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We found that Co2FeSi layers on GaAs共001兲 grown by molecular-beam epitaxy with high crystal
and interface perfection as well as smooth surfaces can be obtained in the low-growth-temperature
regime. The layers are thermally robust up to 250 ° C. They have long-range order and crystallize
in the Heusler-type L21 structure. The easy axis of magnetization is along the 关110兴 direction caused
by a dominating uniaxial in-plane magnetic anisotropy component which has an easy axis different
from that of the magnetocrystalline anisotropy component. © 2005 American Institute of Physics.
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Spintronics is a recently emerging field of new device
concepts which is based on the spin degree of freedom of the
electron, and is expected to lead to dramatic improvements
in device performance. One of the key issues for the realization of spintronic devices is the efficient electrical injection
of spin-polarized carriers into semiconductors. Electrical
spin injection has been investigated mainly from Mn-doped
III-V and II-VI semiconductors1,2 and from conventional ferromagnetic metals.3–7 Recently, Heusler alloys are of increasing interest as a candidate for a spin injection source
into semiconductors, because of their high Curie temperature, their compatibility with compound and element semiconductors and half-metallicity predicted for some Heusler
alloys.8–11 There are a few reports of epitaxial Heusler alloys
grown on semiconductor substrates, e.g., the full-Heusler alloys Co2MnX,12,13 and Ni2MnY,14,15 as well as the halfHeusler alloy NiMnSb.16,17 However, no evidence of a high
degree of spin-polarization as expected from theory has been
observed in Heusler alloy films up to now: around 60% at
maximum.18–20
In ferromagnet/semiconductor 共FM/SC兲 heterostructures,
mainly two obstacles with respect to their crystal structure
are considered to prevent efficient electrical spin injection.
One is the existence of interfacial compounds formed by
diffusion of As and/or Ga into the FM layers, resulting in
spin-flip scattering at the interface. The second is atomic
disorder, such as vacancies, antisites and atomic swaps. This
disorder introduces minority gap states and it was reported
that only a few percent of antisite disorder can destroy the
half-metallic nature of Heusler alloys.21 Therefore, a highly
atomically-ordered, stoichiometric and thermally stable thin
film is needed for spin injection sources.
In this letter, we present our results on the fabrication
and characterization of single-crystal Heusler alloy
Co2FeSi/ GaAs共001兲 hybrid structures grown by molecular
beam epitaxy 共MBE兲. Co2FeSi is a member of full-Heusler
alloys with the cubic L21 crystal structure consisting of 4
interpenetrating fcc sublattices.22 The lattice constant of bulk
Co2FeSi is 5.658 Å,23 closely lattice matched to GaAs
共aGaAs = 5.653 Å兲, and the lattice mismatch is as small as
0.08%. Fe3−xCoxSi crystallizes in the cubic fcc structure in a
wide range of x 共0 ⬍ x ⬍ 2.15兲.23 This phase stability allows
us to control the magnetic properties, e.g., magnetic anisotropy and magnetic moment. Bulk Co2FeSi with a large magnetic moment 共5.91 B at 10.2 K兲 is ferromagnetic up to

