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Single-crystalline CgMnSi Heusler alloy films have been grown on G&@&l) substrates by pulsed laser
deposition(PLD). The best crystallographic quality of the £nSi 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
[1-10] direction superimposed with a fourfold anisotropy with the easy axis aldh@®. Spin-resolved pho-
toemission measurements of the single-crystallingMxSi 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 ipMmSQattice.
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I. INTRODUCTION many semiconductors, and thus could be easily epitaxially
grown on top of them. In addition, they exhibit high Curie

It was successfully proven recently that a magnetic semitemperature and high spin polarization at the Fermi level as
conductor based system is feasible as spin injection sbtirce predicted by theor}® These properties make them particu-
however, only under conditions of low temperatures and higharly attractive as injectors and detectors of the spin polarized
magnetic fields.From the practical requirement of function- current. The most widely studied half-Heusler alloy thin film
ality with small magnetic fields and at environmental tem-is NiMnSb141° Turban et al!* found that the higher the
peratures, the concept of spin injection from a metallic fer-growth temperature, the smaller the number of defects in the
romagnet into a semiconductor is still very attractive. Due toNiMnSb epitaxial layers grown on MgO. However, when
a recent work that imposed severe restrictions on the funaNiMnSb is grown on a semiconductor, the higher deposition
tionality of integrated ferromagnetic metal-semiconductortemperatures result in more extensive interfacial reactions
devices, this concept needs substantial modifications, e.g., hat can potentially result in the formation of magnetically
the integration of a tunnel junction to produce hot electronsiead layers. Hence, a compromise must be made between the
as a part of the spintronic deviée® Also “natural” polariza-  crystal quality and possible interfacial reactions. Recently, a
tion of the electrons at the Fermi level seems to be insuffinumber of Heusler alloys have been grown epitaxially on
cient for an effective spin-dependent transport and a spinsemiconductor substrates including,®mGe ¢ Ni,MnGal’
valve filtering, in lack of 100% spin polarized materials, hasand NL,MnGe (Ref. 1§ on GaA$001), and NyMniIn (Ref.
to be applied in additioi Finally, a nonmagnetic layer at the 19) on InAs(001). Analyzing the growth of these full Heusler
interface might act as a strong spin scatterer, thus losing thalloys, it was found that the substrate temperature has a dra-
spin information being transferred into the semicondu€tor. matic effect on the interface reactions, crystal quality, mag-

Ferromagnetic materials that have Curie temperat{iigs netic properties, and atomic ordering. For growth above 500
above room temperature and a high spin polarization show(, cross-sectional transmission electron microscopy studies
great promise for integration with semiconductor indicate that substantial interfacial reactions have occurred,
electronics’ It has been shown that it is possible to grow and for growth below 400 K, a large number of textures and
single-crystalline Fe films on Ga£@01),'° which have been additional amorphous phases have been formed in the films.
proposed for spin-polarized current injection from a metalThe optimum growth was achieved at about 450 K.
into a semiconductor. On the other hand, half-metallic ferro- Recently, the full Heusler alloy GMnSi has attracted
magnets have been proposed as ideal candidates for spin iimterest because it is predicted to have a large minority spin
jection devices because they have been predicted to exhiliiand gap of~0.4 eV and has the highest Curie temperatures
100% spin polarization at the Fermi leVéINotable among of 985 K among the known full and half Heusler alldyg?
the half-metallic candidates are a number of the full-HeusleMore recently, the magnetic, structural, and transport prop-
(L2, structure and half-HeusleC1, structure alloys!'*?  erties of CoMnSi have been reported for dc magnetron sput-
They have crystal structures and lattice parameters similar ttered polycrystalline films and single crystals?* Very re-
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cently, magnetic tunnel junctions with a magnetically softqualitative information about the surface roughness. The sur-
Co,MnSi electrode have been investigated with respect tdace morphology was also investigated by STM at room tem-
their structural and magnetic propert@sin the bulk, perature in constant current mode. MOKE loops were col-
Co,MnSi has been stabilized in the cuhi@, structure with  lected in situ in longitudinal geometry by using an

a lattice parameter of 5.67 A, which implies a lattice mis-electromagnet with a maximum field of 0.8 T.

match to the GaA®01) substrate of only 0.3%. It therefore ~ X-ray magnetic circular dichroistiXMCD) in soft x-ray

can be expected that Ga@®1) is a suitable substrate for absorption anq spin-resolved photoemlssmn_ measurements
epitaxial growth of single-crystalline GMnSi films. Despite ~ Of the CeMnSi/GaAg001) samples were carried out at the
the crucial importance of preparing well characterizedJES6/2-PGM2 beamline at BESSY in Berlin. The experi-
Co,MnSi thin films that show a very high volume and sur- Ments were performed on samples that were grown in the
face crystalline quality, to the best of our knowledge, onIyMBE laboratory in Halle. Immediately after deposition, the

very few experimental works have been devoted to the Stud§amples were transported under UHV conditions in our

S . : : : —“UHV suitcase” to Berlin. During the transport a pressure of
9f QonnS| ep|taX|aI growth and in partlcular its spin polar about 4x 1071° mbar was maintained. The typical time inter-
ization. In this paper we present a detailed study of th

: : 4 Sal between the preparation of the samples and the beginning
growth, structural and magnetic properties, and spin polar(-)f the measurements at BESSY was about 4 h. The base
ization of single-crystalline CMnSi thin films grown on pressure in the photoemission chamber was18 ! mbar.
GaAd001) by PLD- . , . Absorption spectra were recorded by directly detecting the
The paper is organized as follows. Experimental detailssample current while scanning the photon energy of the 80%
are presented in Sec. II. The growth and structural study Ofjrcylarly polarized light. Photon energy resolution was set
the single-crystalline GdnSi thin films is presented in Sec. 5 0.15 and 0.19 eV for absorption at the Mn and IGo
Ill. The magnetic properties of these films are analyzed inyqges, respectively. Spin resolved photoemission spectra
Sec. IV. Finally, Secs. V and VI are dedicated to the X-rayyere taken for 45° incidence of the incoming linearly

magnetic circular dichroism and spin polarization study Ofp-polarized radiation in the plane defined by the magnetiza-

single-crystalline CgMnSi thin films, respectively. tion and surface normal, and normal emission of the outgo-
ing photoelectrons. Spectra were taken for excitation with 70
Il. EXPERIMENTAL DETAILS eV photon energy and 0.14 eV photon energy resolution us-

