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Single-crystalline Co2MnSi Heusler alloy films have been grown on GaAss001d substrates by pulsed laser
depositionsPLDd. The best crystallographic quality of the Co2MnSi films has been achieved after deposition at
450 K. The films exhibit in-plane uniaxial magnetic anisotropy with the easy axis of magnetization along the
f1-10g direction superimposed with a fourfold anisotropy with the easy axis alongk110l. Spin-resolved pho-
toemission measurements of the single-crystalline Co2MnSi films reveal a spin-resolved density of states that
is in qualitative agreement with recent band structure calculations. The spin polarization of photoelectrons
close to the Fermi level is found to be at most 12%, in contrast to the predicted half-metallic behavior. We
suggest that these discrepancies may be attributed to a partial chemical disorder in the Co2MnSi lattice.

DOI: 10.1103/PhysRevB.71.144416 PACS numberssd: 75.70.Rf, 68.55.2a, 75.50.Cc

I. INTRODUCTION

It was successfully proven recently that a magnetic semi-
conductor based system is feasible as spin injection source1,2

however, only under conditions of low temperatures and high
magnetic fields.3 From the practical requirement of function-
ality with small magnetic fields and at environmental tem-
peratures, the concept of spin injection from a metallic fer-
romagnet into a semiconductor is still very attractive. Due to
a recent work that imposed severe restrictions on the func-
tionality of integrated ferromagnetic metal-semiconductor
devices, this concept needs substantial modifications, e.g., by
the integration of a tunnel junction to produce hot electrons
as a part of the spintronic device.4–6 Also “natural” polariza-
tion of the electrons at the Fermi level seems to be insuffi-
cient for an effective spin-dependent transport and a spin-
valve filtering, in lack of 100% spin polarized materials, has
to be applied in addition.7 Finally, a nonmagnetic layer at the
interface might act as a strong spin scatterer, thus losing the
spin information being transferred into the semiconductor.8

Ferromagnetic materials that have Curie temperaturessTcd
above room temperature and a high spin polarization show
great promise for integration with semiconductor
electronics.9 It has been shown that it is possible to grow
single-crystalline Fe films on GaAss001d,10 which have been
proposed for spin-polarized current injection from a metal
into a semiconductor. On the other hand, half-metallic ferro-
magnets have been proposed as ideal candidates for spin in-
jection devices because they have been predicted to exhibit
100% spin polarization at the Fermi level.11 Notable among
the half-metallic candidates are a number of the full-Heusler
sL21 structured and half-HeuslersC1b structured alloys.11,12

They have crystal structures and lattice parameters similar to

many semiconductors, and thus could be easily epitaxially
grown on top of them. In addition, they exhibit high Curie
temperature and high spin polarization at the Fermi level as
predicted by theory.13 These properties make them particu-
larly attractive as injectors and detectors of the spin polarized
current. The most widely studied half-Heusler alloy thin film
is NiMnSb.14,15 Turban et al.14 found that the higher the
growth temperature, the smaller the number of defects in the
NiMnSb epitaxial layers grown on MgO. However, when
NiMnSb is grown on a semiconductor, the higher deposition
temperatures result in more extensive interfacial reactions
that can potentially result in the formation of magnetically
dead layers. Hence, a compromise must be made between the
crystal quality and possible interfacial reactions. Recently, a
number of Heusler alloys have been grown epitaxially on
semiconductor substrates including Co2MnGe,16 Ni2MnGa,17

and Ni2MnGe sRef. 18d on GaAss001d, and Ni2MnIn sRef.
19d on InAss001d. Analyzing the growth of these full Heusler
alloys, it was found that the substrate temperature has a dra-
matic effect on the interface reactions, crystal quality, mag-
netic properties, and atomic ordering. For growth above 500
K, cross-sectional transmission electron microscopy studies
indicate that substantial interfacial reactions have occurred,
and for growth below 400 K, a large number of textures and
additional amorphous phases have been formed in the films.
The optimum growth was achieved at about 450 K.

Recently, the full Heusler alloy Co2MnSi has attracted
interest because it is predicted to have a large minority spin
band gap of,0.4 eV and has the highest Curie temperatures
of 985 K among the known full and half Heusler alloys.13,20

More recently, the magnetic, structural, and transport prop-
erties of Co2MnSi have been reported for dc magnetron sput-
tered polycrystalline films and single crystals.21–24 Very re-
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cently, magnetic tunnel junctions with a magnetically soft
Co2MnSi electrode have been investigated with respect to
their structural and magnetic properties.25 In the bulk,
Co2MnSi has been stabilized in the cubicL21 structure with
a lattice parameter of 5.67 Å, which implies a lattice mis-
match to the GaAss001d substrate of only 0.3%. It therefore
can be expected that GaAss001d is a suitable substrate for
epitaxial growth of single-crystalline Co2MnSi films. Despite
the crucial importance of preparing well characterized
Co2MnSi thin films that show a very high volume and sur-
face crystalline quality, to the best of our knowledge, only
very few experimental works have been devoted to the study
of Co2MnSi epitaxial growth and in particular its spin polar-
ization. In this paper we present a detailed study of the
growth, structural and magnetic properties, and spin polar-
ization of single-crystalline Co2MnSi thin films grown on
GaAss001d by PLD.

The paper is organized as follows. Experimental details
are presented in Sec. II. The growth and structural study of
the single-crystalline Co2MnSi thin films is presented in Sec.
III. The magnetic properties of these films are analyzed in
Sec. IV. Finally, Secs. V and VI are dedicated to the x-ray
magnetic circular dichroism and spin polarization study of
single-crystalline Co2MnSi thin films, respectively.

II. EXPERIMENTAL DETAILS

The sample preparation and characterization were carried
out in an ultrahigh vacuumsUHVd multichamber system
equipped with molecular beam epitaxysMBEd, in situ reflec-
tion high-energy electron diffractionsRHEEDd, Auger elec-
tron spectroscopysAESd, x-ray photoemission spectroscopy
sXPSd, low-energy electron diffractionsLEEDd, scanning
tunneling microscopysSTMd, and in situ magneto-optical
Kerr effect sMOKEd analytical techniques. Commercially
available GaAss001d substrates were first degassed in UHV
up to about 580 °C, subsequently the substrate surface was
further sputtered for 30 min at 600 °C with a 0.6 keV Ar+ ion
beam, a 4mA/cm2 current density, at an incidence angle of
45°. After the cleaning procedure was completed, no surface
impurities were detected in the AES spectra, and sharp
LEED images revealed the pseudo-s436d surface recon-
struction characteristic for the Ga-terminated GaAss001d sur-
face, which has been found to protect Fe films against inter-
mixing with As and Ga.26 The Co2MnSi thin films were
deposited on GaAss001d substrates from stoichiometric poly-
crystalline Co2MnSi pellet targets by the PLD method. The
base pressure in the deposition chamber was less than 5
310−11 mbar. A KrF excimer lasers248 nm wavelength, 34
ns pulse length, typical pulse energy 300 mJ, and repetition
rate 10 Hzd was used, and the beam was incident at an angle
of 45° onto the rotating target. The growth was followed in
real time by RHEEDsat 15 keV beam energy with a glancing
angle of about 2.5° ink110l incidenced. This technique al-
lowed us to obtain the surface structure and the growth mode
by recording thes00d spot intensity variation with time. The
observed RHEED intensity oscillations were characteristic of
a layer-by-layer growth modesFrank–Van der Merwe
growthd. The RHEED patterns also allowed us to obtain

qualitative information about the surface roughness. The sur-
face morphology was also investigated by STM at room tem-
perature in constant current mode. MOKE loops were col-
lected in situ in longitudinal geometry by using an
electromagnet with a maximum field of 0.8 T.