more than 980 K,23 which is one of the highest Curie temperature among the reported Heusler alloys. In addition, according to a band structure calculation, Co2FeSi is located at
a slightly deviated position from the Slater-Pauling curve
which half-metallic Heusler alloys expected to obey. Therefore, one could expect relatively high spin-polarization degree for Co2FeSi.10
In preparation of the Co2FeSi growth, the growth conditions of the binary alloy Co0.66Fe0.34 共bcc structure兲 were
optimized. The composition of Co0.66Fe0.34 layers was determined by comparing their lattice constant with literature
data,24 taking into account the tetragonal distortion of the
layers. Then Si was added and incorporated to obtain ternary
Co2FeSi, while the Fe and Co fluxes were kept constant at
the optimized amounts. Before the growth of the Co2FeSi
layers, 100 nm-thick-GaAs templates were prepared in the
III-V growth chamber using standard GaAs growth conditions. As-terminated c共4 ⫻ 4兲 reconstructed GaAs 共001兲 surfaces were prepared to prevent the formation of macroscopic
defects on the surface,25 by cooling the samples down to
420 ° C under As4 pressure. The samples were then transferred to the As-free deposition chamber under UHV of a
base pressure of 5 ⫻ 10−10 Torr. The growth temperature for
the Co2FeSi layers was varied in the range 100– 400 ° C to
find the optimum growth temperature regime. A low growth
rate of about 0.1 nm/ min was chosen in order to avoid the
degradation of the crystal quality at these low growth temperatures. The Si cell temperature 共TSi兲 was varied from
1280 ° C to 1335 ° C to find the stoichiometric composition
of Co2FeSi. The thickness of the layers was determined by
high-resolution x-ray diffraction 共HRXRD兲 and x-ray reflectivity 共XRR兲 measurements and it varies in the range from
17 nm to 23 nm in accordance with the increase of TSi. The
growth was in situ monitored using reflection high-energy
electron diffraction 共RHEED兲. The RHEED patterns of the
Co2FeSi layers show fourfold symmetric, streaky patterns
with Kikuchi lines and Laue circle, indicating a twodimensional growth mode and rather flat surfaces.
The structural properties of the films were examined ex
situ by HRXRD with a PANalytical X’pert diffractometer
using Cu K␣ radiation with a Ge共220兲 monochrometer and an
triple-bounce analyzer crystal. Figure 1 shows the results of
-2
curves
for
Co2FeSi共004兲
and
HRXRD
Co0.66Fe0.34共002兲 reflections together with the simulation using the Takagi-Taupin formalism. The examined films were
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FIG. 2. Dependence of the unstrained lattice constant of Co2FeSi layers
共aCo2FeSi兲 on Si cell temperature. The broken line and the dashed line indicate the bulk value of Co2FeSi and GaAs, respectively.

FIG. 1. Normalized -2 curves for Co2FeSi/ GaAs共001兲 and
Co0.66Fe0.34 / GaAs共001兲 共bottom line兲 films grown at 100 ° C with various Si
cell temperatures together with the simulated curve using the Takagi-Taupin
formalism 共dotted lines兲.

grown at 100 ° C with different TSi 共i.e., different Si composition兲 between 1290 ° C and 1325 ° C. The Co2FeSi共004兲
peak systematically shifts to larger angle as TSi increases up
to 1325 ° C, demonstrating the incorporation of Si atoms into
the proper lattice sites and the formation of the ternary
Co2FeSi alloy. Distinct interference 共Pendellösung兲 fringes
are observed up to TSi = 1325 ° C, indicating a high crystal
quality, interface perfection as well as smooth surface. The
smoothness of the films were further confirmed by both
atomic force microscopy and XRR, and the rms surface
roughness of the films turned out to be less than 1 nm for the
examined films, being consistent with the results of HRXRD.
To confirm the Heusler-type L21 structure, additional reflection, namely 共113兲 reflection was recorded. Note that the
共004兲 reflection is the principle reflection which is not influenced by disorder and the 共113兲 is the order-dependent superlattice reflection of L21 structure.22 The 共113兲 reflection
was clearly observed with interference fringes 共not shown
here兲, suggesting the presence of long-range atomic-ordering
and the Heusler-type L21 structure.
From the perpendicular lattice mismatch 共⌬a / a兲⬜, the
lattice constant of the layers 共aCo2FeSi兲 was estimated and
plotted as a function of TSi in Fig. 2. The broken and dashed
lines indicate the lattice constant of bulk Co2FeSi and GaAs,
respectively. To estimate aCo2FeSi, the tetragonal distortion of
the layer, confirmed in a reciprocal space map at
Co2FeSi共113兲 reflections, was taken into account to obtain
the unstrained parameters using the elastic constants of
Fe3Si, C11 = 219 GPa and C12 = 143 GPa 共Ref. 26兲 as approximate values. The lattice constant decreases linearly with increasing TSi. From a comparison with the bulk value, the
stoichiometric composition of Co2FeSi was determined.