ing a cylindrical sector analyzefOmicron CSA 300

The sample preparation and characterization were carriedlquipped with a spin-polarization detector based on spin-
out in an ultrahigh vacuum{UHV) multichamber system polarized low-energy electron diffraction from a (001)
equipped with molecular beam epitaBE), in situreflec-  single crystal(Omicron SPLEED. A pass energy of 16 eV
tion high-energy electron diffractioRHEED), Auger elec-  was used for the spectra presented here. The angular accep-
tron spectroscopyAES), x-ray photoemission spectroscopy tance of photoelectrons is aboti’—8°. Analyzer entrance
(XPS), low-energy electron diffractiolLEED), scanning and exit slits were set to 3 mm, resulting in an electron
tunneling microscopy(STM), and in situ magneto-optical energy resolution of 1.0 eV. Values of the spin polarization
Kerr effect (MOKE) analytical techniques. Commercially were corrected assuming the nominal detector asymmetry
available GaA01) substrates were first degassed in UHV function of 0.25%7 A reduction of the asymmetry function by
up to about 580 °C, subsequently the substrate surface wassufficient preparation of the YW01) single crystal or mis-
further sputtered for 30 min at 600 °C with a 0.6 keV'Aon  alignment of the instrument would linearly influence the val-
beam, a 4uA/cm? current density, at an incidence angle of ues of the photoelectron spin polarization of the,l@nSi
45°. After the cleaning procedure was completed, no surfac#lims reported here. However, spin polarized photoemission
impurities were detected in the AES spectra, and sharpeasurements performed under identical conditions a few
LEED images revealed the pseu@®x6) surface recon- days before at the same beamline on a 10 ML Co film on
struction characteristic for the Ga-terminated G@84) sur-  Cu(001) yielded 35% spin polarization at about 5 eV binding
face, which has been found to protect Fe films against interenergy. Since the maximum spin polarization obtained for
mixing with As and G&° The CgMnSi thin films were  Co/CY001) at photon energies of 16-24 eV is 4G8owe
deposited on GaAB01) substrates from stoichiometric poly- think that the systematic error introduced by the guess of the
crystalline CgMnSi pellet targets by the PLD method. The asymmetry function is less than 25% of our reported spin
base pressure in the deposition chamber was less than gwlarization values.
X 107 mbar. A KrF excimer lasef248 nm wavelength, 34 Both XMCD and spin-resolved photoemission measure-
ns pulse length, typical pulse energy 300 mJ, and repetitioments have been performed in magnetic remanence after a
rate 10 H2 was used, and the beam was incident at an anglenagnetic field pulse of about 50 mT along the in-plane easy
of 45° onto the rotating target. The growth was followed inaxis ([1-10]) of the thin CgMnSi films has been applied.
real time by RHEEDat 15 keV beam energy with a glancing Almost 100% remanent magnetization was found at room
angle of about 2.5° if110) incidence. This technique al- temperature for all the GWnSi films independently of the
lowed us to obtain the surface structure and the growth modthickness. This indicates that the remanent magnetic state
by recording thg00) spot intensity variation with time. The preserves the spin alignment along the field applied before,
observed RHEED intensity oscillations were characteristic ofvhich is important because no magnetic field has been ap-
a layer-by-layer growth modeFrank—Van der Merwe plied during the XMCD and spin-resolved photoemission
growth). The RHEED patterns also allowed us to obtainmeasurements.
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FIG. 1. RHEED intensity during growth of GMINSi on
GaAg001). The period of oscillations corresponds to two atomic
layers (bilayer. 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 nSi
at 450 K. The line profile taken along the solid line is shown at the
right side. The roughness corresponds to 2.85 A, i.e., one bilayer as
it is shown from a sketch of the GEInSi unit cell.

Il. GROWTH OF Co ,MnSi THIN FILMS ON GaAs(001) In order to identify the period of the RHEED oscillations,
one must compare the number of the oscillations with the
The theoretical arguments outlined in Sec. | suggest thatorresponding film thickness. For example, the thickness of
Heusler alloys may be ideal spin-injecting contacts to manyhe film can be determined by x-ray reflectomeéfranother
compound semiconductof$3® However, all experimental method is to take STM images at different points of the
data show that it is difficult to grow high quality Heusler RHEED oscillations to ascertain whether the maxima corre-
alloys on semiconductor surfaces. This is because a higépond to a full monolayer or not. Figure 2 shows a typical
deposition temperature is helpful to get a single-crystallineSTM image of a CgMnSi thin film whose growth was
film, but results in extensive interfacial reactions. Hence, astopped at the fifth peak of the RHEED oscillations. From
compromise must be made between crystal quality and intethe line profile of the image, the height of islands is found to
facial reactions. In our work, the growth of @4nSi thin  be 2.85 A. This value fits well to the height of half of the unit
films was monitored by means of the RHEED oscillations. Incell of Co,MnSi (also shown in Fig. 2 It means that the
order to supress the interface reactions between GaAs arRHEED oscillation period corresponds to half of the unit cell
Co,MnSi thin films, we have tried the growth of gdnSion  of Co,MnSi, i.e., to the thickness of two atomic layers. This
the GaA$001) at substrate temperatures as low as 475 K andesult is important for understanding the epitaxial growth of
below. We found that the best crystalline quality is achievedhe Heusler alloys. The observed period in the RHEED os-
at a substrate temperature of 450 K. Figure 1 shows typicalillations indicates that the two-dimensional nuclei of
RHEED intensity oscillations as a function of deposition Co,MnSi all have the height of half a unit cell which is
time (which relates directly to the film thicknessor the  necessary to satisfy the chemical composition and electrical
Co,MnSi films grown by PLD on GaA®01) at 450 K. Itis  neutrality.
clearly seen that the RHEED intensity does not show any The RHEED patterns of G¥nSi films of varying thick-
oscillations at deposition of the first and second layer, insteadless are shown in Fig. 3. The patterns are presented in two
a drop of the reflected intensity is observed. We attribute theolumns related to thgl10] and[1-10] crystallographic di-
absence of the first two oscillations to a poor layer-by-layerections which the electron beam is focused along. Figure
growth or to intermixing between the GaAs substrate and th&(a) shows the pattern of the clean Gd881) surface before
Co,MnSi film (as will be discussed hereafteiThe regular the film deposition. We note that along the-10] direction
oscillatory behavior of the RHEED intensity starts at thethe reconstruction shows six lines in comparison to four lines
third layer, and it can be promoted up to about ten layers. Iralong [110], indicating a smooth(4X6) reconstructed
the case the films were grown at room temperature, n@GaAg001) surface. We found that the reconstruction lines in
RHEED oscillations and no clear diffraction pattern after thethe substrate’s RHEED patterns disappear immediately after
film deposition were observed. The growth temperature ofhe deposition of CsMnSi is started. At a thickness of about
450 K is a compromise between the epitaxy improvingé A (roughly 1 unit cell of CoMnSi), the RHEED pattern of
with increasing temperature, and intermixing in thethe underlying substrate has completely disappeared and
Co,MnSi/GaAs interface which clearly appears aboveonly the new RHEED pattern from the @anSi Heusler
475 K. film is seen. Furthermore, regular RHEED oscillations ob-
It is interesting to find what the growth unit is in our case. tained during growth of the films thicker th& A are char-
The growth unit for a single-element metal or semiconductoracteristic for a layer-by-layer growth. Figur¢o3 shows the
related to one oscillation of the RHEED spot intensity, hasRHEED patterns obtained for a 60-A-thick film. The princi-
been confirmed to be one atomic layer. However, for thepal spots coincide closely with those of the GaAs substrate
growth of some high-temperature superconducting oxidesalong both[110] and[1-10] directions, indicating epitaxial
such as BaTi@and YBaCyO;_, on SrTi0;(001) substrates, growth. Moreover, the Kikuchi lines were clearly visible in
the RHEED oscillation period corresponds to one unit &ell. the diffraction patterns indicating a high-quality epitaxial
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FIG. 5. AES peak-to-peak intensities of the Ga line at 1070 eV

i o w (full dots), and the As line at 1228 eXbpen circley measured for
( G)aAs idd ©1 Co,MnSi films grown at 450 K and normalized to the intensities for
(100) clean GaA&01). The solid and dotted curves stand for the pre-

dicted Ga and As normalized intensities, respectively, under the

- hypothesis of an ideal GMnSi growth(flat and continuous film as
CopMnt well as no intermixing
(-10) o1
at 450 K. The evolution of the Ga line at 1070 eV, the As line
-1.0 0.5 0

