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We report experimental results on the structural, magnetic, electronic, and spin transport properties of a
21 nm Fe3Si/GaAss001d heterostructure epitaxially grown by coevaporation. High-resolution x-ray diffraction
shows an almost stoichiometric film, which is lattice matched in-plane to the GaAs substrate and therefore
slightly tetragonal distorted. Polarized neutron reflectometry measurements yield a magnetic moment of
s1.107±0.014dmB per atom at room temperaturesRTd, while superconducting quantum interference device
magnetometry yields a magnetic moment ofs0.9±0.1dmB per atom at RT, both close to the bulk value.
Magneto-optic Kerr effect measurements show that this system has in-plane cubic anisotropy with easy axes
along thek100l directions and a cubic anisotropy constantK1=s3.1±0.6d3104 erg/cm3 at RT. A resistivity of
s4.1±0.4d310−7 V m in the Fe3Si film was measured, which is close to the bulk value. Optical spin orienta-
tion in the GaAs was used for spin transport measurements and spin detection is demonstrated at RT for this
system. Point contact Andreev reflection spectroscopy was used to determine the spin polarization of the
transport current, yieldingP=s45±5d%.
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I. INTRODUCTION

Heusler alloys1 in thin film form are currently attracting
much interest due to their potential for applications in future
magnetoelectronic and spintronic devices, e.g., as possible
spin injector electrodes in tunnel magnetoresistance
structures,2,3 in spin valves to increase the giant magnetore-
sistance effect,4 or for spin polarized current injection into
semiconductors. The main interest in these compounds arises
from the fact that the “half” Heusler alloyss XYZ, whereX
and Y are transition metals andZ is a B subgroup element,
e.g., NiMnSbd are predicted by band structure calculations to
be half-metallic ferromagnetssHMF’sd due to the asymmet-
ric band profile reflected in the character of theC1b structure
in which they crystallize.5,6 Half-metallic sHMd means that
the minority-spin electrons are semiconducting, whereas the
majority-spin electrons are metallic at the Fermi level. Con-
sequently, these materials should be 100% spin polarized at
0 K. For the full Heusler alloyssX2YZd crystallizing in the
L21 structure, some exhibit a state close to a HMF with a
deep “pseudogap”5,6 fminority-spin density of statessDOSd
close to zero at the Fermi levelg, for instance Co2MnZ, where
Z=Al,Sn,7 Si, and Ge.8 More recent band structure calcula-
tions by Ishidaet al.9 extend the work on theC1b structure
and postulate also other “half” Heusler alloys to be HM un-
der certain conditions, such as reduced lattice parameters due

to external pressure or special atomic configurations. Fur-
thermore, Fujiiet al.10 postulate that someL21 structure type
sfull Heusler alloysd are HM, as for the case of ferromagnetic
Fe2MnSi with a real gap in the DOS of the minority band. In
the last few years Co2MnSi has been widely investigated
experimentally in thin film form,3,11–15 because of its high
Curie temperatureTC=985 K sthe highest among all known
Heusler alloys containing Mn16 d. In addition, new DOS cal-
culations of Ishidaet al.17 attest a real minority-spin gap of
<0.42 eV in the bulk case, while indicating also that for
films HM behavior depends on thickness and surface termi-
nation as well as surface orientation,s111d being better than
s001d films to obtain HM behavior.18 As is already known for
some bulk Heusler alloys19 as well as for films,4 antisite
disorder between Co and MnsRefs. 11–13d se.g., indicated
by a high electrical resistivity as compared to bulkd particu-
larly at the surface, changes the termination of the film and
destroys the HM behavior, therefore reducing the amount of
spin polarization.18,20 In addition, due to their ternary nature,
Heusler alloy stoichiometries in thin films are difficult to
control leading easily to excess or deficiency of one atom
species12,13 and to deviations in the expected physical
properties.12,15 Moreover, the existence of nonferromagnetic
interfaces as reported by Geiersbachet al.,13 which are
present in their Co-based Heusler alloys films, are detrimen-
tal for spin injection. The measured transport spin polariza-
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tion of some Heusler alloy films has been disappointingly
low at P=58%sNiMnSb, Ref. 21d and P=54%sCo2MnSi,
Ref. 14d at 4.2 K as measured by point contact Andreev re-
flection. The reason for this reduced spin polarization might
be due to a combination of the above factors, namely, surface
termination and orientation, structural inhomogeneities, and
nonmagnetic interfaces, and/or, as recently argued by Dow-
ben and Skomski, due to some fundamental restrictions of
true HM behavior in perfect crystals at 0 K.22 These authors
show that magnon and phonon excitations reduce the spin
polarization at finite temperatures and suggest that elemen-
tary ferromagnetssFe,Co,Nid are better candidates for spin
injection than HM systems. However, for spin injection into
semiconductorssSC’sd these ferromagnetic metalssFM’sd
and their alloys have so far exhibited small spin injection
efficiencies at room temperaturesRTd.23–26 This ineffective-
ness most likely results from the impedance mismatch be-
tween theshigh-resistanced SC and theslow-resistanced FM
in the diffusive regime.27–29

