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The thermal stability and the atomic ordering of single-crystal Heusler alloy Co2FeSi layers grown
by molecular beam epitaxy on GaAs共001兲 have been studied. We found that the Co2FeSi layers have
a long-range atomic order and crystallize in a partly disordered L21 structure in the low growth
temperature 共TG兲 regime. The long-range atomic order of the layers is further improved with
increasing TG up to 350 ° C. However, the increase of TG induces an interfacial reaction between the
Co2FeSi layer and the GaAs substrate. The analysis of the in-plane magnetic anisotropy reveals that
the interface perfection is improved up to TG = 200 ° C and deteriorated due to an interfacial reaction
above 200 ° C. © 2005 American Institute of Physics. 关DOI: 10.1063/1.2136213兴
I. INTRODUCTION

Spintronics 共or spin electronics兲 is a recently emerging
field of 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
with Mn-doped III-V and II-VI semiconductors1,2 and with
conventional ferromagnetic metals.3–6 Recently, Heusler alloys are of increasing interest as a candidate for a spin injection source into semiconductors, because of their high Curie
temperature 共from 200 to 1100 K兲, their compatibility with
compound and element semiconductors, and half-metallicity
predicted for some Heusler alloys.7–10 There are a few reports of epitaxial Heusler alloys grown on semiconductor
substrates, e.g., the full-Heusler alloys Co2MnX 共X = Ge,
Ga兲,11,12 and Ni2MnY 共Y = In, Ga兲,13,14 as well as the halfHeusler alloy NiMnSb.15,16 In addition, the growth of the
binary Heusler alloy Fe3Si on GaAs was reported17,18 and a
high crystal and interface perfection in the Fe3Si layers was
demonstrated in the proper growth temperature range.17
More recently, electrical spin injection from Fe3Si 共Ref. 19兲
and Co2MnGe 共Ref. 20兲 was demonstrated. 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.21–23
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 and antisites. 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.24 Therefore, a highly atomically ordered, stoichiometric, and thermally stable thin film is
needed for spin injection sources.
Co2FeSi is a member of full-Heusler alloys with the cu0021-8979/2005/98共10兲/104902/6/$22.50

bic L21 crystal structure consisting of four interpenetrating fcc sublattices.25 The lattice constant of bulk
Co2FeSi is 5.658 Å,26 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.26 This phase stability allows
control of 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,26 which is one of the highest Curie temperatures
among the reported Heusler alloys. Here, we present a detailed study of the thermal stability and atomic ordering of
single-crystal Heusler alloy Co2FeSi films grown on GaAs
共001兲 substrates by molecular beam epitaxy 共MBE兲. The
structural, electrical, and magnetic properties of Co2FeSi
films with various Si compositions and grown at different
temperatures were systematically investigated.
II. SAMPLE PREPARATION

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 by
cooling the samples down to 420 ° C under As4 pressure to
prevent the formation of macroscopic defects on the
surface.27 The samples were then transferred to the As-free
deposition chamber under UHV at a base pressure of
5 ⫻ 10−10 Torr. The growth temperature TG 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
thickness of the layers d 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 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 pattern of the Co2FeSi layer shows a
rather spotty pattern at low TG. The pattern gradually
changes to sharp streaks with Kikuchi lines and a Laue circle
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FIG. 1. 共Color online兲 RHEED patterns of the Co2FeSi layer grown at
250 ° C along the 共a兲 关110兴 and 共b兲 关100兴 crystallographic directions during
growth.

