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Epitaxial Growth of Full-Heusler Alloy CooMnSi
Thin Films on MgO-Buffered MgO Substrates

H. Kijima, T. Ishikawa, T. Marukame, H. Koyama, K. Matsuda, T. Uemura, and M. Yamamoto

Division of Electronics for Informatics, Graduate School of Information Science and Technology, Hokkaido University,
Sapporo 060-0814, Japan

Full-Heusler alloy Co>MnSi (CMS) thin films were epitaxially grown on MgO-buffered MgO substrates through magnetron sput-
tering. The films were deposited at room temperature and subsequently annealed ir situ at 600 °C. X-ray pole figure measurements of
the annealed films showed 111 peaks with fourfold symmetry, providing direct evidence that these films were epitaxial and crystallized
in the L2, structure. The annealed films had sufficiently flat surface morphologies with root-mean-square roughness of about (.22 nm
at a film thickness of 50 nm. The saturation magnetization of the annealed films was 4.5 pg/f.u. at 10 K, corresponding to about 90% of

the Slater—Pauling value for CMS.

Index Terms—Co-based full-Heusler alloy, Co, MnSi, epitaxial growth, half-metallic, MgO.

I. INTRODUCTION

OBALT-BASED full-Heusler alloy thin films have

recently attracted much interest as highly desirable fer-
romagnetic electrodes for spintronic devices [1]-[9]. This is
because of the half-metallic ferromagnetic nature theoretically
predicted for some of these alloys [10], [11] and because of
their high Curie temperatures, which are well above room
temperature (RT) [12]. We recently reported fully epitaxial
magnetic tunnel junctions (MTJs) with a Co-based full-Heusler
alloy thin film of either Co2Crg gFeg 4 Al (CCFA) or CooMnGe
as a lower electrode and a MgO tunnel barrier and obtained
relatively high tunnel magnetoresistance (TMR) ratios at RT for
these epitaxial MTJs (e.g., 42% for CCFA-MTIJs at RT) [3], [6],
[8]. One Co-based full-Heusler alloy in particular, CooMnSi
(CMS), has attracted interest because of the large energy gap
of ~ 0.42 eV theoretically predicted for its minority spin band
[10] and its high Curie temperature of 985 K [12]. Recently,
epitaxial CMS thin films have been grown on GaAs (001) by
pulsed laser deposition [4] and on Cr-buffered MgO substrates
by magnetron sputtering [5]. TMR ratios of 70% at RT and
159% at 2 K have been reported for MTJs using an epitaxial
CMS film grown on a Cr-buffered MgO substrate as a lower
ferromagnetic electrode and having an amorphous AlOy tunnel
barrier [5]. The lattice mismatch between CMS and MgO
for 45° in-plane rotation is —5.1%, which is larger than the
mismatch of —2.0% between CMS and Cr. However, epitaxial
growth of CMS films on a MgO buffer layer will lead to fully
epitaxial MTJs consisting of CMS lower and upper electrodes
and a MgO tunnel barrier. Our goal in this work has there-
fore been to fabricate epitaxial CMS films on MgO-buffered
MgO substrates applicable for fully epitaxial magnetic tunnel
junctions with a MgO tunnel barrier and then to clarify the
structural and magnetic properties of the fabricated CMS films.
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II. EXPERIMENTAL METHODS

Each layer in the MgO/CMS bilayer structure (a CMS thin
film on a MgO buffer layer) was successively deposited in an
ultrahigh vacuum chamber (with a base pressure of around 8 X
10~ Pa) through the combined use of magnetron sputtering and
electron beam evaporation. A 10-nm-thick MgO buffer layer
was first deposited on the MgO(001) single-crystal substrate at
400 °C by electron beam evaporation to reduce or eliminate sur-
face defects and microscopic roughness. The CMS film was then
deposited on the MgO buffer layer at RT by rf magnetron sput-
tering with Ar as a sputtering gas, and subsequently annealed
in situ at 200 to 600 °C for 15 min. The CMS film composition
was analyzed using inductively coupled plasma optical emis-
sion spectroscopy for a 100-nm-thick CMS film deposited at
RT. It was found to be Cos.goMng g4Sig.g0 With an accuracy of
2%-3% for each element.

