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In-plane structural anisotropy of ultrathin Fe films on GaAs(001)-4 X 6: X-ray absorption

fine-structure spectroscopy measurements
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Iron films of thickness 2 monolayers (ML) and 5 monolayers prepared on pseudo 4 X 6-reconstructed
GaAs(001) surfaces were studied in situ at the PNC/XOR beamline by polarization-dependent x-ray absorption
fine structure methods to investigate structural anisotropy in the plane of the films and compare with theoretical
predictions. These two thicknesses are on either side of the transition from island to layer-by-layer growth
modes and provide insight into possible structural origins of in-plane uniaxial magnetic anisotropy observed in
this magnetic film system. First-principles calculations by [Mirbt ef al., Phys. Rev. B 67, 155421 (2003)] have
suggested a splitting in the nearest neighbor distances of the iron could be as large as 0.06 A, for 1 ML of
arsenic having migrated to the film surface, distorting the structure slightly from body-centered tetragonal
along the (110) and (—110) directions. We observe a splitting of approximately 0.02(1) A at 2 ML in the
nearest-neighbor distances. An electronic anisotropy was detected at 2 ML that could correspond to differences
in bonding between gallium and arsenic dangling bonds. An anisotropy in mean-square relative displacement
was apparent for the 5 ML film, though no difference in nearest-neighbor distances was observed beyond error.
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I. INTRODUCTION

Thin films of iron on single-crystal gallium arsenide semi-
conducting substrates provide an intriguing system for the
development of new magnetoelectronic devices.'”!” Use of
the (001)-oriented substrate, with several reconstruction
choices providing arsenic or gallium-rich surface termina-
tion, has enabled epitaxial growth of iron films.!'~!# In-plane
magnetic anisotropy measurements on thin films of Fe on
GaAs have revealed a fourfold component'>~!7 consistent
with a body-centered tetragonally distorted iron (observed
for thin films on 4 X 6 reconstructed surface'®1%) or cubic
iron along an (001) axis. With decreasing film thickness, a
uniaxial component to the in-plane magnetic anisotropy also
becomes apparent,'3172924 increasing in strength with de-
creasing thickness.

The origin of this uniaxial magnetic anisotropy (UMA) is
attributed to the Fe-GaAs interface. It produces an easy axis
along the substrate (110) direction, independent of surface
reconstruction.! 112141521 Bonding (Fe-As) at the interface
has been considered the likely source for this UMA.1622:23.25
Theoretical calculations by Mirbt et al.?® have also suggested
an anisotropic in-plane strain, differing along (110) and
(~=110), as a contributing factor. This anisotropic strain sug-
gests a structural distortion in plane. This would be in addi-
tion to the observed distortion of the out-of-plane direction
of the film when compared to the in plane.!® In this work we
address a possible in-plane structural anisotropy in iron films
epitaxially grown on the pseudo-4X6 reconstructed
GaAs(001) [which is comprised of both 4 X2 and 2 X 6 (Ref.
11) or 1 X6 (Refs. 27 and 28) reconstructions] surface.

Iron growth on this GaAs(001) surface is marked by two
regimes. Below 3—-4 ML, iron grows as islands, with coales-
cence and pseudo-layer-by-layer growth occurring above 4
ML.!3 Arsenic has been observed to segregate to the surface
during growth. To date, neither electron nor x-ray methods
have confirmed the existence of an in-plane distortion, but
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studies at this low-coverage level focus more on island or
domain size using STM or reflection high energy electron
diffraction (RHEED) (Ref. 1) and it is possible that any dis-
tortion is small enough to be overlooked. An x-ray diffrac-
tion study,?? in agreement with RHEED measurements, ob-
served that a film of 1.5 nm thickness (approximately 10
ML) was pseudomorphic with the substrate—matching the
lattice in plane. This was also concluded by polarization-
dependent extended x-ray absorption fine structure (EXAFS)
measurements'®!® comparing in-plane to out-of-plane struc-
ture. The iron films could be fit to a body-centered tetragonal
structure with a ratio ¢/{a) of 1.03, but the possibility of an
in-plane distortion of the magnitude predicted by the first
principles calculation of Mirbt et al. was not conclusively
decided. Further examination of this system at low coverage
is required.

