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Interface bonding for Fe thin films on GaAs surfaces of differing morphology
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Formation of a common type of Fe-As local bonding in Fe thin films on GaAs surfaces of differing
orientation and preparation is evidenced through a common charge transfer at the interface. X-ray absorption
studies of unoccupied 3d states for Fe thin films on sputtered GaAs~100! and cleaved GaAs~110! display a
similar amount of 3d charge transfer into the GaAs substrate even though the mode of surface preparation
leads to reduced intermixing in the~100! case. Implications of these results for the understanding of the role of
the Fe-GaAs interface in both electronic and magnetic properties are discussed.
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Intermixing at metal-semiconductor interfaces is of vi
importance in semiconductor device physics. Formation
Schottky barriers,1 as well as metallic interconnects o
semiconductor-based electronics, are strongly influenced
the structure and disorder of the interface.2 With the recent
explosion of magnetic-based electronics,3 there is a growing
need to efficiently integrate magnetic and semiconduc
based electronic structures. In this way one can utilize
spin degree of freedom as an additional handle for the m
fication of electron transport to produce spin-bas
electronics.4–6 However, the integration process has seve
barriers that must be overcome. First is the reduction of
terfacial intermixing commonly found at meta
semiconductor interfaces, which degrades the spin trans
performance. Second, to tailor magnetic device properties
specific tasks requires an understanding of the deta
chemistry and physics at the interface.

Iron on GaAs was one of the first ferromagnet
semiconductor systems studied due to the lattice match
epitaxial growth.7,8 The GaAs lattice parameter~5.65 Å! is
nearly twice that of Fe~2.86 Å! and allows for growth of the
bcc phase with only 1.3% mismatch. Early studies show
that high-quality bcc Fe films could be produced that w
magnetically inactive for thin layers and showed magne
anisotropies very different from those expected for bcc
Studies of the occupied electronic states near the Fermi l
provided clear evidence for outdiffusion of As and Ga in
the Fe overlayer.9,10 More recent studies have focused on t
GaAs surface structure to determine if the unique magn
properties of the overlayer are related to the wide variety
possible surface reconstructions. However, Fe grown
As-terminated (234) and c-(434),11 Ga-terminated (4
36),12,13 and (231) S-passivated14 GaAs~100! all display
similar magnetic properties. For thicknesses less than;4 –6
monolayers~ML !, all systems are found to be magnetica
inactive, while thicker films ferromagnetically order and d
play a strong uniaxial magnetic anisotropy along the~110!
direction, in contrast to bulk Fe. While the surface prepa
tion might play a role in the initial growth or reduce inte
diffusion, such results suggest that influence on the magn
properties are due to a common type of interfacial bondi
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In this Brief Report we present evidence for the formati
of Fe-As local bonding at the interface between Fe thin fil
and GaAs surfaces of differing orientation and preparati
Changes in the unoccupied electronic states of Fe thin fi
on sputtered GaAs~100! and cleaved GaAs~110! display a
similar amount of 3d charge transfer into the GaAs substra
even though the mode of surface preparation leads to
duced intermixing in the~100! case.

Experiments were performed at the high-resolution sp
troscopy beamline~2-ID-C! at the Advanced Photon Sourc
which operates in the intermediate x-ray range
500–3000 eV.15 At all absorption edges studied, beamlin
resolution was sufficient that the measured absorption
limited only by the natural linewidth. X-ray photoelectro
spectroscopy~XPS! was performed using a hemispheric
energy analyzer with 100 meV resolution. Absorption me
surements were acquired in total electron yield~TEY! and
fluorescence yield~TFY! modes by monitoring the sampl
current and using a photodiode, respectively. Iron was
posited at room temperature~300 K! at a growth rate of
;1 Å/min from a high-purity Fe wire heated resistivel
For the ~100! orientation, polished GaAs wafers wer
cleaned with 1 keV Ar1 ion sputtering until the core leve
spectra showed no traces of oxygen and carbon. The~110!
surfaces were achieved byin situ cleaving of notched GaAs
blocks. In both cases the GaAs substrates weren1 doped to
promote the necessary conductivity required for spectr
copy measurements. Core level spectra were used to con
that the surface was free of contamination after each dep
tion cycle. Fe overlayer thickness was determined from b
a quartz crystal oscillator and from a combination of t
absorption edge jumps and XPS intensities.