One way to circumvent the impedance mismatch problem
is to use a tunnel barrier at the SC/FM interface.28,29 The
intrinsic Schottky barrier formed at the SC/FM
interface23,25,26or additional insulating tunnel barriers24 rep-
resent promising options in this context, but high spin injec-
tion efficiencies are restricted to low temperatures. This
raises the question whether alternative ferromagnetic con-
ductors can be found with resistances larger than that typical
for FM’s with identical or higher spin polarizations. Fe3Si is
one such candidate: although the calculated density of
states30–33 for bulk Fe3Si does not predict half-metallic be-
havior, the DOS close to the Fermi level exhibits a dip for
the minority spins and the spin polarization should be
roughly of the same order of magnitude32 as that for Fe,
<43%.21 A striking advantage of Fe3Si is that the growth is
easier to control, as compared to the ternary Heusler alloys,
due to its binary nature and due to the fact that the phase
diagram of the ordered alloysa8d is relatively broad with Si
contents ranging from 9.5 to 26 at. % Si.34,35 Crystallo-
graphically similar to the Heusler alloys, Fe3Si is a ferromag-
net with a Curie temperatureTC=803 K and a lattice param-
eter of 5.642 Å, which can be stabilized in the cubicL21
structure.34–36 The cubicL21 structure with the composition
X2YZ has four penetrating fcc sublattices. TheX atoms oc-
cupy two sublattices with the origins ats1/4,1/4,1/4d and
s3/4,3/4,3/4d and theY and Z atoms are positioned at
s0,0,0d and s1/2,1/2,1/2d sublattices, respectively. Fe3Si

has two nonequivalent Fe sites with magnetic moments
mFeI =2.2mB per atom andmFeII =1.35mB per atom and is
therefore sometimes referred to as Fe2

IIFeISi. Moreover, the
Si site has a magnetic moment ofmSi=−0.07mB per atom.37

Since Fe3Si is nearly lattice matched to GaAss−0.21%d, it
can be grown epitaxially on GaAss001d. Only a few studies
on the growth and magnetic properties of thin films have
been reported thus far.38–44 A further advantage of
Fe3Si/GaAss001d heterostructures relates to their thermal
stability upon postgrowth annealing as reported by Hsiehet
al.39 and Nohet al.,41 as compared to Fe/GaAss001d.45,46

Here we report experimental results on the structural, mag-
netic, electronic, and spin transport properties of
Fe3Si/GaAss001d, which indicate the possibility of using
these heterostructures in future device applications.