X-ray magnetic circular dichroismsXMCDd in soft x-ray
absorption and spin-resolved photoemission measurements
of the Co2MnSi/GaAss001d samples were carried out at the
UE56/2-PGM2 beamline at BESSY in Berlin. The experi-
ments were performed on samples that were grown in the
MBE laboratory in Halle. Immediately after deposition, the
samples were transported under UHV conditions in our
“UHV suitcase” to Berlin. During the transport a pressure of
about 4310−10 mbar was maintained. The typical time inter-
val between the preparation of the samples and the beginning
of the measurements at BESSY was about 4 h. The base
pressure in the photoemission chamber was 5310−11 mbar.
Absorption spectra were recorded by directly detecting the
sample current while scanning the photon energy of the 80%
circularly polarized light. Photon energy resolution was set
to 0.15 and 0.19 eV for absorption at the Mn and CoL2,3
edges, respectively. Spin resolved photoemission spectra
were taken for 45° incidence of the incoming linearly
p-polarized radiation in the plane defined by the magnetiza-
tion and surface normal, and normal emission of the outgo-
ing photoelectrons. Spectra were taken for excitation with 70
eV photon energy and 0.14 eV photon energy resolution us-
ing a cylindrical sector analyzersOmicron CSA 300d
equipped with a spin-polarization detector based on spin-
polarized low-energy electron diffraction from a Ws001d
single crystalsOmicron SPLEEDd. A pass energy of 16 eV
was used for the spectra presented here. The angular accep-
tance of photoelectrons is about1/28°. Analyzer entrance
and exit slits were set to 3 mm, resulting in an electron
energy resolution of 1.0 eV. Values of the spin polarization
were corrected assuming the nominal detector asymmetry
function of 0.25.27 A reduction of the asymmetry function by
insufficient preparation of the Ws001d single crystal or mis-
alignment of the instrument would linearly influence the val-
ues of the photoelectron spin polarization of the Co2MnSi
films reported here. However, spin polarized photoemission
measurements performed under identical conditions a few
days before at the same beamline on a 10 ML Co film on
Cus001d yielded 35% spin polarization at about 5 eV binding
energy. Since the maximum spin polarization obtained for
Co/Cus001d at photon energies of 16–24 eV is 40%,28 we
think that the systematic error introduced by the guess of the
asymmetry function is less than 25% of our reported spin
polarization values.

Both XMCD and spin-resolved photoemission measure-
ments have been performed in magnetic remanence after a
magnetic field pulse of about 50 mT along the in-plane easy
axis sf1-10gd of the thin Co2MnSi films has been applied.
Almost 100% remanent magnetization was found at room
temperature for all the Co2MnSi films independently of the
thickness. This indicates that the remanent magnetic state
preserves the spin alignment along the field applied before,
which is important because no magnetic field has been ap-
plied during the XMCD and spin-resolved photoemission
measurements.
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III. GROWTH OF Co 2MnSi THIN FILMS ON GaAs(001)

The theoretical arguments outlined in Sec. I suggest that
Heusler alloys may be ideal spin-injecting contacts to many
compound semiconductors.29,30 However, all experimental
data show that it is difficult to grow high quality Heusler
alloys on semiconductor surfaces. This is because a high
deposition temperature is helpful to get a single-crystalline
film, but results in extensive interfacial reactions. Hence, a
compromise must be made between crystal quality and inter-
facial reactions. In our work, the growth of Co2MnSi thin
films was monitored by means of the RHEED oscillations. In
order to supress the interface reactions between GaAs and
Co2MnSi thin films, we have tried the growth of Co2MnSi on
the GaAss001d at substrate temperatures as low as 475 K and
below. We found that the best crystalline quality is achieved
at a substrate temperature of 450 K. Figure 1 shows typical
RHEED intensity oscillations as a function of deposition
time swhich relates directly to the film thicknessd, for the
Co2MnSi films grown by PLD on GaAss001d at 450 K. It is
clearly seen that the RHEED intensity does not show any
oscillations at deposition of the first and second layer, instead
a drop of the reflected intensity is observed. We attribute the
absence of the first two oscillations to a poor layer-by-layer
growth or to intermixing between the GaAs substrate and the
Co2MnSi film sas will be discussed hereafterd. The regular
oscillatory behavior of the RHEED intensity starts at the
third layer, and it can be promoted up to about ten layers. In
the case the films were grown at room temperature, no
RHEED oscillations and no clear diffraction pattern after the
film deposition were observed. The growth temperature of
450 K is a compromise between the epitaxy improving
with increasing temperature, and intermixing in the
Co2MnSi/GaAs interface which clearly appears above
475 K.

It is interesting to find what the growth unit is in our case.
The growth unit for a single-element metal or semiconductor,
related to one oscillation of the RHEED spot intensity, has
been confirmed to be one atomic layer. However, for the
growth of some high-temperature superconducting oxides,
such as BaTiO3 and YBaCu3O7−x on SrTiO3s001d substrates,
the RHEED oscillation period corresponds to one unit cell.31

In order to identify the period of the RHEED oscillations,
one must compare the number of the oscillations with the
corresponding film thickness. For example, the thickness of
the film can be determined by x-ray reflectometry.31 Another
method is to take STM images at different points of the
RHEED oscillations to ascertain whether the maxima corre-
spond to a full monolayer or not. Figure 2 shows a typical
STM image of a Co2MnSi thin film whose growth was
stopped at the fifth peak of the RHEED oscillations. From
the line profile of the image, the height of islands is found to
be 2.85 Å. This value fits well to the height of half of the unit
cell of Co2MnSi salso shown in Fig. 2d. It means that the
RHEED oscillation period corresponds to half of the unit cell
of Co2MnSi, i.e., to the thickness of two atomic layers. This
result is important for understanding the epitaxial growth of
the Heusler alloys. The observed period in the RHEED os-
cillations indicates that the two-dimensional nuclei of
Co2MnSi all have the height of half a unit cell which is
necessary to satisfy the chemical composition and electrical
neutrality.

The RHEED patterns of Co2MnSi films of varying thick-
ness are shown in Fig. 3. The patterns are presented in two
columns related to thef110g and f1-10g crystallographic di-
rections which the electron beam is focused along. Figure
3sad shows the pattern of the clean GaAss001d surface before
the film deposition. We note that along thef1-10g direction
the reconstruction shows six lines in comparison to four lines
along f110g, indicating a smooths436d reconstructed
GaAss001d surface. We found that the reconstruction lines in
the substrate’s RHEED patterns disappear immediately after
the deposition of Co2MnSi is started. At a thickness of about
6 Å sroughly 1 unit cell of Co2MnSid, the RHEED pattern of
the underlying substrate has completely disappeared and
only the new RHEED pattern from the Co2MnSi Heusler
film is seen. Furthermore, regular RHEED oscillations ob-
tained during growth of the films thicker than 6 Å are char-
acteristic for a layer-by-layer growth. Figure 3sbd shows the
RHEED patterns obtained for a 60-Å-thick film. The princi-
pal spots coincide closely with those of the GaAs substrate
along bothf110g and f1-10g directions, indicating epitaxial
growth. Moreover, the Kikuchi lines were clearly visible in
the diffraction patterns indicating a high-quality epitaxial

FIG. 1. RHEED intensity during growth of Co2MnSi on
GaAss001d. The period of oscillations corresponds to two atomic
layers sbilayerd. In order to determine the rate of the growth, we
plot in the inset the positions of maxima as a function of time.

