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We have used coherent bragg rod analy§I©®BRA) to investigate the atomic structure of an epitaxial
Gd, 05 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,(Dg fidd layers is different
from that of cubic bulk GgO; and resembles the stacking order of Ga and As layers in GaAs. Furthermore, in
the first few GdO; layers, Gd atoms are displaced to positions right above the Ga and As positions in the
substrate, and they relax towards bulk,Gd positions with increasing distance from the interface.
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I. INTRODUCTION was unacceptably high, or because the layers were not ther-
modynamically stable relative to the GaAs interface. This is
Epitaxially grown thin films have emerged as a class ofa particularly difficult problem for 111-V compound semicon-
materials whose properties often differ substantially fromductors on account of their reactive nature and the relatively
those of the corresponding bulk materials. Such films formhigh mobility of the group V species in this family of com-
the basis of much of current electronics technology. As depounds.
vice dimensions shrink to nanometer levels, and novel nano- A promising direction was initiated by Hongt al® in
fabricated composite structures are explored, the interfacieir studies of (Gg#3);_/(Gd,O3), -GaAs interfaces,
region between the film and the substrate on which it isshowing that while pure G&; does not passivate GaAs, the
grown takes on an increasingly important role. mixed oxide is electrically insulating with high electrical
Obtaining accurate structural information at interfaces ioreakdown strength ik>14%. These results pointed the
nowhere more critical than in semiconductor passivation layway to GgO; as an effective dielectric layer for the passi-
ers, where details of the atomic structure and bonding deteration of GaAs. Subsequent studitsonfirmed that GgO,
mine the nature of the interface electronic states. In this pas indeed potentially useful as a passivation layer exhibiting a
per we report the results of a study of the structure of amidgap interfacial state density of as little as1.em™2
recently discovered passivation layer for GaAs: epitaxiallyeV~1, only slightly higher than that of Si-SiQinterfaces.
grown GgO;. We have been able to achieve an unprec-With a dielectric constant of 10, this oxide is an excellent
edented level of detail in the atomic structure by using thedielectric with leakage current densities in the range
diffraction technique coherent bragg rod analy§i©BRA)! 107 °-10 % A/cm?, showing much promise as a passivation
which is especially sensitive to the arrangement of atoms ifayer. GgO; and Y,O; films are also viewed as potential
epitaxial films and interfaces. There have been many athigh dielectric constant passivation layers for Si. However,
tempts over the past 30 years to find an insulating layer thahe reason for such a remarkably low interfacial state density
will passivate the GaA$100 surface’® Most of the at- is not understood at this time.
tempts have failed either because the interfacial state density The first step in understanding the properties of any ma-
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terial system usually begins with its atomic structure. How- a) Real space b) Reciprocal space
ever, little is known about the detailed atomic structure at
buried interfaces on account of the lack of appropriate non-
destructive techniques which could provide the statistical in-
formation needed for the theoretical modeling of their prop-
erties. This difficulty arises because interface structures are
complicated. The atomic positions may be different in each
layer of the structure, so that in general the three-
dimenSiona! crystal ) tra_nsla.tional symmetry is_ redqced 0 FG 1. (a) Scattering geometry: The incident beam with a wave
two-dimensional periodicity in the plane of the film with the \ectork; impinges on the sample surface. The sample is centered on
aperiodic structure in the perpendicular direction varyinga six circle goniometer. The scattered beam intensity with a wave
throughout the entire film thickness. We refer to this situationyectork, is measured by the detector mounted on the detector arm
as a two-dimensionalD) crystal. Various techniques have of the goniometer(b) Reciprocal space representation of the scat-
been used to investigate the atomic structure of epitaxiallyering geometry: The dots represent the GaAs reciprocal lattice
grown films. These include high resolution transmissionpoints. The vertical lines represent Bragg rods. The circle represents
electron microscopy: x-ray absorption fine structure the Ewald sphere. The three arrows represent incikigtite scat-
(XAFS),'? diffuse x-ray scattering® x-ray reflectivity!*  teredks and the crystal momentum transfer
x-ray standing wave§, x-ray diffraction along Bragg and
truncation rods? channeling)’ and x-ray holograph$#  on Au crystals with a resolution of about 1.9 Another
Some of these techniques have been used to investigate theethod has been recently proposed by Saktial?* This
structure of the GD; films. Kortanet al!® found that films ~ method is based on the Bayes theorem and the maximum
grown under conditions similar to those of our sample growentropy approach. Both methods lead to recursion formulas
as a single cubic crystal with G@; (110 perpendicular to that are quite cumbersome and require a very large number
the GaAs(100 substrate surface, G@; (001) parallel to  of iterations to obtain convergence, which is not always
GaAs(011) and the orthogonal G®; (1—10) axis coin- achieved. In contrast, COBRA requires only a very small
ciding with the GaAs(0—11). The film has 180° rotation number or no iterations at all. Our method can therefore
symmetry but no 90° rotation and is single domain. Secondhandle complicated structures with very large numbers of
ary electron imaging has confirmed these resiItKkAFS  atoms per 2D unit cell. We shall demonstrate that the results
measurement$ have shown that the Gd-oxygen bonds in- obtained provide very detailed and quite surprising new in-
crease by 2.7%t/- 0.6% relative to the bulk and this in- formation on the structure of the GaAs:£&, system.
crease is consistent with the observed expansion in the lattice This paper is structured as follows. In Sec. Il we provide
spacing perpendicular to the interface. Generally, all thesan outline of the COBRA method. In Sec. Ill we discuss the
techniques provide important information but they all suffersample preparation and characterization. Sec. IV presents the
from one or both of the following limitations. experimental aspects of this work followed by the results in
(a) Obtaining reliable structural information requires a Sec. V. In Sec. VI we provide a detailed account of the analy-
correct structural model with parameters that can be refinedis. The structural implications of the electron density maps
by comparing the experimental results to the predictions ofire discussed in Sec. VII. Lastly, Sec. VIII summarizes the

the model. results and presents conclusions with respect to the COBRA
(b) The structural information provided is an average ovemmethod in general, and to the GaAs#&g system in par-
inequivalent probe positions. ticular.

