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We use density-functional theory to describe the initial stages of Fe film growth on(@z#\sfocusing on
the interplay between chemistry and magnetism at the interface. Four features appear to be (emdric:
submonolayer coverages, a strong chemical interaction between Fe and substrate atoms leads to substitutional
adsorption and intermixing2) For films of several monolayers and more, atomically abrupt interfaces are
energetically favored(3) For Fe films over a range of thicknesses, both Ga and As adlayers dramatically
reduce the formation energies of the films, suggesting a surfactantlike a@jidburing the first few mono-
layers of growth, Ga or As atoms are likely to be liberated from the interface and diffuse to the Fe film surface.
Magnetism plays an important auxiliary role for these processes, even in the dilute limit of atomic adsorption.
Most of the films exhibit ferromagnetic order even at half-monolayer coverage, while certain adlayer-capped
films show a slight preference for antiferromagnetic order.
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I. INTRODUCTION they do not to contribute to the total magnetic moment of the
Fe film21° The appearance of dead layers is consistent with
Magnetic materials are widely anticipated to be integratedhe formation(thermodynamically favorable in the bulkf
into semiconductor-based microelectronics during the nexhonmagnetic FeAs complexes at an interface with the As-
decade or twd.A major component of this effort has focused rich GaAs(001)-( 4) surface. This reasoning led to the
on using ferromagnetic thin films as a source for creatingdevelopment of two strategies for suppressing As diffusion
spin-polarized electrical current in a semiconductor subinto the Fe film: passivation of the As-rich surface by a sur-
strate, a process referred to as “spin injection.” Three criterigfactant such as sulfir and growing on theGa-rich
have been identified as important for technologically usefulGaAs(001)-(4<6) surface(or, equivalently, As decapping
spin injection:(1) substantial spin polarization of the injected prior to growth.*? Both approaches lead to films with mag-
current;(2) electrons, rather than holes, serving as the spinnetization onset in the range 4—8 monolay@éi& ) and with
polarized carriers; anB) Curie temperatures for the source essentially the full moment per Fe atom in all lay&rs*
of order room temperature or higher. Notwithstanding the successful elimination of dead lay-
Although several materials appear to meet one or two oers, measured spin-injection efficiencies have, until recently,
these criteria, none has yet met all three. Several dilutedemained at or below the 1% level. Recently, Schreidal.
magnetic semiconductors based on Be and Mn doping dfiave argued that a more fundamental limitation exists for
ZnSé+* and Mn doping of GaAthave recently demonstrated spin injection  from a ferromagnetic metal into a
spin-injection efficiencies of greater than 50%, but only neaisemiconductot® They have shown that in the purely diffu-
liquid helium temperatures. Other magnetic semiconductorssive regime(where spins are scattered much less frequently
including CdCrSe, can be doped bgtlandn type and have than electronsthe spin-injection efficiency from a ferromag-
Curie temperatures of order 100—200° bout their perfor-  net(fm) into a semiconductalsc) is proportional to the ratio
mance as spin-injection sources has yet to be examined. of their conductivities,o /oy, . For ferromagnetic metals
In addition to the magnetic semiconductors, much currenthis ratio is of order 10* and for typical device geometries
research continues to focus on one of the earliest studiesliggests maximum injection efficiencies of 1% or less.
candidate materials, FeBesides offering the possibility of There remain several possibilities for circumventing this
room-temperature injection of electron spins, Fe has the pdimitation on Fe sources. The first is to operate in the ballistic
tential advantage of forming a nearly lattice-matched epitaxfegime, where the contact resistance due to elastic back-
ial film on an important semiconductor substrate, GaAsscattering at the interfad&harvin resistangewill generally
However, despite this early promise and after considerableeduce the metal-semiconductor conductivity mismatch.
research investment, measured spin-injection efficiencies foranget al. have used concepts from mesoscopic transport to
Fe/GaAs remain frustratingly low, typically no larger than model injection into a two-dimensional electron gas and find
1%.”® The reason for this low efficiency is not definitively clear evidence for ballistic spin transport that otherwise van-
known, and much controversy surrounds its origin. A crucialishes in the diffusive limit®
issue, not yet settled, is whether the measured efficiencies A second possibility, relevant to the diffusive regime, is
reflect an intrinsic upper limit or are simply due to technicalthe use of tunnel contacts at the Fe/GaAs interface, which are
limitations that may be overcome or circumvented. For ex-expected to substantially reduce the conductivity mismatch
ample, much early effort focused on the nature of interfaceand thereby increase the injection efficientyRelated re-
layers inferred to be “magnetically dead,” in the sense thatsearch avenues concern the role of intrinsic Schottky barriers
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in controlling the spin-dependent tunneling through andefinitive treatment of growth on a particular GaAs recon-
interface’® Indeed, Zhet al. have recently demonstrated in- struction or at a particular temperature. Instead, we focus on
jection from Fe into GaAs with an efficiency of about 2% at the following four questions{1) Does the initial adsorption
room temperature; they suggest that the Schottky barriesf atomic Fe prefer metallic bonding at highly coordinated
formed between Fe and GaAs leads to a tunnel contact, thustes, or does covalent bonding to Ga or As prevéjDoes
circumventing the problems of conductance mismatch. adsorbed Fe nucleate the formation of compact islands, or do
Very recently, Hanbicket al. have used a Schottky contact adsorbate-substrate interactions dominate the groy@hiz

to an AlGaAs overlayer to inject spin into GaAs with effi- surface diffusion of Fe likely to be significant at growth tem-
ciencies of 30% at low temperature and 9% at roomperatures?3) Are the Fe magnetic moments in the submono-
temperaturé® layer regime governed by strong Hund coupliagomic mo-

