussian factor exp(k2s2/2) with s50.3 Å.
This has the effect of convoluting the electron density with
Gaussian. The normalized diffraction intensities along
@h121# Bragg rod are shown in Fig. 3. The large pea
correspond to@1 1 -1# and @3 1 -1# Bragg peaks. The broad
peak at approximately@1.48 1 -1# and the overtones are du
to the Gd2O3 film. To verify that this peak is not just the ta

.
in
e.
l;

FIG. 6. Diffracted beam intensity in log scale along the@h0 0#
Bragg rod. The abscisa is in reciprocal cell units. 1026 has been
added to the intensity to avoid negative values in the logarith
Notice that the Cobra calculated and measured intensities ar
very good agreement wherever the signal to noise ratio is la
Dotted curve: experimental results; dashed curve: the initial mo
solid curve: COBRA calculation.

FIG. 7. ~a! Top: Crystallographic orientations of the Gd2O3 film
and the GaAs crystal.~b! Bottom: Gd positions in the first mono
layer and the folding procedure using the GaAs 2D reciprocal u
cell vectors marked by the arrows. The Gd2O3 cell is represented by
the solid rectangles. The short side is the Gd2O3 unit cell edge. The
long side is the unit cell face diagonal. The dashed squares re
sent the GaAs 2D unit cells. The mismatch in the vertical direct
is -1.9% while the mismatch in the horizontal direction is 4.1%.
1-6
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FIG. 8. In-plane folded Gd positions in fou
consecutive layers of Gd2O3. Each square repre
sents 333 GaAs 2D unit cells. The structure re
peats itself every four layers. Notice that the
displays are rotated 45° relative to Fig. 7~b!.
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of a larger peak at a position off the Bragg rod we perform
scans perpendicular to the rod. In GaAs reciprocal lat
coordinates bulk Gd2O3 would have a Bragg peak at ap
proximately@1.48 1.04 -1.04#. The diffraction intensity along
the@1.48 z 2z# line that goes through this point is shown
Fig. 4. As seen the system has indeed a broad peak at
position but it has a much larger peak on the Bragg r
namely, at@1.48 1 -1#. The diffraction intensities along th
@h211# Bragg rod were found to be equal to within th
experimental accuracy to those on@h121# while those on
@h11#, shown in Fig. 5, were completely different. The
results confirm the conclusion of Kortanet al.19 that the sys-
tem is a single crystal with a single domain having 18
rotational symmetry but no 90° rotational symmetry.

The 10 keV incident beam allowed us to measure all
Bragg rods within the rangeuku<3; u l u<3 and 0.1,h
<3.5 ~along the@h00# rod, h extended to 4.2!. The diffrac-
tion intensities along rods withk1 l odd were too small to be
measured. So the total number of symmetry inequiva
rods that were measured was 13. The@h00# Bragg rod scan
shown in Fig. 6 and the@h121# scan displayed clearly iden
tifiable Gd2O3 contributions. The other Bragg rods also ha
intensity contributions from the Gd2O3 : GaAs interference,
but they are weaker.

VI. COMPLEX SCATTERING FACTORS AND STRUCTURE
DETERMINATION

As explained in Sec. II the first step is to choose a kno
structure that is similar to the structure of the system un
investigation. We chose to construct a simple model of
20531
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system. This model consists of the semi-infinite GaAs crys
and a cubic single domain Gd2O3 film on top of it, with the
features found by Kortanet al.;19 namely, that the Gd2O3

^110& axis is perpendicular to the~100! GaAs substrate, the
Gd2O3 ^001& axis coinciding with the GaAŝ011& axis and
the orthogonal Gd2O3 ^1210& axis coinciding with the
GaAs ^0211& axis. The model further assumes in acco
dance with the results of Kortanet al. that three Gd2O3 unit
cell edges match four GaAs unit cell face diagonals and
Gd2O3 face diagonal matches two GaAs face diagonals. T
Gd and O atoms lie approximately in layers parallel to t
interface, each layer containing both Gd and O atoms.
largest vertical distance between Gd atoms within one la
is 0.457 Å as compared to the 1.92 Å interlayer separa
in bulk Gd2O3. Four such layers contain all the atoms of o
unit cell. We shall concentrate our discussion mainly on
Gd atoms, which dominate the scattering. The oxygen ato
cannot be clearly seen because they have only eight elec
in comparison to 64 for Gd.