Both limitations are severe when dealing with epitaxial
layers. Guessing the correct structural model for an epitaxial
layer may be very difficult because of its complexity. In ad-
dition, probe atoms of the same species are often located at We present here an overview of the structure determina-
many inequivalent positions. tion method in the optimized way it was applied to the GaAs:

The COBRA technique we have used for this study overGd,O; system based on the method that has been presented
comes these limitations because it is a direct method oby Yacobyet al! To simplify the discussion we first assume
structure determination, utilizing the high degree of transthat the epitaxial film has 2D periodicity with a period equal
verse coherence of x-ray beams from an insertion déviceto that of the underlying substrate. The Fourier transform of
Most importantly, by measuring the diffraction intensities the electron density of this system has the form of 2D delta
along substrate-defined Bragg rods, COBRA is able to exfunctions in reciprocal space known as Bragg rods with su-
tract the phase of the complex structure factor and hencperimposed 3D delta functions due to the 3D periodic elec-
obtain the three-dimensional electron density distribution bytron density of the underlying crystal. The reciprocal lattice
Fourier transformation. and the scattering conditions are schematically illustrated in

A number of attempts have been made to solve the gerFig. 1.
eral phase problem for systems with 2D periodicity. Torrelles The complex scattering facto(€SF3 along the Bragg
et al*! developed a method based on the Ritial?*tangent  rods contains all the information on the structure of this 2D
formula for obtaining the structure of reconstructed surfacescrystal and the electron density can be obtained by Fourier
Recently, this method was used to study the structureggf C transforming the CSF into real space. In a general sense the

Il. THE COBRA METHOD
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total scattering intensity can be considered as coherently Complex plane
composed of two contributions: the scattering of a known
reference electron density and that of an unknown electron
density such that the combination of the two yields the scat-
tering of the electron density of the real system. The refer-
ence part can be, for example, the known substrate and a
simple model of the film. In this case the unknown electron
density will be large within the film and the region of the
substrate deformed by the film. At any two adjacent points

along a Bragg rod differing beIZ

\
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where,S U, andT are the complex scattering factors due to

the reference, unknown, and total electron densities, respec- FIG- 2. Graphic representation of Eq) and (2) in the com-

tively. ple_x plane. The equations are shown for two pairs of adjacent
We now make use of the fact that the complex scatterind©"ts-S1. S, ands; are the known complex scattering factors at

factors vary continuously along the Bragg rods and make th —AKk/2 k+ Ak/2 andk+3AKk/2, respectively. The total scattering

approximation that at two adjacent points along a Bragg rogfactorsT are known only in absolute value so they are represented
by arrows and arcdJ,,,U4;,,U,, andU,, are two pairs of solu-

K tions. The correct solutions are those that vary the least when going
- =U,( E)_ (3) from point 1 to point 2. Namely, in this case Uand U, .

>

k+

Ul k Ak U
2]
factors along each Bragg rod. To obtain the electron density
This approximation is valid itJ(E) varies slowly relative We Fourier transform the complex scattering factors into real

to S(k). Taking the absolute value of Eqél),(2) in this ~ SPace.

approximation yields The approximation made in E(B) is justified if the rate

of change of the reference scattering factor along the Bragg

- - rod is larger than that of the unknown one. This is accom-

. Ak . . Ak : C .

S| k— — | +U4K)|=|T| k= =]/, (4)  plished by a combination of two means. First, we choose the

2 2 reference electron density to be similar to the electron den-

sity of the real system so that their scattering factors are of
. Ak R Ak the same order of magnitude. Second, we use one of the

S| kt+ = | FUa(k)| = | T| k+ = /. (5 properties of Fourier transformations, namely, that shifting

the coordinate system origin in real space changes the rate of

In Egs. (4),(5) the absolute values squared of the tota|p_hase change in reciproca_l space. We therefore place the ori-
scattering factors are proportional to the experimentally de9!" Of the real space coordinate system to be close to the part
termined intensity. This yields two real equations that can b ith the unknown ek_actron dens[ty and far from that of the
solved for one complex unknown. In general this pair ofKNOWN electron densny.thus making the pha;e rate of_change
equations has two solutions and it is necessary to choose tif$ the unknown scattering factor to be slow in comparison to
correct one. The correct solutions are obtained by looking atth‘_"lt of the known part. In the present study we located the

two pairs of equations at two consecutive pairs of points©'igin close to the top of the grown film. In the case of a

This is shown in Fig. 2. The figure on the left represents the?Uried layer system such as AlAs in GaAs the origin is