The calculations by Mirbt et al.”® were done for 0.5, 1, 2,
and 5 monolayers (ML) of iron on gallium arsenide, at 0 K
for no specific reconstruction of the surface. With 1 ML of
As segregated at the surface, their results for the ratio of
c-lattice to mean a-lattice constant (c¢/{a)) and percentage
in-plane contraction or expansion along (110) or (~110) are
summarized in Table I for 2 and 5 ML. Also listed are cal-
culated nearest-neighbor distances based on the theoretical
in-plane contractions and out-of-plane expansion. The effects
of this in-plane distortion on the nearby environment of a
central absorbing atom are illustrated in Fig. 1. It should be
noted that distortions along (—110) and (110) will affect the
distances of all four in-plane second nearest-neighbors
equally (but will change the angles between them). EXAFS,
while an excellent probe of the local environment of an ab-
sorbing atom, lacks the ability to resolve such small split-
tings in near-neighbors as listed in Table I under typical ex-
perimental conditions.?” The body-centered cubic [tetragonal
by EXAFS (Ref. 19) or related orthorhombic if distorted
in-plane] structure eases this problem when using a linearly-
polarized x-ray beam from a synchrotron. Due to the dipole-
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TABLE I. Theoretical predictions of an in-plane distortion in Fe
films on GaAs after Mirbt et al. (Ref. 26) with a 1 ML arsenic
overlayer, and the calculated effects on first nearest-neighbor
distances.

Film 2 ML 5 ML bec Fe
% change (110) -2.79 -1.83 0
% change (—110) 0.86 0.51 0
cl{a) 1.05 1.03 1
Ist n.n. (110)/A 2471 2472 2.482
Ist n.n. (~110)/A 2.531 2.510 2.482

like distribution of the emitted photoelectron in the EXAFS
process,’*34 atoms perpendicular to the x-ray electric field
vector contribute little to the EXAFS spectrum. By orienting
the electric field vector along the (110) and (—110) directions
of the substrate and film, as illustrated in Fig. 2, we can
separate the nearest-neighbor atom contributions based on
crystallographic direction. In this paper, we present
polarization-dependent EXAFS measurements on 2 and 5
ML iron films on GaAs(001) with the pseudo-4 X6 recon-
struction. These films are on either side of the change in
growth mode from island to layer-by-layer and allow us to
measure directly the extent of any in-plane structural distor-
tion near the interface of iron on GaAs(001).

II. EXPERIMENT

Samples of 2 and 5 monolayer thickness were prepared
and measured in situ using the MBEI end station at the
PNC/XOR undulator beamline,>® Sector 20 of the Advanced
Photon Source. A custom sample-positioning system (Ther-
mionics Northwest GB-16 based) permitted the epiready
n-type GaAs substrates (American Xtal Technology) to be
oriented anywhere from normal incidence to grazing angle
for incident x rays, and with variable orientation in-plane
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FIG. 1. Comparison of undistorted body-centered cubic iron
(left) and the theoretical distortion (right) after Mirbt et al. (Ref. 26)
for 5 monolayers of iron on GaAs with 1 monolayer of an arsenic
overlayer.

PHYSICAL REVIEW B 74, 165405 (2006)

© .

FIG. 2. The body-centered cubic structure from an XAFS per-
spective, with central atom “0”, nearest neighbors “1” and next-
nearest neighbors “2” as viewed with (a) unpolarized x rays; (b)
x-rays polarized along (—110); and (c) polarized along (110).

(£110°, 2 arcsecond step size). Samples were introduced to
the vacuum (base pressure 2 X 107'° Torr), given a 1 h ther-
mal desorption treatment at 600°C, then sputtered at room
temperature for 3 h using 500 eV Ar* at a pressure of 2
X 1073 Torr. Substrates were subsequently annealed and
monitored by RHEED until X4 and X6 reconstructions were
observed. This preparation method is similar to that used by
Monchesky et al.?’?® and has been shown by scanning-
tunneling-microscopy (STM) to yield a mixed-reconstruction
of 4X2 and 1X6. A mix of 4X2 and 2 X6 has also been
observed!'' when samples were sputtered at elevated tem-
peratures. Samples for our XAFS study were not examined
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by STM, but are likely to possess a mixed-phase surface
reconstruction (pseudo-4 X 6). This may influence how the
iron islands nucleate on the surface,!""'? with a preference for
elongation along the higher-order reconstruction direction. In
these same works, this growth has been shown to have only
a slight enhancement of the UMA for the 2 X 6 reconstruc-
tion over the 4X2. Evidence!l''* suggests, however, that
identical interfaces are formed, independent of reconstruc-
tion, but with the potential for differing amounts of arsenic to
segregate to the film surface (owing to the more As-rich na-
ture of the 2 X 6 reconstruction). Iron films for XAFS analy-
sis were deposited using Omicron EFM3 evaporators at a
rate of 1 ML/min at room temperature and also monitored
by RHEED. Oscillations in the specular spot intensity (with
sample angle set at the first anti-Bragg condition) of the elec-
tron beam were used to determine film thickness.

