PHYSICAL REVIEW B 69, 085317 (2004

High spin polarization at the interface between a Fe monolayer and InA€L10)
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The magnetic and electronic properties of a Fe monolayer on(Ii@sare calculated with aab initio
method using the density-functional theory. We find that the relaxation of thg1@8ssurface is completely
lifted and that the Fe atom is located in the center of the triangle formed of two As atoms and an adjacent In
atom. The Fe bonding is largely determined by a molecularlike interaction of As and In orbitals with the Fe
levels. In particular, the density of states at the Fermi level is dominated by a bond between minadkify Fe
d,, levels and A9, In splevels. This leads to a large value of 80% spin polarization on the Fe side and 60%
on the InAs side of the interface albeit of different orientation. Into the crystal the spin-polarization exhibits a
damped oscillation.
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For the fabrication of new electronic devices it is impor- nally, the spin-dependent band structure, the local density of
tant to understand the interface properties between differerstates(LDOS) and the spatially integrated density of states
materials. Of particular current interest is the interface be{DOY) at the Fe/InAs interface were analyzed. This leads to
tween ferromagnets and semiconductors. For example, in othe surprising conclusion that B the Fe spin-polarization
der to realize the spin transistor proposed by Datta and'Dasis much higher for a monolayer Fe on InNA40) (80%) than
the interface between a ferromagnet and a semiconductder bulk Fe(40%).° Moreover, singletlike couplings of A,
moved into the focus of research. From what is known todayand In sp states to the Fel,, and d,, orbitals lead to a
the quality of the interface determines whether the injectiorsimilar high spin polarization of different sign on the InAs
of the spin-polarized electrons into the semiconductor is balside.
listic or diffusive. If it is diffusive, Schmidiet al? and Fert The calculations are performed using the density-
and Jafffe® have shown that the spin polarization of the functional theory® The exchange-correlation functional is
current is negligibly small. Thus, a detailed understanding oformulated within the local spin-density approximation.
the ferromagnet/semiconductor interface is crucial. The Kohn-Sham equations are solved applying the full-

An experimental investigation of interfaces consisting ofpotential linearized plane-wave methtfdas realized in the
thick ferromagnetic films on semiconductors is rather diffi- FLEUR-code®® For simulating the InA&10) surface we use
cult, so it might be appropriate to start with a lower thicknessa slab geometry with five layers of InAs embedded in infinite
of the ferromagnet. Motivated by recent scanning-tunnelingzacua on both sides of the slab. Tests with five and nine
microscopy(STM) experiments on Fe atoms and chains onatomic layer slabs show that the energetically favorable
InAs(110), we calculate the atomic configuration, the mag-structure is reproduced with sufficient accuracy using a five
netic properties, and the electronic structure of an interfacéyer slab. Next, an Fe monolayer with one Fe-atom per unit
consisting of a monolayer of Fe as a ferromagnetic materiatell is placed on one side of the optimally relaxed InAs slab.
and InAf110 as a semiconductor with large RashbaFor the optimization of the new configuration, the Fe-
splitting*® Understanding the properties of the monolayermonolayer and the two adjacent layers of the InAs are al-
paves also the path to use Fe for preparing nanostructures iowed to relax.
order to move into the area of nanospintronics. The volume of the slab is partitioned into muffin-tiT)

Although the relaxation properties at such interfaces arspheres and the interstitial region. To prevent an overlap of
very important, they are often neglected in calculations conthe MT-spheres and at the same time to take into account the
sidering spin injection propertiés. Here, we calculate the extension of the states at the atoms we choose the radii of the
electronic and spin properties of a relaxed interface and findMT’s to be 2.2 a.u. for the Fe, 2.0 a.u. for the In and 1.8 a.u.
that molecularlike bonds between Fe and InAs atoms aréor the As. The wave functions are expanded into augmented
formed. Surprisingly, this leads to a high spin polarization atplane waves with a maximumK vector of Ky
both sides of the interface, in particular, &t . =3.9 a.u. !, which amounts to 230 basis functions per