. - - . placed in the AlAs layer far from the GaAs surface. The
equations ak—Ak/2 andk+A_k/2_. T_he corresponding COM-  axact location of the origin is not critical. For example, we
plex r-lumbers are marked with indices 1 and.2, Eesiec“vel%und empirically that changing the choice of origin by 20%
The figure on the right represents the equationk-a\k/2  of the film thickness did not significantly affect the electron
and k+3Ak/2 and the corresponding indices are 2 and 3density results.
respectively. Each pair of equations has two solutidgsind The effectiveness of this procedure can be tested in the
U, shown as solid and dashed lines, respectively. Under thillowing way. To qualify as a real electron density, the func-
assumption that) varies slowly along the Bragg rods the tion obtained from the Fourier transformation of the complex
correct pair of solutions are the ones that change the leastattering factor function must satisfy certain constraints: It
when going from one point to the next; nameliyy Fig. 2 must be real and positive definite and it should go to zero
U,, andU,,. This procedure then provides the unknownoutside the film. In general the function obtained from the
complex scattering factors and the complex total scatteringourier transformation of the CSF will not strictly satisfy
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these constraints. So to test how good is the result we olly moving all atoms into one 2D substrate defined unit cell
tained we first impose the constraints by zeroing out all thausing 2D unit cell vectors. Thus, in spite of local incommen-
negative parts and the parts that are clearly outside the filnsurability, non uniform strain and other deviations from the
We then use the resulting electron density function to calcusubstrate defined 2D periodicity, the complex scattering fac-
late the diffraction intensities along the Bragg rods. If thetors along the substrate defined Bragg rods are the Fourier
agreement with the measured intensities is not satisfactoryansform of a well defined real space electron density,
one can use the newly obtained electron density as the nemamely, the folded electron density. We can therefore use the
reference electron density and reiterate the entire procedureethod we described before to determine the complex scat-
to obtain a better result. It turns out that, in the present caseering factors along the Bragg rods and determine the folded
no iterations ns were necessary. electron density by Fourier transformation. The folding in
In general epitaxial systems are not fully periodic in 2D the present case is discussed in more detail in Sec. V.
with a period equal to the underlying substrate period. Epi-
taxial systems may have a different commensurate periodil. SAMPLE PREPARATION AND SAMPLE PROPERTIES.
may be locally incommensurate with the substrate, or may be
nonuniformly strained. A commensurate structure with a dif-

ferent period will give rise to scattering along additional fiod to h | li . ° Th
Bragg rods and local incommensurability and non uniform3Pecified to have a low crystalline miscut angl@.50°. The
GaAs and oxide deposition were done in two separate mo-

strain give rise to diffuse scattering throughout reciprocal lar b . h chamb for G
space. Thus, important information about the system is coni€cular beam epitaxyMBE) growth chambers, one for GaAs

tained in the diffuse scattering intensity function. In this 9rowth and the other for depositing oxide, linked together by

H —11
work we only consider x-ray scattering along the substrate2 ransfer module with a background pressure &f1® ,
derived Bragg Rods. This provides the folded electron!O1-""> The transfer process has been evaluated and there is
no evidence for oxygen contamination. Inside the MBE

density discussed in the next paragraph and, as shown furd X -
ther below, it provides detailed structural information on thechamber, the GaAs wafer was first heated to 580-600°C in

GaAs:GdO, system. an As flux to remove the native oxide from its surface. GaAs
Let us now consider the scattering along the substratd®Position was then done using pyrolytic boron nitride effu-
defined Bragg rods. Notice that, since the substrate is perpion cells for the elemental Ga and As. The deposition rate
odic in 2D and the epitaxial film is chemically bonded to it, Was approximately 0.75-1,6/h and 0.3-0.5um of GaAs
the scattering factors along the substrate defined Bragg rodéas deposited. Once the growth of the GaAs was completed,
have the form of a delta function in two dimensions. Tothe wafer was transferred to the second MBE chamber for
calculate these scattering factors we divide the system intg€POSiting the oxide. Beforeothe oxide growth, the GaAs
substrate defined unit cells; however, because of the devig!face was heated up t0600°C to remove some As from

tions from the substrate defined 2D periodicity, the electrorf® surfa:)ce in order to be gallium stabilizéc., contains at
density is different in different unit cells. The electron den-!€ast 70% more Ga than As atomdhe resulting (46)
surface reconstruction is assumed to promote single domain

sity of §UCh a syst.em can be gxpressedp @’R"jJr[)’ growth because it removes the twofold degeneracy of align-
wherex is the coordinate perpendicular to the mt:arfda% ing the (110) Gd,05 plane of rectangular symmetry onto the
is the in-plane position of thei ) unit cell andr is the  square symmetric GaA4 00 surface. It was shown that an
in-plane position within the unit cell. Notice, that since the arsenic stabilized surface, with its associateck &) recon-
system is not strictly 2D periodip varies with ,j). The  struction, also works but the surplus arsenic is more volatile.
complex scattering factdr,, . along the Bragg rod is propor- As described in Ref. 10, the gadolinium oxide was deposited

The samples were prepared at Bell Labs, Lucent Tech-
nologies, using precleaned epi ready00 GaAs wafers

tional to the Fourier transform of the electron density from a powder-packed source using electron beam evapora-
tion. The substrate temperature was held at 550 °C and the
2 S = = el deposition rate was about Om/h. During depositionin
TriK) Jvd rdXiE,j POGRFDEXPL(R; 1) Ky ¢ sitSreerction high-energy elelzgjt?on diffract?cQFinEED) was
used to monitor the growth process. Analysis of the twofold
+kx]}, (6) symmetric RHEED patterns indicated that the,Qglfilm is
where the summation overj is carried over all 2D unit (110-oriented and grows as a single domain. To check the
cells. extent of the single-domain orientational epitaxy the sample

was rastered through the incident beam and the orientation of
the diffraction pattern was determined to remain unchanged.
X-ray diffraction'® and secondary electron imagffighave

o . confirmed that under the growth conditions described above,
T, (k)= fvdzrdxexp[i[r Ky et kx]}izj‘, p(X,Rij+T1), Gd,0; grows as a cubic single crystal single-domain film.