- 05 10 at 1228 eV, and the Co line at 780 eV were followed as a
Reciprocal lattice [47/a, ), ] function of CgMnSi film thickness. The normalized gallium
and arsenic peak-to-peak intensities are shown in Fig. 5. The
FIG. 3. RHEED patterns af) clean GaAg0Y), (b) 60-A-thick  normalization of the gallium and arsenic peak-to-peak inten-
Co,MnSi film, left-hand side panels alorig10lcaasand right pan-  sity signals was done with respect to the Ga and As peak-to-
els along[1-10lgans (¢) line profiles of GaAs(top) and CQMnSi  peak intensity at zero GMnSi coverage. Along with the
(bottom) RHEED patterns taken alorig 10lgaas experimental intensities, the model predicted Ga and As AES
D peak-to-peak intensitiehormalized as befojeare shown.
d The predicted curves were deduced by assuming an attenua-
tion of exponential form according to

Intensity

single crystal film. Figure &) shows profiles of the RHEE
patterns along thEl10] direction corresponding to GaAs an
Co,MnSi [shown in Figs. 8) and 3b)]. Taking the spacing
of the initial [1-10] RHEED spots for reference and using the ~teomnsi
value of 5.654 A for GaAs, one can determine the in-plane |CaAsz |Sahsg p(L) (1)
IatticeA parameter of the 60-A-thick @dnSi film to be
5.67 A from a large number of RHEED patterns. This value . . . . . Ga
is in good agreement with that of the bulk single—crystallineW'th |25elast|c mean-free patitMFPs) in Co,MnSi, )‘C%M“Si
Co,MnSi sample. and\ce,wnsi Of 15 A for the 1070 eV Ga Auger electrof,
LEED patterns of a clean Gaf®01) and after deposition and 17 A for the 1228 eV As ori&-3*Here,|5#*stands for
of 60-A-thick CoMnSi film are shown in Figs. @ and  the substrate Ga and As intensitiés, vnsi is the CaMnSi
4(b), respectively, confirming epitaxial growth of the film fjim thickness, andp represents the mean opening angle of
and its rather good crystallographic order. However, no conthe spherical mirror analyzer. In the above approach, we sup-
clusion can be made on the chemical order disordef  posed that the deposited SnSi forms a flat and continu-
based on the qualitative LEED and RHEED analysis only. ligys film, and no intermixing occurs at the interface. How-
is not possible to distinguish between the orde(@k 1)  ever, from a first glance at the AES signals measured for Ga
structure and a disordered one, where some atomic speciegil| dots in Fig. 5 and As(open circley one can immedi-
occupy several sites within th@ x 1) unit cell. ately see a difference between Ga and As behavior. For Ga,
In order to judge about the degree of intermixing, wethe experimental signal follows rather closely the predicted
performed an AES investigation of the SnSi films grown  curve of no intermixing. However, a rather slow decay is
observed for As up to 10 ML.e., five bilayers, followed by
the predicted decay. We associate this behavior with a sub-
stantial amount of As segregating to the top of,KoSi
. (1o film, which gradually becomes buried into the growing film
& L. . : when its thickness further increases. In combination with the
g O R [-110] results of the AES analysis, we suggest that the initial lack of
e IR el o RHEED oscillations may be due to the intermixing between
As and CgMnSi, which results in some crystallographic dis-
order in the early stages of the growth. The AES analysis
FIG. 4. LEED patterns ofa) clean GaA&01) surface andb) shows a slightly increased signal of Mn with reference to the
60-A-thick CgMnSi film deposited at 450 K. Co signal and to what is expected from stoichiometry of the

Ga,As
COS¢ - Ao mnsi

(a) (b)
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FIG. 6. Thickness dependence of _Iongltud_lnal Kerr r0t¢T’monCoZMnSi/GaAs{OOD films of varyin)g/; thickness mgasured along
measured at 70 K along th#&-10] easy-axis direction for GMnSi he [110] hard axis direction. The switching fielddy, and Hg, at
films of varying thickness. The open dots are the results for thet e[_ . o ching ) 2 <
) . : : . positive and negative fields, respectively, are defined within the
films thinner than four bilayer&he superparamagnetic phasean figure for thed=20 A thick film
applied field of 0.1 T. The full dots show the saturated Kerr inten- '
sity of the ferromagnetic phas@bove four bilayers which is  npess at low temperature. Extrapolation to zero remanence
equivalent to the intensity in remanence in this case. suggests that there are only 0.6 magnetically dead bilayers
(Fig. 6).
Co,MnSi compound. Due to the fact that the Mn/Co ratio  An in-plane uniaxial magnetic anisotropy with the easy
exceeds the value of 0.Gexpected for the stoichiometric axis parallel to the1-10] direction is found for thicknesses
Co,MnSi film) mostly for the thinnest filmgbelow four bi- ~ above three bilayers of GhInSi deposited on GaA60J.
layers, we suggest that Mn segregation to the surface igfhis means that the ferromagnetic long-range order and
responsible for this effect. It is worth to mention that theseuniaxial magnetic anisotropy both appear above a critical
first monolayers are very important for the spin polarizedthickness of three bilayers. Figure 7 shows the evolution of
carrier injection into the semiconductor both from spin po-the hysteresis loops measured at RT fo,/@0Si fims of
larization and magnetic order point of view. varying thickness when the magnetization was probed along
the [110] hard-axis direction. The uniaxial anisotropy is
found to be superimposed onto the four-fold magnetic aniso-
IV. MAGNETIC PROPERTIES tropy with the easy axis of magnetization along the two0)
in-plane directions. In particular, at a @dénSi thickness of
The magnetic properties of the @énSi films were four bilayers, i.e. 11 A'see Fig. 7, open trianglgshe hys-
probedin situ by magneto-optical Kerr effe€MOKE) mea-  teresis loop along thg110] direction splits completely into
surements. All the films considered here were grown at 45@vo subloops and the remanence becomes zero. The sub-
K. The thickness dependence of the Kerr intensity at 70 Kloops are shifted to a higher magnetic field. The shift field is
when the magnetization was probed along [thel0] direc-  defined asH =(Hg —Hg)/2, where H; and Hs, denote the
tion, is plotted in Fig. 6. No magnetic signal could be de-fields the subloops are symmetric around, at positive and
tected for films thinner than two bilayer®.67 A). Just negative field, respectively. The hysteresis loops along the
above this thickness the Kerr measurement shows a nonzefo10] direction show that the shift field depends on the
intensity in an applied field of 0.1 T, however teeshaped Co,MnSi film thicknessd, being proportional to id. As
loops do not show any hysteresis. At 70 K, for a,MaSi shown in Fig. 7, when the thickness of S4nSi film is
thickness of four bilayers, a significant Kerr signal in rema-thicker than 100 A, almost no clearly defined double hyster-
nence is first detected indicating the onset of ferromagnetiesis loops can be measured by MOKE.
order. The lack of magnetic signal for the first three bilayers Figure 8 shows a series of hysteresis loops measured at 80
indicates that the ferromagnetic phase has not yet developadfor the 60-A-thick CgMnSi film along the magnetic field
at 70 K. Magnetically dead layers could be expected near thgpplied in the sample plane, under an anglén 5° steps
Co,MnSi/GaAg001) interface due to atomic intermixing be- with respect to th¢1-10] direction. At=0°, i.e., along the
tween the film and the substratés segregation, see Fig).5 [1-10] direction, the loop is rectangular, clearly suggesting
Another possibility is that a small size of the initially formed that it is measured along the easy-axis of magnetization.
islands prevents the onset of magnetic ordering. With in\Whenea increases from 0° to 55°, the hysteresis loops keep a
creasing CeMnSi film thickness, the islands coalesce into rectangular shape, however the Kerr rotation in remanence
bigger clusters in which an internal ferromagnetic order ex-decreases suggesting that the film is still magnetized along
ists at 70 K(open dots in Fig. 6 Above the thickness of four [1-10], and only the projection of the magnetization to the
bilayers, the Kerr rotation in remanence can be plottedfield direction is detected. Interestingly, when the sample is
which is approximately proportional to the film thickness. rotated and the magnetization is probed more to[tti]
The remanent magnetization measured alond1ht0] easy  direction, i.e., whena>60°, the loop evolves getting a
axis gives a good estimate of the magnetic order inthree-step character, with one loop around zero field, and two
Co,MnSi, in particular if it is plotted versus the film thick- subloops symmetrically at positive and negative field. More-
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) D initially the film is magnetized along tHéd-10] direction due
( —,-Jr“ to the strong unixial anisotropy with the easy axis oriented
I [1-10] H along[1-10]. The field component acting along this direction
is larger than the component acting alofid.0]. With in-
0=30°  |omame I =78 creasing angley, the Kerr rotation in remanence decreases,
Tﬂ [110]
I