II. RESULTS

The growth and thein situ measurements were carried out
in an ultrahigh vacuum molecular beam epitaxysMBEd
chamber combining a low-energy electron diffraction
sLEEDd and magneto-optic Kerr effectsMOKEd setup, with
a base pressure of 3310−10 mbar. The substrate consists of a
commercial Si n-doped GaAss001d wafer sn=1024 m−3d,
where a buffer layers<0.5 mmd of homoepitaxial GaAs was
grown in anotherssemiconductord MBE chambersin order to
provide a smooth surfaced and capped with As. After trans-
ferring the GaAs substrate to the metal MBE chamber the As
cap was removed by annealing atT<430 °C for 15 min.
Subsequently the temperature was increased toT<570 °C
for 30 min in order to obtain a clean and ordered surface
before the Fe3Si growth. This treatment leads to a “pseudo”
s436d reconstructed GaAss001d surface. The stoichiometric
Fe3Si film was obtained by coevaporation of Fe and Si at a
constant temperatureT<300 °C with a growth rate of
0.36 nm/min. The deposition was monitored with a quartz
microbalance. To prevent oxidation of the film forex situ
measurements the sample was capped with a 1.8 nm thick
Au layer.43 The surface reconstruction of the substrate and
the deposited film was examined with a VG rearview LEED
system. Figure 1sad shows a LEED image of “pseudo”sP4
36d reconstructed GaAss001d surface. While the 63 recon-
struction spots are clear and visible, the 43 reconstruction
spots are missing. However, 23 and 33 intermediate streaks

along thef11̄0g are apparent. This surface reconstruction is a

FIG. 1. sad LEED image of a “pseudo”sP4
36d reconstructed GaAss001d surface prior to
growth; E=125 eV. sbd Image of a
74 MLs21 nmd thick Fe3Si film showing that the
cubic L21 s“Heusler”d structure has been stabi-
lized; E=115 eV.
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transient phase between the As-richs234d and the Ga-rich
s432d phases.47 Furthermore, the image indicates that the
surface was clean and well ordered prior to the growth of the
Fe3Si film. Figure 1sbd is the LEED image of a 74 monolayer
sML d s21 nmd thick Fe3Si film. The diffraction spots exhibit
the expecteds131d reconstructed surface of the cubicL21
structure.

Further structural characterization was performedex situ
by high-resolution x-ray diffraction. Thes004d and s111d
v /2u scans ands404d reciprocal space mapsRSMd were
collected in continuous mode on a PANalytical PW3050/65
high-resolution diffractometer using CuKa radiation with a
parabolic graded mirror, a four-bounce Ges220d monochro-
mator, a triple-bounce analyzer crystal, and a dwell time of
20 s. The PANalytical softwareEPITAXY 4 was used to ana-
lyze the experimental data. An x-rayv /2u scan around the
GaAss004d diffraction peak is presented in Fig. 2sad. At v
=33.2° we find the sharp diffraction peak from the
GaAss004d plane while the Fe3Sis004d layer peak is visible
at v<33.3°. The Fe3Si layer peak is relatively broad and
weak as compared to the GaAs peak and its position cannot
be determined very accurately. However, a full width at half
maximum of<0.17° implies a crystallite size similar to the
film thicknessf21 nm from x-ray reflectometrysXRRd43g and
thus very few crystalline defects or grain boundaries. Fur-
thermore, the presence of distinct interference fringes up to
the fourth order indicates that the interface between substrate
and the Fe3Si film is reasonably sharp. Figure 2sbd presents a
RSM taken at thes404d diffraction peak. The diagonal streak
is a feature of the analyzer, caused by finite angular
resolution.48 The reciprocal space map yields information
about the film stress. As can be seen from the vertical streak,
the 21 nm Fe3Si film is still fully strained in-plane at this
thickness, which means that the in-plane lattice parameters
of the film are matched to the substrate lattice parameter. The
s004d scan yields an “experimental x-ray mismatch”sout-of-
plane lattice mismatchd of h* =−0.0029. This is related, to
first order of approximation, to the true lattice mismatch by48

h = h* 3
1 − n

1 + n
, s1d

wheren<0.395 is the Poisson ratio determined by using the
stiffness constants published by Kötteret al.49 The equilib-
rium lattice mismatch can thus be determined from the lattice
mismatch definition,

h =
al − as

as
, s2d

whereal and as are the equilibrium lattice constants of the
Fe3Si and the substratesGaAsd, respectively. We calculate
for the 21 nm Fe3Si sample the stoichiometric composition
as 24.4±0.2 at. % Si by applying Vegard’s law50 to the bulk
lattice parameter results available in the literature.34,51 This
result indicates an almost stoichiometric samples25 at. %
Sid.52 The inset of Fig. 2sad presents av /2u scan around the
s111d diffraction peak, which was measured by means of a
55° offset in c stilt angled. The shoulder inside the
GaAss111d peak represents the Fe3Sis111d diffraction peak.

