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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 unoccupiedd@states for Fe thin films on sputtered G280 and cleaved GaA&10) display a
similar amount of & charge transfer into the GaAs substrate even though the mode of surface preparation
leads to reduced intermixing in th&00) 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 vital In this Brief Report we present evidence for the formation
importance in semiconductor device physics. Formation obf Fe-As local bonding at the interface between Fe thin films
Schottky barriers, as well as metallic interconnects on and GaAs surfaces of differing orientation and preparation.
semiconductor-based electronics, are strongly influenced bghanges in the unoccupied electronic states of Fe thin films
the structure and disorder of the interf&c@/ith the recent on sputtered GaA$00) and cleaved GaA§10 display a
explosion of magnetic-based electroridbere is a growing ~ similar amount of 8 charge transfer into the GaAs substrate
need to efficiently integrate magnetic and semiconductoreven though the mode of surface preparation leads to re-
based electronic structures. In this way one can utilize theluced intermixing in th€100) case.
spin degree of freedom as an additional handle for the modi- Experiments were performed at the high-resolution spec-
fication of electron transport to produce spin-basedroscopy beamling2-ID-C) at the Advanced Photon Source,
electronics'~® However, the integration process has severalhich operates in the intermediate x-ray range of
barriers that must be overcome. First is the reduction of in500—3000 e\*® At all absorption edges studied, beamline
terfacial intermixing commonly found at metal- resolution was sufficient that the measured absorption was
semiconductor interfaces, which degrades the spin transpditnited only by the natural linewidth. X-ray photoelectron
performance. Second, to tailor magnetic device properties fapectroscopyXPS) was performed using a hemispherical
specific tasks requires an understanding of the detailednergy analyzer with 100 meV resolution. Absorption mea-
chemistry and physics at the interface. surements were acquired in total electron yi€ldEY) and

Iron on GaAs was one of the first ferromagnetic- fluorescence yieldTFY) modes by monitoring the sample
semiconductor systems studied due to the lattice match fazurrent and using a photodiode, respectively. Iron was de-
epitaxial growth”® The GaAs lattice parametéb.65 A) is  posited at room temperatur@00 K) at a growth rate of
nearly twice that of F€2.86 A) and allows for growth of the ~1 A/min from a high-purity Fe wire heated resistively.
bcc phase with only 1.3% mismatch. Early studies showedrFor the (100 orientation, polished GaAs wafers were
that high-quality bcc Fe films could be produced that werecleaned with 1 keV Af ion sputtering until the core level
magnetically inactive for thin layers and showed magneticspectra showed no traces of oxygen and carbon. (Ith€)
anisotropies very different from those expected for bcc Fesurfaces were achieved Iy situ cleaving of notched GaAs
Studies of the occupied electronic states near the Fermi levélocks. In both cases the GaAs substrates wéreloped to
provided clear evidence for outdiffusion of As and Ga intopromote the necessary conductivity required for spectros-
the Fe overlayet:!° More recent studies have focused on thecopy measurements. Core level spectra were used to confirm
GaAs surface structure to determine if the unique magnetithat the surface was free of contamination after each deposi-
properties of the overlayer are related to the wide variety otion cycle. Fe overlayer thickness was determined from both
possible surface reconstructions. However, Fe grown om quartz crystal oscillator and from a combination of the
As-terminated (X4) and c-(4x4),'! Ga-terminated (4 absorption edge jumps and XPS intensities.
x6),213and (2x1) S-passivatédd GaAg100) all display First one needs to understand the GaAs substrate surface
similar magnetic properties. For thicknesses less thdr-6  before Fe deposition. By probing the As and Gaedges,
monolayers(ML ), all systems are found to be magnetically the influence of the substrate surface structure on the unoc-
inactive, while thicker films ferromagnetically order and dis- cupied electronic states may be determifgtbwn in Figs. 1
play a strong uniaxial magnetic anisotropy along (h&0  and 2. To the best of the authors, knowledge, these are the
direction, in contrast to bulk Fe. While the surface preparafirst reported high-resolutioh edge spectra for Ga and As.
tion might play a role in the initial growth or reduce inter- Since this edge probes the unoccupiexp4tates, it is very
diffusion, such results suggest that influence on the magnetigensitive to the nearest neighbor geometry and chemistry.
properties are due to a common type of interfacial bondingFluorescence and total electron yield have probing depths of
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FIG. 1. Gal . edge absorpti tra detailing the ch . FIG. 3. Gaand As 8 XPS intensities as a function of overlayer
bst .t ' | at 3 © get a tSOI'p(;Oﬂ stpec r? etailing fc anges_'ncoverage for th€100) case. Note close agreement with the ideal
substrate electronic structure due to surface preparation and orieRz .. yicussed in the text.

tation.