Since the prospects and limitations for spin injection fromments or by itinerancy effectgbulk momenty?

Fe into GaAs remain uncertain, we believe that further We begin by studying Fe adsorption on a fictitious, but
progress may benefit from a first-principles theoretical dechemically reasonable, surface of GaAs(001): namely, a
scription of the interface. Our focus will be on the atomic (2x 1) reconstruction consisting of bulk GaAs terminated by
structure of the interface and its resultant magnetic charactes, dimerized Ga layer. This fictitious surface is analogous to
especially during the first few monolayers of growth. Theo-the dimerized3(2x4) andB2(2x4) As-rich surfaces, but
retical studies of buried interfaces are notoriously difficult,is quite different from the more complef(4x2) surface

for several reasons. First, experimental probes can providgelieved to be the basis for th&#8x 2) reconstruction ob-
only indirect information about physical and electronic struc-served under Ga-rich conditioRs.

ture, and hence are of limited utility for guiding theories. e use density-functional theory together with the gener-
Moreover, real interfaces may—even after carefulglized gradient approximatiotGGA) for the exchange-
annealing—have atomic geometries very different from thecorrelation functionaf* For the calculations in this section
ground state; hence, the interface structure may depend Gile used Troullier-Martins pseudopotentials and a plane-
the precise growth history. In principle, one approach to thisyave basis with a kinetic-energy cutoff of 50 Ry, as imple-
dilemma would be first-principles finite-temperature molecu-mented in therHi9eMD code?® The sampling of the surface
lar dynamics simulation of film growth, which would prop- Brillouin zone was equivalent to using 84 points for a
erly account for the roles of deposition rate, surface diffu-(1x 1) surface unit cell.

sion, and incorporation into the substrate. In practice, To construct the potential-energy surfad@ES for ad-
molecular dynamics using density-functional theory can akorption of atomic Fe on a clean surface, we computed the
best simulate processes ferl00 ps—many orders of mag- total energy,E,, as a function of the adsorbate position
nitude short of the experimentally relevant time scales(x v) within the surface unit cell. To minimize interactions
which may be milliseconds or longer. Kratzer and Schefflerof the adsorbate with its periodic images we used & 22
have recently addressed this problem using a “first-sypercell. For each adsorbate positiof,Y), we fully re-
principles kinetic Monte Carlo” methotf. However, the  |axed thez coordinate of the adsorbate and the positions of
complexity of applying this method to the growth of Fe on 5| Ga and As atoms in the top two layers of the surface. This
GaAs—uwith three atomic species and many different posprocedure was repeated for adsorbate positions sufficient to
sible processes—makes such an approach not yet feasiblesample the PES with a resolution of about 0.25 A. For many

In this paper we approach the problem from two differentagsorbate positions, geometries with subsurface adsorption
limits. In Sec. Il we consider the initial Stages of interfaceor with atomic positions exchanged were considered as well;
formation, beginning with adsorption of isolated Fe adatomsn each case, the lowest-energy configuration was used to
on a bare GaAs substrate. We focus here on the potentiglefine E,(X,Y).
energy surface governing surface diffusion and show that | order to illuminate the detailed role—if any—of mag-
Fe-As chemistry may play a decisive role in the submononetism in the adsorption energetics, we begin by first calcu-
layer regime. In Sec. Il we consider a different limit: |ating the PES without allowing for spin polarization. We
namely, the thermodynamic ground-state interface structurghen recalculate the PES while allowing for spin polarization
of Fe films several monolayers thick. Here we concentrate ognq examine the differences that arise. If the adsorbate mo-
the magnetic character of the interface as a function of filmment were completely localized and did not interact with the
thickness and propose a mechanism that accounts for thgipstrate, these two energy surfaces would be identical ex-
experimentally observed delayed onset of ferromagnetic ofcept for an overall shift of the energies. Thus, the differences
der for films of a few monolayerS:'*??In Sec. IV we dis-  that we find(described belodirectly reflect site-dependent
cuss ways to reconcile our results from these two limitingmagnetic interactions between the Fe moment and the GaAs
regimes, and we propose future directions for further studysypstrate.