a because the projection of the magnetizatitmthe direction
| 0} along which the magnetization is probetecreases. Above a

Kerr rotation

critical angle, i.e., atv>60°, the field component along the
| [110Q] direction is strong enougtwith reference to the field
component alond1-10]) to switch the magnetization from
) the [1-10] to [110] 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
FIG. 8. Longitudinal MOKE hysteresis loops of the 60-A [110] direction means that a local energy minimum exists for
Co,MnSi film measured at 80 K along=0°, 30°, 55°, 65°, 75°, the magnetization oriented in this way which is due to the
and 90° in-plane azimuthal angle with respect to fie10]  fourfold anisotropy mentioned before. Summarizing
direction. >60°: at low fields, the projection of magnetization oriented
along the[1-10Q] direction contributes to the MOKE signal.

over, the relative contribution of the subloops to the totalAt higher fields, after the magnetization is switched to the
Kerr signa] becomes more prominent Whenapproaches [110] direction, the MOKE signal remarkably increases. This
90°. Finally, atae=90°, i.e., along[110], the central loop is & simple geometrical effect explained in Fig¢a)9and
disappears completely and only the subloops exist. The fiel@(b). With further increase of the field the magnetization ro-
at which the subloops appear depends on the aagley tates towards the field direction and saturates at the field of
which the sample is rotated from th#-10] direction and about 0.2 T. Finally, when the magnetization is probed along
decreases when approaching fia0] direction. When the [110], no field component along tHé-10] direction results
field is applied along an intermediate direction oriented bein zero Kerr effect at low fields. Only at higher fields the
tween [1-10] and [110], field components act both along magnetization switches to tj&¢10] direction and the corre-
[1-10] and[110]. For the same applied field, its component Sponding subloop is detected.

along the[110] direction increases with increasing the angle ~ Previously, two-step magnetization switching has been re-
«. This means that the closer to thEL0] direction the field Ported in epitaxial Fe thin films due to the different combi-
is applied, the easier to reach the field which is necessary t@ation of the uniaxial and cubic anisotropf€s?® Hathaway
switch the magnetization to tHa10] direction. Figures @) €t al*° observed a three-step switching in Fe films grown on
and 9b) show diagrams illustrating how the magnetizationAg(001), in a field applied at 7° and 12° from the hard axis
reversal proceeds in view of the magnetization projection td110], and attributed it to the demagnetization effect. Cow-
the field direction fora< 60° anda > 60°, respectively. This burn et al*® reported a hysteresis loop with three jumps in
is exactly what is measured by MOKE and reflected in theultrathin Fe films with cubic anisotropy and a weak uniaxial

shape of the hysteresis loops. In the first casepat60°,  anisotropy. They attributed the switching to domain wall pin-
ning and the weak uniaxial anisotropy. Based on their calcu-

(a) (b) 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-

=55

-0.1 0.0 0.1 -0.1 0.0 0.1
Magnetic field [T]

H H broseet all® deposited CsMnGe films on a GaAs substrate
[1-10]“‘[::\ by molecular-beam epitaxy, and found that the epitaxial films
o [1-10]4 show a large magnetization along with a small magnetic an-

\ ing technique and vibrating sample magnetoméigM),
1/ _ Yang et al*! have studied the domain patterns and magnetic
> anisotropy in a CgMnGe/GaA$001) film at room tempera-

’ : . ture. As a result, multistep magnetic switching has been ob-
[110] served in their CeMnGe Heusler alloy films.

For the CgMnSi films grown on GaA&®01) we have

FIG. 9. A diagram illustrating the magnetization process how it0PServed the three-jump magnetization switching when the
is seen along the field direction @ a<60° and(b) «>60°. With  field is applied at an angle within the range from 60° to
increasinga, the M component to the field directiofM,y) de- ~ nearly 90° with respect to thgl-10] direction. We have
creases, as it is shown {@). When the magnetization is probed at quantitatively shown that the magnetization aligns along the
a>60°, at low fields the film is magnetized aloft+10] and the ~ €asy axig1-10] at low fields, and then switches to thELQ]
magnetization projection to the field directiod ) is “short.” With ~ direction at higher fields. This is clearly seen within the
increasing field, the magnetization switcheqd 1@0] which results MOKE hysteresis loops, which reflect two-step magnetiza-
in an enlargedvl,. tion reversal if projected to the field direction.

M / 4 isotropy. By using the magneto-optical indicator film imag-
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M tic field [T’ . R
agnetic field [T] FIG. 11. Normalized Kerr rotation in remanence measured along

the[1-10] direction vs temperature for the @adnSi films of differ-
FIG. 10. Longitudinal MOKE hysteresis loops of the 60-A ent thicknesses d. The results of fit to tNET)=M(0)(1-bT*/?)
Co,MnSi film measured at RT along=0°, 30°, 55°, 65°, 75°, and Bloch formula atT<0.6T,, are includedsolid lines.
90° in-plane azimuthal angle with respect to flie10] direction.

