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Abstract

The structural and magnetic properties of epitaxial Mny VAl films grown by
molecular beam epitaxy are investigated. Epitaxial Mns VAl films with a rel-
atively high L2;-ordering of ~0.7 are obtained on MgO(001) substrates at a
growth temperature of 350 °C. The saturation magnetic moment at 300 K
for the epitaxial Mny VAl films is ~1.2 ug/f.u., which is almost equivalent to
the highest value for high-temperature-grown thin-film samples reported pre-
viously. Due to the low-temperature synthesis of L2;-MnyVAl, an epitaxial
all-Heusler L2,-MnyVAl/L2:-Feo VAl/ L2,-Mny VAl trilayer with sharp heteroin-
terfaces is obtained. This study presents the possibility of all-Heusler current-
perpendicular-to-plane giant magnetoresistive devices with high performance.

Keywords: Heusler alloy, Mns VAl Epitaxial films, Molecular beam epitaxy

1. Introduction

Full-Heusler alloys with a chemical formula of X,YZ (X, Y: transition
metals; Z: a main group element) have been widely studied because of their
potential for various functionalities[1-3]. In particular, half-metallic full-Heusler
alloys have been explored as ferromagnetic electrodes for the tunneling magne-
toresistance effect[4, 5], the current-perpendicular-to-plane giant magnetoresis-
tance (CPP-GMR) effect[6, 7], and spin injection into semiconductors[8-12].

Among the full-Heusler alloys with a half-metallic nature and a high Curie
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temperature, a ferrimagnetic Heusler alloy, Mny VA1[13, 14], has been focused on
as a potential spintronic material. The Mn and V atoms in L21-ordered Mns VAl
are antiferromagnetically coupled (Mn: 1.413 pp/fu; V: -0.786 pp/f.u.)[14].
Therefore, Mny VAL has a small magnetic moment (~2 up/f.u.)[14] compared
with well-known half-metallic full-Heusler alloys such as CoaMnSi (~5 pp/f.u.)[15]
and CogFeSi (~6 pp/fu.)[16]. Because the critical current density required to
switch the magnetization through the spin-transfer torque is proportional to
the product of the saturation magnetization (Mg)[17], the use of L2;-ordered
Mny VALl as a ferromagnetic electrode in spintronic devices has an advantage
in terms of low-power-consumption magnetization switching. In addition, L2;-
ordered Mns VAl shows a high Curie temperature of 760 K in the bulk[18],
which is suitable for practical applications. Furthermore, a theoretical study
has proposed that MnyVAl/Fe; VAl/Mny VAL all-Heusler-based CPP-GMR junc-
tions would exhibit a significantly large output due to the band symmetry and
Fermi surface matching[19]. Therefore, Mny VAl has significant potential as a
spintronic material in terms of device applications.

Many experimental studies on Mny VAl have been reported for the bulk[18,
20-25] and thin films[26-32]. A high degree of L2;-ordering (Sro,) of ~0.84
and an almost theoretical Mg value of ~1.82 up/f.u. at 5 K were reported for
bulk samples[25]. In contrast, the values of Sps, and Mg for thin-film samples
were much smaller than those for the bulk samples[26-28]. Relatively high Sy,
and Mg values were recently reported for thin-film samples[29, 30]. However, a
high growth temperature (Ty) above 500 °C is generally required to obtain L2;-
ordered Mn, VAL films[26-30, 32]. Since such a high T, can easily induce atomic
interdiffusion in spintronic devices, there are some limitations to its applications
such as the all-Heusler-based CPP-GMR devices.

We have developed techniques for the growth of some full-Heusler alloys by
low-temperature molecular beam epitaxy (MBE). Unlike most thin-film studies
on full-Heusler alloys, relatively high degrees of structural ordering have been
obtained at less than 350 °C[10, 12, 33-44]. These low-temperature MBE tech-

niques have also enabled all-Heusler stacks with sharp heterointerfaces[45, 46].



Figure 1: (Color online) Schematics of crystal structure and atomic arrangements of the (001)

plane for (a) L2;-ordered Mny VAl and (b) MgO.