Fluorescence-mode x-ray measurements were made at the
Fe K edge. The silicon (111) double-crystal monochromator
on the PNC/XOR undulator line was detuned by 25% at
7500 eV to reduce harmonic energies in the x-ray beam. The
x-ray beam was incident on the single-crystal substrates at
approximately 2/3 of the critical angle (6,~0.4") for total
reflection at 250 eV above the edge to avoid errors caused by
anomalous dispersion.’® The electric field vector of the
x-rays was aligned to within this angle of the (001) direction
for out-of-plane EXAFS measurements or within 2° of the
(=110) or (110) orientations for in-plane measurements.
Small azimuthal in-plane adjustments were made within this
2’ margin to shift small Bragg peaks contaminating the fluo-
rescence signal and facilitate the removal of these peaks dur-
ing processing. For both the 2 ML and 5 ML samples, an
argon-filled (1 atm), UHV compatible, fluorescence ioniza-
tion chamber’® was used to collect fluorescence data. A
helium-filled (1 atm, flowing) parallel-plate ionization cham-
ber was used to measure the incident x-ray intensity, /,. An
iron foil was also measured in transmission for analysis, then
located in front of a reference detector’” using scattered ra-
diation for monitoring energy calibration during measure-
ments of the films. A motorized set of Huber slits was used to
set the beam size to approximately 70X 1000 um? so that
the footprint of the beam did not exceed the size of the sub-
strates when at grazing angle.

III. RESULTS AND DISCUSSION

Figure 3 compares the x-ray absorption near edge spectra
(XANES) for the in-plane polarization measurements of the
5 and 2 monolayer samples. Small differences do exist be-
tween the two orientations for both samples, but the differ-
ences predicted by theory are also small, so care must be
taken in examining features as processing effects (small dif-
ferences in background removal for example) and step size
(0.5 eV) may obscure results. The overlapping first peaks in
the derivatives, near 7110.7 eV indicate no noticeable edge
shift (within one half step) between orientations, based on
estimates of the centers of the two peaks which are both
about 1.4 eV wide. For the 5 ML film, the XANES curves do
not exhibit noticeable differences until above 7120 eV, with
the peak near 7129 eV occurring 0.5 eV higher in energy for
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FIG. 3. Comparison of in-plane XANES spectra and first deriva-
tives for 5 and 2 monolayer iron films on GaAs(001)-4 X 6. Fluo-
rescence data, If, has been normalized to the incident x-ray inten-
sity, 1. Derivatives have been displaced upwards and rescaled for
ease of view.

the (—110) direction. At this energy, one is entering the low-
k (photoelectron momentum k) region of the extended XAFS
spectrum, so differences may have a structural contribution
stronger than any electronic effect, necessitating analysis of
the EXAFS spectra before interpreting the results. Similarly,
the 2 ML data exhibit differences throughout this energy
range, with the peak near 7129 eV occurring 1 eV higher for
the (~110) direction than for the (110). The 2 ML data also
exhibit a small difference around the edge position. The peak
in the derivative is smaller for the (—110) orientation. Since
this region of the XANES involves Fe states at the Fermi
level, this may be an indication of differences in bonding to
the GaAs substrate between the two in-plane orientations.
This may be due to differences in the orientations of Ga and
As dangling bonds.!

The EXAFS spectra were extracted from the normalized
fluorescence data using the program AUTOBK,3® then aver-
aged, and are shown in Fig. 4. Fourier transforms were taken
with a 10% Gaussian window and k> weighting over the
same ranges for a given thickness: 5 ML ~2.3 to 14A7", 2
ML ~2.3-12A"", and are shown in Fig. 5. Immediately ap-
parent are the differences between the two in-plane orienta-
tions for the 5 ML film. The amplitude for the (110) orien-
tation is smaller and the double-peak feature near SA~! in
Fig. 4 is less pronounced. There are a number of possible
reasons for this. The layer size could be anisotropic. Diffrac-
tion work?? on a 1.5 nm film (10 ML) found that the diffrac-
tion peak widths differed between the (-220) and (-2-20)
reflections, with the (=2-20) reflection being considerably
broader. This was attributed to differing domain sizes. The 5
ML film in our work is just above the transition from island
to layer growth. It is possible that the islands have not coa-
lesced fully, leaving more Fe atoms exposed and not fully
coordinated. If the islands that formed early in the growth
were  anisotropic!'"'>—elongated along the (-110)
direction—then the connectivity that occurred during coales-
cence may have preferred the (—110) direction, leaving the
(110) poorly connected and hence, leaving Fe atoms under-
coordinated at the edges of the islands/layers in that direc-
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FIG. 4. Polarization-dependent EXAFS interference functions,
x(k), at the iron K edge for 2 and 5 monolayer films on GaAs(001)-
4X6 with x-rays polarized along the (001), (~110), and (110)
directions.