The latter only appears if the ordered space groupFm3̄m has
been stabilized. In the case of Si randomly diluted in bcc Fe

in the space groupIm3̄m, the Fe3Sis111d diffraction peak
does not exist, as for low Si concentrationss,9.5 at. %d or
the case of the closely related meteoritical mineral suessite.53

Polarized neutron reflectometrysPNRd experiments were
carried out on the neutron reflectometer CRISP at the Ruth-
erford Appleton Laboratory. Measurements were taken at RT
with a 4.5 kOe magnetic field applied in planesf110g d along
the direction normal to the scattering plane using an electro-
magnet. Previous superconducting quantum interference de-
vice sSQUIDd measurements confirm that this field is suffi-
cient to saturate the film in the planessee Fig. 4 belowd. The
neutrons were polarized by reflection from an Fe-Co
-V:TiN x supermirror and were collimated by two sets of
slits; the polarized beam was then reflected by the sample
and the spin up and down reflected intensities measured us-

FIG. 2. sad X-ray s004d diffraction peakv /2u scan of the 21 nm thick Fe3Si/GaAss001d sample. The inset shows anv /2u scan around
the s111d peak of the same sample.sbd The reciprocal space map at thes404d diffraction peak, given in reciprocal lattice units, indicates that
the Fe3Si film is, at this thickness, still fully strained in plane.
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ing a single3He detector. The longitudinal momentum trans-
fer 2q sdetermined by a time-of-flight methodd varied from
<0.006 to<0.1 Å−1 and was collected using three incident
angles from 0.45° to 1.2°. The polarization of the incident
beams97%d was reversed by means of a Drabkin two-coil
nonadiabatic spin flipper every 5 min throughout the mea-
surementsssee Ref. 54 for further details of the experimental
setupd. The raw spectra obtained were corrected for the po-
larizer, flipper, and detector efficiencies and fitted using a
slab layer model.55,56 Parameters of the fit include the mag-
netic moment per atom, roughness, mass densities, layer
thickness, nuclear scattering length, wavelength resolution,
the number of layers, and a scaling factor that corrects the
spectrum for misalignments of the sample. In order to reduce
the number of fitting parameters, bulk values were assumed
for the nuclear scattering lengths and we confirmed thickness
and roughness values by means of XRR, published
previously.43 Figure 3sad shows the normalized polarized
neutron reflectivity data of the 21 nm Fe3Si/GaAss001d
sample for spin up and down neutron states. The solid lines
represent the fits to the data. The amplitude of the reflectivity
fringes is determined by the nuclear contrast between the
different layerssarising from the nuclear as well as magnetic
potentiald while the period is determined by the different
layer thicknesses and the drop in overall intensity is affected
by the presence of interface roughness. PNR allows us,
therefore, to determine simultaneously the moments, thick-
nesses, and interface roughnesses. The best fit yields a thick-
ness of 21.63±0.05 nm, an Fe3Si/GaAs interface roughness
of 2.3±0.1 nm, and a magnetic moment ofs1.107±0.014dmB

per atom at RT, which is very close to the bulk value of
1.175mB per atom at 6.5 K.37,57–59Furthermore, the fit indi-
cates a Au capping layer thickness of 2.0±0.1 nm. Figure
3sbd presents the spin asymmetry, which is the normalized
difference between spin up and down reflectivities. The spin
asymmetry gives an indication of the quality of the reflectiv-
ity fits and it shows that the fit follows closely the data even
up to higher momentum transfer values.

In addition to the PNR measurements, SQUID magnetom-
etry measurementssQuantum Design MPMSd were per-
formed in order to determine the magnetic moment per atom
at different temperatures. Figure 4 shows the SQUID data
with the magnetic field applied along thef11̄0g direction for
the 21 nm thick film. The magnetic moments thus obtained
are s0.9±0.1dmB per atom at RT ands1.0±0.1dmB per atom
at 10 K for the Fe3Si film. Furthermore, the coercive field for
this direction is<7.5 Oe and the film is saturated in plane
along the hard axis direction already at 200 Oe.