First one needs to understand the GaAs substrate su
before Fe deposition. By probing the As and GaL3 edges,
the influence of the substrate surface structure on the u
cupied electronic states may be determined~shown in Figs. 1
and 2!. To the best of the authors, knowledge, these are
first reported high-resolutionL edge spectra for Ga and As
Since this edge probes the unoccupied 4sp states, it is very
sensitive to the nearest neighbor geometry and chemis
Fluorescence and total electron yield have probing depth
©2001 The American Physical Society01-1
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1000 Å and 50 Å, respectively, enabling comparisons of
bulk and surface regions of the~100! substrate to understan
modification due to sputter damage. For the cleaved~110!
orientation the bulk and surface results are identical so o
the TEY results are displayed. The general line shape
pears to be consistent with features in the band struc
leading to high densities of unoccupied states.16 Our band
structure calculation for bulk GaAs shows that the density
states~DOS! within the first 10 eV above the band gap e
hibits mainlys andp character.17

Sputtering the~100! surface causes great changes to
Ga L3 edge intensity in the surface region, while the AsL3
intensity remains relatively unchanged~solid vs dashed lines
in Figs. 1 and 2!. Significant modification of the surfac
spectrum indicates that the damage is present tens of
stroms deep into the substrate and is sufficient to dram
cally modify the Ga unoccupied states in the near-surf
region. Scanning tunneling microscopy studies have
served a depletion of As in the near-surface region due
sputter damage.18,19 Since As is more electronegative, G
must gain charge upon removal of As if the surface regio
to maintain charge neutrality. Return of charge to Ga w
cause unoccupied orbitals of Ga to be filled, resulting in
drop in the white line intensity. The As absorption rema
unaltered, aside from total intensity, since it still involves
in a fully coordinated environment.

FIG. 1. GaL3 edge absorption spectra detailing the change
substrate electronic structure due to surface preparation and o
tation.

FIG. 2. AsL3 edge absorption spectra detailing the change
substrate electronic structure due to surface preparation and o
tation.
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Intermixing with the Fe overlayer for the cleaved vs sp
tered surface preparations was investigated by taking c
level XPS measurements of the occupied Fe 3p and Ga and
As 3d electronic states. At a given incident photon ener
the probing depth of electrons,le , from these core levels
can be determined20 and core level intensities can be trac
as a function of overlayer coverage~see Figs. 3 and 4!. If
there is no elemental intermixing, the line intensities of t
Ga and As 3d levels will drop off ase2dFe/le with increasing
thickness of the Fe overlayer,dFe. Comparison of the results
to the ideal case for no intermixing, which are not presen
here due to space limitations, clearly shows that, for the s
tered ~100! system, there is almost no intermixing, whi
there is significant intermixing for the cleaved~110! system.
The main difference between the two substrates is
amount of As on the surface. For cleaved~110! the surface is
As terminated,9 whereas the sputtering leaves the~100! sur-
face Ga terminated.13

The difference in the amount of intermixing between t
sputtered and cleaved surfaces is consistent with prev
results. Calculated bulk heats of formation for Fe-As a
Fe-Ga seem to imply that the Fe-As reaction drives
intermixing.9,10 The heats of formation for the structurall
compatible phases areDHFe2As5238 kJ/mol andDHFe2Ga

5216 kJ/mol. Energy minimization would favor direc
bonding of Fe and As at the interface over an Fe-Ga bo
When As is depleted from the near-surface region by sp

n
n-

n
n-

FIG. 3. Ga and As 3d XPS intensities as a function of overlaye
coverage for the~100! case. Note close agreement with the ide
case dicussed in the text.

FIG. 4. Ga and As 3d XPS intensities as a function of overlaye
coverage for the~110! case. Note the large deviation from the ide
case.
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BRIEF REPORTS PHYSICAL REVIEW B 63 193301
tering, the amount of As able to react with Fe is reduced
intermixing is decreased. Lack of intermixing was previou
reported for Ga-terminated surfaces, which is consistent w
the above conclusion.12,13 The amount of intermixing for the
cleaved surface has been previously quantified and indic
that the topmost As layer is removed along with 1 ML
Ga.9,10 Additionally, the lack of intermixing for the sputtere
~100! surface is confirmed by the lack of a higher-bindin
energy shoulder in the As 3d core level spectra, which ha
been attributed to interstitial As in the Fe overlayer.10