tion. Even though the surface is likely a mixture of recon-
structions, both with a preferred growth direction, ! it is
possible that one of the reconstructions (containing the X6
along (—110)) is causing favored growth. Another possible
reason would be increased disorder in the (110) direction.
Fitting would be able to distinguish between these two sce-
narios, and is discussed below. Although a small difference
in Fourier transform peak position seems evident for the 2
ML film, fitting is also required.

Data were fit in R space using a capped-film model that
accounts for the presence of substrate atoms in the coordina-

3 T T T T T

5ML <001>
| !
5ML <-110> 1ry i

Fe Foil |

i

I

bl
5ML <1105 !

1

FIG. 5. Fourier transforms, with k> weighting, of the EXAFS
interference functions of Fig. 4. Shown inset is the corresponding
transform for an iron foil. Curve characteristics (solid line, dashed,
or dash-dot) identifying polarization are as in Fig. 4.
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tion spheres of the target iron atom as well as the reduction
in coordination due to finite thickness as described
elsewhere.!®3 As with the theoretical calculations of Mirbt
et al.,” this structural model is not dependent on surface
reconstruction. A polarization-dependent model was gener-
ated using the program FEFF7 (Ref. 40) and nonlinear-least-
squares fit to the data using a modified version of the XAFS
equation:

S2NF(k
Xmodel(K) = 2 O—k?#e(_%z"?)e(‘m/ )‘>sin[2kRj + é}(k)]

J

(1)

using the program WINXAS.*! In this model equation, the
polarization dependence to the scattered photoelectron inten-
sity is included in the FEFF-calculated scattering amplitude,
F;, for the jth shell which has N f equivalent atoms located at
distance R; and mean-square relative displacement o'j2 (with
photoelectron mean-free-path N\ and phase shift & provided
by FEFF). The term SS acts as an overall scaling factor. Since
coordination numbers were fixed according to the model
when fitting, S% also serves to indicate deviations in coordi-
nation from the model values. In addition to fitting S, R, and
02, a parameter for monitoring deviation between the FEFF-
calculated band energy and the band structure in the actual
films, AE,, was also fit. Fit results are summarized in Table
II. For the 5 ML film, both first and second near-neighbors
could be fit under the primary peak in the Fourier transform.
For the 2 ML film, only one peak could be fit in this area.
Fit results for the 5 ML film appear straightforward and
consistent with previous interpretations of XAFS data'®!® as
well as diffraction data for a 1.5 nm film.22 Within error, both
in-plane orientations yield the same results for near-neighbor
distances. Indeed, since the 4 in-plane second nearest-
neighbors should be at the same distance for both in-plane
orientations [Figs. 2(b) and 2(c)] independent of any distor-
tion along (110) or (—~110), if the fit is repeated with R,
constrained to be the same for both, then the small difference
(again, within error) between the R; values diminishes to
0.002(10) A. What, then, is the reason for the difference in
the amplitudes of the XAFS interference functions? The Sj
values are comparable. This indicates that the average coor-
dination of the iron atoms is comparable in both orientations,
ruling out the poor connectivity of islands discussion above.
The answer lies in the mean-square-relative-displacements
(msrds), which differ greatly between the two in-plane ori-
entations. This is an indication of greater disorder along the
(110) direction—perhaps the result of preferred growth
along the (—110) direction for the X6 reconstructions. Pre-
ferred growth, however, is reconstruction-dependent and
UMA is largely independent of reconstruction.
Interpretation of the 2 ML results also seems straightfor-
ward, but it is not. There is an apparent difference in nearest-
neighbor distances of 0.02(1) A between the (110) and
(~110) directions, with the (~110) being larger, as predicted
by the first-principles calculations of Mirbt et al.,*® but the
difference is smaller by a factor of 3. The msrds are compa-
rable, so an anisotropic disorder term is less of a concern.
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TABLE II. Fit for both 2 and 5 monolayer iron films on GaAs for out-of-plane and two in-plane

polarizations.