Figure 10 shows longitudinal MOKE hysteresis loops Figure 11 shows the temperature dependence of the Kerr

measured for the 60-A-thick GBInSi film at 300 K. The rotation In remanence me?S“fed al_ong [tlhéLO] easy-axis.
magnetization was probed in the sample plane at an angle direction for a number of fllms lof different thickness. It is

in 5° steps with respect to thgi-10] direction. The only clearly seen thgt the magnetization depends more strongly on
difference in comparison to the situation at 80(Kig. 8  temperature with the decreasing film thickness. As a result,
concerns the narrow range of a_ng|es around 60° at which th@]e thinner the film the smaller magnet|zati0n is detected at a
magnetization prefers to follow the field direction rather thanfinite temperature with respect toettd K value. In the case
the [110] direction. The anisotropy depends on temperature9f our CaMnSi films on GaA§001), no pronounced linear
and thus is less pronounced at RT. As a consequence, whendependence of magnetization vs. temperature is observed
increases from 0° to 60°, the hysteresis loops become mor@ig. 11, as it is expected for the continuous filfifswe
slanted but the magnetization in remanence is the same asfaund that for all of our CgMnSi films, the temperature

80 K. At a=60°, at low fields the film is magnetized along dependence of the Kerr rotation in remanence can be de-
[1-10, with increasing field the magnetization does notscribed, at low temperatures and within reasonable limits, by
switch to[110] as it does at 80 K, but coherently rotates tothe standard Bloch formula

the field direction. The magnetization switches to fth&0]

direction only if the field is applied at larger anglés M(T) = M(0)(1 -bT*?), 2

>75) with reference to thél—lO] direction. After SWitChing WhereM(O) andb depend on the film thickne43 We fitted

to [110], at higher fields, the magnetization rotates to thethe data for all our filmgof different thicknessto the same

field direction. . :
Although a uniaxial anisotropy has been observed in SeVlformula in order to describe the temperature dependence of

T > . )
eral previous studie®;*Cin particular for Fe films grown on magnetization with one parametef” Due to a linear depen

semiconductors of the zinc-blende structure, e.g., GaASdence of theéb parameter on the reciprocal of the film thick-

éﬁess, its value can be found for each thickness, as it is de-

have been many theoretical efforts to explain the origin ofcribed in details elsewhefé.Finally, the parameteb is

the in-plane uniaxial anostropy. For example, it might be due/Seful to rescale, e.g., the apparent magnetic moment mea-
to a reconstruction of the semiconducting substrates, formaured at RT to its value at 0 Kas it is described below

tion of an interface alloy, or, most likely, anisotropic interfa- Actually, this can be applied to all quantities which depend
cial bonds. In the case of our @dnSi/GaAg001) films, the ~ on temperature in the same way as the magnetization does in
uniaxial anisotropy depends strongly not only on temperatur@rder to get rid of finite size effects.

but also on the film thickness. For the whole thickness range

we investigr_:tted, the easy axis was foun.d to lie in plane, and\, w_.RAY MAGNETIC CIRCULAR DICHROISM STUDY

no perpendicular component of magnetization was detected.

In addition, we found that the uniaxial behavior of the in-  Spin polarization at the Fermi level is related to the mag-
plane magnetic anisotropy persists up to about 35 bilayersetic moments of Co and Mn. Since atomic disorder is sug-
(roughly 100 A, and therefore it can not be related to anygested as a mechanism to reduce spin polarization, this
shape anisotropy of the incipient growing film. The switch-should also have an influence on Co and Mn magnetic mo-
ing field H is proportional to the reciprocal film thickness. ments. Thus, we have studied the magnetic properties of
Until no other direct experimental evidence is obtained, weCo,MnSi epitaxial films up to the thickness of 85 A, by
may conclude that the uniaxial character of the GaAs uniusing the element-selective x-ray magnetic circular dichro-
cell, and implicitly of the interface, may bear the whole re-ism (XMCD). Figure 12 shows the representative x-ray ab-
sponsibility for the magnetic anisotropy we found in the sorption spectr&XAS) at the CoL, ; edge and correspond-
Co,MnSi/GaAg001) system. ing XMCD difference spectra, recorded at RT, for 174&-
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(a) d=17A (b) sorption intensity was determined by integration of the
z 4 : helicity-averaged spectrum after subtraction of a steplike
g . Mn N Co background with steps of 0.5 eV wide and 2/3, and 1/3
2 N height at the positions of the3 andL2 absorption maxima,
'Z-g 2 1 respectively. This intensity was assumed to correspond to
g o 0 2.24 unoccupiedl states for Co and 4.52 for Mi.In the
05 . 04 case of the 45 A thick G&nSi film, the application of the
2 z'g} = 0. ~ed e sum rules gives access to a magnetic spin moment ofug.04
g o \( 04 V per cobalt atom, compared to the 1.@6value predicted by
5 .5 o8 band-structure calculatiorfat 0 K),*” in excellent agreement
20 S—— ’ [m — with available neutron-diffraction daf.However, for other
4 Heusler alloyse.g., CgYSn), the magnetic moment per Co
Photon energy fe\1 Photon energy [oV atom is kn0\)//vn tg hav% values rang?ng from 0.3 to/,Fi)lBﬁg
(c) d=45A  (d) which is lower than that obtained for our @énSi films.
z 8[ ) According to the band structure calculations of the Co-based
2 6 Mny o Co full-Heusler alloys CgYZ,* it is considered that the mag-
7 4 9 netic moment on the Co atom depends strongly on the local
%;1 2 S 1 environment, i.e., which elements are in tfieand Z sites.
g 0 o Moreover, it must be taken into account that our XMCD
gz 4 spectra were measured at RT, and thus the values of mag-
g_o;5 o netic moment are underestimatédepending on the film
£ 190 04 thicknes$ due to the magnetic size effect. One has also to
S 15 0. \[ keep in mind that the electron yield is only proportional to
20 B[ o L
30 60 650 B0 B/0  T0 T80 790 B0 810 the absorption if the x-ray penetration is large compared to
Photon energy [eV] Photon energy [eV] the probing depth of the emitted electrons. At the strbgg

absorption maxima of thed3metals this is not exactly the

FIG. 12. X-ray-absorption spectftop) and XMCD (bottom) at ~ case, which gives rise to so-called saturation effects. The
the L, 5 absorption edge of Mn and Co for the 17-fa) and(b)] ~ consequence for the sum rule analysis is an underestimation
and 45-A-[(c) and (d)] thick Co,MnSi films. The spectra were 0f the effective spin moment, and, more pronouncedly, of the
recorded at RT. orbital moment. In the present case of 8mSi films, the

influence of saturation effects can be roughly estimated on
bilayers and 45-A- (close to 16 bilayensthick Co,MnSi the basis of the simulations presented in Ref. 28, and the
films[in Figs. 12b) and 12d), respectively. The XAS spec- atomic density of Co and Mn in GMInSi. It is strongest for
tra show the twd_; andL, resonant peaks corresponding to the thickest films of 83 A, where it amounts to nearly 10%
the 2py,— 3d and 2p;;, — 3d transitions at 776.5 and 791.5 for the spin moment and about 25% for the orbital moment,
eV, respectively, similar to the XAS spectra observed forbut is negligible for the 17 A film. The stronger absorption of
pure metallic Co. In particular, no multiple-peak structures inMn L; compared to Cd.; is about compensated by the dif-
the L5 region were observed as in the case of other Co-basefgrent densities of Co and Mn atoms in SnSi.
full-Heusler alloys, e.g., G&'Sn (Y=Ti, Zr, and NB.** The Figure 12 also shows XAS spectra at the Mz edge
lack of the multiple-peak structures cannot be attributed to @and deduced XMCD spectra recorded at RT for the same
limited energy resolution. Instead, it must be explained by &Co,MnSi samples for which the XAS spectra at the Co;
different density of stateDOS) that indicates a more me- edge are showffor both 17-A- and 45-A-thick films, irfa)
tallic character of the Cd band in our CeMnSi films com-  and (c), respectively. The XAS spectra show the resonant
pared to othere.g., CgYSn) Heusler alloys. The XMCD absorption lines at 638.5 and 651.4 eV for the MyandL,
signal, defined as the normalized difference in absorptiordges, respectively. One can clearly find significant differ-
between right and left polarized x rays, depends on the exences between the My, 3 and Cot, 3 edge XMCD spectra
change splitting and the spin-orbit coupling of both initial shown in Fig. 12. In contrast to the XAS spectra of Co, the
core and final valence states. A clear dichroic signal waspectra of Mn for the CMnSi films show a doublet struc-
obtained at the., 3 edge of Co, corresponding to a signifi- ture at thel, region, and a peak &t; which is accompanied
cant magnetic moment on the Co atoms in thgMduSi unit by a shoulder at higher photon energy. The doublet structure
cell. The XMCD intensity at thé.3 edge is much larger and is better seen in the Mh, ; edge spectra of the thinner
sharper than that at tHe, edge as in other Co intermetallic Co,MnSi films (e.g., 17 and 45 A, shown in Fig. L 2vhere
compounds. two distinct peaks at 649.4 and 650.8 eV clearly exist. In-