One such layer is schematically shown in Fig. 7. In th
figure and throughout the rest of the paper whenever we r
to bulk Gd2O3 we mean bulk Gd2O3 strained to be exactly
commensurate with the underlying GaAs. Since the period
the Gd2O3 is not equal to that of the underlying GaAs, th
COBRA analysis will yield the folded structure where all th
atoms of the combined cell are folded into one GaAs u
cell. Examples of the folding process are schematically in
cated in Fig. 7. The folded structures of four consecut
monolayers can be seen in Fig. 8. The dots represent
in-plane positions of the Gd atoms folded into a single Ga
unit cell. Each dot of a pair represents two folded atoms
1-7
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slightly different heights and each single dot represents f
folded atoms also of slightly different heights, which a
superposed on top of each other in this projection.

Before applying the COBRA procedure, we attempted
traditional least squares fit with nine parameters. These
clude an overall intensity factor, a factorur multiplying the
Gd2O3 repeat distance perpendicular to the surface and
number of monolayersn. Due to the mismatch between th
film and the substrate~-1.9% in thê 001& direction and 4.1%
in the ^1210& direction! the atomic positions will be dis
placed in a disordered fashion from their ideal positions.
assumed that the distribution about their ideal positions
Gaussian with a widths. We used three such paramete
sga for the GaAs substrate, andsyz andsx for the distribu-
tion in the Gd2O3 film plane and perpendicular to it. Finally
three additional parameters were used to translate the
relative to the substrate in thex, y, andz directions.

The initial model parameters were first refined by b
fitting the Bragg rod diffraction intensities. The results we
as follows: ur50.946, n516, sga50.35 Å, syz50.93 Å,
and sx50.98 Å. The film displacement parameters we
found to be such that the ridges of the folded Gd atom p
tions in the first Gd2O3 monolayer overlap the positions o
the Ga or As atoms at the top substrate layer. The fits w
found to be insensitive to the motion of the film parallel
the ridges. This is a result of the fact that due to the largesyz
the electron density along the ridges varies very little.

The quality of the model was checked by comparing
diffraction intensities calculated from this model with th
experimental results. As seen in Figs. 3, 5, and 6 the ag
ment is rather poor. This is true also of all other rods. It
therefore clear that this initial model is indeed inadequa
Following the procedure discussed in Sec. II we used
complex scattering factors obtained from the model as
known reference scattering factorsS and calculated the am
plitude and phase of the unknown scattering factorsU and of
the total scattering factorsT. The measurements were limite
to h.0 because whenh,0 the diffracted beam goes int
the substrate. The complex scattering factors forh,0 were
calculated from the general relation that the scattering fa
at kW is equal to the complex conjugate of the scattering fac
at 2kW . The scattering factors of the unknown part va
smoothly across the Bragg points so they could be obta
near the Bragg points by interpolation. The interpolation w
carried out in the range (hb20.05),hb,hb10.05, where
hb is the x component of a Bragg point. After applying th
constraints discussed in Sec. II, we used the resulting e
tron density to calculate the diffraction intensity along t
Bragg rods. The results are shown in Figs. 3, 5, and 6. No
that, in contrast to the model, the results obtained from
COBRA analysis are in very good agreement with expe
ment over two orders of magnitude below the intensity of
largest Gd2O3 feature.

To check the effect of the iteration procedure we carr
out one iteration. We used the newly obtained electron d
sity as the new reference electron density and then proce
as before to obtain a new electron density and to calcu
the scattering intensity along the Bragg rods. We show a
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example one Bragg rod in Fig. 9 and, as seen, the agreem
between the iterated structure and experiment has impro
a little. Similar small improvements were observed in
other Bragg rods, but the electron density did not sign
cantly change.

VII. THE ATOMIC STRUCTURE

Before interpreting the electron density function, in term
of the atomic structure, we need to take several consi
ations into account. First, the range in reciprocal space wh
we have data is approximately seven reciprocal lattice un
This means that the narrowest features possible in the e
tron density function will have a half width equal to th
GaAs unit cell divided by two times the reciprocal rang
namely, 0.35 A. In calculating the Fourier transform we i
creased the range in reciprocal space by a factor of 3, p
ding the extra range with zeros. This increased the po

FIG. 10. Average layer electron density as a function of dista
from interface. Dashed: initial model; solid: COBRA calculatio
The nominal interface is at zero. The electron density to the
represents Ga and As layers, to the right it represents Gd layers
a small oxygen contribution.