Figure 1 shows the PES calculated without spin polariza-
tion, for a portion of the surface unit cell shown in Fig. 2. We
restrict the plot to the vicinity of the dimer rows because the
energy landscape between dimer rows is quite flat and con-

Our goal in this section is to identify and quantify those siderably higher in energy. Along the dimer rows the PES is
structural, magnetic, and chemical features that magese periodic with repeat lengta/\/2. Figure 1 shows slightly
neric to the growth of Fe on GaAs. We do not attempt amore than one full period along this direction.

II. INITIAL STAGES OF GROWTH
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FIG. 1. Potential-energy surface for Fe on G&Xd), calcu-
lated using GGA without spin polarization. The labeled points cor-
respond to the configurations in Fig. 2.

Each point on this PES corresponds to a different relaxed
geometry, determined solely by the in-plane adsorbate posi- (C)
tion (X,Y). We focus on the four points marked in Fig. 1,
which correspond to the four geometries shown in Fig. 2.
Point(a), in the center of the PES, corresponds to adsorption
at the high-symmetry pedestal site, midway between two
dimers along a dimer row. Although this site is highly coor-
dinated, leading to four Fe-Ga and two Fe-As bonds of
nearly equal lengthi2.5 A), it is energetically unfavorable.
Indeed, this site is not even locally metastable: energy is
gained by moving the adsorbate in any direction away from
point (a). (d)

The global minimum of the PES is a poifd) near the
corner of the region shown in Fig. 1. This is 0.8 eV below
point (a) and corresponds to the configuration of Fi¢d)2in
which the Fe adsorbate has partially “kicked out” one Ga
atom from a surface dimer and taken its place. The large
energy gain from this process suggests that the formation of
such Fe-Ga heterodimers may act as a strong local trap for
Fe, strongly suppressing surface diffusion of the Fe adatoms. ] _
If the kicked-out Ga atom subsequently diffuses away to a FIG. 2. Rellaxe.d configurations for. Fe adsorbed at the four loca-
more stable adsorption site, this trapping effect will be fur-tions marked in Fig. 1. The gray and light gray spheres represent Ga
ther enhanced. Such effects, if not kinetically hindered, will2"d AS atoms, and the smaller dark gray spheres represent Fe at-

bias the growth toward nucleating many small Fe islands oms. Highly strained bondéin the range 15%-20% longer than
The issue of kinetic barriers to forming Fe-Ga he.t- bulk) are shown as dotted lines. The shaded area marks the region

erodimers can be analyzed by considering the possible routé%Ir which the potential-energy surface is plotted in Fig. 1.

leading to point(d) along the PES. For example, the reaction(at a cost of 0.6 eYand diffuse to a more favorable binding
pathway from point@) to (d) proceeds via pointc), which  site—for a net gain up to 2.0 eV per Ga atom for the limiting
corresponds to the configuration shown in Figc)2This is  case of incorporation into bulk Ga. Comparing these energy
the transition statéthe highest energy configuration along changes upon bond breaking, we conclude that Fe-As bonds
the minimum-energy pathwayfor the reaction takinga  are considerably more stable than Fe-Ga bonds.

into (d), and is only 0.25 eV higher than the valley floor near  The final adsorbate site we discuss is pdint halfway

(a). Part of this barrier arises from breaking the original between the pedestal site and the dimer bridge site. At this
Ga-Ga dimer bond, but apparently most of this energy cost ipoint, the Ga-Ga dimer bond has already broken to allow for
recovered by forming a more stable Fe-Ga heterodimer bondnore favorable Fe-Ga bonds to begin forming. Without spin
Another 1.0 eV is recovered at poifd) by forming, in ad-  polarization, the energy of this configuration is a local maxi-
dition, a new Fe-As backbond to the substrate. The kickedmum and represents a strong barrier to breaking Ga-Ga
out Ga atom may remain bonded to the Fe atom, but it iglimer bonds head on. A similar barrier is found for a Fe
energetically much more favorable to break this Fe-Ga bonddatom artificially constrained to approach the Ga-Ga dimer
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. 2 FIG. 5. Comparison of théa) spin-unpolarized andb) spin-
Height above surface (A) polarized valence electron densities near the Fe atom for the con-
figuration shown in Fig. @). The contours are logarithmically
FIG. 3. Relative total energy for Fe constrained to approach thgpaced:; lighter contours represent higher density and are truncated
Ga-dimer bridge site from directly above, as shown. Energies ar@ear the Fe atom. Projected atomic positions are marked by black

with respect to the spin-unpolarized energy for Fe far above theircles; their size indicates proximity to the plotting plane.
GaAs surface. The vertical distance between the two curves is the

magnetic energy gain. Without spin polarization there is a local Differences are also apparent. The spin-polarized energy
barrier of~0.4 eV for breaking the Ga dimer; when spin polariza- surface appears more corrugated; this is due almost entirely
tion is included this barrier is removed. to a strong reduction of energies near pdbyjt(a local maxi-
) o ) ~ mum without spin polarizationand the nearby dimer bridge

from directly above, as shown in Fig. 3. For this adsorptlonsite (a saddle point without spin polarization, but part of a
route from above, an energy cost 0.4 eV must be paid  |ow-energy trench with jt Thus by including spin polariza-
before the Ga-Ga dimer bond finally breaks; once paidton, the barrier to head-on Ga-Ga dimer breaking is reduced
stable Fe adsorption can occur at the bridge site. to zero. The same difference is observed in dimer breaking