Intermixing with the Fe overlayer for the cleaved vs sput-
ed surface preparations was investigated by taking core
level XPS measurements of the occupied fpea®d Ga and

1000 A and 50 A, respectively, enabling comparisons of theter
bulk and surface regions of tH{@00) substrate to understand
modification due to sputter damage. For the cleay&tD) ) ) e

orientation the bulk and surface results are identical so onI'Ar‘]s 3d et:.ectr(()jmctrs]ta;esl. A:[[ a gslver} '”C"iﬁ”t photon Ienelrgy,
the TEY results are displayed. The general line shape ag'¢ ProPing deptn of electrona,, from tnese core levels

pears to be consistent with features in the band structurg®" be determinéfland core level intensities can be traced

leading to high densities of unoccupied stafe©ur band as a f_unction of overlgyer C(_)\{erageee_Fig_s. 3 a_n_d)4|f
structure calculation for bulk GaAs shows that the density o@ere 'j :0 3? Ilemelntal_l;r:jtermlﬁ:(ng, EhdeFel,'{le |.nkt]e_n5|t|es .Of the
states(DOYS) within the first 10 eV above the band gap ex- aandAs 8 Ievels will drop off ase © with increasing
hibits mainly's andp charactet’ thickness of the Fe overlayaty,. Comparison of the results

Sputtering the(100) surface causes great changes to th o the ideal case fo.r no i_ntermixing, which are not presented
Gal s edge intensity in the surface region, while the 1As ere due to space limitations, clearly shows that, for the sput-

intensity remains relatively unchangésblid vs dashed lines t(hared (10(.)) s%/.stemz therg ?S aflmoit n? internz)ixing, while
in Figs. 1 and 2 Significant modification of the surface there is significant intermixing for the cleavetl0) system.

spectrum indicates that the damage is present tens of an he mtalr; Adlffer?rr]wce bfetwe?:n thle tv;gostuhbstratfs IS the
stroms deep into the substrate and is sufficient to dramat2MOunt 0T AS on the surface. For cleavdd0 the surface is

cally modify the Ga unoccupied states in the near—surfacéS terminated, whereas the sputtering leaves €0 sur-

region. Scanning tunneling microscopy studies have Ob_ac_?hGa(lj'tf?rmmate& th t of intermixing bet th
served a depletion of As in the near-surface region due to € difierence in the amount ot Intermixing between the

sputter damag®® Since As is more electronegative, Ga Sputtered and cleaved surfaces is consistent with previous

must gain charge upon removal of As if the surface region i eSLgtS. Calcultate_d bIUIkthh?a:ﬁ oLfo/rA\matlon tf_or FdefAS at';d
to maintain charge neutrality. Return of charge to Ga will. e-ba ?eeg“lo 0 imply that theé Fe-As reaction drives the
cause unoccupied orbitals of Ga to be filled, resulting in dnterm|x_|k:1|g. Y h The hx:s of f_orm3aéuo;\)/for lthe dszrﬁcturally
drop in the white line intensity. The As absorption remainscompatible phases ateH e as= — mol an Fe,Ga

unaltered, aside from total intensity, since it still involves As = —16 kJ/mol. Energy minimization would favor direct
in a fully coordinated environment. bonding of Fe and As at the interface over an Fe-Ga bond.