FIG. 9. Diffracted beam intensity in log scale along the@h1
21# Bragg rod. 1026 has been added to the intensity to avo
negative values in the logarithm. Notice that the Cobra calcula
and measured intensities are in very good agreement whereve
signal to noise ratio is large. Dots: experiment; solid curve: COB
calculation after one iteration.
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FIG. 11. ~Color! In-plane electron density maps. Each map consists of 333 GaAs 2D unit cells.~a! COBRA calculated map of layer -8
~b! COBRA calculated map of layer -7.~c! Initial model calculated map of layer19. Warm colors represent high density. Cold colo
represent low density.
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density in the electron density function but of course it d
not increase the resolution. Second, regions of the film wh
are completely incommensurate with the substrate give r
when folded, to a uniform electron density. The portion
the film that is incommensurate may vary as a function of
distance from the interface. Other contributions to a ba
ground electron density may be due to inaccuracies in
phase and possibly other sources.

The in-plane averaged electron densities obtained f
the model and COBRA calculations are shown in Fig.
The nine peaks on the left correspond to 9 monoatomic
ers of Ga and As. Ga and As cannot be distinguished ea
because their atomic numbers differ only by 2. The lar
electron density on the right corresponds to sixteen Gd2O3
monolayers. In the starting model we assumed an ab
change from GaAs to Gd2O3 and an abrupt termination o
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the film. The COBRA electron density shows that the tran
tion is gradual over approximately five layers. The transiti
region may be either a result of interface roughness or
diffusion into the GaAs. The fact that the surface roughn
is also about five layers suggests, that the transition regio
a result of interface roughness. We suggest that the G
substrate had probably about five layers of roughness to
gin with. The overall width of the epilayer measured at t
mid transition points is 27 Å.

Notice that on the left, far from the interface within th
GaAs substrate, the peak to valley ratio in the COBRA c
culated electron density is large and corresponds to a Ga
ian distribution Aexp@2x2/(2s2)# with s50.35 Å. As
pointed out, this is the minimal value expected since the d
extends to a limited range in reciprocal space. Going to
right into the Gd2O3 film, the peak to valley ratio decrease
f

-
-

FIG. 12. ~Color! In-plane elec-
tron density maps of layers 9
through 12. Each map consists o
333 GaAs 2D unit cells. Notice
that shifting the electron density
map in one layer by a vector rep
resented by the arrow yields ap
proximately the electron density
map in the next layer.
1-9
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leading to an increase ofs. The peak to valley ratio in the
Gd2O3 film is about equal to that of the initial model. S
s'0.9 Å. This value is much larger than the resolution a
is presumably a result of the nonuniform strain present in
film.

Let us now consider the in-plane structure. The in-pla
electron density map of layers28 and 27 are shown in
Figs. 11~a! and 11~b!. The layers are numbered with respe
to the nominal GaAs/Gd2O3 interface with negative number
on the GaAs side of the interface. In both layers the Ga
As atomic positions can be clearly seen and the two maps
shifted with respect to each other as expected for GaAs.
Gaussian half width of these peaks is 0.37 Å, namely, re
lution limited and similar to the vertical width.

An example of the model electron density map on
Gd2O3 side ~nominally layer19! is shown in Fig. 11~c!.
This map shows the ridges and valleys expected from
folded Gd positions shown in Fig. 8. However, the electr
density along the ridges is almost completely flat. In contr
the COBRA calculated electron density shown in Fig.
shows clear structure along the ridges. To understand
structure we show on the same figure the Gd positions
bulk Gd2O3 as black dots. As described in Sec. VI, each d
in a pair of dots represents two atoms folded to the sa
place in the plane but at slightly different positions perpe
dicular to the plane. Similarly each single dot represents f
occluded atoms. The smaller peaks along the electron de
ridges coincide with the positions of one dot or one pair
dots namely with four folded atoms as expected. On
other hand the large elongated peaks appear in the mi
between a pair and a single dot. This suggests that the fo
atoms in the real system are actually closer together t
expected from the Gd2O3 bulk structure. This behavior is
seen in all layers.