We turn now to the differences in the PES that arise fromyy o Fe atom artificially constrained above the dimer: the
including spin polarization. We have repeated the calculatiopgyrier in Fig. 3 is eliminated by including spin

of the entire PES using spin-polarized GGA, allowing for ho|arization—demonstrating that this effect is not limited to
any changes in the relaxed geometries. In general, we fingface diffusion.

only negligible changes to the relaxed atomic positions, and T ynderstand why allowing for spin polarization changes
so the geometries shown in Fig. 2 continue to correspond t§ome parts of the PES but not others, we consider two plau-
points on the new PES, shown in Fig. 4. Comparing thesiple explanations: chemical effects and magnetic effects. By
spin-unpolarized and spin-polarized energy landscéfigs.  the former we mean contributions to the total energy that
1 and 4, several features deserve comment. The global minigepend primarily on the total valence electron density; by the
mum is the same for both, corresponding the Fe-Ga hetatter we mean contributions related to the electron spin den-
erodimer formation via Ga “kick-out.” With spin polariza- sity. We focus on the configuration of Fig(tg, for which the
tion{ th(_e pedes_tal sjte is again unstable against adsorbag®ange in the PES is particularly dramatic. In Fig. 5 we
motion in any direction. compare the spin-unpolarized and spin-polarized total
valence-electron density in a plane containing the Fe adsor-
bate and its As and Ga neighbors. In both plots, Fe-As and
Fe-Ga bonds are clearly visible, and the loss of both the
Ga-Ga dimer bond and the Ga-As backbond is obvious. Most
importantly, there are no large differences between the spin
polarized and unpolarized electron densities in this plane. We
conclude that the changes in the PES due to spin polarization
cannot be attributed to changes in the valence-electron
density related to chemical bonds.

To evaluate the role of magnetic effects in determining the
shape of the PES, we first consider how the total magnetic
moment per cell varies with the Fe adsorbate position. In
Fig. 6 we show the magnetic energhe difference between
spin-polarized and unpolarized energjeas a function of
total magnetic moment, for about 50 different adsorption
sites on the PES. Most of the sites have magnetic moments

FIG. 4. Potential-energy surface for Fe on G&RH), calcu- between Zg and 3ug, giving rise to magnetic energies
lated with spin polarization. The labeled points are the same as ibetween 0.4 and 0.8 eV. About ten sites have considerable
Fig. 1 and correspond very closely to the configurations in Fig. 2.higher moments, between 3.2 and 3.4y, and corre-
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FIG. 6. Relative total energies for a number of configurations
used to define the potential-energy surfaces in Figs. 1 and 4. The
configurations within the bracket are all located near pdmtin
Figs. 1 and 4(see text for discussion

spondingly higher magnetic energies, between 1.0 and 1.6
eV. Thus these sites, all located near pdint on the PES,
give rise to large differences in the spin-polarized and unpo-
larized energy landscapes. These differences can be attrib-
uted to the development of unusually large magnetic mo-
ments for adsorption sites in the vicinity of energy barriers in
the spin-unpolarized PES; these sites generally involve ( )
highly strained or partially broken bonds. The same trend is
observed for the constrained adsorption from ab@ig. 3).

The magnetic energy gain at the configuration corresponding
to the barrier is 2.5 eV, nearly twice as large as at the equi-
librium adsorbate height. This difference again arises from
the difference in magnetic moments: 389 at the barrier
configuration versus 325 at equilibrium. Thus we conclude
that magnetic effects play an important role in determining
those parts of the PES corresponding to highly strained or
partially broken bonds.

We end this section by turning briefly to another process FIG. 7. (a) Potential energy surface for Fe on Fe/G&0Rx),
important during growth: the adsorption of Fe in the pres-calculated with spin polarizatiorib) The initial preadsorbed surface
ence of preadsorbed Fe. We consider 1/4 monolayer of Fe istructure, consisting of Fe-Ga heterodimers alternating with Ga
its lowest-energy configuration, i.e., incorporated as Fe-Gdimers.(c) Lowest-energy configuration for 1/2-monolayer-Fe cov-
heterodimers with (X 2) periodicity. To simplify the discus- erage, corresponding to the second Fe adsorbate at (bpiint the
sion, we assume a starting surface from which the kicked-outotential-energy surface. The shaded area marks the region plotted
Ga atoms have detached and diffused away. We then recah (2.
culate the(spin-polarized potential-energy surface for this
preadsorbed surface, again fully accounting for geometricahg that formation of Fe-Ga heterodimers remains favorable
relaxation. for the preadsorbed surface. The global minimum, p@int