FIG. 2. STM image after deposition of five bilayers of Co2MnSi
at 450 K. The line profile taken along the solid line is shown at the
right side. The roughness corresponds to 2.85 Å, i.e., one bilayer as
it is shown from a sketch of the Co2MnSi unit cell.
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single crystal film. Figure 3scd shows profiles of the RHEED
patterns along thef110g direction corresponding to GaAs and
Co2MnSi fshown in Figs. 3sad and 3sbdg. Taking the spacing
of the initial f1-10g RHEED spots for reference and using the
value of 5.654 Å for GaAs, one can determine the in-plane
lattice parameter of the 60-Å-thick Co2MnSi film to be
5.67 Å from a large number of RHEED patterns. This value
is in good agreement with that of the bulk single-crystalline
Co2MnSi sample.

LEED patterns of a clean GaAss001d and after deposition
of 60-Å-thick Co2MnSi film are shown in Figs. 4sad and
4sbd, respectively, confirming epitaxial growth of the film
and its rather good crystallographic order. However, no con-
clusion can be made on the chemical ordersor disorderd
based on the qualitative LEED and RHEED analysis only. It
is not possible to distinguish between the ordereds131d
structure and a disordered one, where some atomic species
occupy several sites within thes131d unit cell.

In order to judge about the degree of intermixing, we
performed an AES investigation of the Co2MnSi films grown

at 450 K. The evolution of the Ga line at 1070 eV, the As line
at 1228 eV, and the Co line at 780 eV were followed as a
function of Co2MnSi film thickness. The normalized gallium
and arsenic peak-to-peak intensities are shown in Fig. 5. The
normalization of the gallium and arsenic peak-to-peak inten-
sity signals was done with respect to the Ga and As peak-to-
peak intensity at zero Co2MnSi coverage. Along with the
experimental intensities, the model predicted Ga and As AES
peak-to-peak intensitiessnormalized as befored are shown.
The predicted curves were deduced by assuming an attenua-
tion of exponential form according to

IGa,As= I0
Ga,AsexpS − tCo2MnSi

cosf · lCo2MnSi
Ga,As D s1d

with inelastic mean-free pathssIMFPsd in Co2MnSi, lCo2MnSi
Ga

andlCo2MnSi
As , of 15 Å for the 1070 eV Ga Auger electrons,32

and 17 Å for the 1228 eV As one.32–34Here,I0
Ga,Asstands for

the substrate Ga and As intensities,tCo2MnSi is the Co2MnSi
film thickness, andf represents the mean opening angle of
the spherical mirror analyzer. In the above approach, we sup-
posed that the deposited Co2MnSi forms a flat and continu-
ous film, and no intermixing occurs at the interface. How-
ever, from a first glance at the AES signals measured for Ga
sfull dots in Fig. 5d and Assopen circlesd, one can immedi-
ately see a difference between Ga and As behavior. For Ga,
the experimental signal follows rather closely the predicted
curve of no intermixing. However, a rather slow decay is
observed for As up to 10 MLsi.e., five bilayersd, followed by
the predicted decay. We associate this behavior with a sub-
stantial amount of As segregating to the top of Co2MnSi
film, which gradually becomes buried into the growing film
when its thickness further increases. In combination with the
results of the AES analysis, we suggest that the initial lack of
RHEED oscillations may be due to the intermixing between
As and Co2MnSi, which results in some crystallographic dis-
order in the early stages of the growth. The AES analysis
shows a slightly increased signal of Mn with reference to the
Co signal and to what is expected from stoichiometry of the

FIG. 3. RHEED patterns ofsad clean GaAss001d, sbd 60-Å-thick
Co2MnSi film, left-hand side panels alongf110gGaAs and right pan-
els alongf1-10gGaAs, scd line profiles of GaAsstopd and Co2MnSi
sbottomd RHEED patterns taken alongf110gGaAs.

FIG. 4. LEED patterns ofsad clean GaAss001d surface andsbd
60-Å-thick Co2MnSi film deposited at 450 K.

FIG. 5. AES peak-to-peak intensities of the Ga line at 1070 eV
sfull dotsd, and the As line at 1228 eVsopen circlesd, measured for
Co2MnSi films grown at 450 K and normalized to the intensities for
clean GaAss001d. The solid and dotted curves stand for the pre-
dicted Ga and As normalized intensities, respectively, under the
hypothesis of an ideal Co2MnSi growthsflat and continuous film as
well as no intermixingd.
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Co2MnSi compound. Due to the fact that the Mn/Co ratio
exceeds the value of 0.5sexpected for the stoichiometric
Co2MnSi filmd mostly for the thinnest filmssbelow four bi-
layersd, we suggest that Mn segregation to the surface is
responsible for this effect. It is worth to mention that these
first monolayers are very important for the spin polarized
carrier injection into the semiconductor both from spin po-
larization and magnetic order point of view.

IV. MAGNETIC PROPERTIES

The magnetic properties of the Co2MnSi films were
probedin situ by magneto-optical Kerr effectsMOKEd mea-
surements. All the films considered here were grown at 450
K. The thickness dependence of the Kerr intensity at 70 K,
when the magnetization was probed along thef1-10g direc-
tion, is plotted in Fig. 6. No magnetic signal could be de-
tected for films thinner than two bilayerss5.67 Åd. Just
above this thickness the Kerr measurement shows a nonzero
intensity in an applied field of 0.1 T, however thes-shaped
loops do not show any hysteresis. At 70 K, for a Co2MnSi
thickness of four bilayers, a significant Kerr signal in rema-
nence is first detected indicating the onset of ferromagnetic
order. The lack of magnetic signal for the first three bilayers
indicates that the ferromagnetic phase has not yet developed
at 70 K. Magnetically dead layers could be expected near the
Co2MnSi/GaAss001d interface due to atomic intermixing be-
tween the film and the substratesAs segregation, see Fig. 5d.
Another possibility is that a small size of the initially formed
islands prevents the onset of magnetic ordering. With in-
creasing Co2MnSi film thickness, the islands coalesce into
bigger clusters in which an internal ferromagnetic order ex-
ists at 70 Ksopen dots in Fig. 6d. Above the thickness of four
bilayers, the Kerr rotation in remanence can be plotted,
which is approximately proportional to the film thickness.
The remanent magnetization measured along thef1-10g easy
axis gives a good estimate of the magnetic order in
Co2MnSi, in particular if it is plotted versus the film thick-

ness at low temperature. Extrapolation to zero remanence
suggests that there are only 0.6 magnetically dead bilayers
sFig. 6d.

An in-plane uniaxial magnetic anisotropy with the easy
axis parallel to thef1-10g direction is found for thicknesses
above three bilayers of Co2MnSi deposited on GaAss001d.
This means that the ferromagnetic long-range order and
uniaxial magnetic anisotropy both appear above a critical
thickness of three bilayers. Figure 7 shows the evolution of
the hysteresis loops measured at RT for Co2MnSi films of
varying thickness when the magnetization was probed along
the f110g hard-axis direction. The uniaxial anisotropy is
found to be superimposed onto the four-fold magnetic aniso-
tropy with the easy axis of magnetization along the twok110l
in-plane directions. In particular, at a Co2MnSi thickness of
four bilayers, i.e. 11 Åssee Fig. 7, open trianglesd, the hys-
teresis loop along thef110g direction splits completely into
two subloops and the remanence becomes zero. The sub-
loops are shifted to a higher magnetic field. The shift field is
defined asHs=(Hs1−Hs2d /2, where HS1 and HS2 denote the
fields the subloops are symmetric around, at positive and
negative field, respectively. The hysteresis loops along the
f110g direction show that the shift field depends on the
Co2MnSi film thicknessd, being proportional to 1/d. As
shown in Fig. 7, when the thickness of Co2MnSi film is
thicker than 100 Å, almost no clearly defined double hyster-
esis loops can be measured by MOKE.