To determine the distances of the real system fold
atomic positions from the peak positions we have plotted
electron densities along the ridge centers. An example
shown in Fig. 13. We then fitted the electron density w
Gaussian functions. Each group of four folded atoms w
represented by a Gaussian. The amplitudes and widths o
Gaussians were assumed to be equal and were allowe
vary together with the distances of the Gaussians from
nearest large electron density peaks. This gave us three

FIG. 13. Fits to the electron density along a ridge in layer
Dots: experiment; dashed curve: fit without background; so
curve: fit with background.
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able parameters. Using these parameters we could ob
good fits to the electron density distributions. However, sin
we expect also possible electron density background we
ted the data also with a constant electron density backgro
as the fourth parameter. These refinements gave exce
fits. The distances and the Gaussian widths are shown in
14 as a function of layer number. Since both fits were go
the values shown in the figure are the averages of the pa
eters obtained in both fits and the error bracket is the ave
difference between the two. The two horizontal bars on
right represent the distances in alternate layers in the b
Gd2O3 crystal. Thus the results show that in the first thr
layers the in-plane folded positions of each group of ei
atoms coincides with the center position of a large peak
the electron density. As the distance from the interface
creases, the distances increase towards those present in
Gd2O3. Using a similar approach we have found that t
Gaussian widths in the in-plane direction perpendicular
the ridges is alsos'0.65 Å. Notice that while these value
are smaller than the values in the initial model, they are s
much larger than the resolution meaning that the system
relatively large disorder both parallel and perpendicular
the ridges.

The fact that the folded in-plane electron density is n
completely uniform means that the epilayer is at least p
tially commensurate with the substrate. The fact that Ga
and bulk Gd2O3 lattices are not exactly matched means th
the epilayer is strained and the presence of a large diso
means that the strain is partially relaxed. It should be emp
sized that the Gd displacements near the interface, discu
in the previous paragraph, are not manifestations of str
By strain we usually mean that the unit cell dimensio
change but the atoms within it retain their relative positio
This is not the case here; the displacements are not sim
the result of a contraction or an expansion of a unit cell.

Now we discuss the stacking of the Gd2O3 and show that
it follows that of GaAs and not that of bulk Gd2O3. The
repeat distance in the vertical direction is four layers in b
GaAs substrate and Gd2O3 film. Let us consider the four
consecutive layers shown in Fig. 8. Notice that the in-pla
atomic positions in each layer are shifted relative to the n
layer by a vector indicated in the layer. These vectors
a(0.08IWy20.42IWz), a(20.25IWy10.25IWz), a(0.42IWy

20.08IWz), and a(20.25IWy10.25IWz). Here a is the GaAs
unit cell, andIWy and IWz are unit vectors in they andz direc-
tions. The COBRA calculated electron densities in four co
secutive layers shown in Fig. 12 are also related to each o
in a similar way but the shift vectors are different. They a
a(0.25IWy20.25IWz), a(20.25IWy20.25IWz), a(20.25IWy

10.25IWz), anda(0.25IWy10.25IWz). This shows that the stack
ing order in the film is different from the stacking order
bulk Gd2O3. The difference in the stacking order can also
seen in the following way: In Fig. 8 the center point in ma
~a! is on a ridge, in~b! on a valley, in~c! on a ridge and in~d!
on a valley. In contrast the sequence in Fig. 12 is~a! ridge,
~b! valley, ~c! valley, ~d! ridge. The stacking order shown i
Fig. 12 is valid throughout the entire film thickness. The fa
that the stacking order in the film is different from that in th

.
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bulk is unusual but not unheard of. For example, Lame
et al.26 have found that the stacking order, in Co and Cu
Co/Cu superlattices grown on GaAs, is different from t
corresponding bulk structures.

The COBRA determined Gd positions in the unfold
structure of four layers are shown in Fig. 15. As in the fold
structure, the atomic positions in adjacent layers are shi
with respect to each other by the vectors shown in each la
The atoms in rows 3 and 6 fold into the small peaks in
folded electron density maps whereas the atoms in rows
4, and 5 fold to positions on either side of the large peaks
this figure we also show the Ga and As positions~open
circles! in four consecutive monolayers of GaAs. The inte
esting point is that the relative positions of the Gd and Ga
positions remain approximately the same in all layers. T
relation is not present in bulk Gd2O3.