A portion of this PES is shown in Fig(&, along with the  corresponds to the staggered arrangement of Fe-Ga het-
initial preadsorbed surface structure in Figh)7 The area erodimers shown in Fig.(€). Occupying all of these adsorp-
shown is roughly twice that of Fig. 4, and a general comparition sites results in an Fe coverage of 1/2 monolayer.
son of the corresponding portions reveals the following. Although we do not explicitly calculate energy surfaces
First, the overall corrugation of the preadsorbed PES idor higher coverages, we can make plausible inferences for
smaller than for the clean surface; i.e., preadsorbed Fe lowetBeir basic features based on the PES of Fig. 7. Even for a
the barriers to surface diffusion. The locations on this PESurface completely terminated by Fe-Ga heterodimers, the
labeled(e)—(h) correspond to global minima on the PES of strong preference for Fe to form backbonds to As—as evi-
the clean surface. Poir{e), located at the position of the denced by the local minimum labeled) in Fig. 7(a—
preadsorbed Fe, is here a local energy maximum. This sughould persist. Thus we speculate that continued deposition
gests that Fe-Fe bonding is not yet favorable in this lowof Fe will ultimately lead to Fe-Fe dimers atop the As-
coverage regime, at least relative to the further formation oferminated substrate. An obvious consequence of such a con-
Fe-Ga heterodimers. Poirfig—(h) are local minima, indicat- figuration would be the release of Ga full monolayer in
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this surface modgl Moreover, in Sec. Il we will show that
for Fe films of several monolayers, a floating Gar As)

A
adlayer can act as a surfactant, lowering the surface energy
by as much as 2 eV/(%1) cell.

To conclude this section, we have shown that the initial
stages of adsorption of Fe are dominated by strong local
Fe-As chemistry. For a surface terminated by Ga, this chem-
istry leads to facile breaking of surface Ga dimers by sequen-
tial kicking-out of the two Ga atoms, first forming Fe-Ga
heterodimers and, finally, surface Fe dimers bonded to sub-
surface As. Excess Ga may be released as a result of this
rebonding mechanism. Magnetism plays an auxiliary role in
the process by lowering the potential-energy barriers to

B C

breaking apart surface Ga dimers. Since the formation of
Fe-As bonds leads to efficient trapping of Fe—especially if
the excess Ga diffuses away—surface diffusion of Fe will
probably be strongly suppressed.

Ideal structures

IIl. GROUND-STATE INTERFACE STRUCTURE

As a complementary approach to the study of single Fe
adsorption and diffusion, we have studied epitaxial interfaces
of Fe/GaAs. In this section, our focus is threefold) to
determine the stability and magnetic character of Fe films for
different interface structures and film thickne&®; to inves-
tigate the role of As or Ga adlayers on Fe films, in particular
the extent to which they may account for the observed out-

diffusion of substrate atoms to the surface; #Bdto exam- Relaxed structures
ine the possibility of antiferromagnetic order as the origin of _
the observed magnetic quenching of Fe films with thick- — [110]

nesses of just a few monolayers.

The Fe/GaAs interface structures considered in this sec- FiG. 8. Interface structures for the As-terminated Fe/Gag®
tion are shown in Fig. 8 for the the As-terminated GE®Y)  interface: ideaupper paneland relaxed structuregower panel.
interface. Model A is an atomically abrupt interface of bcc FeThe gray and light gray spheres represent Ga and As atoms, and the
and zinc-blende GaAs. Because the lattice constant afark gray spheres represent Fe atoms. Highly strained kaaéts—
bcc Fe @=2.866 A) is almost half that of the substrate 20% longer than ideplare shown as dotted lines.
(a=5.654 A), the epitaxial relationship is

Fe(001)100)|| GaAs(001§100 and the atomic density of layers were used for the substrate; the bottom As or Ga Iayer
each Fe layer is twice that of the substrate layer, with a strai as passivated by pseudohydrogen atoms and fixed during

of only 1.3%. With respect to the bcc Fe lattice, there aret e structural relaxation. The relative stability of each slab is

vacancy sites in the adjacent GaAs lattice. Models B and given by its formation energy
are built by filling these vacancy sites with Fe atoms one by
one; we Wi||“ refer to these i{]terfaces_ as “partially inter- Eslab— Et_z N, (1)
mixed” and “fully intermixed,” respectively. For each of i
these models, we considered film thicknesses ranging from
0.5 ML [one Fe atom per (£1) of GaAg001)] up to 3.5 whereE, is the total energy of the slaly; the number of
ML. We also considered three analogous models for the Gaatoms of each chemical type, apg their chemical poten-
terminated interface. Both As- and Ga-terminated interfacéials. To eliminate the contribution of the pseudohydrogen
models may have relevance for experiments with the moréayer to the formation energy, we define the formation energy
commonly used Ga-rich surfaces: for example, we have alef each structural model with respect to a common reference
ready seen in the previous section that substitutional disstructure,
placement of Ga on a Ga-rich surface leads to an As-
terminated Fe/GaAs interface. Efodel pslab _ gref jo. ®)