We investigated the structural properties of the fabricated
CMS films through X-ray Bragg scans and X-ray pole figure
measurements (Bruker AXS D8 DISCOVER Hybrid). Re-
flection high-energy electron diffraction (RHEED) patterns
were observed in sifu for each successive layer of the bilayer
structure. The surface morphologies were observed using
atomic force microscopy (Digital Instruments). The magnetic
properties were measured using a superconducting quantum
interference device magnetometer (Quantum Design MPMS) at
temperatures from RT to 10 K. For the estimation of magneti-
zation, the contribution from the MgO substrate was subtracted.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Fig. 1 shows RHEED patterns, along the azimuths of
[100]mgo and [110]ygo (corresponding to [110]cms and
[100]cms, respectively), obtained in situ for each successive
layer in the MgO/CMS bilayer structure. The streak patterns
were dependent on the electron injection direction for an
as-deposited CMS film [Fig. 1(b)], indicating that the film grew
epitaxially. It was the same for the CMS film postdeposition
annealed in situ at 600 °C. The streak patterns of the annealed
CMS film [Fig. 1(c)] were sharper and more distinct than those
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Fig. 1. RHEED patterns, along the azimuths of [100]mgo and [110]yg0
(corresponding to [110]cams and [100]cms, respectively), for each successive
layer: (a) MgO buffer layer (10 nm); (b) a CMS film (50 nm) grown at RT;
and (c) a CMS film annealed at 600 °C after deposition. In (c), the CMS film
annealed at 600 °C shows additional streak patterns (indicated by arrows),
showing that the 600 ° C-annealed CMS film had the L2, structure.

of the as-deposited film [Fig. 1(b)]. This indicates that the sur-
face flatness of the CMS film deposited at RT was improved by
the postdeposition annealing at 600 °C, which is consistent with
the AFM observations of the surface morphologies described
below. Furthermore, we observed 1/2-order superlattice reflec-
tions along the [110]cys direction in the RHEED patterns for
the CMS film annealed at 600 °C [indicated by the arrows in
Fig. 1(c)], showing that this CMS film had the 1.2; structure.

Fig. 2(a) shows X-ray #-26 diffraction patterns of 50-nm-
thick CMS films as-deposited and postdeposition annealed at
temperatures ranging from 200 to 600 °C. As Fig. 2(a) shows,
002 and 004 peaks were clearly observed even for the as-de-
posited CMS film. The intensities of the 002 and 004 peaks were
increased by postdeposition annealing at 200 to 600 °C. In this
sense, the crystal structure of the as-deposited CMS film was
improved by the annealing.

An X-ray pole figure scan of a CMS film deposited at RT and
subsequently annealed at 600 °C is shown in Fig. 2(c) along with
that of a MgO substrate. In this figure, we set the MgO [100] di-
rection as the origin of the sample rotation angle ¢. As can be
seen in Fig. 2(c), CMS 111 diffraction peaks with fourfold sym-
metry with respect to ¢ were clearly observed at a tilt angle x of
54.7°. This provides direct evidence that the 600 °C-annealed
film was epitaxial and crystallized in the L.2; structure. Because
the ¢ values for the CMS 111 peaks were shifted by 45° with
respect to those of the MgO 111 peaks, the crystallographic re-
lationship was CMS (001)[100]||[MgO (001)[110]. In contrast,
in the X-ray pole figure scans for the as-deposited CMS thin
films, 022 peaks were observed with fourfold symmetry with
respect to ¢, while 111 peaks were not observed. These results
along with the observation of the 002 peak in the X-ray 6-26
scan described above show that as-deposited CMS films also
grew epitaxially, but with the B2 or a mixture of the B2 and A2
structures, where the B2 structure implies disorder in the atomic
arrangement between Mn and Si, and the A2 structure implies
disorder in all of the atomic arrangement. Annealing the as-de-
posited CMS film at temperatures ranging from 400 to 600 °C
caused 111 peaks specific to the [.2; structure to appear and
their intensity rose with increasing annealing temperature.