First we calculated the structure of InA40), which ex- atom. The basis function in the MT’s are expanded into ra-
hibits the surface relaxation typical for IlI-V semiconductors, dial functions and spherical harmonics with angular mo-
i.e., the As atom relaxes outwards and is 1.2 a.u. (1 a.unenta up td=8. The Brillouin zone(BZ) integration was
=0.529 A) higher than the In atofnThen, we added one carried out using 12k points in the irreducible wedge of
layer of Fe on the InA4.10 surface, and relaxed the atom the two-dimensional BZ.
positions to minimize the total energy. The resulting Fe po- The starting position for the relaxation of the Fe atom is
sition is in accordance with recent STM experiméhf&i-  deduced as follows: We compare measured STM images of
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FIG. 2. Side view of calculated relaxation positions of
InAs(110) surface with Fe monolayer. The lower half on the film
shows the relaxation of the clean INA40) surface. Black circles
mark the Fe positions, gray the In and white the As positions.
Tables | and 1l give the corresponding values of distances, bond
lengths, and angles.

FIG. 1. (a) STM constant-current image of InAsLO) covered
with 7.5% Fe,U=50 mV, | =200 pA, T=8 K (Ref. 4; (b) calcu-
lated constant-current image of the relaxed I(14€) surface,U
=50 mV; the band bending of 300 meV is taken into accdraf.
15); (c¢) from (a) and (b) deduced position of the Fe atom in the
INAs(110) unit cell; (d) calculated position of Fe atom in the
INAs(110) unit cell after relaxation; The numbers on the atoms in- is even slightly highe0.5 a.u) than the As atom. More

dlcat.e the vertlpfal relaxation in atomic units from .theildeall bU|kimportantIy, the bond length between In and As in the upper-
terminated position of the surface As. The angleis given in

Table Il most layer as well as the bond I_ength betwe_en the uppermost
' and the next layer of InAs are increased with respect to the
bulk values and with respect to the relaxed InAs film without
Fe. Tables | and Il give the corresponding values of distances
and bond lengths for the clean relaxed (2K surface and

InAs(110 covered with submonolayers of Fe with calculated
STM images of clean InA410.2*® Figure 1a) shows the
measured imag&The atomic rows of one type of atoms are .
visible in the background. The bright spots surrounded by glhe_z relaxed INAEL10) surface covered with one F(_a atom per
black rim are the Fe atoms. The inset shows that the positioHn't cell. The results for the clean surface are in excellent

of the Fe maxima is in between two atomic rows and slightly29reement with other theoretical work on 1l-V" semi-

displaced towards one of them. Moreover, the Fe maxima ar onductors’ A strongly increased In-As bond length in the_
located exactly between two neighboring maxima inside the &//NAS110 case shows that In-As-bonds are weakened in

InAs rows® The calculated image of the clean InAS0) avor of Fe-In and Fe-As bond&.Moreover, Fe is located
surface at the same voltage is displayed in Fig).1For the nearly equidistant to the adjacent two As and the In atom as

calculation, the tip-induced band bending determined to b 'St'ﬁle '? Fig. ](d).' Trtnsklndlclates that bond formation to
300 meV is taken into accouft.The marked atomic centers POt SUMace Species takes place.

of the In and the As atoms reveal that the protrusions in the TABLE |. Distances between the atoms in the clean relaxed
constant-current |mage_correspond to the As atoms. This i§As(110 surface and the InA810) surface covered with one Fe-
opposite to the conventional knowledge that catiing are  4tom per unit cell according to the definitions in Fig. 2. The dis-

imaged at positive voltage on Ill-V materials, but has itStances are expressed in units of the respective InAs bulk distances
origin in the high-energy position of the In dangling-bond given in the second column.

state at 0.9 eV above the conduction-band minimum and the
fact that the surface As atoms are relaxed outw&td&rom  Distance Unit InAs bulk  InAEL10  Fe/InAg110)
comparison of Figs. (& and Xb) we deduce a lateral posi-

tion of the Fe atom as displayed in Figcl The optimiza- a [a.u.] 11.437

tion process of this atomic structure led to the structure deen.  [3a/y2] 0.079

shown in Fig. 1d). We carefully checked that starting with  drepnx [a] 0.429

other initial positions of the Fe atom leads either to the same A; [a/+2] 0.000 —-0.164 0.056
final position or to final configurations with significantly A, [2a] 1.000 1.033 0.632
higher energies. o _ dio, [ta/y2]  1.000 1.118 1.241