For the calculations in this section we again used the
GGA, here with an ultrasoft pseudopoterfitalor Fe. The  The reference structure is an ideal GaAs slab passivated on
electronic wave functions and densities were described by both sideghence the factor 1j2oy pseudohydrogen atoms.
plane-wave basis with cutoff energies of 16 Ry and 160 RyAssuming the thermodynamic equilibrium conditi@ins s
respectively. For each structural model, six or seven atomie= g+ g, and takingugaas and wee from bulk structures,
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FIG. 9. Formation energidsn eV/(1x 1) cell] of Fe films on
the GaA$001) surface given as a function of interface structure ., .
(A,B,C) and Fe coverage. The formation energies given are takena  Fe iin
the center of the thermodynamically allowed range of the As chemi- Ga
cal potential: in the As-rich limit condition the formation energies
decrease(increas¢ by 0.16 eV for the As-terminatedGa-

. . 1.0 ML Fe 2.0MLFe 2.0 ML Fe 1.5 ML Fe
termmated Fe/GaAs interface. As-termination As-termination As-termination Ga-termination
Model A Model A Model C Model B

the formation energy is expressed as a functiopgf only
within the thermodynamically allowed rangeugaas

~ HGa(buly< Mas< Has(bulky - Here, the lower(uppep limit
corresponds to the Ga-ricliAs-rich) environment, and
Mca(bulky aNd wagbuiy are again determined from their bulk
structures.

FIG. 10. Formation energies and magnetic moments for four
selected adlayer structures. The Fe film thickness, substrate termi-
nation, and interface model are listed underneath each structure.
Formation energies and magnetic moments are shown for bare Fe
films and for As and Ga adlayers. The formation energies are cal-

culated at the center of the thermodynamically allowed range of the

Figure 9 ShQWS the calculated_ formation ener_gies qs &s chemical potential £s). The changes at the limiting values of
function of Fe film thickness. We first discuss Fe films with 115 are indicated by small circlesolid circles correspond to the

the As-terminated interface. At a Fe coverage of 0.5 MLga.rich limit, open circles to the As-rich limit
model C is most stable, while models A and B ard eV
higher. This energetic ordering persists up to 1 ML coverageThis weakened bonding is also evident in the relaxed inter-
but changes above that point: the formation energy of moddiace separations: for both As- and Ga-terminated interfaces,
C increases by 1.8 eV from 1 ML to 2 ML, while that of the the position of the first Fe monolayer is0.8 A higher in
A and B become nearly independent of coverage. After thenodel C and~0.4 A higher in model B, compared to model
formation of 2 ML, the formation energy of all three models A (see the relaxed structures in Fig. &imilar reasoning
does not change much by adding more Fe layers. Thus, thexplains why model B is more stable than model A for the
low-energy interface structure turns out to be model A—theGa-terminated interface, while the opposite holds for the As-
abrupt interface. For Fe films with the Ga-terminated interterminated interface.
face, a similar trend applies but with a different outcome. At  The present results emphasize that the low-energy atomic
0.5 ML, models B and C are equally stable, and at 1 MLstructure at low Fe coverage may not be extrapolated to high
model C is in fact the most stable. With additional Fe layerscoverages. This should be true also in real growth situations,
model C becomes very unstable, similar to the case of theince Fe atoms at low coverages would take positions one or
As-terminated interface. At higher coverages, howevertwo layers deep so as to maintain maximal coordination. Fur-
model B—the partially mixed interface—is most stable. ther deposition of Fe leads to a partially mixed interface that
These results can be understood as a competition betweeitimately becomes unstable. Therefore, it is likely that sub-
maximizing the coordination of Fe atoms and minimizing thestantial rearrangement of the atomic structure occurs during
concentration of atoms in the interfacial region. At low Fethe film growth, provided the temperature is sufficiently
coverage €1 ML), model C is energetically most favored, high. This may partly account for the experimental
because Fe atoms can maximize their coordination with sulsbservatiof”?”-?®that substrate atoms, especially As atoms,
strate atoms. At higher coverages, where the interface is wetliffuse out to the surface during the Fe growth even for
defined, this arrangement becomes unstable relative to tlreom-temperature deposition.
less intermixed interfaces. The reason for this crossover is To follow this reasoning, we examined the effect of a Ga
the two extra Fe atoms per K1) surface cellrelative to  or As adlayer on top of the Fe film. In Fig. 10 we compare
model A). The excess electrons from the extra Fe atoms filthe formation energies of four selected interface structures
antibonding orbitals and thus weaken the interface bondingwith and without an adlayer. Both Ga and As adlayers stabi-
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' ' ' ' — TABLE |. Atom-resolved spin momentén ug) for Fe/GaAs
3'4__ As-terminated ] interface structures. The layer number is given with respect to the
3l | top substrate layer. The induced spin moments of substrate atoms
L ] are given with a species label.
“& 3.0F B
2 r 1 Layer As:A 3.0 ML Ga:B 3.5 ML As:A2.0 MhAs
P28k =
o r A B 1T 3 3.03, 3.00 3.02, 2.99 —0.08(As)
Q 2.6 i
= , | , | , 'C 2 2.51,2.38 2.49, 2.43 2.52,2.42
g 32 Ga-terminated |- 1 2.54, 2.49 2.49, 2.42 2.40, 2.29
2 a0l 1 0 —0.04(As) 2.72,—0.06(Ga —0.04(As)
ol ] -1 0.02(Ga 0.00(As) 0.02(Ga
2.8 y -2 0.01(As) 0.03(Ga 0.02(As)
5 6_— ] -3 0.00(Ga) 0.01(As) 0.00(Ga)
L | L | L 1 L
0 1 2 3 4