Figure 3 shows the results of HRXRD -2 curves
around 共004兲 reflections of Co2FeSi layers near stoichiometry grown at different temperatures between 100 ° C and
350 ° C. In the lower growth temperature regime, high orders
of interference fringes 共up to fifth order兲 are seen, while in
TG ⬎ 250 ° C the interference fringes become less pronounced, indicating the onset of crystal degradation. At TG
= 350 ° C, the main peak is broadened and shifted to larger
angle. This peak broadening and shift with increasing TG has
also been observed in our study on Fe3Si/ GaAs共001兲 共Ref.
27兲 and is most likely due to interfacial reaction or phase
separation. This is further evidenced by the wide-range
-2 scans with a wide-open detector for the same series of
samples 共not shown here兲. An additional peak appeared at
around  = 17.3° for the sample grown at 350 ° C. We ascribe
this peak to either Co1−xFexSi2共002兲 caused by phase separation or 共Co, Fe兲2As共110兲 by interfacial reaction. Therefore,
the optimum growth temperature range of Co2FeSi at which
good crystal and interface quality can be obtained is TG
⬍ 250 ° C. It should be stressed that in terms of thermal stability, Co2FeSi is much more suitable for device applications
than Fe, Co and FeCo on GaAs, for which interfacial reac-

FIG. 3. Normalized -2 curves for stoichiometric Co2FeSi/ GaAs共001兲
films grown at various growth temperature ranging from 100 ° C to 350 ° C.
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the rather large film thickness is not yet clear. We believe that
Keff
u is a pure interface-related term originating from an anisotropic bonding at the FM/SC interface as has been found
in other FM/SC systems.29
In conclusion, we have grown single-crystal Heusler alloy Co2FeSi/ GaAs共001兲 hybrid structures by molecular
beam epitaxy. Co2FeSi layers with high crystal and interface
perfection as well as smooth surfaces can be obtained by
carefully controlling the fluxes of Co, Fe, and Si. The high
crystal and interface perfection is preserved up to growth
temperature of 250 ° C, being thus much more thermally
stable than conventional ferromagnetic metals on GaAs.
FIG. 4. Magnetization curves for 18.5 nm thick stoichiometric
Co2FeSi/ GaAs共001兲 film grown at 100 ° C. The inset shows an expanded
view of the magnetization curve along the 关110兴 direction. After subtraction
of the diamagnetic contribution of the GaAs substrate, the magnetizations
were normalized to the saturation magnetization in each direction.

tions occur at much lower TG.25 However, since it is very
difficult to detect nano meter-size interfacial compounds or
clusters by XRD, detailed transmission electron microscopy
studies are in preparation for this system.
The magnetic properties of Co2FeSi were investigated
using superconducting quantum interference device
共SQUID兲 magnetometry at room temperature. The external
magnetic field was applied along the 关110兴, 关11̄0兴, and 关100兴
directions. All the examined Co2−xFe1−ySi1+x+y films are ferromagnetic at room temperature and have the same easy axis
of magnetization 共关110兴 direction兲. Figure 4 shows the magnetization curves of the stoichiometric Co2FeSi film grown at
100 ° C and an expanded view along the 关110兴 direction in
the inset. The magnetization curves show an easy axis 关110兴,
a hard axis 关11̄0兴, and an intermediate axis 关100兴. The magnetization curve along 关110兴 shows a square-shaped hysteresis loop with a small coercive field of 4.5 Oe, indicating
excellent crystal quality. The saturation magnetization of stoichometric films amounts to 1250± 120 emu/ cm3, which is
relatively close to that of bulk Co2FeSi 关1124 emu/ cm3 at
295 K 共Ref. 23兲兴, confirming the stoichiometric composition
determined by HRXRD.
The easy axis of Co2FeSi/ GaAs 共关110兴 direction兲 is inconsistent with that expected from the magnetocrystalline
anisotropy and found in other Heusler alloys like
Fe3Si/ GaAs 共具100典 directions兲.27 The discrepancy can be explained by an analysis of the in-plane magnetic anisotropy
assuming two anisotropy components, the cubic magnetocrystalline anisotropy, and the uniaxial anisotropy. The effective value of the uniaxial and cubic magnetocrystalline anand Keff
isotropy constants 共Keff
1 , respectively兲 for the
u
stoichiometric Co2FeSi film 共d = 18.5 nm兲 were obtained by
fitting the magnetization curves along the 关11̄0兴 direction
using the method described by Dumm et al.28 We found
4
3
4
3
and Keff
Keff
1 = 1.8⫻ 10 emu/ cm
u = 6.3⫻ 10 erg/ cm , respectively. These two anisotropy constants have the same
sign, however they do not share the same easy axis; 具100典
and 关110兴 directions for the cubic and the uniaxial component, respectively. As a result of the dominating uniaxial
component, the easy axis in total is modulated to the 关110兴
direction. The origin of the relatively large Keff
u value despite
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