A more precise analysis of the data is achieved by meandeed, the shape of Mn absorption spectra does not exhibit a
of sum rule’>4¢ which link the integrated intensity differ- metallic shape similar to that of Co in the SnSi films.
ences at thé., and L5 edges, corrected for the incomplete The doublet structure, corresponding to an atomiclike behav-
degree of circular polarization and the angle of incidence, taor, has already been observed for the half-Heusler NiMnSb
the atomic orbital and spin moments. For the application oflloy thin films# The multiplet peak is due to an interplay of
the sum rules the absorption spectra were scaled to zero two effects, namely, the exchange and Coulomb interactions
the pre-edge region and one in the post edge. The total albetween the core holes and unpaired electrons in the valence
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FIG. 13. Results of the sum rule application for the magnetic
spin (a) and orbital(b) moments(in units of wg) of Co and Mn, FIG. 14. The magnetic spif@ and orbital(b) moments(in units
measured at RT, plotted vs @4nSi film thickness. Dotted lines ©f ug) of Co and Mn, extrapolated to 0 K, plotted vs film thickness
visualize increase of the moments measured at RT with increasingether with theoretical values calculated for bulkKoSi (grey:

film thickness. The error bars include the statistical error and part oRRef. 50, black: Ref. 45 Dotted lines in(a) suggest the spin moment

show that the orbital moments decrease with increasing thickness.
band, and strong hybridization between tlies®id surround-  The error bars include the statistical error and part of the systematic
ing electronic states. A huge negative dichroism signal wasrror of the sum rule analysis.
found within theL region, and a small positive one in the
region. The appearance Of mg edge XMCD Signa's W|th MOKE. Then we f|tted the eXperimenta| pOintS to the
means that the Mn-Mn coupling in @dnSi films is ferro- ~ Bloch formula M(T)=M(0)(1-bT*?) (see Fig. 11 We
magnetic, whereas it is antiferromagnetic in the bulk ¥in. found a linear dependence of theparameter on the recip-
On the contrary, the GMnSi films have only weak Mn-Mn  rocal of the film thicknes&? Thus, for any film thickness we
interaction because of a longer Mn-Mn distance, and &an determineb, and recalculate the spin and orbital mo-
smaller coordination number. Therefore, Mn atoms exhibit anents measured at RT to their values at 0 K. The results are
large magnetic moment and a ferromagnetic coupling witfshown in Fig. 14. The spin moment of Co, after extrapolation
Co atoms in the crystal. It is, however, not possible to deterto 0 K, is found to be 1.20+0.Q&s, which is almost inde-
mine precisely the absolute value of the magnetic moment oReéndent of the film thickness. Interestingly, we note that the

the Mn sites in the crystal since the sum rules are well knowr$pin moment of Mn after extrapolation =0 K still shows
to break down for Mn. This is due to the relatively weak Some dependence on the thickness, however, much weaker

spin-orbit coupling, leading to a mixing of the electronic than that observed at RT. Note that taking into account satu-
transitions at thé., andL edges. The spin moment obtained ration effects as mentioned above would lead even to a
by using the sum rules could thus be underestimated even §®mewhat stronger dependence on film thickness.
to 30951 Picozziet al*’ predicted theoretically for bulk GMnSi

The values of the spin momefrny) and orbital moment  alloy thatm for Co and Mn are 1.06g and 2.92:g, respec-
(m) of Co and Mn atoms obtained at RT for the ®mSi  tively, and a total magnetic moment of mg per formula
films of varying thickness are plotted in Fig. 13. The errorUnit. The spin moment of C€L.20ug) we found in our films
bars shown there include the statistical error and part of thé almost 15% larger than that predicted for,@nsSi in the
systematic error of the sum rule analyéisfluence of width ~ bulk form (1.06ug). By contrast, the spin moment of Mn we
and position of the step function used to subtract the signdipund experimentally~2.6u) is significantly smaller than
of the d—s transition, and influence of energy range for what is predicted by Picozat al. (2.92ug). The ratio of the
integration. It does not include uncertainty in the degree ofspin magnetic moments for Co and Mn which we obtained
circular polarization, in the number of unoccupiedi Sates, experimentally(~2.17) is very close to the upper limit of
the influence of saturation effects, or of the above mentionethis parameter obtained by Schmalhastl2® for the 100-
energetic overlap of the absorption signal at theandL;  nm-thick CgMnSi film grown by magnetron sputtering,
edges of Mn. The values of, andm, show a clear thickness however, far from the 2.75 value expected from the band
dependence, which is, however, most likely due to the magstructure calculation¥. We suggest some possible reasons
netic size effect. Only values extrapolated to 0 K can be usetbr such disagreement between our experiment and theory on
to access the theory, and allow a quantitative comparison. Athe Co and Mn magnetic momentd) As was already dis-
it is described above, we measured the temperature depecdssed in the previous section, the sum rule evaluations may
dence of magnetization for the films of varying thicknessunderestimate the spin moment of Mn by about 302bAs
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mentioned before, magnetically dead layers formed in thef disorder that they analyzed. Thus, the question has to be
surface/interface may reduce the average spin moment iaddressed whether only the details of the growth process
particular for the-thinne.st filméhowever, thi_s is seen for Mn  might be resulting in this higher average moment of Co, or
only, not for Co; in particular, MnQ formation, resulting in  also the details of theoretical band structure calculations
a presence of paramagnetic Mn ions, can be expéetedl.  might not perfectly describe the influence of disorder on the
Alocal atomic disorder, either by interchange of Co and Mngjectronic properties of the Heusler alloys.
atoms or by_partlal occupancy of th_e Mn__sltes with Co at- Based on the calculations by Picozial.*” in the bulk
oms. In particular, the S|m|Ia_r atomic radii of Qo and Mn_ Co,MnSi, the orbital momentsn, are predicted to be very
atoms encourage local atomic disorder. Assuming the eXisose to zero. about 0.0p8 for Mn and 0.02 for Co
tenceggf local atomic disorder betvveen Co and Mn, SaSIogIléhowing that the orbital magnetic moment is quenched due
(e:t &thi /rg;z s{g(t)ul)dlse{jst(:&eb muas?r?ettlﬁe preonpeerg:iise dOfrat(;fto the cubic symmetry. However, as it is shown in Fig. 14,
er?tza roximatior(GG),/A) bandystruc?ure c%lculations gl'he our experimental values for both the Co and Mn orbital mo-
PP ' y Wentsm| are significantly enhanced with respect to the theo-

found that in any case disorder results in an increased Spireticall redicted bulk values, even more so when consider-
moment of those Co atoms which occupy the Mn Fite to yPp ’