Fe coverage (ML)
which is slightly shorter than the minimum bond length be-

FIG. 11. Magnetic moments of Fe films on G4BB81) as a tween atoms. Table | shows the results for three selected

function of interface type and Fe coverage. structures. Local Fe moments are significantly enhanced
(~3.0ug) at the surface layer. For the relatively thin Fe

lize the surface substantially, regardless of the interfacélms considered in this work, the buried and interfacial Fe
structure and film thickness. This is not surprising, since adlayers also have sizable enhancement. The adlayer sup-
layers increase the coordination of surface Fe atoms. Thpresses spin moments not only of the top-layer Fe atoms but
energy gain from As adlayers is particularly large, amountingalso slightly of the second-layer Fe atoms. Both the enhance-
to more than 1.5 eV/(X1) in most cases. Adlayers on 1 ment and suppression can be understood in terms of changes
ML of Fe show strong dependence on the adatom site: thin the Fed-band width due to changes in coordination and
low-energy site is the position extended from the substratsymmetry. On the other hand, substrate atoms have small
GaAs lattice, suggesting a strong covalent bonding betweemduced moments up to 3—4 layers deep, always with nega-
the substrate and the adlayer, mediated by the intervening Eve spin moments for the interfacial atoms. The sign of spin
layer. moments changes to positive at deeper layers, suggesting the

The results for adlayer structures, together with the interformation of a spin-density wave.
face energetics, provide strong theoretical evidence that sub- Recent magnetic measurements have observed a delayed
stitutional adsorption and/or atomic exchange is an essentianset of the magnetic phase-a ML for Fe films grown
process during the Fe growth—a finding which was antici-on the Ga-rich GaAs(001)-(26) and (4x 2) surface$® Of
pated by experiment$ and which we explicitly demon- the various surface structures we have considered here, one
strated in Sec. Il. By substitutional adsorption processes, Fshows a similar quenching effect. The As-terminated inter-
atoms can maximize their coordination at every stage of théace with 1 ML of Fe(the first structure in Fig. Jthas a zero
growth. These processes result in the segregation of substratet moment when capped by an As adlayer. Since this struc-
atoms to the surface and simultaneously facilitate optimature also has the lowest formation energy for an Fe coverage
interfacial atomic densities and thus relatively stable interof 1 ML, it might be anticipated that the delayed onset is due
face structures. Our calculations have shown that such prde the quenching of magnetism from the strong covalent
cesses are inevitable and that the energy gain from them Isonding between the As atoms via Fe atoms. However, there
quite substantial. is another possibility: namely, the formation of antiferromag-

We now turn to magnetic properties of the interface strucnetic (AF) order. We have considered the possibility of AF
tures. Calculated spin momentper Fe atom of various  order for the simplest structures with 1 ML of Fe in the same
model structures are given in Figs. 10 and 11. For bare Fplane, so that one Fe atom has spin up and the other down.
films without Ga or As adlayers, average Fe spin momentJhe results, summarized in Fig. 12, indicate that films with
are much enhanced compared to the calculated bulk value fan As adlayer become more stable by 0:@509 eV(1X1)
Fe of 2.33g. Figure 11 shows that for films of 3 ML this upon the formation of AF order, while bare films and
enhancement is still substantial and relatively insensitive tdilms with a Ga adlayer become unstable by -0.2
the specific interface structure or substrate termination. For-0.5 eV/(1x1). We note that the lowest-energy structure
Fe films with adlayers, Fig. 10 shows that both As and Gawith quenched magnetism is unstable toward AF order. We
adlayers suppress total magnetic moments, by as much @sopose on this basis that the observed delayed magnetic
lug in several cases. onset is due to the initial formation of AF order and tightly

In order to examine local variations in the total magneticcorrelated with the outdiffusion of As atoms to the surface.
moments, we calculated partial moments within a sphere While the microscopic origins driving the formation of
centered on each atom, in analogy to the muffin-tin sphere iAF order are not clear in detail, it appears that the surface As
all-electron approaches. We used a sphere radius of 1.2 Atoms mediate the AF order between Fe atoms. A related
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E driving force for Fe to be highly coordinated. For single
= adatoms, this tendency is strong enough to spontaneously
= break surface Ga-Ga and Ga-As bonds in order to form
E Fe-As bonds. Although magnetic effects do not dominate this
chemistry, they play an interesting auxiliary role by essen-
tially removing energetic barriers from the reaction path-
ways. For half-monolayer films constrained by symmetry,
these local surface chemical reactions are not possible, and
the Fe atoms respond by occupying subsurface sites with
high coordination to either Ga or As.