To estimate the anisotropy constantsK1 andKU we have
performed longitudinal vector MOKE measurementsex
situ.60 A polar plot of the magnetizing energyvm as deter-
mined by the integration of the magnetization curves is given
in Fig. 5sad. The polar plot ofvm shows a dominant fourfold
scubicd component. The in-plane fourfold magnetic easy axes
are along the in-planek100l directions relative to the
GaAss001d surface. A fit ofvmsfd to the expression

FIG. 4. Two hard axis hysteresis loops of the 21 nm sample
measured at RTstrianglesd and 10 Ksboxesd with the magnetic field

applied along thef11̄0g direction.

FIG. 3. sad PNR spectra of the 21 nm Fe3Si/GaAss001d sample. The boxes and circles are the experimental data, while the straight lines
indicate the fit for the spin up and down reflectivities.sbd The spin asymmetry is the normalized difference between spin up and down
reflection and the corresponding fit is an indication of the quality of the reflectivity fits to the measured data. The line represents the fit to
the data.
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vmsfd = −
K1

4
sin2s2fd + KU sin2sfd, s3d

wheref is measured from thef11̄0g direction in analogy to
measurements on Fe/GaAss001d structures,61 yields the ef-
fective anisotropy constantsK1=s3.1±0.6d3104 erg/cm3

andKU=−s4.6±0.9d3102 erg/cm3. K1 is in good agreement
with the bulk value,K1

bulk=5.43104 erg/cm3.62 The negative
sign for KU indicates that the uniaxial easy axis is along the
f110g direction, as in the Fe/GaAss001d heterostructure
system.61 However,KU is two orders of magnitude smaller
than the cubic anisotropy constant and has little influence on
the magnetizing energyvmsfd for this Fe3Si film thickness.
Herfort et al.42 mention a slight non-equivalence between the

orientationsf11̄0g and f110g of the two hard axes, which is
also apparent in our sample due to a higher magnetizing
energy along thef110g direction. We also observe this non-
equivalence in coercivity along the hard and easy axis direc-
tions as shown in Fig. 5sbd.

The spin-dependent transport measurements were carried
out using optical spin orientation where electrons are photo-
excited in the GaAs substrate with spin polarization depen-
dent on the incident light helicity.63 For this purpose, an
Ohmic NiGeAu bottom contact was added to the structure
ssee Ref. 64 for details about the preparation and growth of
the bottom contactd and two electrical top contacts were
grown by thermal evaporation of 200 nm thick Al pads on
the Au capping layersall reported measurements were car-
ried out at RTd. The two top contacts and the back contact
were used for conventional three-point-geometryI-V mea-
surements which showed a Schottky diode behavior with a

barrier height of 0.51 eV.43 For the photoexcitation measure-
ments an in-plane setup was used with the magnetic field
applied along the easy axis and the light incident at an angle
u=45° from the sample surface normal. At this angle of in-
cidence the photon helicity, and therefore the spin polariza-
tion of the excited electrons, have an in-plane component
parallel to the FM layer magnetization. For a range of ap-
plied bias, the spin polarized electrons which tunnel into the
FM are filtered at the SC/FM interface according to their
polarization with respect to the FM layer magnetization.65 In
our setup we use a photoelastic modulatorsoperated at
50 kHzd to alternate from right- to left-circularly polarized
light and a lock-in technique to measure the corresponding
modulation in the currentDI. This helicity-dependent photo-
current has a magneto-optic contributionIMCD due to mag-
netic circular dichroismsMCDd, besides the spin filtering
contribution ISF. The fact thatIMCD is proportional to the
photocurrentIph as measured with linearly polarized light is
used in order to account for the MCD contribution.65 If a is
the constant of proportionality,IMCD=aIph, then