Sincek,,; is a Bragg rod vectorR; K, ,=2mn. Thus,
Eq. (6) reduces to the form

@) IV. MEASUREMENT OF THE DIFFRACTION INTENSITY

namely, the scattering factor along the Bragg rods is the ALONG THE BRAGG RODS

Fourier transform oﬁi'jp(x,ﬁi'ﬁr*). We shall refer to this The measurement of the diffraction intensities along the
as the electron density of the folded system and it is obtaineBragg rods was done in the usual way and is schematically
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shown in Fig. 1a). The sample was mounted at the center of
a six circle goniometer and had four rotational degrees of
freedom while the detector had 2. The incident beam im-
pinged on the sample surface. As one can easily see from the
schematic drawing of the Bragg rods in reciprocal space, the
measurement of the diffraction intensity along a Bragg rod is
achieved by rotating the sample around an axis perpendicular
to its surface and by moving the detector to the position
where the diffracted beam is expected to be.

Measurement of the diffraction intensities along Bragg
rods requires precision in several ways. The scan must reli-
ably be made along the Bragg rod and not fall off to the
sides. The relative intensities along the rod and among dif-
ferent rods must be quantitatively correct to within a few
percent. The background from scattering processes not asso-
ciated with the diffraction along the Bragg rods must be sub- FIG. 3. Diffracted beam intensity in log scale along ftel
tracted. To address these needs we have developed a nevi] Bragg rod. The abscisa is in reciprocal lattice cell units.®0
LABVIEW based software package that controls the goniomhas been added to the intensity to avoid negative values in the
eters we used and the entire experimental system. The softgarithm. Notice that the Cobra calculated and measured intensi-
ware system includes the geometry code and is capable ¢es are in very good agreement wherever the signal to noise ratio is
controlling both eulerian and kappa type six-circle goniom-large. Dotted curve: experimental results; dashed curve: the initial
eters. Huber eulerian and Newport kappa goniometers wer@odel; solid curve: COBRA calculation.
used. For our application, as described below, Lik&viEw
program has distinct advantages over popular goniometarause negligible inaccuracy in the position along the Bragg
control programs such aPeC To obtain reliable control of rods.
the goniometers we have measured the orientation of the In these measurements we purposely used relatively wide
various rotation axes relative to each other. This was donslits, 3X3 mm at a distance of 1000 mm from the sample.
using an autocollimator mounted on the detector arm and Ve did this in spite of the fact that this somewhat increased
mirror mounted at the sample position. Once the rotatiorthe background for two reason&) With narrow slits the
axes are correctly determined the autocollimator and the mirintensity calibration can be less reliable especially if the in-
ror must remain aligned with respect to each other undecident beam is not quite uniform in intensity. Inaccurate in-
arbitrary rotations around an arbitrary axis. In both goniom-tensity calibration will affect regions of both low as well as
eters used the orientation of the rotation axes have beemgh intensities and will therefore have serious adverse ef-
found to deviate from orthogonality in some cases by mordects on the resulting electron densitly) In case the crystal
than 1.5 mrad. Note that for the kappa goniometer, the kappa slightly miscut so that the surface normal is not exactly
angle is measured. After determining the rotation axes vecalong a high symmetry crystallographic axis the Bragg rods
tors and adding the corrections to the software control prowill split into a number of parallel but non overlapping
gram, the misalignment between the autocollimator and th&ragg rods each going through one Bragg point. We have
mirror did not exceed 40@rad. shown mathematically, consistent with previous work, that if

We used an incident beam with 10 keV photon energythe miscut is idea(namely, the terraces are of equal width
chosen because it is approximately the largest energy that tke sum of the intensities of all rods at any givealong a
still safely below the absorption edges of all the relevantBragg rod is equal to the intensity at that point of a nonmis-
constituents, thus eliminating fluorescence. The incidentut sample. Thus using relatively large slits we automatically
beam was focused vertically to about 100 microns, slittecadd up the contributions of the most relevant split Bragg
down horizontally to 0.5 mm, and its orientation relative torods.
the goniometer axes was determined to within p0@d and The diffracted beam intensity was measured using a plas-
inserted into the system control software. The sample wasc scintillator photomultiplier detector operating in current
mounted on the goniometer in such a way that the goniommode with a stable dc preamplifier. The advantage of this
eter center of rotation was located at the sample surface ardktection scheme in comparison to photon counting is its
the incident beam impinged on the sample at this same poininear response up to at least several hundred thousand pho-
A number of Bragg reflections were used to determine th@ons per second. The dark noise was usually about 3 orders
orientation of the reciprocal GaAs unit cell. Any other Bragg of magnitude smaller than the largest intensity along the
point was then found to be within 2 mrad of the correspond-Bragg rod contributed by the G@; film. We used an auto-
ing calculated values. This is not enough to guarantee accumatic calibrated filter unit to measure the intensities very
rate rod scans. We therefore carried out scans perpendiculelose to the Bragg peaks. The incident intensity was mea-
to the rods at several points along each rod and used threured by an ionization chamber located just before the
corrections to improve the accuracy. The corrections reducesample. We took precautions to make sure that the entire
the errors to less than 2Q@rad which is small compared to incident beam measured by the reference detector contrib-
the detector acceptance angle of 3 mrads. These errors alsted to the diffraction and the entire diffracted beam was

Intensity [arbitrary unit]
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FIG. 4. Diffraction intensity in along thgl.48 {—¢] line.