Figure 2 shows a side view of the InAs film after relax- 2

ation. The lower half of the film shows the relaxation without ~ “12x [za] 1.000 1.080 1.266
the Fe monolayer, while the relaxed structure with Fe is Ay, [a/V2] 0.000 —0.018 0.043
shown in the upper half. There, in contrast to the film with- A, [2a] 1.000 0.999 0.996

out Fe, In, and As are nearly at the same height. The In atom
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TABLE Il. Comparison of relaxation angles and bond length T T T T 17

changes between the In@40 surface and Fe/InA%10 surface. — Fe DOS

The anglesy, andy, are defined in Fig. 2 ang in Fig. 1(d). éc;a; -« 15*(In DOS)
are the changes of the bond lengths between the cation atthe == 15*(As DOS) |
layer and the anion of thgh layer relative to the cation-anion InAs P

bulk bond length. (’1 gh -

System ¢ Ya Yo  Sca; Sca;  Scia, | } ,\'
1 1 1 (%] (%] (%] hagei, 4
bulk 109.5 1095 1095 0.0 0.0 0.0
InAs(110 1109 90.1 1237 -0.7 -0.1 0.5

Fe/lnAg110 67.7 105.1 96.7 47.9 11.43 131

LDOS [states/eV] —>

Next, we analyze the electronic properties for the opti-
mized atomic configuration. Figure 3 shows the spin-
dependent LDOS inside the MT's for the different atoms at i
the Fe/lnAs interface. The LDOS of Fe exhibits one narrow s y bd .
peak in each spin channel, which is caused by the narrow L bl | | | | |
two-dimensionall bands of different spin. The majority peak 62 5 5 4
is found around- 2.4 eV and the minority one around 0.1 eV EnergyleV]
giving an exchange splitting of about 2.5 eV. The magnetic 1 — —
Fe moment amounts to 246 in the Fe MT sphere. — Fe

In contrast, the magnetic moments of the spheres of the In A
and As atoms are negligibly small, although both atoms ' A —- As|,
show a strongly energy-dependent spin polarization, which is AN A A i\“ 1
defined as the difference of the local spirand spin| den- R LA A 4%
sities, divided by the spin-integrated LDOS, i.enf(
—nl)/(nT+n]). This can be clearly seen in Fig.(c},
where the spin polarization of the different atoms is dis-
played. Both atoms show a polarization up to 75%, however,
partly at different energies. Note that a rather high spin po- b  R—
larization is found aroundEg. Interestingly, the peaks in EnergyleV]
Figs. 3a) and 3b) can be largely identified with particular
atomic orbitals. To assign the peaks we analyzed the spatial FIG. 3. (&), (b) spin-resolved LDOS inside the MT spheres of Fe
distribution of the spin-polarized LDOS. The results with (solid line), surface As(dashed ling and surface Ir(dotted line;
emphasis on the peaks CIOSGHQ are given in F|g 4. Dif- LDOS of As and In are multlplled by a fa(.:to-r of 15 to dlSplay them
ferent cuts through the LDOS are shown and labeled accord® the same scale as the Fe LDQ@&; majority spin (1); (b) mi-
ing to the atoms through which the cut is takée, In, A3 norlty spin (1); (c) energy dependence of the resultlng relative spin
and according to the cutting plang,,z). Here,x, y, andz polarization (67—n|)/(nT+n])); the labels in(a) and (b) refer

. - . . to the LDOS images in Fig. 4.
are associated to tH®01], [110], and[110] direction, re- g g

-«

S
relative spinpolarisation

spectively. reasonable, since only they exhibit a large overlap with the
The different minority d orbitals of the Fe atom are As atoms[see Fig. 4b) and 4d)].
clearly recognizable in Figs(d@—4(e). As indicated, we find The distinction of singletlike and tripletlike states can also