DI = IMCD + ISF⇒ ISF= DI − aIph. s4d

For then-type Schottky barrier structure used, we expect all
the photoexcited electrons to travel toward the SC back con-
tact at sufficient reverse bias, in which caseDI is only due to
MCD since no photoexcited electrons pass through the FM
layer. Therefore,a is determined by the ratio ofIph and DI
for this reverse bias range up to the breakdown of the diode.
Figure 6 shows the measurements foraIph, DI, andISF with
a=51.5310−3. As expected,uISFu is zero for reverse bias
whereas for forward bias where the probability for tunneling
into the FM layer is progressively increased,uISFu is nonzero
and peaks at 0.38 V. Surprisingly,Iph exhibits a dip at
0.57 V, which has only been previously reported for tunnel-

FIG. 5. sad Polar plot of the magnetizing energyvm for the
21 nm Fe3Si/GaAss001d sample obtained from longitudinal vector
MOKE measurementssdue to the symmetry of the plot, only half of
the polar plot is shownd. sbd Coercive field versus angle of the
magnetic field showing that the two hard and easy axes are slightly

nonequivalentsthe 0° is relative to thef11̄0g directiond.

FIG. 6. Measurements of the scaled photocurrentaIph sad,
helicity-dependent photocurrentDI sbd, and pure spin filtering con-
tribution ISF sbottomd with a=51.5310−3 ssee textd. ISF is negli-
gible at reverse bias and becomes finite for forward bias, which we
attribute to spin-dependent tunneling of electrons from the SC into
the FM.
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ing barrier structures,65 but not for a SC/FM Schottky barrier
interface.64

In addition to the spin-dependent measurements the Van
der Pauw66 method was used to measure the resistivity of the
Fe3Si sample with four copper probes lowered onto the Au
capping layer. Electric current flowing through the semicon-
ductor is negligiblesthis was checked by repeating the mea-
surements with a negative bias between the top and bottom
electrodes, showing no significant alterations to the mea-
sured resistivityd. The sample was treated as two sheet resis-
tors in parallelsAu and Fe3Sid in order to extract the value
for Fe3Si from the effective overall value of the multilayer. A
value of s4.1±0.7d310−7 V m is obtained which compares
well with the resistivity of 3.8310−7 V m for bulk Fe3Si.67

For comparison, the resistivity of ourn-type doped GaAs
substrate is about 2310−5 V m.68

Point contact Andreev reflection spectroscopy was per-
formed in order to measure the spin polarization of the trans-
port current of the Fe3Si film. Ten spectra have been obtained
at 4.2 K, with the superconducting Nb tip contacting the
sample at different locations. The normalized conductance
spectra were analyzed using the generalization of the
Blonder-Tinkham-KlapwijksBTKd model for spin polarized
materials.69 The spectra are relatively broad due to interface
scattering in the junction between the tip and the sample. As
has been shown elsewhere,70 in this regime only the upper
bound for the spin polarization can be inferred from the fit-
ting. The upper bound varies betweenP=25% and 55% at
different locations on the sample surface. This is quite likely
due to a variation in interface properties because of the gold
cap. For one data setswhich had the smallest broadeningd,
the fitting procedure yieldedP=s45±5d% sFig. 7d. The other
parameters from the fitting yield a value for the supercon-
ducting gapDNb=1.50±0.05 meV, a dimensionless interface
parameter Z=0.50±0.05, and a smearing parameterv
=2.54 meV. The normal stateswhen Nb is a normal conduc-
tord resistance was measured asR0=37.7V.