Figure 8 shows a series of hysteresis loops measured at 80
K for the 60-Å-thick Co2MnSi film along the magnetic field
applied in the sample plane, under an anglea in 5° steps
with respect to thef1-10g direction. Ata=0°, i.e., along the
f1-10g direction, the loop is rectangular, clearly suggesting
that it is measured along the easy-axis of magnetization.
Whena increases from 0° to 55°, the hysteresis loops keep a
rectangular shape, however the Kerr rotation in remanence
decreases suggesting that the film is still magnetized along
f1-10g, and only the projection of the magnetization to the
field direction is detected. Interestingly, when the sample is
rotated and the magnetization is probed more to thef110g
direction, i.e., whena.60°, the loop evolves getting a
three-step character, with one loop around zero field, and two
subloops symmetrically at positive and negative field. More-

FIG. 6. Thickness dependence of longitudinal Kerr rotation
measured at 70 K along thef1-10g easy-axis direction for Co2MnSi
films of varying thickness. The open dots are the results for the
films thinner than four bilayerssthe superparamagnetic phased in an
applied field of 0.1 T. The full dots show the saturated Kerr inten-
sity of the ferromagnetic phasesabove four bilayersd, which is
equivalent to the intensity in remanence in this case.

FIG. 7. Evolution of hysteresis loops of the
Co2MnSi/GaAss001d films of varying thickness measured along
the f110g hard axis direction. The switching fieldsHs1 andHs2, at
positive and negative fields, respectively, are defined within the
figure for thed=20 Å thick film.
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over, the relative contribution of the subloops to the total
Kerr signal becomes more prominent whena approaches
90°. Finally, at a=90°, i.e., alongf110g, the central loop
disappears completely and only the subloops exist. The field
at which the subloops appear depends on the anglea sby
which the sample is rotated from thef1-10g directiond and
decreases when approaching thef110g direction. When the
field is applied along an intermediate direction oriented be-
tween f1-10g and f110g, field components act both along
f1-10g and f110g. For the same applied field, its component
along thef110g direction increases with increasing the angle
a. This means that the closer to thef110g direction the field
is applied, the easier to reach the field which is necessary to
switch the magnetization to thef110g direction. Figures 9sad
and 9sbd show diagrams illustrating how the magnetization
reversal proceeds in view of the magnetization projection to
the field direction fora,60° anda.60°, respectively. This
is exactly what is measured by MOKE and reflected in the
shape of the hysteresis loops. In the first case, ata,60°,

initially the film is magnetized along thef1-10g direction due
to the strong unixial anisotropy with the easy axis oriented
alongf1-10g. The field component acting along this direction
is larger than the component acting alongf110g. With in-
creasing anglea, the Kerr rotation in remanence decreases,
because the projection of the magnetizationsto the direction
along which the magnetization is probedd decreases. Above a
critical angle, i.e., ata.60°, the field component along the
f110g direction is strong enoughswith reference to the field
component alongf1-10gd to switch the magnetization from
the f1-10g to f110g direction. This results in appearance of
the subloop when the magnetization is probed along the field
direction and the field approaches the value dominating over
the uniaxial anisotropy field. Magnetization switching to the
f110g direction means that a local energy minimum exists for
the magnetization oriented in this way which is due to the
fourfold anisotropy mentioned before. Summarizinga
.60°: at low fields, the projection of magnetization oriented
along thef1-10g direction contributes to the MOKE signal.
At higher fields, after the magnetization is switched to the
f110g direction, the MOKE signal remarkably increases. This
is a simple geometrical effect explained in Figs. 9sad and
9sbd. With further increase of the field the magnetization ro-
tates towards the field direction and saturates at the field of
about 0.2 T. Finally, when the magnetization is probed along
f110g, no field component along thef1-10g direction results
in zero Kerr effect at low fields. Only at higher fields the
magnetization switches to thef110g direction and the corre-
sponding subloop is detected.

Previously, two-step magnetization switching has been re-
ported in epitaxial Fe thin films due to the different combi-
nation of the uniaxial and cubic anisotropies.35–38 Hathaway
et al.39 observed a three-step switching in Fe films grown on
Ags001d, in a field applied at 7° and 12° from the hard axis
f110g, and attributed it to the demagnetization effect. Cow-
burn et al.40 reported a hysteresis loop with three jumps in
ultrathin Fe films with cubic anisotropy and a weak uniaxial
anisotropy. They attributed the switching to domain wall pin-
ning and the weak uniaxial anisotropy. Based on their calcu-
lation, three-jump switching can only be observed in a nar-
row range of angle when the uniaxial anisotropy is greater
than the domain wall pinning energy. More recently, Am-
broseet al.16 deposited Co2MnGe films on a GaAs substrate
by molecular-beam epitaxy, and found that the epitaxial films
show a large magnetization along with a small magnetic an-
isotropy. By using the magneto-optical indicator film imag-
ing technique and vibrating sample magnetometrysVSMd,
Yang et al.41 have studied the domain patterns and magnetic
anisotropy in a Co2MnGe/GaAss001d film at room tempera-
ture. As a result, multistep magnetic switching has been ob-
served in their Co2MnGe Heusler alloy films.

For the Co2MnSi films grown on GaAss001d we have
observed the three-jump magnetization switching when the
field is applied at an angle within the range from 60° to
nearly 90° with respect to thef1-10g direction. We have
quantitatively shown that the magnetization aligns along the
easy axisf1-10g at low fields, and then switches to thef110g
direction at higher fields. This is clearly seen within the
MOKE hysteresis loops, which reflect two-step magnetiza-
tion reversal if projected to the field direction.

FIG. 8. Longitudinal MOKE hysteresis loops of the 60-Å
Co2MnSi film measured at 80 K alonga=0°, 30°, 55°, 65°, 75°,
and 90° in-plane azimuthal angle with respect to thef1-10g
direction.

FIG. 9. A diagram illustrating the magnetization process how it
is seen along the field direction atsad a,60° andsbd a.60°. With
increasinga, the M component to the field directionsMHd de-
creases, as it is shown insad. When the magnetization is probed at
a.60°, at low fields the film is magnetized alongf1-10g and the
magnetization projection to the field directionsMHd is “short.” With
increasing field, the magnetization switches tof110g which results
in an enlargedMH.
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Figure 10 shows longitudinal MOKE hysteresis loops
measured for the 60-Å-thick Co2MnSi film at 300 K. The
magnetization was probed in the sample plane at an anglea
in 5° steps with respect to thef1-10g direction. The only
difference in comparison to the situation at 80 KsFig. 8d
concerns the narrow range of angles around 60° at which the
magnetization prefers to follow the field direction rather than
the f110g direction. The anisotropy depends on temperature,
and thus is less pronounced at RT. As a consequence, whena
increases from 0° to 60°, the hysteresis loops become more
slanted but the magnetization in remanence is the same as at
80 K. At a<60°, at low fields the film is magnetized along
f1–10g, with increasing field the magnetization does not
switch to f110g as it does at 80 K, but coherently rotates to
the field direction. The magnetization switches to thef110g
direction only if the field is applied at larger anglessa
.75d with reference to thef1–10g direction. After switching
to f110g, at higher fields, the magnetization rotates to the
field direction.