When As is depleted from the near-surface region by sput-
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FIG. 2. AsL; edge absorption spectra detailing the changes in  FIG. 4. Ga and As 8 XPS intensities as a function of overlayer
substrate electronic structure due to surface preparation and orieneverage for thé110 case. Note the large deviation from the ideal
tation. case.
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. . FIG. 6. Extracted @ charge transfer as a function of overlayer
f 'EIG. 5. IFeL2'3 (2p—3d) gl—EtY ?t:)S(?jrptlont_spzctra as a_fur;ﬁtlolrl coverage. Observing the same charge transfer in both orienations is
ot me overiayer coverage. Note the dramalic decrease In e ING yiract indication that the transfer is predominantly due to the
width with increasing coverage.

interface bonding and not a result of intermixing.

tering, the amount of As able to react with Fe is reduced and
intermixing is decreased. Lack of intermixing was previouslybe responsible for such a large transfer. For(iti) system,
reported for Ga-terminated surfaces, which is consistent witlthe Fe-As interface is formed using an intermixing reaction
the above conclusiotf:** The amount of intermixing for the to create the desired interface with the extra surface compo-
cleaved surface has been previously quantified and indicategents migrating into the Fe layer. F@r00), even though no
that the topmost As layer is removed along with 1 ML of diffusion is observed, it is possible that the Ga at the inter-
Ga®10 Additionally, the lack of intermixing for the sputtered face is displaced but lacks sufficient energy to move farther
(100 surface is confirmed by the lack of a higher-binding-than a few monolayers into the overlayer. Another interest-
energy shoulder in the Asd3core level spectra, which has ing facet of this result is that intermixing and surface rough-
been attributed to interstitial As in the Fe overlajfr. ness do not much affect thed3charge transfer. Typically
Of most interest in the study of magnetic materials onintermixing is one of the key factors in modification of ma-
semiconductors is the change in the Fe overlayer. Since therial properties.
3d electrons of Fe carry the magnetic moment, any intermix- While these results relate to the interface electronic struc-
ing or charge transfer at the interface will alter theét I3and  ture, inferences concerning the magnetic structure can be
occupancy and directly influence the magnetic order. To demade. Results for calculated properties of transition metal
termine the amount of charge transfer at the interfacé, ;e impurities in Fe indicate that & occupancy is near the
(2p— 3d) absorption spectra were measured as a function ofrossover from ferromagnetic to antiferromagnetic ofder.
overlayer coveragésee Fig. 5. Changes in the white line The charge transfer data aid in explaining why the depletion
intensity are directly related to the number af Boles?* and  of charge in low-coverage Fe films could lead to the reported
the spectra shown in Fig. 5, show major changes with inloss of magnetic order:™'* Previous studies assigned the
creasing coverage. Most important is the dramatic change iloss of order to intermixing® which from the perspective of
the width of the absorption line. Since the corresponding Feharge transfer is clearly not the case here. With both sput-
2p core level spectra, however, are found not to change witered and cleaved samples showing the same amount of
coverage, this change must be associated with an increasedharge transfer, intermixing cannot be a major factor for
the density of 8 unoccupied states, as is consistent withfilms grown at room temperature. For higher-temperature
significant transfer of charge from Fe into the GaAs sub-growth, the intermixing may be much more pronounced and
strate. results might be different. Of course there is also evidence
After correction of saturation effecé,removal of the for superparamagnetism for thin layéfsThis together with
background from excitation into the continuum, and integrathe charge transfer data might imply a more complicated
tion of the white line intensity>?*the transfer of & charge  mixed ferromagnetic-antiferromagnetic phase structure, as
from the Fe into the substrate can be constructed as shown Iras been observed for other magnetic syst€ms.
Fig. 6. Most importantly though, as a function of monolayer Lastly, the unique anisotropy in these systems is still an
coverage, the two systems show a similar amount of chargenanswered question. Given the results above, it is quite
transfer even though preparation occurred on two uniquelplausible that the magnetic anisotropy is connected to the
different surfaces. While extrapolation of the data to 1 ML strong Fe-As local bonding configuration. This might explain
coverage cannot be done accurately, it does indicate that tivéhy unique surface preparations lead to similar magnetic
Fe overlayer is in a configuration in the neighborhood @f 3 anisotropies. Consider Fe on a perfect As-terminated
for both substrate orientations. The charge transfer is consi$3aAg100) surface where Fe in the top layer resides in a Ga
tent with a local Fe-As bonding configuration at the interfacesite, which would correspond to a fA&&s environment. This
and a resultant balancing of the Fermi levels in the two maimplies a spatial arrangement with fourfold symmetry. The
terials. Due to the large difference in electronegativities, Ascoordination of the bonding however may be quite different.
will tend to draw charge away from Fe. Ga has an electroneBonds in bulk GaAs are tetrahedral and should influence the
gativity close to that of Fe, which implies that Ga could notbond directionality at the interface with Fe. With the As
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