Of most interest in the study of magnetic materials
semiconductors is the change in the Fe overlayer. Since
3d electrons of Fe carry the magnetic moment, any interm
ing or charge transfer at the interface will alter the 3d band
occupancy and directly influence the magnetic order. To
termine the amount of charge transfer at the interface, FeL2,3
(2p→3d) absorption spectra were measured as a functio
overlayer coverage~see Fig. 5!. Changes in the white line
intensity are directly related to the number of 3d holes,21 and
the spectra shown in Fig. 5, show major changes with
creasing coverage. Most important is the dramatic chang
the width of the absorption line. Since the corresponding
2p core level spectra, however, are found not to change w
coverage, this change must be associated with an increa
the density of 3d unoccupied states, as is consistent w
significant transfer of charge from Fe into the GaAs su
strate.

After correction of saturation effects,22 removal of the
background from excitation into the continuum, and integ
tion of the white line intensity,23,24 the transfer of 3d charge
from the Fe into the substrate can be constructed as show
Fig. 6. Most importantly though, as a function of monolay
coverage, the two systems show a similar amount of cha
transfer even though preparation occurred on two uniqu
different surfaces. While extrapolation of the data to 1 M
coverage cannot be done accurately, it does indicate tha
Fe overlayer is in a configuration in the neighborhood of 3d5

for both substrate orientations. The charge transfer is con
tent with a local Fe-As bonding configuration at the interfa
and a resultant balancing of the Fermi levels in the two m
terials. Due to the large difference in electronegativities,
will tend to draw charge away from Fe. Ga has an electro
gativity close to that of Fe, which implies that Ga could n

FIG. 5. FeL2,3 (2p→3d) TEY absorption spectra as a functio
of Fe overlayer coverage. Note the dramatic decrease in the
width with increasing coverage.
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be responsible for such a large transfer. For the~110! system,
the Fe-As interface is formed using an intermixing react
to create the desired interface with the extra surface com
nents migrating into the Fe layer. For~100!, even though no
diffusion is observed, it is possible that the Ga at the int
face is displaced but lacks sufficient energy to move fart
than a few monolayers into the overlayer. Another intere
ing facet of this result is that intermixing and surface roug
ness do not much affect the 3d charge transfer. Typically
intermixing is one of the key factors in modification of m
terial properties.

While these results relate to the interface electronic str
ture, inferences concerning the magnetic structure can
made. Results for calculated properties of transition me
impurities in Fe indicate that 3d5 occupancy is near the
crossover from ferromagnetic to antiferromagnetic orde25

The charge transfer data aid in explaining why the deplet
of charge in low-coverage Fe films could lead to the repor
loss of magnetic order.11–14 Previous studies assigned th
loss of order to intermixing,26 which from the perspective o
charge transfer is clearly not the case here. With both s
tered and cleaved samples showing the same amoun
charge transfer, intermixing cannot be a major factor
films grown at room temperature. For higher-temperat
growth, the intermixing may be much more pronounced a
results might be different. Of course there is also evide
for superparamagnetism for thin layers.13 This together with
the charge transfer data might imply a more complica
mixed ferromagnetic-antiferromagnetic phase structure,
has been observed for other magnetic systems.27

Lastly, the unique anisotropy in these systems is still
unanswered question. Given the results above, it is q
plausible that the magnetic anisotropy is connected to
strong Fe-As local bonding configuration. This might expla
why unique surface preparations lead to similar magn
anisotropies. Consider Fe on a perfect As-termina
GaAs~100! surface where Fe in the top layer resides in a
site, which would correspond to a Fe2As environment. This
implies a spatial arrangement with fourfold symmetry. T
coordination of the bonding however may be quite differe
Bonds in bulk GaAs are tetrahedral and should influence
bond directionality at the interface with Fe. With the A

e-

FIG. 6. Extracted 3d charge transfer as a function of overlay
coverage. Observing the same charge transfer in both orienatio
a direct indication that the transfer is predominantly due to
interface bonding and not a result of intermixing.
1-3
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BRIEF REPORTS PHYSICAL REVIEW B 63 193301
bonded to a~110! oriented line of Ga in the layer below,

should preferentially bond to the Fe above along (110̄) to
preserve tetrahedral symmetry. Fourfold symmetry of bo
ing to Fe is then broken, resulting in a modification of thed
orbital moment preferential direction and thus the magn
anisotropy. This model is consistent with the uniaxial anis
ropy along (11̄0) observed for Fe/GaAs, in contrast to th
bulk easy axis of~100!.11–14
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