with increasing TG, indicating a two-dimensional growth
mode and a well-ordered single-crystal surface. Figure 1
shows typical RHEED patterns of Co2FeSi film grown at
250 ° C along the 关110兴 and 关100兴 crystallographic directions.
After deposition of about 1–2 ML of the Co2FeSi layer, an
elongated streak pattern emerges. The pattern subsequently
changes to sharp streaks and the streaky pattern is established during the deposition of about 3–6 ML of the Co2FeSi
layer. Then, the situation is maintained throughout the further
growth.
The stoichiometric composition of Co2FeSi was determined in the following way. First, the growth conditions of
the binary alloy Co0.66Fe0.34 共bcc structure兲 were optimized.
The composition of Fe0.66Co0.34 layers was determined by
comparing the lattice constant with literature data,28 taking
into account the tetragonal distortion of the layers. Then, Si
was added and incorporated to obtain ternary Co2−xFeySi1+x+y
films, while the Fe and Co fluxes were kept constant at the
optimized amounts. The Si cell temperature TSi was varied
from 1280 to 1335 ° C to find the stoichiometric composition
of Co2FeSi. The perpendicular lattice mismatch 共⌬a / a兲⬜ of
these Co2−xFeySi1+x+y films were subsequently examined by
HRXRD using the Co2FeSi共004兲 reflection. From the value
of 共⌬a / a兲⬜, the lattice constants of Co2−xFeySi1+x+y films
were obtained, taking into account the tetragonal distortion
of the layer, as confirmed in a reciprocal space map around
Co2FeSi共113兲 reflections. Finally, from a comparison with
the lattice constant of bulk Co2FeSi from the literature,26 the
stoichiometric composition of Co2FeSi was determined.
More details of the determination are described elsewhere.29
III. RESULTS AND DISCUSSION
A. Structural properties

The structural properties of the films were examined ex
situ by HRXRD with a PANalytical X’pert diffractometer

FIG. 2. HRXRD - curves around the Co2FeSi共004兲 reflection for stoichiometric Co2FeSi/ GaAs共001兲 films grown at substrate temperature ranging from 100 to 350 ° C. For the growth temperature of 350 ° C, a wideranged -2 curve with a wide-open detector is shown in the upper panel.

using Cu K␣ radiation with a Ge共220兲 monochrometer and a
triple-bounce analyzer crystal. Figure 2 shows the results of
HRXRD -2 curves of the Co2FeSi共004兲 reflection of stoichiometric Co2FeSi films grown at different growth 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, indicating a high crystal quality
and interface perfection as well as a smooth surface. At
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 a
larger angle, most likely due to an interfacial reaction. This
was further evidenced by wide-range -2 scans with a
wide-open detector for the same series of films. An additional peak appears at around  = 17.3° for films grown
above 350 ° C, as is seen in the upper panel of Fig. 2 共arrows兲. We ascribe this peak to the 共Co, Fe兲2As共110兲 reflection caused by interfacial reaction between the Co2FeSi layer
and the GaAs substrate. Note that, based on these HRXRD
results, the growth temperature at which an interfacial compound is formed is much higher than that of Fe, Co, and
FeCo on GaAs.27 This fact makes Co2FeSi much more suitable for device applications than those ferromagnetic metals.
However, since it is very difficult to detect nanometer-size
interfacial compounds or clusters by XRD, further investiga-
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tions of the interface perfection by an analysis of the in-plane
magnetic anisotropy will be described later.
To confirm the atomic ordering of the films, additional
reflections, namely the 共002兲 and 共113兲 reflections, were recorded. For the L21 structure, three types of reflections are
allowed: 共i兲 h, k, l are all odd 关e.g., 共113兲 reflection兴; 共ii兲 h, k,
l are all even and h + k + l = 4n + 2 关e.g., 共002兲 reflection兴; and
共iii兲 h, k, l are all even and h + k + l = 4n 关e.g., 共004兲 reflection兴, where n is an integer and h, k, l are the Miller indices
of the diffracting plane. Type 共iii兲 are the fundamental reflections which are not influenced by disorder, and the other two
are the order-dependent superlattice reflections.25 Type 共i兲
reflections are reduced to zero in the limit of a complete
disorder between Si and Fe sublattices, which leads to the
reduction of the crystal symmetry to the B2 共CsCl兲 structure.
Type 共ii兲 reflections, on the other hand, are reduced to zero in
the limit of complete disorder between all three sublattices,
resulting in a further reduction of the crystal symmetry to the
A2 共bcc兲 structure. Figure 3 depicts 共a兲 the -2 curve
around the Co2FeSi共002兲 reflection, and 共b兲 the reciprocal
space map around the Co2FeSi共113兲 reflection of a stoichiometric Co2FeSi film 共d = 18.5 nm兲 grown at 100 ° C, and 共c兲
the line profile along the dotted line shown in Fig. 3共b兲. Two
main results can be derived from the figures. First, the two
superlattice reflections of the L21 structure, namely the 共002兲
and 共113兲 reflections, are clearly seen with interference
fringes, indicating the presence of a long-range atomic ordering and the Heusler-type L21 structure even for low TG. The
superlattice reflections were observed for Co2FeSi films
grown at different TSi 共namely different Si composition兲 and
TG as well. For the determination of the precise ordering
parameters, further analyses of the superlattice reflections are
underway. However, since the 共113兲 reflections were taken in
a reciprocal space mapping, it is difficult to quantitatively
analyze the development of atomic ordering depending on
TSi and TG from the intensity of superlattice reflections with
respect to that of the fundamental one. Therefore, we performed electrical resistivity measurements instead on the
films grown at different TSi and TG, as described in the following paragraphs. Second, the perfectly oriented vertical
fringes indicate that the epitaxially grown Co2FeSi layers are
fully strained. This situation is preserved at least up to d
= 38 nm as far as we have studied.
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FIG. 3. 共Color online兲 共a兲 HRXRD -2 curve around Co2FeSi共002兲 reflection; 共b兲 reciprocal space map around Co2FeSi共113兲 reflection; and 共c兲 the
line profile along the dotted line shown in 共b兲 of a stoichiometric Co2FeSi
film grown at 100 ° C.