Although a uniaxial anisotropy has been observed in sev-
eral previous studies,35–40in particular for Fe films grown on
semiconductors of the zinc-blende structure, e.g., GaAs,
ZnSe, or InAs, its origin remains an open question. There
have been many theoretical efforts to explain the origin of
the in-plane uniaxial anostropy. For example, it might be due
to a reconstruction of the semiconducting substrates, forma-
tion of an interface alloy, or, most likely, anisotropic interfa-
cial bonds. In the case of our Co2MnSi/GaAss001d films, the
uniaxial anisotropy depends strongly not only on temperature
but also on the film thickness. For the whole thickness range
we investigated, the easy axis was found to lie in plane, and
no perpendicular component of magnetization was detected.
In addition, we found that the uniaxial behavior of the in-
plane magnetic anisotropy persists up to about 35 bilayers
sroughly 100 Åd, and therefore it can not be related to any
shape anisotropy of the incipient growing film. The switch-
ing field Hs is proportional to the reciprocal film thickness.
Until no other direct experimental evidence is obtained, we
may conclude that the uniaxial character of the GaAs unit
cell, and implicitly of the interface, may bear the whole re-
sponsibility for the magnetic anisotropy we found in the
Co2MnSi/GaAss001d system.

Figure 11 shows the temperature dependence of the Kerr
rotation in remanence measured along thef1-10g easy-axis
direction for a number of films of different thickness. It is
clearly seen that the magnetization depends more strongly on
temperature with the decreasing film thickness. As a result,
the thinner the film the smaller magnetization is detected at a
finite temperature with respect to the 0 K value. In the case
of our Co2MnSi films on GaAss001d, no pronounced linear
dependence of magnetization vs. temperature is observed
sFig. 11d, as it is expected for the continuous films.42 We
found that for all of our Co2MnSi films, the temperature
dependence of the Kerr rotation in remanence can be de-
scribed, at low temperatures and within reasonable limits, by
the standard Bloch formula

MsTd = Ms0ds1 − bT3/2d, s2d

whereMs0d andb depend on the film thickness.43 We fitted
the data for all our filmssof different thicknessd to the same
formula in order to describe the temperature dependence of
magnetization with one parameterb.42 Due to a linear depen-
dence of theb parameter on the reciprocal of the film thick-
ness, its value can be found for each thickness, as it is de-
scribed in details elsewhere.43 Finally, the parameterb is
useful to rescale, e.g., the apparent magnetic moment mea-
sured at RT to its value at 0 Ksas it is described belowd.
Actually, this can be applied to all quantities which depend
on temperature in the same way as the magnetization does in
order to get rid of finite size effects.

V. X-RAY MAGNETIC CIRCULAR DICHROISM STUDY

Spin polarization at the Fermi level is related to the mag-
netic moments of Co and Mn. Since atomic disorder is sug-
gested as a mechanism to reduce spin polarization, this
should also have an influence on Co and Mn magnetic mo-
ments. Thus, we have studied the magnetic properties of
Co2MnSi epitaxial films up to the thickness of 85 Å, by
using the element-selective x-ray magnetic circular dichro-
ism sXMCDd. Figure 12 shows the representative x-ray ab-
sorption spectrasXASd at the Co-L2,3 edge and correspond-
ing XMCD difference spectra, recorded at RT, for 17-Å-s6

FIG. 10. Longitudinal MOKE hysteresis loops of the 60-Å
Co2MnSi film measured at RT alonga=0°, 30°, 55°, 65°, 75°, and
90° in-plane azimuthal angle with respect to thef1-10g direction.

FIG. 11. Normalized Kerr rotation in remanence measured along
the f1-10g direction vs temperature for the Co2MnSi films of differ-
ent thicknesses d. The results of fit to theMsTd=Ms0ds1−bT3/2d
Bloch formula atT,0.6Tc, are includedssolid linesd.
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bilayersd and 45-Å- sclose to 16 bilayersd thick Co2MnSi
films fin Figs. 12sbd and 12sdd, respectivelyg. The XAS spec-
tra show the twoL3 andL2 resonant peaks corresponding to
the 2p3/2→3d and2p1/2→3d transitions at 776.5 and 791.5
eV, respectively, similar to the XAS spectra observed for
pure metallic Co. In particular, no multiple-peak structures in
theL3 region were observed as in the case of other Co-based
full-Heusler alloys, e.g., Co2YSn sY=Ti, Zr, and Nbd.44 The
lack of the multiple-peak structures cannot be attributed to a
limited energy resolution. Instead, it must be explained by a
different density of statessDOSd that indicates a more me-
tallic character of the Cod band in our Co2MnSi films com-
pared to otherse.g., Co2YSnd Heusler alloys. The XMCD
signal, defined as the normalized difference in absorption
between right and left polarized x rays, depends on the ex-
change splitting and the spin-orbit coupling of both initial
core and final valence states. A clear dichroic signal was
obtained at theL2,3 edge of Co, corresponding to a signifi-
cant magnetic moment on the Co atoms in the Co2MnSi unit
cell. The XMCD intensity at theL3 edge is much larger and
sharper than that at theL2 edge as in other Co intermetallic
compounds.

A more precise analysis of the data is achieved by means
of sum rules,45,46 which link the integrated intensity differ-
ences at theL2 and L3 edges, corrected for the incomplete
degree of circular polarization and the angle of incidence, to
the atomic orbital and spin moments. For the application of
the sum rules the absorption spectra were scaled to zero in
the pre-edge region and one in the post edge. The total ab-

sorption intensity was determined by integration of the
helicity-averaged spectrum after subtraction of a steplike
background with steps of 0.5 eV wide and 2/3, and 1/3
height at the positions of theL3 andL2 absorption maxima,
respectively. This intensity was assumed to correspond to
2.24 unoccupiedd states for Co and 4.52 for Mn.25 In the
case of the 45 Å thick Co2MnSi film, the application of the
sum rules gives access to a magnetic spin moment of 1.04mB
per cobalt atom, compared to the 1.06mB value predicted by
band-structure calculationssat 0 Kd,47 in excellent agreement
with available neutron-diffraction data.48 However, for other
Heusler alloysse.g., Co2YSnd, the magnetic moment per Co
atom is known to have values ranging from 0.3 to 1.0mB,49

which is lower than that obtained for our Co2MnSi films.
According to the band structure calculations of the Co-based
full-Heusler alloys Co2YZ,44 it is considered that the mag-
netic moment on the Co atom depends strongly on the local
environment, i.e., which elements are in theY and Z sites.
Moreover, it must be taken into account that our XMCD
spectra were measured at RT, and thus the values of mag-
netic moment are underestimatedsdepending on the film
thicknessd due to the magnetic size effect. One has also to
keep in mind that the electron yield is only proportional to
the absorption if the x-ray penetration is large compared to
the probing depth of the emitted electrons. At the strongL3
absorption maxima of the 3d metals this is not exactly the
case, which gives rise to so-called saturation effects. The
consequence for the sum rule analysis is an underestimation
of the effective spin moment, and, more pronouncedly, of the
orbital moment. In the present case of Co2MnSi films, the
influence of saturation effects can be roughly estimated on
the basis of the simulations presented in Ref. 28, and the
atomic density of Co and Mn in Co2MnSi. It is strongest for
the thickest films of 83 Å, where it amounts to nearly 10%
for the spin moment and about 25% for the orbital moment,
but is negligible for the 17 Å film. The stronger absorption of
Mn L3 compared to CoL3 is about compensated by the dif-
ferent densities of Co and Mn atoms in Co2MnSi.