The distances shown in Fig. 14 can be schematically s
in Fig. 15. These are the distances of the Gd atoms in row
2, 4, and 5 relative to the neighboring Ga/As positions.
mentioned before, these distances are zero within our exp
mental accuracy in the first 3 Gd2O3 layers, namely the Gd
positions in these rows overlap the Ga/As positions. As
distance from the interface increases, they move away
wards the bulk Gd2O3 positions.

VIII. SUMMARY AND CONCLUSIONS

In this paper we have shown that the COBRA meth
provides a detailed 3D electron density map of a rather c
plex epitaxial system. It is important to emphasize that
electron density we obtained is qualitatively different fro
the initial model we started with. Furthermore, the very go
agreement obtained between the calculated and meas
diffraction intensities along thirteen symmetry inequivale
Bragg rods is not a result of fitting but comes from the d
termination of the complex scattering factors. In fact t
simple model we started with turned out to be both qual
tively and quantitatively wrong; yet, the final COBRA resu
is very close to the correct electron density as eviden
from the fact it yields diffraction intensities that are in ve
good agreement with experiment. The final results did
depend sensitively on the specific initial model we chose
long as the intensities it yields are of the same order of m

FIG. 14. The distance between Gaussian peak and the neigh
ing large electron density peak~dots! and Gaussian width~circles!
as a function of layer number. The curves are guide to the eye
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nitude as the experimentally measured ones. We believe
is quite generally true on the basis of many simulations t
we did, in addition to the measurements reported here.

The electron density we have obtained is that of
folded system. It provides the atomic positions averaged o
all 2D unit cells as well as the position probability distrib
tion function, namely, the probability to find an atom at
certain position. In the present case and in many other c
the relation between the folded and unfolded systems is q
transparent. So, one can easily draw conclusions about
unfolded system. The folded structure does not contain in
mation about structural correlations such as pair correlatio
the average coherence length of locally incommensurate
gions, etc. For example, if two adjacent atoms in the unit c
have a certain distribution width, the distance between th
in the real system may have a much smaller distribution
their positions are correlated or up to two times larger if th
positions are anticorrelated. So, other experimental meth
are needed to complement COBRA. Information on corre
tions can be obtained from diffuse scattering outside
Bragg rods, from XAFS, PDF, and possibly x-ray hol
graphic methods. However, as mentioned before the infor
tion they provide is averaged over atoms of the same spe
at inequivalent positions throughout the epitaxial film. T
information we now have on the epitaxial Gd2O3 film can be
summarized as follows.

~a! As suggested by Kortanet al.,19 the film structure is
cubic and single domain with thê110& axis of the Gd2O3
perpendicular to the surface and its^2110& and ^001& axes
parallel to the GaAŝ011& and ^0211& axes, respectively.

~b! At the interface the electron density changes gradu
from the GaAs to the Gd2O3 over four to five layers. The
transition region is probably due to interface roughness
similar transition region is seen at the surface and is proba
due to surface roughness. The fact that the two thickne
are about equal suggests that the GaAs had this sur
roughness to begin with.

~c! The nonuniform strains due to the mismatch betwe
the GaAs and Gd2O3 unit cells and their partial relaxation
introduce disorder in the folded atomic positions. The dis
bution width in the GaAs is much smaller than the para
and perpendicular widths in the Gd2O3 film. This is expected

or-

FIG. 15. The unfolded in-plane Gd positions in four consecut
layers shown as dots. Notice that the positions in one layer ca
approximately obtained from the positions in the previous layer
shifting them by the vector shown in that layer.~The last vector on
the right shifts the positions from the last layer to the first!. The
circles represent Ga and As positions in four consecutive layer
GaAs.
1-11
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in a thin film. It is interesting that the perpendicular width
larger than the in-plane one.

~d! The Gd positions in the first few layers are displac
so as to exactly match the positions of the underlying Ga
As. As the distance from the interface increases they rela
the bulk Gd2O3 positions.

~e! The stacking order of the layers in the film is differe
from that in bulk Gd2O3. In fact the main peaks of the folde
electron density in each monolayer of the film are exactly
the Ga and As positions in the GaAs and follow the sa
stacking order.

The last two points indicate that Gd2O3 tends to adopt a
structure similar to that of GaAs. This could be at the bott
of the fact that Gd2O3 forms a very good passivation laye
for GaAs.

*On sabbatical at Physics department, University of Washing
Seattle, WA 98195; Electronic address: yizhak@vms.huji.ac.il
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