B. Electrical properties

In order to obtain further information about atomic ordering of the Co2FeSi films, we performed resistivity measurements on films with different Si compositions and TG.
Since the residual resistivity generally depends on the concentration of defects and impurities in the film, it can be used
as a benchmark for evaluating the quality of alloy films. The
resistivity of the Co2FeSi films was measured using van der
Pauw and Hall bar structures at two temperatures 共77 and
300 K兲. The results are displayed in Fig. 4共a兲 together with
that for Co0.66Fe0.34 共Si= 0 % 兲. The broken line indicates the
stoichiometric composition of Co2FeSi determined by the
lattice constant. The resistivity of the films monotonically
increases with the Si composition. This is in contrast to the

behavior expected for a perfectly ordered system, where the
resistivity has a minimum at the stoichiometric composition
due to the reduction of alloy scattering. This suggests that
part of the Si atoms occupy inappropriate sublattice sites,
namely the Co共A , C兲 and/or Fe共B兲 sites, resulting in Si antisite defects, although the majority of Si atoms occupies the
Si共D兲 sites. Therefore, we conclude that the long-range
atomic order and the L21 structure evidenced from the
HRXRD results are not perfect due to the low growth temperature.
The long-range atomic order, however, is enhanced by
elevating the growth temperature, as can be seen in Fig. 4共b兲.
The figure shows the growth temperature dependence of the
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FIG. 4. Resistivity of Co2FeSi films with 共a兲 different Si compositions together with that of Co0.66Fe0.34 film and 共b兲 different growth temperature
measured on van der Pauw and Hall bar structures at 77 and 300 K. The
broken line indicates the stoichiometric composition of Co2FeSi determined
by the lattice constant.

resistivity for stoichiometric Co2FeSi films. The decrease of
the resistivity with increasing TG up to 350 ° C demonstrates
the improvement of the atomic ordering of crystal structure.
The crystalline quality of the bulk structure, therefore, is better at higher TG, in clear contrast to that of the interface
structure where higher TG results in interfacial reactions, as
we have seen in the HRXRD results. Therefore, the optimum
growth temperature for Co2FeSi/ GaAs lies in the regime
where the crystalline quality of the interface and the bulk
structure are compromised.