Figure 12 also shows XAS spectra at the Mn-L2,3 edge
and deduced XMCD spectra recorded at RT for the same
Co2MnSi samples for which the XAS spectra at the Co-L2,3
edge are shownsfor both 17-Å- and 45-Å-thick films, insad
and scd, respectivelyg. The XAS spectra show the resonant
absorption lines at 638.5 and 651.4 eV for the MnL3 andL2
edges, respectively. One can clearly find significant differ-
ences between the Mn-L2,3 and Co-L2,3 edge XMCD spectra
shown in Fig. 12. In contrast to the XAS spectra of Co, the
spectra of Mn for the Co2MnSi films show a doublet struc-
ture at theL2 region, and a peak atL3 which is accompanied
by a shoulder at higher photon energy. The doublet structure
is better seen in the Mn-L2,3 edge spectra of the thinner
Co2MnSi films se.g., 17 and 45 Å, shown in Fig. 12d, where
two distinct peaks at 649.4 and 650.8 eV clearly exist. In-
deed, the shape of Mn absorption spectra does not exhibit a
metallic shape similar to that of Co in the Co2MnSi films.
The doublet structure, corresponding to an atomiclike behav-
ior, has already been observed for the half-Heusler NiMnSb
alloy thin films.14 The multiplet peak is due to an interplay of
two effects, namely, the exchange and Coulomb interactions
between the core holes and unpaired electrons in the valence

FIG. 12. X-ray-absorption spectrastopd and XMCD sbottomd at
the L2,3 absorption edge of Mn and Co for the 17-Å-fsad and sbdg
and 45-Å- fscd and sddg thick Co2MnSi films. The spectra were
recorded at RT.
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band, and strong hybridization between the 3d and surround-
ing electronic states. A huge negative dichroism signal was
found within theL3 region, and a small positive one in theL2
region. The appearance of Mn-L2,3 edge XMCD signals
means that the Mn-Mn coupling in Co2MnSi films is ferro-
magnetic, whereas it is antiferromagnetic in the bulk Mn.50

On the contrary, the Co2MnSi films have only weak Mn-Mn
interaction because of a longer Mn-Mn distance, and a
smaller coordination number. Therefore, Mn atoms exhibit a
large magnetic moment and a ferromagnetic coupling with
Co atoms in the crystal. It is, however, not possible to deter-
mine precisely the absolute value of the magnetic moment on
the Mn sites in the crystal since the sum rules are well known
to break down for Mn. This is due to the relatively weak
spin-orbit coupling, leading to a mixing of the electronic
transitions at theL2 andL3 edges. The spin moment obtained
by using the sum rules could thus be underestimated even up
to 30%.51

The values of the spin momentsmsd and orbital moment
smld of Co and Mn atoms obtained at RT for the Co2MnSi
films of varying thickness are plotted in Fig. 13. The error
bars shown there include the statistical error and part of the
systematic error of the sum rule analysissinfluence of width
and position of the step function used to subtract the signal
of the d→s transition, and influence of energy range for
integrationd. It does not include uncertainty in the degree of
circular polarization, in the number of unoccupied 3d states,
the influence of saturation effects, or of the above mentioned
energetic overlap of the absorption signal at theL2 and L3
edges of Mn. The values ofms andml show a clear thickness
dependence, which is, however, most likely due to the mag-
netic size effect. Only values extrapolated to 0 K can be used
to access the theory, and allow a quantitative comparison. As
it is described above, we measured the temperature depen-
dence of magnetization for the films of varying thickness

with MOKE. Then we fitted the experimental points to the
Bloch formula MsTd=Ms0ds1−bT3/2d ssee Fig. 11d. We
found a linear dependence of theb parameter on the recip-
rocal of the film thickness.43 Thus, for any film thickness we
can determineb, and recalculate the spin and orbital mo-
ments measured at RT to their values at 0 K. The results are
shown in Fig. 14. The spin moment of Co, after extrapolation
to 0 K, is found to be 1.20±0.05mB, which is almost inde-
pendent of the film thickness. Interestingly, we note that the
spin moment of Mn after extrapolation toT=0 K still shows
some dependence on the thickness, however, much weaker
than that observed at RT. Note that taking into account satu-
ration effects as mentioned above would lead even to a
somewhat stronger dependence on film thickness.

Picozzi et al.47 predicted theoretically for bulk Co2MnSi
alloy thatms for Co and Mn are 1.06mB and 2.92mB, respec-
tively, and a total magnetic moment of 5.0mB per formula
unit. The spin moment of Cos1.20mBd we found in our films
is almost 15% larger than that predicted for Co2MnSi in the
bulk form s1.06mBd. By contrast, the spin moment of Mn we
found experimentallys,2.6mBd is significantly smaller than
what is predicted by Picozziet al. s2.92mBd. The ratio of the
spin magnetic moments for Co and Mn which we obtained
experimentallys,2.17d is very close to the upper limit of
this parameter obtained by Schmalhorstet al.25 for the 100-
nm-thick Co2MnSi film grown by magnetron sputtering,
however, far from the 2.75 value expected from the band
structure calculations.47 We suggest some possible reasons
for such disagreement between our experiment and theory on
the Co and Mn magnetic moments.s1d As was already dis-
cussed in the previous section, the sum rule evaluations may
underestimate the spin moment of Mn by about 30%.s2d As

FIG. 13. Results of the sum rule application for the magnetic
spin sad and orbitalsbd momentssin units of mBd of Co and Mn,
measured at RT, plotted vs Co2MnSi film thickness. Dotted lines
visualize increase of the moments measured at RT with increasing
film thickness. The error bars include the statistical error and part of
the systematic error of the sum rule analysis.

FIG. 14. The magnetic spinsad and orbitalsbd momentssin units
of mBd of Co and Mn, extrapolated to 0 K, plotted vs film thickness
together with theoretical values calculated for bulk Co2MnSi sgrey:
Ref. 50, black: Ref. 45d. Dotted lines insad suggest the spin moment
values measured without “thin film effects.” Dotted lines insbd
show that the orbital moments decrease with increasing thickness.
The error bars include the statistical error and part of the systematic
error of the sum rule analysis.
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mentioned before, magnetically dead layers formed in the
surface/interface may reduce the average spin moment in
particular for the thinnest filmsshowever, this is seen for Mn
only, not for Cod; in particular, MnOx formation, resulting in
a presence of paramagnetic Mn ions, can be expected.25 s3d
A local atomic disorder, either by interchange of Co and Mn
atoms or by partial occupancy of the Mn sites with Co at-
oms. In particular, the similar atomic radii of Co and Mn
atoms encourage local atomic disorder. Assuming the exis-
tence of local atomic disorder between Co and Mn, Sasioglu
et al.52 have studied the magnetic properties of the
Co2MnSi/GaAss001d system by using the generalized gradi-
ent approximationsGGAd band structure calculations. They
found that in any case disorder results in an increased spin
moment of those Co atoms which occupy the Mn sitefup to
1.56mB sRef. 52dg. On the other hand, those Mn atoms which
occupy the Co site are antiferromagnetically coupled to the
Mn atoms sitting in their normal positions, which results in a
strongly reduced average moment of Mn. The magnetic mo-
ment per formula unit is also reduced in this case by about
10% in comparison to the defect-free bulk Co2MnSi.51 Very
similar results were obtained recently by Picozziet al.53 In
the case of Co-Mn swap of the order of 5–7 %, they found
the magnetic moment per formula unit to be reduced by ex-
actly 10%. Hence, atomic disorder seems to play a major
role for the magnetic properties of Heusler alloy films.