If the low-temperature synthesis of L2;-ordered MnyVAI can be achieved, then
various spintronic applications can be expected.

In this paper, we study the structural and magnetic properties of epitaxial
Mns VALl films grown by MBE. Epitaxial Mny VAL films with a relatively high
Str2, of ~0.7 are obtained on MgO(001) substrates at a T, of 350 °C. The value
of Mg at 300 K for the epitaxial Mny VAL films is ~1.2 up/f.u., which is almost
equivalent to the highest value for high-temperature-grown thin-film samples re-
ported previously[29]. Due to the low-temperature synthesis of L2;-MnyVAl, an
epitaxial all-Heusler L2;-MnsVAl/L2;-FesVAl/L2:-Mny VAl trilayer with sharp

heterointerfaces is obtained.

2. Experimental methods

Before investigating the crystal growth, we explain the crystal structures of
Mny VAL and MgO, which are illustrated in Figs. 1(a) and 1(b), respectively.
The mismatch between the lattice constant of MnyVAL (0.587 nm) and the
diagonal length of the lattice constant of MgO (1/2x0.422 nm = 0.597 nm) is
~1.7%. The atomic arrangement in the (001) plane between Mny VAl and MgO
is matched, as shown by the dotted lines in Figs. 1(a) and 1(b). Therefore, an
epitaxial relationship of MnyVAI[100](001)//MgO[110](001) can be expected.

Mn, VAL films were grown on MgO(001) substrates by MBE[41, 47]. After
heat treatment was performed at 500 °C for 1 h, good flatness of the MgO(001)



surface was confirmed by in situ reflection high-energy electron diffraction (RHEED)
observations[41, 47]. Cooling the substrate temperature to 100 or 350 °C,
Mn, VAL films with a thickness of ~25 nm were grown by co-evaporating Mn,
V, and Al using Knudsen cells. Here we set the atomic composition ratio of
Mn:V:Al to 2:1.2:2 during growth because the stoichiometric deposition causes
deviation of the film composition from stoichiometry under the MBE conditions
employed. Structural characterization was conducted using in situ RHEED
observations, X-ray diffraction (XRD), high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM), and energy-dispersive X-
ray spectroscopy (EDX) measurements. Magnetic properties were measured
with a vibrating sample magnetometer in a physical property measurement sys-

tem (Quantum Design).

3. Results and discussion

Figures 2(a) and 2(b) show in situ RHEED images of Mny VALl films grown
at 100 and 350 °C, respectively. Symmetrical streaks, which indicate two-
dimensional epitaxial growth, are observed for both samples. In particular,
for the sample grown at 350 °C, half-order streaks are observed in the RHEED
image (yellow arrows), which indicates the formation of the L2;-ordered struc-
ture.

Figure 2(c) shows XRD profiles by w-20 scan for the Mny VAl films. 004
diffraction peaks of Mny VALl are observed for both samples, which indicates the
formation of (001)-oriented epitaxial Mny VAL films. The values of the lattice
constant estimated from the XRD data for the samples grown at 100 and 350
°C were 0.588 and 0.587 nm, respectively, which are equivalent to those for
bulk[18] and thin-film[26, 28-30] samples reported previously. For the sample
grown at 350 °C, 002 superlattice diffraction of MnyVAI due to the presence of
a B2-ordered structure is observed. In contrast, for the sample grown at 100
°C, only the 004 diffraction peak of MnyVAl is observed, which indicates that

this Mny VAL film forms an A2 structure. From ¢-scan measurements of the
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Figure 2: (Color online) RHEED images of MnaVAL films grown at (a) 100 and (b) 350 °C.
(c) XRD profiles by w-26 scan for Mna VAl films, together with that for a MgO(001) substrate.
(d) XRD ¢-scan measurement of the (111) plane for Mno VAL films.
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Figure 3: (Color online) (a) In-plane M-H curves measured at 300 K and (b) Mg versus Ty
for the Mng VAl films.