measured by the signal detector. This requirement was diffi-
cult to satisfy when the incidence angle was below 5°, FIG. 6. Diffracted beam intensity in log scale along ft® O]
namely, in measurements along fHe00] Bragg rod forh Bragg rod. The abscisa is in reciprocal cell units”4Mas been
<1. added to the intensity to avoid negative values in the logarithm.
Finally, the background was removed by installing, in Notice that the Cobra calculated and measured intensities are in
front of the signal detector, a paddle which had two types oiery good agreement wherever the signal to noise ratio is large.
openings: a % 3 mn? opening to let the diffracted beam of Dotted curve: experimental results; dashed curve: the initial model;
about 1x 1 mn? through and a set of two>32 mn? open-  Solid curve: COBRA calculation.
ings separatedyba 3 mmblocking region to stop the signal
and let the background through. At each point along thespectra by a Gaussian factor ebaf/2) with o=0.3 A.
Bragg rod a motor moved the paddle to measure the signdihis has the effect of convoluting the electron density with a
and background. The total scan time per Bragg rod amountegaussian. The normalized diffraction intensities along the
to about 2 h. Lastly, the data were corrected for Lorentz andh1—1] Bragg rod are shown in Fig. 3. The large peaks
polarization factors. correspond tg1 1 -1] and[3 1 -1] Bragg peaks. The broad
peak at approximatel1.48 1 -1 and the overtones are due

V. EXPERIMENTAL RESULTS to the GdO; film. To verify that this peak is not just the tail

As explained further below, the range in reciprocal space Triio
where the diffraction intensities were measured is limited
and the electron density is obtained by Fourier transforming (110] Gd, 04

the complex scattering factors in this limited range. To mini-
mize the effect of the missing regions we multiplied all the

Intensity [arbitrary units]

e
GaAs | [0 7%

<
b, 00 0
’ o S

AN

FIG. 7. (a) Top: Crystallographic orientations of the &g}, film

FIG. 5. Diffracted beam intensity in log scale along ftel1] and the GaAs crystalb) Bottom: Gd positions in the first mono-
Bragg rod. The abscisa is in reciprocal cell units”4tas been layer and the folding procedure using the GaAs 2D reciprocal unit
added to the intensity to avoid negative values in the logarithmcell vectors marked by the arrows. The &4 cell is represented by
Notice that the Cobra calculated and measured intensities are ie solid rectangles. The short side is the,Gglunit cell edge. The
very good agreement wherever the signal to noise ratio is largdong side is the unit cell face diagonal. The dashed squares repre-
Dotted curve: experimental results; dashed curve: the initial modelsent the GaAs 2D unit cells. The mismatch in the vertical direction
solid curve: COBRA calculation. is -1.9% while the mismatch in the horizontal direction is 4.1%.
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of a larger peak at a position off the Bragg rod we performedsystem. This model consists of the semi-infinite GaAs crystal
scans perpendicular to the rod. In GaAs reciprocal latticend a cubic single domain G@; film on top of it, with the
coordinates bulk GgD; would have a Bragg peak at ap- features found by Kortart al;'® namely, that the GD,
proximately[1.48 1.04 -1.04 The diffraction intensity along (110 axis is perpendicular to th€00) GaAs substrate, the
the[1.48 ¢ — (] line that goes through this point is shown in Gd,O; (001) axis coinciding with the GaA§011) axis and
Fig. 4. As seen the system has indeed a broad peak at thiffe orthogonal GgD; (1—10) axis coinciding with the
position but it has a much larger peak on the Bragg rodGaAs (0—11) axis. The model further assumes in accor-
namely, aff1.48 1 -1. The diffraction intensities along the dance with the results of Kortagt al. that three GglO; unit
[h—11] Bragg rod were found to be equal to within the cell edges match four GaAs unit cell face diagonals and one
experimental accuracy to those phnl—1] while those on  Gd,O; face diagonal matches two GaAs face diagonals. The
[h11], shown in Fig. 5, were completely different. These Gd and O atoms lie approximately in layers parallel to the
results confirm the conclusion of Korta al'® that the sys-  interface, each layer containing both Gd and O atoms. The
tem is a single crystal with a single domain having 180°largest vertical distance between Gd atoms within one layer
rotational symmetry but no 90° rotational symmetry. is 0.457 A as compared to the 1.92 A interlayer separation
The 10 keV incident beam allowed us to measure all thén bulk Gd,O5. Four such layers contain all the atoms of one
Bragg rods within the rangék|<3; |I|<3 and 0.Xh unit cell. We shall concentrate our discussion mainly on the
=< 3.5 (along the[h0O0] rod, h extended to 4.2 The diffrac-  Gd atoms, which dominate the scattering. The oxygen atoms
tion intensities along rods witk+| odd were too small to be cannot be clearly seen because they have only eight electrons
measured. So the total number of symmetry inequivalenin comparison to 64 for Gd.
rods that were measured was 13. Th€0] Bragg rod scan One such layer is schematically shown in Fig. 7. In this
shown in Fig. 6 and thgh1— 1] scan displayed clearly iden- figure and throughout the rest of the paper whenever we refer
tifiable G4, O contributions. The other Bragg rods also haveto bulk Gd,0; we mean bulk GgOs strained to be exactly
intensity contributions from the G®; : GaAs interference, commensurate with the underlying GaAs. Since the period of
but they are weaker. the GgO; is not equal to that of the underlying GaAs, the
COBRA analysis will yield the folded structure where all the
atoms of the combined cell are folded into one GaAs unit
cell. Examples of the folding process are schematically indi-
cated in Fig. 7. The folded structures of four consecutive
As explained in Sec. Il the first step is to choose a knowrmonolayers can be seen in Fig. 8. The dots represent the
structure that is similar to the structure of the system undein-plane positions of the Gd atoms folded into a single GaAs
investigation. We chose to construct a simple model of theunit cell. Each dot of a pair represents two folded atoms at

VI. COMPLEX SCATTERING FACTORS AND STRUCTURE
DETERMINATION
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slightly different heights and each single dot represents four
folded atoms also of slightly different heights, which are
superposed on top of each other in this projection.