C. Magnetic properties

The in-plane magnetic anisotropy of Co2FeSi/ GaAs heterostructures was investigated using superconducting quantum interference device 共SQUID兲 magnetometry. All measurements were performed at room temperature. The external
magnetic field was applied along three crystallographic axes,
namely the 关110兴, 关11̄0兴, and 关100兴 directions. After subtraction of the diamagnetic contribution of the GaAs substrate,
the magnetizations were normalized to the saturation magnetization of each direction. All examined Co2FeSi films are
ferromagnetic at room temperature. In Fig. 5, we show the
normalized magnetization curves of the stoichiometric
Co2FeSi films grown at 共a兲 350 ° C, 共b兲 200 ° C, and 共c兲
100 ° C and the expanded views along the easy axis in the
inset. Two main results can be derived from the measurements.

FIG. 5. Normalized magnetization curves of 18.5 nm thick stoichiometric
Co2FeSi/ GaAs共001兲 films grown at 共a兲 350 ° C; 共b兲 200 ° C; and 共c兲 100 ° C.
All the measurements were performed at room temperature. The external
magnetic field was applied along three crystallographic axes 共关110兴, 关11̄0兴,
and 关100兴 directions兲. The insets show expanded views of the magnetization
curves along the easy axis. After subtraction of the diamagnetic contribution
from the GaAs substrate, the magnetizations were normalized to the saturation magnetization of each direction.

First, the shape of the magnetization curves and
the angle dependence of the magnetization dramatically
change at TG = 350 ° C. The magnetization curves of
TG ⬍ 200 ° C show square-shaped hysteresis loops and
strongly anisotropic angle dependences. The magnetization
curves of TG ⬍ 200 ° C exhibit an easy axis 关110兴, a hard axis
关11̄0兴, and an intermediate axis 关100兴. The easy axis along
the 关110兴 direction is caused by a dominating uniaxial inplane magnetic anisotropy component which has an easy
axis different from that of the cubic magnetocrystalline anisotropy component 共具100典 directions兲. The well-defined
square-shaped hysteresis loop along the 关110兴 direction with
a small coercive field of 4.5 Oe confirms the excellent crystal
quality of the films. The saturation magnetization M s of stoichiometric 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. 26兲兴, confirming the stoichiometric composition
determined from the lattice constant. The M s value decreases
with increasing TG, most likely due to the formation of a
magnetically modified layer at the interface. The magnetiza-
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tion curve of the TG = 350 ° C sample, on the other hand,
changes to a nearly isotropic angle dependence. The uniaxial
anisotropy component almost disappears and the cubic term
remains. The easy axis in total is consequently converted to
the easy axis of the cubic component: the 具100典 direction.
Note that the double steplike loop of the easy axis of the
TG = 350 ° C sample seen in the inset of Fig. 5共a兲 originates
from a slight deviation of the easy axis from the 具100典 directions due to the remaining slight uniaxial component.
Second, the in-plane magnetic anisotropy significantly
increases with elevating TG from 100 to 200 ° C. The inplane magnetic anisotropy of Co2FeSi films was analyzed,
assuming that a free-energy density consists of a cubic magnetocrystalline anisotropy term Keff
1 and a uniaxial anisotropy
共Ref.
30兲
term Keff
u
1
2
sin2共2兲 + Keff
共兲 = − Keff
u sin 共兲
4 1
− HM s cos共 − ␣兲,

共1兲

where ␣ is the angle between external field H and the 关110兴
direction, and  is the angle between magnetization and the
关110兴 direction. Assuming a coherent rotation as a magnetization reversal process, the relation between magnetic field
and magnetization is given by minimizing 共兲 共Ref. 30兲
eff
3
H共m兲 = 2Keff
1 共2m − m兲/M s + 2Ku m/M s ,