2689

) S S
(a) 250 (?) T 8 T T 8 T
2 > 2
| O = o
7 200 600°C-annealed
5
g 150 400°C-annealed
S,
>
= 100 200°C-annealed
g s ]
£ as-deposited
A |
0 1 1 1 N 1 |

30 40 50 60 70 80

20 [deg.]
[100]cus
0 ¢ -axis

(©)

&Y

Fig. 2. (a) X-ray ¢-26 diffraction patterns of 50-nm-thick CMS films
as-deposited and postdeposition annealed at 200-600 °C. (b) and (c) X-ray
pole figures of (b) MgO 111 and (c) CMS 111 for a CMS film annealed at
600 °C.
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Fig.3. Three-dimensional AFM image (1 x 1 gm) of the surface topography
of a 50-nm-thick CMS thin film annealed at 600 ° C after deposition.

To fabricate high-quality MTJs, a lower ferromagnetic elec-
trode with little surface roughness must be prepared. Our AFM
measurements showed that 50-nm-thick CMS films grown
on 10-nm-thick MgO buffer layers at RT and subsequently
annealed at 600 °C had sufficiently flat surface morphologies
with rms roughness of about 0.22 nm (Fig. 3). In contrast, AFM
measurements showed that as-deposited CMS films had surface
morphologies with roughness of 0.34-nm rms. The improved
surface flatness revealed by AFM measurement after postde-
position annealing at 600 °C is consistent with the RHEED
observations described above.

Fig. 4(a) shows magnetic hysteresis curves up to a magnetic
field, H, of 1000 Oe at 300 K for 50-nm-thick CMS films that
were as-deposited or postdeposition annealed at 200 to 600 °C.
The magnetic field was applied in the plane of the film along
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Fig.4. Magnetic properties of CMS films. (a) Magnetic hysteresis curves up to
1000 Oe at 300 K for 50-nm-thick CMS films as-deposited and postdeposition
annealed at 200-600 °C. The magnetic field was applied along the [110]cwms
axis. Magnetization due to the substrate has been subtracted. (b) Annealing
temperature dependence of saturation magnetization, (., and the coercive force,
H_, for 50-nm-thick CMS thin films.

the [110]cwms axis. Fig. 4(b) shows the annealing temperature
dependence of the saturation magnetization, ys, and the coer-
cive force, H., for 50-nm-thick thin films at 10 and 300 K. The
1t value of 678 emu cm~?2 (equivalently 3.2 pp/f.u.) obtained
for the as-deposited films at 10 K increased to 938 emu cm ™3
(4.5 pg /f.u.) after postdeposition annealing at 600 °C. Further-
more, the H,. value of ~69 Oe at 300 K for the as-deposited film
decreased to less than 5 Oe after annealing at 600 °C. The in-
crease of s when postdeposition annealing was applied to the
CMS films was probably related to the fact that the crystalline
structure changed from the B2 structure or a mixture of the B2
and A2 structures for the as-deposited films to the ordered 1.2¢
structure after annealing. The A2 structure inevitably contained
disorder between the Co and Mn atoms. Theoretical calcula-
tion indicated that the disorder between Co and Mn atoms de-
creased the magnetic moment from that for the .2y structure,
while the B2-type disorder had little influence [13]. Therefore,
by assuming the as-deposited films contained disorder between
Co and Mn, we can reasonably attribute the increase of yg after
postdeposition annealing to the appearance of the .2; struc-
ture. The decrease of H, after postdeposition annealing was
also probably related to structural improvement in the sense of
the increased 002 and 004 peaks after postdeposition annealing
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at 400-600 °C. The ug value of 4.5 up/f.u. obtained for the
600 °C-annealed CMS film at 10 K corresponds to about 90%
of the theoretically predicted Slater—Pauling value of 5.0 up/f.u.
for CMS with the L2 structure [11].

IV. SUMMARY

We successfully demonstrated the epitaxial growth of
CooMnSi thin films with the L2; structure on MgO-buffered
MgO substrates through magnetron sputtering. The annealed
films had sufficiently flat surface morphologies. The saturation
magnetization of the annealed films was 4.5 up/f.u. at 10 K,
corresponding to about 90% of the theoretically predicted
Slater—Pauling value for Co, MnSi.
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