dy2_y2 symmetry around—0.4 eV, overlappingd,,, d,y, be seen in the plot of the spin polarization shown in Fig.
and d,, states arouncEg, and ad, orbital at 0.2 eV. 3(c). The Fe spin polarization mainly exhibits two distinct
The remaining Fe minority peak at 1 eV contains odly  regions of different sign with the change of sign around
andd,, orbitals(not shown. Figures 8a) and 3b) showtwo  —0.8 eV. This coincides with the energy regions of majority
peaks in the As LDOS arourdr and at 1 eV. One of them and minorityd bands. Importantly, in both energy regions
is found in the As majority channeEg) and the other in the basically two different spin polarizations of As are found.
As minority channell eV). They correspond to the singlet and the triplet region, respec-
Figures 4f) and 4i) demonstrate that the As peakskt  tively. Consecutively, triplefFe 1), singlet(Fe 1), singlet
and 1 eV are the, orbitals of different spin. We checked (Fe |) and triplet(Fe |) regions are found. The detailed
that thep, symmetry of the As states does not change withinbehavior within the majorityFe 1) band is more complex
these two peaks. Therefore, we conclude that these two Athan in the(Fe |) band, but again can be traced back to a
peaks as well as the corresponding Fe peaks represent a sginglet-triplet splitting, now between bonds containing As
glet and a triplet of molecularlike states consisting of@ys  p,, py, andp, orbitals and Fel levels. Finally, the spin-up
and Fed,,/d,, orbitals. The selection of thesi:levels is  As peak around-1.2 eV is identified as @, orbital of As
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FIG. 5. Distance dependence of spin-polarizatiorEat inte-
grated over both the muffin tin and the interstitial region; the circles
at the bottom mark the positions of Inblack and As-atoms
(white). The dashed curve represents the absolute spin-polarization
(nl—n7) and the solid curve the relative spin polarizatiam| (
—nT)/(n]+nT). Note that the curves display the LDOS of only
two calculated stated<ohn-Sham orbitalsnearEg .

not interacting with the Fe. We conclude that As atoms ex-
hibit a nearly rectangular configuration pf, py, andp,
orbitals, from which at least thp, orbitals are largely spin
polarized due to a molecularlike interaction with the spin-
polarized Fed levels.

Since we also observe spin polarization at the In atoms
[Fig. 3(c)], there must also be an interaction of the Fe with
the In levels. Indeed, Figs(&® and 3b) show coincidences
of In and Fe peaks. In particular, tripletlike In couplings to
the Fe peaks at 1 eV and3.5 eV and a singletlike coupling
close toEg are found. The In peaks & and 1 eV are again
a singlet-triplet pair involving an Irsp level visible in the
LDOS images of Figs. @)—4(k). Importantly, we identify
the interface LDOS aEr as due to a singletlike interaction
of Fed levels with Asp, and Insp levels.

Since the spin polarization &i- is decisive for spintronic
devices, we discuss it more in detail. As visible in Fi¢c)3
it is 80% within the Fe MT’s and also large, but of opposite
sign in the In and As MT’s at the interface. Figure 5 shows
the relative 6] —n7)/(n] +n7) and the absolute spin polar-
ization (n] —nT) at Eg in the InAs layer as a function of
distance from the interface. Here, the MT's as well as the
interstitial region is considered. The spin polarization close
to the interface is opposite to the Fe spin-polarization high-
lighting the singletlike bond at this energy. More importantly,
the relative spin-polarization exhibits a damped oscillation
with atomic periodicity having values as large as 60%.

In summary, we calculated the electronic and spin prop-
erties of a Fe monolayer on InA<L0) using the local-density
approximation. We find that Fe takes a position equidistant to
two As atoms and an In atom and moves all surface atoms
outwards with respect to the clean IMA%0 surface. Mo-

ergies and spin orientations as indicated:; labels on the left above tHecularlike bonds exhibiting singlet-triplet splitting are iden-

images mark the orientation of the plane,),z) and the atoms
through which the plane is cuyFe, In, A9, labels on the right in-

tified. In particular, a singlet between As, In sp, and Fed
levels is found aEr and its triplet counterpart, again con-

dicate the identified orbital; black circles mark the Fe positions,sisting of Asp,, In sp, and Fed levels, is found at 0.9 eV.

gray the In-positions and white filled circles the As positiof@:-
(e) minority LDOS taken 50 meV around the indicated enerdiBs;
—(h) LDOS of the majority spin integrated from0.3 eV to 0.3 eV,

The molecular bonding leads to a large spin polarization in
the Fe layer as well as in the InAs layer. Kt , the spin
polarization in the InAs is found to oscillate with distance

(i)—(k) LDOS of the minority spin integrated from 0.8 eV to 1.1 eV. from the interface having values as large as 60%. These re-
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