共2兲

where m = sin共兲 is the normalized magnetization component. By fitting the magnetization curves along the 关11̄0兴
direction with this expression, two effective magnetic anisoeff
eff
tropy constants, Keff
1 and Ku , were obtained. Ku is plotted as
a function of TG in Fig. 6共a兲. As can be seen from the figure,
Keff
u reaches a maximum at around TG = 200 ° C and decreases with the further increase of TG. The value of Keff
u
finally becomes almost negligible at TG = 350 ° C. Note that
the value of Keff
u at TG = 350 ° C is not plotted in Fig. 6共a兲,
since it cannot be obtained analytically due to the absence of
a reversible hard axis.
eff
In general, Keff
u and K1 can be decomposed assuming a
vol
superposition of a volume term Ku,1
and an interface contriint
bution Ku,1,
共3兲

eff
vol
int
Ku,1
= Ku,1
+ Ku,1
/d,
30

eff
where d is the thickness of the film. We plot Keff
u and K1 vs
inverse d of Co2FeSi films grown at 100 ° C in Fig. 6共b兲. Keff
1
is independent of d, indicating that Keff
1 is a volume-related
is linearly dependent on inverse d.
term, whereas Keff
u
is nearly zero and
As obtained from the fit, Kvol
u
−2
Kint
erg/ cm2, demonstrating that Keff
u = 共7.3± 0.9兲 ⫻ 10
u is a
pure interface-related term, as is observed in other FM/SC
systems. The value of Kint
u is in between those of Fe 共Ref. 31兲
and Fe0.34Co0.66 共Ref. 30兲 on GaAs: 1.2⫻ 10−1 and 2.6
⫻ 10−2 erg/ cm2, respectively. Since the value of Kint
u has
been estimated from a series of films grown at 100 ° C,
namely at the lowest end of the low TG regime in Fig. 5共a兲,
Kint
u can be expected to be larger at higher TG. In general, the
uniaxial in-plane magnetic anisotropy observed in FM/SC
systems is anticipated to originate from an anisotropic bonding at the interface.32 Therefore, the TG dependence of Keff
u

FIG. 6. 共a兲 Uniaxial magnetocrystalline anisotropy constant 共Keff
u / M s兲 of
stoichiometric Co2FeSi films as a function of growth temperature. 共b兲
eff
Uniaxial and cubic magnetocrystalline anisotropy constants 共Keff
u and K1 ,
respectively兲 as a function of inverse film thickness d. The solid line shows
the linear fit for Keff
u .

reflects the interface perfection including atomic ordering
and abruptness. Hence, the quality of the interface is improved with the increase of TG up to 200 ° C, and then it
deteriorates due to the interfacial reaction for TG ⬎ 200 ° C.
Thus, we conclude from the analysis of the in-plane magnetic anisotropy that the optimum TG to obtain a perfect interface structure is around 200 ° C.

IV. CONCLUSIONS

In conclusion, we have grown single-crystal full-Heusler
alloy Co2FeSi films on GaAs 共001兲 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 HRXRD and
resistivity studies revealed that the layers have a long-range
order and crystallize in a partly disordered Heusler-type L21
structure in the low growth temperature regime. The longrange atomic order of the layers is improved by elevating the
growth temperature up to 350 ° C. The increase of the growth
temperature, however, results in an interfacial reaction between the Co2FeSi layer and the GaAs substrate. The analysis of the in-plane magnetic anisotropy revealed that the interface perfection improves up to TG = 200 ° C and
deteriorates due to interfacial reactions above 200 ° C. The
optimum growth temperature for Co2FeSi/ GaAs heterostructures with high interface and crystal perfection, as well as
high degree of atomic ordering, is thus around 200 ° C.
Hence, Co2FeSi films are much more thermally stable than
conventional ferromagnetic metals on GaAs. These results
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indicate that Heusler alloys are promising candidates
as a source for efficient electrical spin injection into
semiconductors.
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