Our experimental findings for the Co2MnSi alloy thin
films seem to confirm theoretical predictions only qualita-
tively. Reduction of the Mn moment by about 10%sin com-
parison to the value calculated for the defect-free bulk
Co2MnSi alloyd can be explained by antiferromagnetically
oriented moments of the Mn atoms sitting in the Co positions
spredicted, e.g., by Sasiogluet al.52d, or even by local pre-
cipitations of the metallic antiferromagnetic Mn. A segre-
gated nonmagnetic surface layer of Mn, even if it was
formedssee Sec. IIId, would have no substantial influence on
the magnetic moments, which differ remarkably from the
theoretical valuesscalculated for the defect-free bulk
Co2MnSi alloyd even in the case of very thick films. Mn
segregation to the surface could only explain the decreased
magnetic moment of Mn in the case of the thinnest Co2MnSi
films fsee Fig. 14scdg. The magnetic moment of the Co atoms
is even increased in this case according to what is expected
in the presence of Co antisites on Mn sublattice. However,
within both theoretical approaches,52,53 it is not easy to ex-
plain the increase of the average Co moment up to the value
of 1.20mB, which could not result neither from Co antisites
on the Mn sublattice nor from Co-Mn interchange. In addi-
tion, the magnetic moment per formula unit which we found
experimentally equals to about 5.0mB, i.e., is very close to
the theoretical value calculated for the defect-free bulk alloy.
This is in contrast to the 10% decrease of the magnetic mo-
ment per Co2MnSi formula unit which is predicted theoreti-
cally in the case of 5–7 % swaps of all Co-Mn pairs.52,53The
magnetic moment per formula unit which we found experi-
mentally is not decreased with reference to the theoretical
value calculated for the defect-free bulk Co2MnSi alloy due
to the magnetic moment of Co, which in the experiment
amounts to 1.20mB, i.e., higher than the predictions of both
the Sasiogluet al.52 and Picozziet al.53 models in any case

of disorder that they analyzed. Thus, the question has to be
addressed whether only the details of the growth process
might be resulting in this higher average moment of Co, or
also the details of theoretical band structure calculations
might not perfectly describe the influence of disorder on the
electronic properties of the Heusler alloys.

Based on the calculations by Picozziet al.,47 in the bulk
Co2MnSi, the orbital momentsml are predicted to be very
close to zero, about 0.008mB for Mn and 0.02mB for Co,
showing that the orbital magnetic moment is quenched due
to the cubic symmetry. However, as it is shown in Fig. 14,
our experimental values for both the Co and Mn orbital mo-
mentsml are significantly enhanced with respect to the theo-
retically predicted bulk values, even more so when consider-
ing the underestimation of the orbital moment by the sum
rule analysis due to saturation effects in the total electron
yield detection. Increased orbital moments have been ob-
served previously with decreasing thickness of Co films
grown on Cus100d,54 in Co/Pd multilayers,55 and Fe/Pd
multilayers.56 This has been interpreted in terms of the re-
duced coordination at the surfacesor at the interfaced. More-
over, a giant enhancement of the orbital moment of 300%
with respect to the bulk Fe value has been recently reported
to occur in a thin Fe film grown on GaAss001d.57 In that
case, the enhancement ofml has been interpreted in terms of
perpendicular interface anisotropy in the Fe/GaAs system. In
contrast to the bulk Co2MnSi crystals where the orbital mo-
ment is nearly completely quenched, a strong enhancement
of the orbital moment occurs with decreasing thickness of
our Co2MnSi films. As is shown in Fig. 14, in the case of the
83-Å-thick film, the orbital moments of Co and Mn are
0.10±0.02mB and 0.04±0.02mB, respectively, which means
that the moments are enhanced by a factor of roughly 5 com-
pared to the bulk values predicted theoretically. According to
a discussion based on second-order perturbation theory, the
orbital magnetic moment of a cubic 3d compound arises
from the mixing either of thet2g orbital, or betweent2g and
eg orbitals.58 Therefore, when we discuss the orbital mag-
netic moment of a Heusler alloy, the effect of the character of
the 3d electrons has to be considered. It is believed that in
the cubic 3d compounds the orbital magnetic moment be-
comes larger when the 3d states are more localized.58 There-
fore, the large orbital moment of Co and Mn atoms in the
Co2MnSi film suggests that the 3d electronic states of both
the Co and Mn are more localized in our films than in bulk,
which may be the reason for the large orbital moments. The
influence of the reduced symmetry in thin films has shown to
be responsible for an increase of the orbital moment with
decreasing thickness.54–56 However, this is probably not the
main mechanism here, since the increase of the orbital mo-
ment occurs on a much larger thickness scale than the one in
Refs. 54–56.

VI. SPIN POLARIZATION IN Co 2MnSi FILMS

Now we turn to the spin-resolved photoemission spectra
sSRPESd measurements of the Co2MnSi films of varying
thickness. Prior to the measurements, the films were magne-
tized in-plane along thef1-10g easy axis direction. Figures
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15sad–15sdd show the representative spin-resolved valence
band photoemission spectra measured at RT and correspond-
ing spin polarization for 17-Å-s6 bilayersd and 45-Å- s16
bilayersd thick Co2MnSi films. Both spectra show the
majority-spin spectrum of higher overall intensity than the
minority one. A broad peak at,0.9 eV is suggestive of a
mixture of metalliclike Co and Mn components. An absence
of the more detailed band structure is related to the photo-
electron energy resolution in our experiment which is esti-
mated to be of the order of 0.5 eV. It is worth to notice that
the spin-resolved photoemission spectra of NiMnSb films
obtained by Zhuet al.59 are similar to our observations.
Moreover, our results are in a qualitative agreementse.g., the
peak at 0.9 eV energy which is accompanied by a signal
increase towards higher binding energiesd with the spin-
resolved density of statessSRDOSd calculated by Picozziet
al.47 who performed band structure calculations of bulk
Co2MnSi by means of all-electron full-potential linearized
augmented plane wavesFLAPWd method.

We define the spin polarizationP as difference between
the intensity spectra for majority and minority spins, normal-
ized to the total intensity,P=sIup− Idownd / sIup+ Idownd. The
spin polarization corresponding to the spectra of Figs. 15sad
and 15scd is depicted in Figs. 15sbd and 15sdd, respectively.
One can see that at RT the spin polarization at the Fermi
energy for the 17-Å- and 45-Å-thick Co2MnSi films is 8 and
10 %, respectively. The extrapolation to 0 K is performed
exactly in the same way as that for the magnetic moments.
The picture of disordered magnetic moments assumes that
the atomic moments are basically independent of tempera-
ture. Then the decrease of the net magnetization is a conse-
quence of the deviation of the atomic moments from the
magnetization axis. The average deviation increases with
temperature making the net magnetization smaller. Since the
atomic moments are unchanged, the fundamental intra-
atomic spin splitting is unchanged. This means that in the
first approximation the total DOS of the system does not
depend on temperature. On the other hand, since the atomic
moments deviate from the axis of global magnetization, the
distribution of the total DOS between spin-up and spin-down
channels changes with temperature. Thus, the temperature
dependence of the spin polarization at the Fermi level can be

related to the temperature dependence of the magnetization.
The extrapolation results in a spin polarization of 12% al-
most independently of the film thickness, which is consider-
ably smaller than the expected 100% for half-metallic ferro-
magnetsstheoretically, the half-metallic property in several
bulk Heusler alloys, such as NiMnSb and Co2MnSi, is rea-
sonably establishedd. Although the magnitude of the mea-
sured polarization throughout the spectra is much smaller
than the one predicted, the shape of the spectra is similar to
the results obtained by Picozzi.47 Recently Ritchieet al.60

measured the spin polarization of several Heusler single
crystal samples grown by the Czochralski method, using an
Andreev-reflection method to detect the spin polarization.
Their results indicate a polarization of 56% at 4.2 K for a
Co2MnSi single crystal sample. Very recently the spin polar-
ization of the Co2MnSi Heusler compound obtained by sput-
tering has been estimated from the resulting tunnel
magnetoresistance-effect to be 61% at 10 K.25,61