III. DISCUSSION

For the growth we have chosen the Ga-richsP436d re-
constructed GaAss001d surface, which can be stabilized by
annealing the GaAs substrate to<823 K prior to the
growth,71 to avoid As segregation into the Fe3Si film. How-
ever, segregation of As and Ga into the Fe3Si film seems
unlikely as has been shown by means of synchrotron x-ray
studies.41 Indeed, Herfortet al.42,44 report high-quality epi-
taxial films stabilized even on the As-rich GaAss001d-231
surface. The LEED pattern of the 74 ML film exhibits the
s131d reconstructed surface of theL21 structure. We have
reported before43 the appearance of this LEED pattern at
3.7 ML. In addition, Refs. 40, 42, and 44 describe the ap-
pearance of reflection high-energy electron diffraction pat-
terns already at 1 ML and sharp Kikuchi arcs at<12 ML,
thereby indicating a two-dimensionals2Dd growth mode. Af-
ter the deposition of 74 ML we cannot detect anycs131d or
cs232d surface reconstruction due to Si enrichment of the
surface as reported previously72–74 for bulk Fe3Si after an-
nealing at temperatures of 673øTø953 K. The two Si-rich
phases are reported to be temperature reversible unless
quenchedse.g., for bulk72 down from 823 to 473 K at
350 K/mind. The growth of the back contact for the spin
transport measurementsphotoexcitationd studies required a
postgrowth anneal to 703 K followed by a cooling process at
50 K/min to 473 K in a rapid thermal annealer and therefore
we cannot exclude the possibility of a Si enrichment in the
top 2–3 ML of the Fe3Si film. The appearance of Pendellö-
sung fringes and the relatively sharp Fe3Si peak in ours004d
x-ray diffractionv /2u scan indicate that high-quality epitax-
ial films have been grown with smooth interfaces in good
agreement with our x-ray reflectometry data.43 The
s111dGaAs diffraction peak as seen in ours111d v /2u scan
surprisingly exhibits a shoulder peak toward a smaller angle
and not as would be expected from thes004d scan toward a

higher angle. Epitaxial relations for Fe3Sif11̄0g iGaAsf11̄0g
and Fe3Sis001d iGaAss001d have been reported by Honget
al.38 and Hsiehet al.39 Furthermore, our LEED pictures
present a clear proof that the desiredsa8d phase crystallized
in the cubicL21 structure has been stabilized. Therefore, we
attribute this shoulder in the GaAss111d peak to local
changes in the stoichiometry of the Fe3Si film or to the
single-crystalline quality of the GaAs substrate. If the latter
were the case, then the Fe3Sis111d peak would not be visible
due to the reduced intensity of this diffraction peak as com-
pared to the GaAss111d peak. The RSM shows that the film
is fully strained in-plane and relaxed in the out-of-plane di-
rection leading to a tetragonal distortion as reported also by
other groups.39,41,42Strain relaxation of the Fe3Si/GaAs in-
terface has so far only been reported for growth temperatures
exceeding 773 K or after extensive postannealings<24 hd.39

Regarding the interface roughnesses and layer thicknesses,
the results of the PNR fits are in relatively good agreement
with our XRR results.43 However, we obtain different values
for the Fe3Si/GaAs interface roughness from the PNR and
XRR fits. Since the XRR measurement extends to higher-
momentum-transfer values and hence exhibit more fringes
we are more confident about the value given by XRR,