Before applying the COBRA procedure, we attempted a
traditional least squares fit with nine parameters. These in-
clude an overall intensity factor, a factay multiplying the
Gd,0; repeat distance perpendicular to the surface and the
number of monolayers. Due to the mismatch between the
film and the substrate1.9% in the(001) direction and 4.1%
in the (1—10) direction the atomic positions will be dis-
placed in a disordered fashion from their ideal positions. We
assumed that the distribution about their ideal positions is
Gaussian with a widthr. We used three such parameters:
04, for the GaAs substrate, angd,, and o, for the distribu-
tion in the G4O; film plane and perpendicular to it. Finally,

three additional parameters were used to translate the film FIG. 9. D'ﬁraCtecé beam intensity in log SC"’F'e alo_ng (el .
lative to th bstrate in the dz directi —1] Bragg rod. 10° has been added to the intensity to avoid
relative 1o the substrate in y, andz directions. negative values in the logarithm. Notice that the Cobra calculated

. ,The initial model p_aram?ter_s Wer?_ first refined by besrand measured intensities are in very good agreement wherever the
fitting the Bragg rod diffraction intensities. The results Weresignal to noise ratio is large. Dots: experiment; solid curve: COBRA
as follows:u,=0.946,n=16, 04,=0.35 A, 6,,,=0.93 A, 5\culation after one iteration.

and 0,=0.98 A. The film displacement parameters were
found to be such that the ridges of the folded Gd atom pOSi'exampIe one Bragg rod in Fig. 9 and, as seen, the agreement

tions in the first GgO; monolayer overlap the positions of hetyeen the iterated structure and experiment has improved
the Ga or As atoms at the top substrate layer. The fits werg jite. Similar small improvements were observed in all

found to be insensitive to the motion of the film parallel to gy ar Bragg rods, but the electron density did not signifi-
the ridges. This is a result of the fact that due to the large cantly change. '

the electron density along the ridges varies very little.
The quality of the model was checked by comparing the
diffraction intensities calculated from this model with the VII. THE ATOMIC STRUCTURE

experimental results. As seen in Figs. 3, 5, and 6 the agree- pefore interpreting the electron density function, in terms

ment is rather poor. This is true also of all other rods. It iSpt he aromic structure, we need to take several consider-
therefore clear that this initial model is indeed inadequatesiong into account. First, the range in reciprocal space where
Following the procedure discussed in Sec. Il we used thgye haye data is approximately seven reciprocal lattice units.

complex scattering factors obtained from the model as theis means that the narrowest features possible in the elec-
known reference scattering factdésand calculated the am- ., density function will have a half width equal to the

plitude and phase of the unknown scattering factbend of a5 ynit cell divided by two times the reciprocal range,
the total scattering factore The measurements were limited namely, 0.35 A. In calculating the Fourier transform we in-
to h>0 because wheh<0 the diffracted beam goes into ¢reased the range in reciprocal space by a factor of 3, pad-
the substrate. The complex scattering factorshfel0 were  ging the extra range with zeros. This increased the point
calculated from the general relation that the scattering factor

atk is equal to the complex conjugate of the scattering factor 25

at —k . The scattering factors of the unknown part vary
smoothly across the Bragg points so they could be obtained
near the Bragg points by interpolation. The interpolation was
carried out in the rangeh(,—0.05)<h,<h,+0.05, where

hy, is thex component of a Bragg point. After applying the
constraints discussed in Sec. Il, we used the resulting elec-
tron density to calculate the diffraction intensity along the
Bragg rods. The results are shown in Figs. 3, 5, and 6. Notice
that, in contrast to the model, the results obtained from the
COBRA analysis are in very good agreement with experi- 0.5 o 10 20 20
ment over two orders of magnitude below the intensity of the
largest GdO; feature.

To check the effect of the iteration procedure we carried FiG. 10. Average layer electron density as a function of distance
out one iteration. We used the newly obtained electron denfrom interface. Dashed: initial model; solid: COBRA calculation.
sity as the new reference electron density and then proceedg®le nominal interface is at zero. The electron density to the left
as before to obtain a new electron density and to calculateepresents Ga and As layers, to the right it represents Gd layers with
the scattering intensity along the Bragg rods. We show as a#& small oxygen contribution.
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FIG. 11. (Color) In-plane electron density maps. Each map consistso8 &aAs 2D unit cells(a) COBRA calculated map of layer -8.
(b) COBRA calculated map of layer -7c) Initial model calculated map of layet9. Warm colors represent high density. Cold colors
represent low density.