Sample and R, o'% R, o'% AE,

polarization (A) (107* A?) (A) (107* A2 (eV) S%

bee Fe 2.482 2.866

Fe foil 2.474(6) 52(4) 2.852(9) 67(8) 5.6(7) 0.76(3)

5 ML (001) 2.478(5) 68(3) 2.92(4) 159(40) 4.5 0.63
(110) 2.479(5) 73(3) 2.803(9) 168(20) 3.0 0.58
(-110) 2.473(5) 60(3) 2.815(9) 128(20) 3.7 0.59

2 ML (001) 2.462(5) 108(5) 1.1 0.56
(110) 2.450(5) 110(5) -0.7 0.63
(-110) 2.471(5) 112(5) 32 0.68

Scaling factors differ slightly beyond error, so some coordi-
nation number variations (i.e., anisotropic island size) may
be present (elongated along (—110), consistent with preferred
growth along the X6 reconstruction) but the reduced out-of-
plane S(z) suggests some differences in background removal
and normalization may be affecting these values. The more
startling difference arises from the difference in E, shift
(AE,). Care must be taken in interpreting differences in R
when there are differences in AE, since these parameters can
be correlated in fitting XAFS data. To see if this correlation
was skewing the fit results, fits were attempted with AE,
fixed to the out-of-plane value, 1.1 eV. While this did de-
crease the difference in in-plane R; values to 0.011(10) A,
the quality of the fits deteriorated substantially. The fit re-
sidual (magnitude of the difference between experimental
data and calculated values from fit model, summed and di-
vided by the sum of the magnitude of the experimental data,
expressed as a percentage)'®3° went from 1.2 to 5.0 for the
(110) data, from 1.0 to 5.8 for the (~110) data, and visually,
the simulated curves differed from the data. Correlation be-
tween parameters cannot be the cause of the apparent aniso-
tropy in both R and AE, in-plane. The anisotropy must be
real.

The model used for fitting is that of an infinite sheet of
iron capped above and below by a layer of substrate atoms. '’
Since Ga and As are indistinguishable in backscattering from
each other during an iron K-edge XAFS spectrum, the model
treats them as the same and in FEFF, the element Ge was
used to represent the average. The electronegativities of Ga
and As are different. The orientations of the dangling As and
Ga bonds differ in-plane. It is quite possible that the differ-
ences in R and E shift are due to differences in the atoms to
which the iron bonds on the substrate. This would give rise
to differences in band structure that would be consistent with
the small differences observed in the near edge spectra
around 7111 eV. The effects of anisotropic bonding at the
interface on the average iron environment can be expected to
diminish with increasing film thickness and would be consis-
tent with the lack of any significant distortion in neighbor
distances for the 5 ML film. One cautionary note in consid-
ering these results from below island coalescence is that they
are islands, not layers. They may not truly represent the first
2 ML of a thicker film. Marker studies, such as those done to

look at magnetic behavior at the interface,"'% could provide
a closer approximation to the interface for a thicker film.

At 2 ML, a small structural distortion is observed; at 5
ML one is not. It is possible that kinetic effects are playing a
role since the XAFS measurements were done at room tem-
perature while the calculated distortions?® were for 0 K.
There is also a postulated structural transition from amor-
phous to crystalline that may be influencing the behavior of
these films.!*?! The possibility of such a transition is sup-
ported by the absence of higher-order scattering paths in the
in-plane XAFS data of the 2 ML sample—an indication of
poor ordering. Such a transition (disordered to ordered) may
explain the 20% increase in the uniaxial in-plane anisotropy
constants observed!! between 4 ML and 5 ML thickness (as
the island coalesce). The anisotropic disorder observed in the
XAFS of the 5 ML sample may be a remnant of this transi-
tion. If the origins of this anisotropic disorder lie in how the
process of coalescence and increased-order resulted in reliev-
ing the structural distortion in the islands, then it could pos-
sess the same independence of reconstruction as the UMA,
and hence contribute to the origin of the uniaxial magnetic
anisotropy rather than any structural distortion of the magni-
tude listed in Table I.

IV. CONCLUSIONS

In investigating a possible structural origin to uniaxial
magnetic anisotropy arising from an in-plane distortion of an
iron film at the interface to a gallium arsenide substrate, we
have examined iron films of thickness 2 and 5 monolayers
using polarization-dependent XAFS. Both structural and
electronic anisotropies were observed for the 2 ML film, with
the difference in nearest-neighbor distances being
0.02(1) A—a factor of 3 smaller than predicted by first prin-
ciples calculations, but consistent with having distances
along the (~110) direction larger than along the (110). An-
isotropy in the mean-square-relative-displacements is present
for the 5 ML, with more disorder indicated for the (110)
direction, but any structural distortion as evidenced by dif-
ferences in nearest-neighbor distances between the (110) and
(=110} directions of the film was less than error.
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