There are at least two plausible explanations why the spin
polarization is much smaller than predicted. The most obvi-
ous seems to be the presence of another nonstoichiometric
phase not necessarily at the surface of Co2MnSi, but rather
randomly distributed over the film volume. A nonmagnetic
metallic phase would add an equal contribution to the
majority- and minority-spin components, effectively decreas-
ing the polarization. However, a magnetically dead surface/
interface layer seems not to be the case. The thickness de-
pendence of the Kerr intensitysplotted in Fig. 6d suggests
that for the films thicker than four bilayers not more than 0.6
ML are magnetically dead. For the films tens of bilayers
thick, this cannot lead to a decrease of the spin polarization
down to only 12%. A more plausible explanation relates to
the local atomic disorder in the films. The following types of
the local chemical disorder have to be considered:s1d Inter-
mixing of Co and Mn ands2d partial occupancy of the Mn
lattice sites by Co atomssone can imagine local precipita-
tions of the metallic Mn resulting in a surplus of the Co
atomsd. The local atomic disorder is the cause of the dimin-
ished spin polarization. This is due to the band theory ap-
plied for several Heusler alloys which predicts that the con-
duction gap atEF in the minority spin states can be closed if
some disorder is introduced into the crystal lattice. Recently,

FIG. 15. sad and scd Spin-
resolved photoemission spectra of
the 17-Å- and 45-Å-thick
Co2MnSi/GaAss001d films de-
tected at 70 eV photon energy.
Open sfilledd triangles denote
majority- sminority-d spin spectra.
sbd and sdd Spin polarization, de-
fined as difference between major-
ity and minority photoemission in-
tensities normalized to the total
intensity of the spectra ofsad and
scd, respectively.
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by means ofab initio FLAPW calculations, Picozziet al.53

have investigated the influence of atomic disorder on the
half-metallic character of Co2MnSi Heusler alloys. They
found that antisite disorder on the level of a few percent
s8%d of the Mn sites being occupied by Co atoms would
result in the loss of the half-metallic character. With the same
framework, Sasiogluet al.52 applied the GGA band structure
calculations to study the electronic structure of the bulk
Co2MnSi. They found that any of the considered disorders,
as low as a few percent, is capable to reduce significantly the
spin polarization atEF. For the experimentally observed dis-
order on the level of 10–15 % of Mn sites occupied by Co
atoms, they found a spin polarization of only 20%, and a
vanishing minority-spin band gap.

For example, in the case of Co2MnSi, an antisite disorder
is manifested in the form of site swapping between the Co
and Mn atoms. The similar atomic radii of Co and Mn atoms
encourage this kind of disorder. Recently, a neutron-
diffraction experiment was performed to probe disorder of
the stoichiometric bulk Co2MnSi,21 which shows that be-
tween 10 and 15 % of Mn sites are occupied by Co. Due to
the relatively low deposition temperature we can assume that
the degree of local atomic disorder in our films could be even
higher in comparison to the bulk Co2MnSi sample made un-
der optimum conditions. Thus, the spin polarization of 12%
for the RT-grown thin films, in comparison to 56% for the
perfect bulk sample, is not surprising. An existence of the
site swapping between the Co and Mn atoms seems to be
supported by the values of the magnetic moment which are
in the case of Co increased and in the case of Mn decreased
compared to theoretical calculations for the defect-free bulk
Co2MnSi alloy. Such an evolution of magnetic moments can
also be explained by a local nonstoichiometry of our films
caused by the segregation of Mn atoms to the film surface,
resulting, however, in the same dramatic reduction of the
spin polarization. By comparing results obtained by XMCD
and by spin-polarized photoelectron spectroscopy one has to
keep in mind the different information depth of the two tech-
niques. While in XMCD the exponential weighting depth is
about 2 nm,28 photoelectron spectra at the kinetic energies
presented here probe less than 0.6 nm depth.62 Thus, e.g.,
surface oxidation can remarkably influence the spin polariza-
tion detected in this way. In the case of our experiment,
because of the long storage between film growth and XAS
measurement, a small amount of MnOx could be formed.
This is compatible with a decrease of the spin moment of Mn
detected by XMCD with decreasing film thicknesssFig. 14d,
as well as with very low spin polarization detected
by the photoemission method which is mostly surface
sensitive. We measured SQUID for the 60-Å-thick film. The
result for the magnetic moment is 5.1mB per formula unit.
This is very close to the value predicted theoretically
fs5.0mB sRef. 47dg, and very close to the value which we
measured by XMCD. The point is that the magnetic moment
of Co is increased in comparison to the value predicted theo-
retically s1.20mB instead of 1.06mBd, whereas the magnetic
moment of Mn is decreased from 2.92mB predicted theoreti-
cally to ,2.6mB. Consequently, both moments separately
give the values very different from those predicted theoreti-
cally, but per formula units the result is almost equal to the

theoretical one. Then, it is impossible to conclude on the
oxidation at the surface from the difference between the
XMCD and SQUID results. This is rather a confirmation that
the surface oxidation is small if it exists, and that the values
of magnetic moments are properly determined from the
XMCD experiment as they fit well to the result of the
SQUID analysis. Summarizing, not only an improvement in
the film growthsin order to minimize any kind of the local
chemical disorderd, but also in detection of the spin polariza-
tion, is required. The point is that only a polarization close to
100% is predicted to improve remarkably the efficiency of
the spin injection into the semiconductor.6

Finally, it has to be mentioned that although in the pre-
sented photoelectron data the detected electron momentum
parallel to the film plane covers about one Co2MnSi Bril-
louin zone, a photoemission experiment does in general not
necessarily represent a completek-space sampling of the
Brillouin zone in the perpendicular direction. The sampled
range of electronic states may be further limited by dipole
selection rules. This could in principle lead to a different
shigher or lowerd apparent spin polarization than expected
from the total DOS.

VII. SUMMARY

We have demonstrated that PLD can be used for a suc-
cessful deposition of single crystalline Co2MnSi films. In
situ RHEED and AES show that the best quality of the
Co2MnSi films has been achieved after deposition at 450 K.
The films exhibit in-plane uniaxial magnetic anisotropy with
the easy axis of magnetization along thef1-10g direction
superimposed to a fourfold anisotropy with the easy axis
along thek110l-in-plane directions. When the field is applied
under an anglea with respect tof1-10g, the magnetization
reversal proceeds in two steps: at low fields the magnetiza-
tion is oriented alongf1-10g and then switches tof110g at
higher fields. This is clearly seen within the MOKE hyster-
esis loops, which reflect two-step magnetization process pro-
jected to the field direction. The anisotropy depends strongly
on the film thickness and on temperature. Spin-resolved pho-
toemission measurements at BESSY of the single-crystalline
Co2MnSi films reveal a spin-resolved density of states that is
in qualitative agreement with recent band structure calcula-
tions. However, the spin polarization of photoelectrons
emerging from the sample is found to be at most 12% at
room temperature, in contrast to the predicted half-metallic
behavior. The spin and orbital magnetic moments we ob-
tained by the sum rules analysis of XMCD measurements of
thin Co2MnSi films at RT are strongly thickness dependent.
The extrapolation to 0 K excludes the magnetic size effect
which is responsible for the reduced magnetic moment at a
finite temperatureswith decreasing film thicknessd; neverthe-
less the moments differ from that predicted theoretically for
the bulk Co2MnSi. We conclude that these discrepancies
should be attributed rather to a partial chemical disorder in
the Co2MnSi films than to nonmagnetic surface/interface re-
gions.
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