(202) plane for the Mny VAl layer and the MgO substrate (not shown here), we
confirmed an in-plane crystal orientation of MnyVA1[100](001)//MgO[110](001)
for both samples. The ¢-scan measurements of the (111) plane are shown in
Fig. 2(d). Sharp diffraction peaks with fourfold symmetry are observed only for
the sample grown at 350 °C, which indicates the presence of the L2;-ordered
structure in the film. The degree of B2 and L2; ordering, Spe and Srs,, is
estimated from the XRD data for the Mny VALl film grown at 350 °C using the
following equations [48, 49],

Sy = Ino2/Iooa Spo = 2 11/ I202 (1)
I(%z/fé?m’ ! 3— Sp2 11R11/I2P(£J2’

where Iy and %, are the experimental and theoretical peak intensities for

the hkl plane, respectively. The values of Spo and Spo, were thus estimated to
be ~1 and ~0.7, respectively. Although the T of 350 °C in this study is lower
than those reported in previous thin-film studies[26, 28, 29], a relatively high
Sra, value is obtained. In addition, the value of Spo for the film grown at 350
°C is ~1, which indicates that B2-type disorder is suppressed under the MBE
growth conditions.

Figure 3(a) shows in-plane field-dependent magnetization (M-H curves) at

300 K for the Mny VAL films, where the magnetic field was applied along [110]



Table 1: Comparison of Sro, and Mg for bulk and thin-film Mno VAL [25, 26, 28-30]

Sample Method Sra, Mg (up/fu.)
Poly-crystalline bulk[25] Arc melting (1200 °C) ~0.84 ~1.82 (5 K)
Epitaxial film[26] Sputtering (T, = 500 °C) | ~0.5 (Sp2 ~ 0.5) | ~0.81 (10 K), ~0.54 (300 K)
Epitaxial film[28] Sputtering (T, = 700 °C) | ~0.4 (Spa ~ 0.7) ~0.88 (20 K)
Epitaxial film[29] Sputtering (T, = 600 °C) | ~0.77 (Sp2 ~ 0.79) ~1.3 (300 K)
Epitaxial film[30] Sputtering (T, = 600 °C) | ~0.66 (Spz ~ 0.74) ~1.2 (300 K)
Epitaxial film (This work) | MBE (T, = 350 °C) ~0.7 (Spz ~ 1) ~1.3 (30 K), ~1.2 (300 K)

direction of MnsVAIl. The value of Mg at 300 K for the sample grown at 350
°C is estimated to be ~1.2 up/fu., which is comparable to those for high-
temperature-grown thin-film samples[29]. The coercivity of ~40 mT is equiva-
lent to those for the high-temperature-grown thin-film samples[29]. In contrast,
for the sample grown at 100 °C, the value of Mg at 300 K is only ~0.2 ug/f.u.
due to formation of the A2 structure in the films[26, 28, 29]. Figure 3(b) shows
the values of Mg at 30 and 300 K versus T}, for the Mny VAl films. The values
of Spa, and Mg for bulk[25] and thin-film[26, 28, 29] Mn3y VAl are summarized
in Table I. While high T, above 500 °C is typically required to obtain high
Sra, and Mg values[25, 29|, relatively high Sr2, and Mg values are obtained
at 350 °C in our MBE conditions. However, while the values of Sp2 and Sro,
in our 350 °C-grown films are ~1 and ~0.7, the value of Mg remains 60% of
the theoretical value[14]. As described later, the chemical composition of the
Mn, VAl layer on MgO(001) is almost stoichiometric, so that we expect that in-
fluence of excess V atoms in our Mnsy VALl films on the reduction in Mg is small.
Although the DO0s-type disorder also affects the value of Mg in Mny VAL it is
generally difficult to quantitatively evaluate the degree of the D03 disordering
from a conventional XRD apparatus. At present, although there is still room
to improve the Sro, and Mg values in our Mny VALl films, the results indicate
the potential for the low-temperature synthesis of thin-film Mn, VAl with high

Sra, and high Mg under the as-grown conditions.
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Figure 4: (Color online) (a) XRD profiles by w-20 scan for a Mna VAl/Fea VAl/Mny VAL trilayer
on MgO(001). (b) XRD ¢-scan measurement of the (111) plane of Fea VAL (blue) and Mng VAl
(red) for trilayer. (c) HAADF-STEM image and EDX line profiles for the trilayer. (b) EDX
elemental maps of the region shown in (d).(e) In-plane M-H curve measured at 300 K for the

trilayer.