A second generic feature is the crossover from a prefer-

Energy (eV/1x1)
O N W~ o,
i S Sl R ey
e
3

top view

adlayer adiayer ence for strongly intermixed films to less intermixed or even
e nim . .
° 'g"; Ga abrupt films. This crossover occurs between one and two ML
a As

for both As- and Ga-terminated interfaces. Its origin is not
magnetic: the films exhibit moments per atom larger than the

1.0 ML Fe 1.0 ML Fe bulk value even for very low coverages, and the moments
A oD G converge to their bulk value long after the crossover occurs.

Rather, it arises from the competition between maximizing
FIG. 12. Formation energies of ferromagneid/) and antifer- the coordination of Fe atongvhich favors in_termixi_ng and
romagnetidAF) Fe films in two different Fe/GaAs structur¢ss- ~ Minimizing the amount of excess interfacial Fehich fa-

and Ga-terminated abrupt interfageShree types of adlayers are VOrs abrupt interfacgsFor well-defined Fe films of 2 ML or
considerednone, As, Ga more, the latter effect dominates and sharper interfaces be-

come energetically preferred.

observation is that the AF-stabilized surface structure is lo- A third finding, common to all interfaces we have studied,
cally similar to the tetragonal E@s structure in the AF Iisthat Ga and As adlayers dramatically reduce the formation
ground state: the unit cell consists of bimolecular units withenergies of Fe films. This stabilizing effect occurs for both
two Fe atoms in the same plane, plus one As and one Fea- and As-terminated interfaces, for both intermixed and
atom on each side of the Fe plaifélhus it is plausible that ~abrupt interfaces, and for all film thicknesses considered. It is
AF order in Fe/GaAs interfaces at low coverage arises frongspecially striking for As adlayers, which can reduce the film
the formation of the FEgAs-like structures. This local simi- formation by as much as 50%. We also find that this stabili-
larity is broken by additional Fe adsorption, so that ferro-zation is generally accompanied by a suppression of the total
magnetic order is ultimately favored. magnetic moment of the film; since this is due to reduced

To conclude this section, we have shown that the lowlocal moments in the topmost layer or two, the effect is larg-
energy interface structure is different for low and high Feest for thinner films. Indeed, for 1-ML Fe films with an As
coverages. The addition of Ga or, especially, As adlayer@dlayer, antiferromagnetic order can be more stable than fer-
substantially lowers the surface formation, providing a theofomagnetic order.
retical basis for the experimentally observed outdiffusion of Taken together, these three generic features collectively
substrate atoms to the surface. We have shown that Fe filmi&ply a fourth: the diffusion of Ga or As atoms from the
on the GaAs substrate usually assume a ferromagnetiterface to the surface of the Fe film. We have shown ex-
ground state even at very low coverages, while for certairplicitly how Ga can be released by adsorption of individual
cases an As adlayer can induce antiferromagnetic order in tifee adatoms and the subsequent “kick-out” of Ga from sur-
Fe film. Since the latter cases generally have lower formatiofece dimers. Even for GaAs surface reconstructions that do
energies and are thus likely to form, we propose that théot consist of Ga dimers,we speculate that the same strong
observed magnetic quenching for very low Fe coverage mafe-As chemistry would again lead to the release of surface

be due to the formation of antiferromagnetic order. Ga atoms. We have also shown that during the growth—
between 1 and 2 ML—a spontaneous rearrangement of the

interface morphology is likely to occur, again leading to the
IV. SUMMARY AND FUTURE DIRECTIONS release of eith_er Ga or As. Although we do not speculate
about the details of this atomic rearrangement, we have also
We have taken two complementary approaches to undeshown that ultimately the liberated Ga or As is likely to play
standing the nucleation and growth of Fe on GaAs—onehe role of a floating surfactant layer.
focusing on the behavior of single Fe adatoms deposited on Finally, we mention a possible avenue for further re-
clean and partially preadsorbed G&@@&1), the other focus- search. One difficulty with theoretical studies of interface is
ing on the interface structure of complete Fe films at coverthe paucity of macroscopic observables that can be directly
ages up to several monolayers. Although a detailed growthelated to the microscopic interface structure. Schottky bar-
history of Fe/GaAs interfaces cannot yet be described, ouriers are extremely sensitive probes of interface structure,
studies suggest four generic features that may play an impowarying by as much 25% for local changes in interface
tant role. geometry’! Schottky barrier heights have been measured in
First, for low coverages we have identified a very strongFe/GaAs interfaces to be of order 0.7 é¥ef. 39 and thus
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represent a useful probe of interface microstructure. More- ACKNOWLEDGMENTS
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