1.56ug (Ref. 52]. On the other hand, those Mn atoms which ing the uno!erestimation of t_he orbital moment by the sum
occupy the Co site are antiferromagnetically coupled to thdul® analysis due to saturation effects in the total electron
Mn atoms sitting in their normal positions, which results in aYiéld detection. Increased orbital moments have been ob-
strongly reduced average moment of Mn. The magnetic moserved previously Wlt.h decreasing .thlckness of Co films
ment per formula unit is also reduced in this case by abougoWn on ClﬁlQO)F’“ in Co/Pd mquIaygré"? and Fe/Pd
10% in comparison to the defect-free bulk SmSi 5! Very multllayers?’ﬁlTh[s has been interpreted in terms of the re-
similar results were obtained recently by Picoerial53 In  duced coordination at the surfater at the interface More-
the case of Co-Mn swap of the order of 5-7 %, they foundPVer, & giant enhancement of the orbital moment of 300%
the magnetic moment per formula unit to be reduced by exWith respect to the bulk Fe value has been recently reported
actly 10%. Hence, atomic disorder seems to play a majofo occur in a thin Fe film grown on Gak@01).°" In that
role for the magnetic properties of Heusler alloy films. case, the enhancementrof has been interpreted in terms of
Our experimental findings for the @dnSi alloy thin perpendicular interface anisotropy in the Fe/GaAs system. In
films seem to confirm theoretical predictions only qualita-contrast to the bulk G&nSi crystals where the orbital mo-
tively. Reduction of the Mn moment by about 10% com- ment is ngarly completely quen(_:hed, a strqng eqhancement
parison to the value calculated for the defect-free bulkof the orbital moment occurs with decreasing thickness of
Co,MnSi alloy) can be explained by antiferromagnetically OUr CoZI.\/InS[ films. As is §hown in Fig. 14, in the case of the
oriented moments of the Mn atoms sitting in the Co positions’83"&'th'Ck film, the orbital moments of Co and Mn are
(predicted, e.g., by Sasiogkt al®?), or even by local pre- 0.10+£0.0Z«g and 0.04+0.025, respectively, which means
cipitations of the metallic antiferromagnetic Mn. A segre- that the moments are enhanced by a factor of roughly 5 com-
gated nonmagnetic surface layer of Mn, even if it Waspar_ed to the bulk values predicted theoreucally..Accordlng to
formed(see Sec. Ill, would have no substantial influence on @ discussion based on second-order perturbation theory, the
the magnetic moments, which differ remarkably from theOrbital magnetic moment of a cubicd3compound arises
theoretical values(calculated for the defect-free bulk from the mixing either of the, orbital, or betweert,; and
Co,MnSi alloy) even in the case of very thick films. Mn € (_)rbltalsf58 Therefore, when we discuss the orbital mag-
segregation to the surface could only explain the decreasdtelic moment of a Heusler alloy, the effect of the character of
magnetic moment of Mn in the case of the thinnesj\Si the A e_Iectrons has to be consm_iered. It is _belleved that in
films [see Fig. 14c)]. The magnetic moment of the Co atoms the cubic @ compounds the orbital magnetic moment be-
is even increased in this case according to what is expectegPmes larger when thed3tates are more Iocallzéﬁl.'l'her_e-
in the presence of Co antisites on Mn sublattice. Howeverfore, the large orbital moment of Co and Mn atoms in the
within both theoretical approach®S3it is not easy to ex- C0MnSi film suggests that thed3electronic states of both
plain the increase of the average Co moment up to the valud'€ Co and Mn are more localized in our films than in bulk,
of 1.20ug, which could not result neither from Co antisites Which may be the reason for the large orbital moments. The
on the Mn sublattice nor from Co-Mn interchange. In addi-influence of_the reducec_i symmetry in thin f|I_ms has shown_to
tion, the magnetic moment per formula unit which we foundP€ responsible for an increase of the orbital moment with
experimentally equals to about &g i.e., is very close to decreasing thicknes§°° However, this is probably not the
the theoretical value calculated for the defect-free bulk alloymain mechanism here, since the increase of the orbital mo-
This is in contrast to the 10% decrease of the magnetic mahent occurs on a much larger thickness scale than the one in
ment per CeMnSi formula unit which is predicted theoreti- Refs. 54-56.
cally in the case of 57 % swaps of all Co-Mn pai#§3The
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 fMnSi alloy due Now we turn to the spin-resolved photoemission spectra
to the magnetic moment of Co, which in the experiment(SRPES$ measurements of the @dnSi films of varying
amounts to 1.20g, i.e., higher than the predictions of both thickness. Prior to the measurements, the films were magne-
the Sasioglet al>? and Picozziet al®® models in any case tized in-plane along th¢1-10] easy axis direction. Figures

VI. SPIN POLARIZATION IN Co ,MnSi FILMS
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15(a)-15d) show the representative spin-resolved valenceaelated to the temperature dependence of the magnetization.
band photoemission spectra measured at RT and corresporithe extrapolation results in a spin polarization of 12% al-
ing spin polarization for 17-A{6 bilayers and 45-A-(16  most independently of the film thickness, which is consider-
bilayerg thick CoMnSi films. Both spectra show the ably smaller than the expected 100% for half-metallic ferro-
majority-spin spectrum of higher overall intensity than themagnets(theoretically, the half-metallic property in several
minority one. A broad peak at0.9 eV is suggestive of a bulk Heusler alloys, such as NiMnSb and £mSi, is rea-
mixture of metalliclike Co and Mn components. An absencesonably establishedAlthough the magnitude of the mea-
of the more detailed band structure is related to the photosured polarization throughout the spectra is much smaller
electron energy resolution in our experiment which is estithan the one predicted, the shape of the spectra is similar to
mated to be of the order of 0.5 eV. It is worth to notice thatthe results obtained by PicoZZi.Recently Ritchieet al°
the spin-resolved photoemission spectra of NiMnSb filmsmeasured the spin polarization of several Heusler single
obtained by Zhuet al®® are similar to our observations. crystal samples grown by the Czochralski method, using an
Moreover, our results are in a qualitative agreenter., the  Andreev-reflection method to detect the spin polarization.
peak at 0.9 eV energy which is accompanied by a signalheir results indicate a polarization of 56% at 4.2 K for a
increase towards higher binding energiegith the spin- Co,MnSi single crystal sample. Very recently the spin polar-
resolved density of statdSRDOS calculated by Picozzét  ization of the CgMnSi Heusler compound obtained by sput-
al.*” who performed band structure calculations of bulktering has been estimated from the resulting tunnel
Co,MnSi by means of all-electron full-potential linearized magnetoresistance-effect to be 61% at 18K
augmented plane wauELAPW) method. There are at least two plausible explanations why the spin
We define the spin polarizatioR as difference between polarization is much smaller than predicted. The most obvi-
the intensity spectra for majority and minority spins, normal-ous seems to be the presence of another nonstoichiometric
ized to the total intensityP=(l o=l gown)/ (lup*ldowr)- The  phase not necessarily at the surface ofMaSi, but rather
spin polarization corresponding to the spectra of Figga)l5 randomly distributed over the film volume. A nonmagnetic
and 15c) is depicted in Figs. 1) and 1%d), respectively. metallic phase would add an equal contribution to the
One can see that at RT the spin polarization at the Ferminajority- and minority-spin components, effectively decreas-
energy for the 17-A- and 45-A-thick GbInSi films is 8 and  ing the polarization. However, a magnetically dead surface/
10 %, respectively. The extrapolation © K is performed interface layer seems not to be the case. The thickness de-
exactly in the same way as that for the magnetic momentgendence of the Kerr intensitiplotted in Fig. 6 suggests
The picture of disordered magnetic moments assumes théhat for the films thicker than four bilayers not more than 0.6
the atomic moments are basically independent of temperaviL are magnetically dead. For the films tens of bilayers
ture. Then the decrease of the net magnetization is a consthick, this cannot lead to a decrease of the spin polarization
guence of the deviation of the atomic moments from thedown to only 12%. A more plausible explanation relates to
magnetization axis. The average deviation increases witthe local atomic disorder in the films. The following types of
temperature making the net magnetization smaller. Since thiae local chemical disorder have to be consideféginter-
atomic moments are unchanged, the fundamental intramixing of Co and Mn and2) partial occupancy of the Mn
atomic spin splitting is unchanged. This means that in thdattice sites by Co atoméne can imagine local precipita-
first approximation the total DOS of the system does notions of the metallic Mn resulting in a surplus of the Co
depend on temperature. On the other hand, since the atomi¢oms. The local atomic disorder is the cause of the dimin-
moments deviate from the axis of global magnetization, theéshed spin polarization. This is due to the band theory ap-
distribution of the total DOS between spin-up and spin-dowrplied for several Heusler alloys which predicts that the con-
channels changes with temperature. Thus, the temperatugeiction gap aEg in the minority spin states can be closed if
dependence of the spin polarization at the Fermi level can beome disorder is introduced into the crystal lattice. Recently,
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by means ofab initio FLAPW calculations, Picozzet al>®  theoretical one. Then, it is impossible to conclude on the
have investigated the influence of atomic disorder on thexidation at the surface from the difference between the
half-metallic character of GMnSi Heusler alloys. They XMCD and SQUID results. This is rather a confirmation that
found that antisite disorder on the level of a few percenihe surface oxidation is small if it exists, and that the values
(8%) of the Mn sites being occupied by Co atoms would ot magnetic moments are properly determined from the
result in the loss of the half-metallic character. With the same\1cp experiment as they fit well to the result of the