FIG. 7. The normalized conductance versus applied bias as mea-
sured with Andreev reflection. The fitsstraight lined to a generalized
BTK model gives a spin polarization ofP=s45±5d%.
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0.7±0.1 nm.43 In addition, the GaAs buffer layer deposited
prior to the Fe3Si growth should provide a relatively smooth
surface as has been shown by the LEED results. Electron
microscopy studies are being conducted at the moment to
clarify this roughness discrepancy. Furthermore, different
changes in density from the bulk value75 s7.192 gcm−3d are
suggested by XRRs+5%d and PNRs−20%d. However, the
tetragonal distortion of the film can only account for a
change of −1.5%. This may be related to atomic disorder in
the film, which changes the respective scattering factors. The
scattering factorssx-ray and nucleard are closely related to
the density of the materials in the fits for XRR and PNR
measurements. A slight Fe and Si site disorder has already
been suggested by Paoletti and Passari57 for stoichiometric
bulk Fe3Si and shown to exist by means of neutron diffrac-
tion by Pickartet al.76 An indication of some site disorder is
given also by the value of the resistivity, which is slightly
higher than for bulk. Another explanation is that our film is
slightly off stoichiometry; as Herfortet al.42 have pointed
out, there is a large discrepancy in the literature about the
“real” lattice constant of the stoichiometric Fe3Si intermetal-
lic compound. Regarding the total magnetic moment of the
film the value yielded by the PNR measurements is closer to
the bulk value37,57–59or values given for films40,42 than the
value obtained from SQUID magnetometry. The sensitivity
of PNR to the magnetic moment of the single atom rather
than to the volume magnetization, which is the case for
SQUID magnetometry, makes it a more reliable source to
determine this observable. Vector MOKE measurements in-
dicate the presence of an in-plane uniaxial contribution in
addition to the dominant in-plane cubic anisotropy. The co-
ercivity of our samples21 nm thickd is higher than the value
reported in Ref. 42 for their 33 nm thick sample. Coercive
fields are typically smaller in thicker films so that a differ-
ence in thickness could yield a different value; also our
growth temperature was slightly higher43 than the optimal
growth temperature suggested by Herfortet al.,42 which
could result in more defects in our film leading to more
pinning sites and therefore to a larger coercive field. How-
ever, comparison with the results of Liouet al.40 shows that
our film exhibits a coercivity along thef110g direction four
times smaller than their extrapolated value for a 21 nm
sample. For Schottky barrier interfaces spin filtering is ex-
pected to occur due to the tunneling process of electrons
through the barrier.65 This agrees well with the measured
uISFu, which shows a peak where tunneling is most probable.
Thus we attribute the obtainedISF to spin-dependent tunnel-
ing across the Schottky barrier at the SC/FM interface. This
result demonstrates spin detection by the ferromagnetic
Fe3Si. Furthermore, the measurements indicate an anomalous
feature for a single film on GaAs. As mentioned before, a dip
sat 0.57 Vd in aIph has only been previously reported for
artificial tunneling barrier structures. A possible explanation
could be the enrichment of the top monolayers of the Fe3Si
film with Si sas reported previously for bulk72–74 d at the
GaAs interface, due to the annealing and cooling treatment
for the back contact, leading to an artificial tunnel barrier at

the interface. This segregation of Si toward the surface is at
first sight an undesired phenomenon, but it could be used to
circumvent the conductivity mismatch between SC/FM by
creating a higher-resistance region at the interface than in the
film. This topic is under further investigation and the results
will be published elsewhere. The value of the resistivity of
Fe3Si is another interesting point in the context of the con-
ductivity mismatch. Even though we show that our film ex-
hibits bulk behavior, it must be mentioned that the resistivity
of the stoichiometric Fe3Si is roughly only four times higher
than that of pure Fe,67 which would not necessarily lead to a
huge increase in spin injection efficiency. However, site dis-
order in theL21 structure for Fe-richa8 compounds with
<20 at. % Si leads to an increase by a factor of<10 in the
electrical resistivity36 at RT to <75 sRef. 67d in residual
electrical resistivitys0 Kd as compared to pure Fe. Si surface
segregation after special postgrowth treatment together with
an increased resistivity for off-stoichiometric samples make
this a very promising compound for future spintronic de-
vices. The Andreev reflection measurements yield a polariza-
tion of the transport currentP=s45±5d%. This is of the same
order of magnitude as measurements on Fe as is anticipated
from DOS calculations.30–33The Andreev reflection measure-
ments reinforce the point that Fe3Si is likely to be a good
candidate for spin injection into GaAs even though it exhib-
its no half-metallic behavior.

IV. CONCLUSIONS

We have studied the structural, magnetic, electronic, and
spin transport properties of a 21 nm thick Fe3Si film grown
on GaAss001d. LEED pictures show an ordereds131d
Fe3Sis001d surface, while high-resolution x-ray diffraction
data indicate an almost stoichiometric film. The film is lattice
matched in-plane to the GaAs substrate and therefore slightly
tetragonal distorted as evidenced by thes404d RSM. Further-
more, the film has a bulklike moment as measured by PNR
and exhibits magnetic cubic anisotropy with the in-plane
easy axes along thek100l directions. Photoexcitation studies
based on optical spin orientation demonstrate spin detection
in this FM alloy at RT in the tunneling regime, e.g., for
sufficient positive applied bias values. The resistivity value is
close to the Fe3Si bulk value. In addition, Andreev reflection
yields a transport spin polarization ofP=s45±5d%. These
results suggest that Fe3Si/GaAss001d heterostructures are
promising candidates for future spintronics applications.
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