density in the electron density function but of course it didthe film. The COBRA electron density shows that the transi-
not increase the resolution. Second, regions of the film whicltion is gradual over approximately five layers. The transition
are completely incommensurate with the substrate give riseggion may be either a result of interface roughness or Gd
when folded, to a uniform electron density. The portion ofdiffusion into the GaAs. The fact that the surface roughness
the film that is incommensurate may vary as a function of thas also about five layers suggests, that the transition region is
distance from the interface. Other contributions to a backa result of interface roughness. We suggest that the GaAs
ground electron density may be due to inaccuracies in theubstrate had probably about five layers of roughness to be-
phase and possibly other sources. gin with. The overall width of the epilayer measured at the
The in-plane averaged electron densities obtained frommid transition points is 27 A.
the model and COBRA calculations are shown in Fig. 10. Notice that on the left, far from the interface within the
The nine peaks on the left correspond to 9 monoatomic layGaAs substrate, the peak to valley ratio in the COBRA cal-
ers of Ga and As. Ga and As cannot be distinguished easilgulated electron density is large and corresponds to a Gauss-
because their atomic numbers differ only by 2. The largeian distribution Aexgd—x%(20%)] with ¢=0.35A. As
electron density on the right corresponds to sixteep@zd pointed out, this is the minimal value expected since the data
monolayers. In the starting model we assumed an abrupxtends to a limited range in reciprocal space. Going to the
change from GaAs to GD; and an abrupt termination of right into the GdOs film, the peak to valley ratio decreases

Large
peak

;:, _\_u.. ".\..-'._' s { | HMLHW : ‘.-I.

. : z.._.".-"-\./\‘_!’-'l-‘:lk o i pir f (C

SV O O '.f “ Vand/ v N s FIG. 12. (Color In-plane elec-

D @ e @ PG AR g it tron density maps of layers 9
Urairahey il isirod) i b j w3y YOV gy oY gy through 12. Each map consists of

3X3 GaAs 2D unit cells. Notice
that shifting the electron density
- orr map in one layer by a vector rep-
ARl oA resented by the arrow yields ap-

g { proximately the electron density
map in the next layer.
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able parameters. Using these parameters we could obtain
good fits to the electron density distributions. However, since
we expect also possible electron density background we fit-
ted the data also with a constant electron density background
b ] as the fourth parameter. These refinements gave excellent
fits. The distances and the Gaussian widths are shown in Fig.
14 as a function of layer number. Since both fits were good
the values shown in the figure are the averages of the param-
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22 eters obtained in both fits and the error bracket is the average
o o o difference between the two. The two horizontal bars on the

210 5 0 5 10 right represent the distances in alternate layers in the bulk
x[A] Gd,0; crystal. Thus the results show that in the first three

layers the in-plane folded positions of each group of eight
atoms coincides with the center position of a large peak in
the electron density. As the distance from the interface in-
creases, the distances increase towards those present in bulk
leading to an increase ef. The peak to valley ratio in the Gd,O3. Using a similar approach we have found that the
Gd,05 film is about equal to that of the initial model. So, Gaussian widths in the in-plane direction perpendicular to
o~0.9 A. This value is much larger than the resolution andthe ridges is alser~0.65 A. Notice that while these values

is presumably a result of the nonuniform strain present in th@re smaller than the values in the initial model, they are still
film. much larger than the resolution meaning that the system has

Let us now consider the in-plane structure. The in-plangelatively large disorder both parallel and perpendicular to
electron density map of layers 8 and —7 are shown in the ridges.

Figs. 11a) and 11b). The layers are numbered with respect The fact that the folded in-plane electron density is not
to the nominal GaAs/GD; interface with negative numbers completely uniform means that the epilayer is at least par-
on the GaAs side of the interface. In both layers the Ga andéially commensurate with the substrate. The fact that GaAs
As atomic positions can be clearly seen and the two maps a@nd bulk GdOs lattices are not exactly matched means that
shifted with respect to each other as expected for GaAs. Thie epilayer is strained and the presence of a large disorder
Gaussian half width of these peaks is 0.37 A, namely, resoneans that the strain is partially relaxed. It should be empha-
lution limited and similar to the vertical width. sized that the Gd displacements near the interface, discussed

An example of the model electron density map on thein the previous paragraph, are not manifestations of strain.
Gd,0O5 side (nominally layer +9) is shown in Fig. 1(c). By strain we usually mean that the unit cell dimensions
This map shows the ridges and valleys expected from thehange but the atoms within it retain their relative positions.
folded Gd positions shown in Fig. 8. However, the electronThis is not the case here; the displacements are not simply
density along the ridges is almost completely flat. In contrastthe result of a contraction or an expansion of a unit cell.
the COBRA calculated electron density shown in Fig. 12 Now we discuss the stacking of the £&&% and show that
shows clear structure along the ridges. To understand thig follows that of GaAs and not that of bulk G@;. The
structure we show on the same figure the Gd positions iiepeat distance in the vertical direction is four layers in both
bulk Gd,05 as black dots. As described in Sec. VI, each dotGaAs substrate and G@; film. Let us consider the four
in a pair of dots represents two atoms folded to the sameonsecutive layers shown in Fig. 8. Notice that the in-plane
place in the plane but at slightly different positions perpen-atomic positions in each layer are shifted relative to the next
dicular to the plane. Similarly each single dot represents foulayer by a vector indicated in the layer. These vectors are
occluded atoms. The smaller peaks along the electron densia(o_oa*y—OAZ*Z), a(— 0.25|ey+ 0.25;), (:1(0.42|éy
ridges c0|nC|de_W|th the positions of one dot or one pair of _ 0.04,), and a(—0.25|*y+0.25|92). Here a is the GaAs
dots namely with four folded atoms as expected. On the
other hand the large elongated peaks appear in the midd o
between a pair and a single dot. This suggests that the foldegms'.-rhe COBRA calt_:ulaj[ed electron densities in four con-
atoms in the real system are actually closer together thanccutive layers shown in Fig. 12 are also re]ated fo each other
expected from the G®; bulk structure. This behavior is na S|r11|lar way but the shift v§ctors are different. They are
seen in all layers. a(0.25ley—0.25| 2, aa(—0.295| y—0.29)), a(—0.29,