i 52 X
framework, Sasioglet al>< applied the GGA band structure kSQUID analysis. Summarizing, not only an improvement in

calculations to study the electronic structure of the bul i ; A .
Co,MnSi. They found that any of the considered disordersh€ film growth(in order to minimize any kind of the local

as low as a few percent, is capable to reduce significantly thehemical disorder but also in detection of the spin polariza-
spin polarization aEg. For the experimentally observed dis- tion, is required. The point is that only a polarization close to
order on the level of 10-15 % of Mn sites occupied by C0100% is predicted to improve remarkably the efficiency of
atoms, they found a spin polarization of only 20%, and athe spin injection into the semiconducfor.

vanishing minority-spin band gap. Finally, it has to be mentioned that although in the pre-

~ For example, in the case of gMnSi, an antisite disorder sented photoelectron data the detected electron momentum
is manifested in the form of site swapping between the Ca)arg|le| to the film plane covers about one,BaSi Bril-

and Mn atoms. The similar atomic radii of Co and Mn atoms, in zone, a photoemission experiment does in general not

et v ety oo EECESSaTly repesent @ complepace samping of e
P P P Brillouin zone in the perpendicular direction. The sampled

the stoichiometric bulk CAMnSi 2 which shows that be- ange of electronic states may be further limited by dipole
tween 10 and 15 % of Mn sites are occupied by Co. Due tgange . 1ay be T y dip
election rules. This could in principle lead to a different

the relatively low deposition temperature we can assume that”, . -

the degree of local atomic disorder in our films could be ever} I9N€r or lowey apparent spin polarization than expected
higher in comparison to the bulk @dnSi sample made un- rom the total DOS.
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 VIl. SUMMARY

site swapping between the Co and Mn atoms seems to be

supported by the values of the magnetic moment which are We have demonstrated that PLD can be used for a suc-
in the case of Co increased and in the case of Mn decreasegssful deposition of single crystalline £&nSi films. In
compared to theoretical calculations for the defect-free bullsitu RHEED and AES show that the best quality of the
Co,MnSi alloy. Such an evolution of magnetic moments canCo,MnSi films has been achieved after deposition at 450 K.
also be explained by a local nonstoichiometry of our filmsThe films exhibit in-plane uniaxial magnetic anisotropy with
caused by the segregation of Mn atoms to the film surfacehe easy axis of magnetization along the10] direction
resulting, however, in the same dramatic reduction of thesuperimposed to a fourfold anisotropy with the easy axis
spin polarization. By comparing results obtained by XMCD along the(110)-in-plane directions. When the field is applied
and by spin-polarized photoelectron spectroscopy one has tinder an anglex with respect tg1-10], the magnetization
keep in mind the different information depth of the two tech-reversal proceeds in two steps: at low fields the magnetiza-
niques. While in XMCD the exponential weighting depth is tion is oriented alond1-10] and then switches tf110] at
about 2 n?® photoelectron spectra at the kinetic energieshigher fields. This is clearly seen within the MOKE hyster-
presented here probe less than 0.6 nm d&frhus, e.g., esis loops, which reflect two-step magnetization process pro-
surface oxidation can remarkably influence the spin polarizajected to the field direction. The anisotropy depends strongly
tion detected in this way. In the case of our experimenton the film thickness and on temperature. Spin-resolved pho-
because of the long storage between film growth and XASoemission measurements at BESSY of the single-crystalline
measurement, a small amount of Mp@ould be formed. Co,MnSi films reveal a spin-resolved density of states that is
This is compatible with a decrease of the spin moment of Mrin qualitative agreement with recent band structure calcula-
detected by XMCD with decreasing film thickng$sg. 14),  tions. However, the spin polarization of photoelectrons
as well as with very low spin polarization detected emerging from the sample is found to be at most 12% at
by the photoemission method which is mostly surfaceroom temperature, in contrast to the predicted half-metallic
sensitive. We measured SQUID for the 60-A-thick film. Thebehavior. The spin and orbital magnetic moments we ob-
result for the magnetic moment is g per formula unit.  tained by the sum rules analysis of XMCD measurements of
This is very close to the value predicted theoreticallythin CoMnSi films at RT are strongly thickness dependent.
[(5.0ug (Ref. 47], and very close to the value which we The extrapolationd 0 K excludes the magnetic size effect
measured by XMCD. The point is that the magnetic momentvhich is responsible for the reduced magnetic moment at a
of Co is increased in comparison to the value predicted thedinite temperaturéwith decreasing film thicknegsneverthe-
retically (1.20ug instead of 1.0Gg), whereas the magnetic less the moments differ from that predicted theoretically for
moment of Mn is decreased from 282 predicted theoreti- the bulk CgMnSi. We conclude that these discrepancies
cally to ~2.6ug. Consequently, both moments separatelyshould be attributed rather to a partial chemical disorder in
give the values very different from those predicted theoretithe CgMnSi films than to nonmagnetic surface/interface re-
cally, but per formula units the result is almost equal to thegions.
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