To determine the distances of the real system foldedt0.29,), anda(0.23+0.23,). This shows that the stack-
atomic positions from the peak positions we have plotted théng order in the film is different from the stacking order in
electron densities along the ridge centers. An example ibulk Gd,0s. The difference in the stacking order can also be
shown in Fig. 13. We then fitted the electron density withseen in the following way: In Fig. 8 the center point in map
Gaussian functions. Each group of four folded atoms waga) is on a ridge, inb) on a valley, in(c) on a ridge and irtd)
represented by a Gaussian. The amplitudes and widths of ah a valley. In contrast the sequence in Fig. 12ajsridge,
Gaussians were assumed to be equal and were allowed ¢b) valley, (c) valley, (d) ridge. The stacking order shown in
vary together with the distances of the Gaussians from thé&ig. 12 is valid throughout the entire film thickness. The fact
nearest large electron density peaks. This gave us three vathat the stacking order in the film is different from that in the

FIG. 13. Fits to the electron density along a ridge in layer 9.
Dots: experiment; dashed curve: fit without background; solid
curve: fit with background.

nit cell, andl, and [, are unit vectors in thy andz direc-
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FIG. 15. The unfolded in-plane Gd positions in four consecutive

-0. -0.2 . " -
0 5 10 15 layers shown as dots. Notice that the positions in one layer can be

Layer No. approximately obtained from the positions in the previous layer by

FIG. 14. The distance between Gaussian peak and the neighbo hifting them by the vector shown in that lay€Fhe last vector on

ing large electron density pedlloty and Gaussian widtkcircles t_elrlght shifts tth(e; posgo:s fror_r:_ the _Iasft layer to th?. )‘1r§|’ﬂ1e f
as a function of layer number. The curves are guide to the eye. g:AiS represent a and As positions In four conseculive fayers o

bulk is unusual but not unheard of. For example, Lamelas

et al?® have found that the stacking order, in Co and Cu innitude as the experimentally measured ones. We believe this
Col/Cu superlattices grown on GaAs, is different from theis quite generally true on the basis of many simulations that
corresponding bulk structures. we did, in addition to the measurements reported here.

The COBRA determined Gd positions in the unfolded The electron density we have obtained is that of the
structure of four layers are shown in Fig. 15. As in the foldedfolded system. It provides the atomic positions averaged over
structure, the atomic positions in adjacent layers are shiftedll 2D unit cells as well as the position probability distribu-
with respect to each other by the vectors shown in each layetion function, namely, the probability to find an atom at a
The atoms in rows 3 and 6 fold into the small peaks in thecertain position. In the present case and in many other cases
folded electron density maps whereas the atoms in rows 1, Zhe relation between the folded and unfolded systems is quite
4, and 5 fold to positions on either side of the large peaks. Inransparent. So, one can easily draw conclusions about the
this figure we also show the Ga and As positicepen  unfolded system. The folded structure does not contain infor-
circles in four consecutive monolayers of GaAs. The inter- mation about structural correlations such as pair correlations,
esting point is that the relative positions of the Gd and Ga/Ashe average coherence length of locally incommensurate re-
positions remain approximately the same in all layers. Thigjions, etc. For example, if two adjacent atoms in the unit cell
relation is not present in bulk G@s. have a certain distribution width, the distance between them

The distances shown in Fig. 14 can be schematically seein the real system may have a much smaller distribution if
in Fig. 15. These are the distances of the Gd atoms in rows their positions are correlated or up to two times larger if their
2, 4, and 5 relative to the neighboring Ga/As positions. Aspositions are anticorrelated. So, other experimental methods
mentioned before, these distances are zero within our experare needed to complement COBRA. Information on correla-
mental accuracy in the first 3 GO; layers, namely the Gd tions can be obtained from diffuse scattering outside the
positions in these rows overlap the Ga/As positions. As th&ragg rods, from XAFS, PDF, and possibly x-ray holo-
distance from the interface increases, they move away tagraphic methods. However, as mentioned before the informa-
wards the bulk GgO; positions. tion they provide is averaged over atoms of the same species
at inequivalent positions throughout the epitaxial film. The
information we now have on the epitaxial &} film can be
summarized as follows.

In this paper we have shown that the COBRA method (8 As suggested by Kortasat al,’® the film structure is
provides a detailed 3D electron density map of a rather comeubic and single domain with thgl10) axis of the GdO;
plex epitaxial system. It is important to emphasize that theperpendicular to the surface and {ts 110y and(001) axes
electron density we obtained is qualitatively different from parallel to the GaA4011) and({0—11) axes, respectively.
the initial model we started with. Furthermore, the very good (b) At the interface the electron density changes gradually
agreement obtained between the calculated and measurédm the GaAs to the G@D; over four to five layers. The
diffraction intensities along thirteen symmetry inequivalenttransition region is probably due to interface roughness. A
Bragg rods is not a result of fitting but comes from the de-similar transition region is seen at the surface and is probably
termination of the complex scattering factors. In fact thedue to surface roughness. The fact that the two thicknesses
simple model we started with turned out to be both qualita-are about equal suggests that the GaAs had this surface
tively and quantitatively wrong; yet, the final COBRA result roughness to begin with.
is very close to the correct electron density as evidenced (c) The nonuniform strains due to the mismatch between
from the fact it yields diffraction intensities that are in very the GaAs and GgD; unit cells and their partial relaxation
good agreement with experiment. The final results did notntroduce disorder in the folded atomic positions. The distri-
depend sensitively on the specific initial model we chose abution width in the GaAs is much smaller than the parallel
long as the intensities it yields are of the same order of magand perpendicular widths in the @@, film. This is expected

VIll. SUMMARY AND CONCLUSIONS
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