Finally, we attempted to grow a MnyVAl/FesVAI/Mny VAL trilayer on a
MgO(001) substrate, where L2;-ordered Fey VAl is a well-known nonmagnetic
Heusler alloy[39, 50]. The thicknesses of the top-MnyVAl, Feo VAL spacer, and
bottom-Mny VAl layers were ~15, ~20, and ~25 nm, respectively. During the
growth of the trilayer, the substrate temperature was fixed to be 350 °C and
we did not perform post-annealing after the growth of each layer. The de-
tailed growth conditions for the Fes VAL spacer layer are given in our previ-
ous studies[39, 40, 51]. After the growth of each layer, symmetrical streaks,
which indicate two-dimensional epitaxial growth, were observed. Figure 4(a)
shows an XRD profile by w-260 scan for the MnyVAl/Feo VAl/Mny VAL trilayer
on MgO(001). 002 and 004 diffraction peaks of Mny VAL and Fep; VAl are ob-
served. From the ¢-scan measurements of the (111) plane of Mny VAl and Fea VAL
shown in Fig. 4(b), we can confirm the presence of L2;-ordered structures in
the Mny VAl and Fe, VAL layers.

Figure 4(c) shows a HAADF-STEM image and EDX line profiles for the
Mn;VAl/Fey VAl/Mny VAL trilayer on MgO(001). The interfaces among the top
Mny VAL Fes VAL spacer, and bottom Mny VAL layers cannot be identified from
the HAADF-STEM image. From the EDX line profiles, the chemical composi-
tion along the stacking direction is abruptly changed at ~25 and ~40 nm from
the MgO(001) substrate. For the bottom Mny VAl layer, the chemical composi-
tion is confirmed to be stoichiometric (Mn:V:Al = 2:1:1), even though we used
nonstoichiometric deposition conditions. Although the actual chemical compo-
sition in the Feo VAl spacer layer (Fe:V:Al = 1.8:1.0:1.2) and top-Mns VALl layer
(Mn:V:Al = 1.8:1.0:1.2) slightly deviates from the stoichiometry, no atomic in-
terdiffusion is evident from the EDX elemental maps shown in Fig. 4(d). From
the HAADF-STEM image in Fig. 4(c), the presence of an L2;-ordered structure
in each Heusler-alloy layer is confirmed.

An in-plane M-H curve at 300 K for the trilayer is shown in Fig. 4(e),
where the magnetic field was applied along [110] direction of Mny VAL Here we
assume that the Feo VAL spacer layer is nonmagnetic because the values of Mg

for highly ordered epitaxial Feo VALl films are negligible small[39, 52]. The value



of Mg for the MnyVAI layers in the trilayer is estimated to be ~1.1 pg/fu.,
which is equivalent to that for the single Mny VAl layer shown in Fig. 3(a). We
speculate that the slight reduction in Mg from Fig. 3(a) is caused by the Al-rich
composition in the top-Mns VALl layer.

We have determined that epitaxial Mny VAl films with a relatively high Sz,
can be obtained by MBE at a low T}, of 350 °C. It is noted that the values of Sp2
and S, for the epitaxial Mny VAL films in this study were almost equivalent
to those for the epitaxial Feo VAl films reported in our previous studies[39, 40].
Although there is only a difference in constituent elements at the (A,C) sites
between L2:-Mny VAl and L2:-Fe; VAL the value of Sps was ~1 for both the
Mny VAl and Fes VAL films. This indicates that the low-temperature MBE en-
ables the suppression of Mn<V disordering or Fe<V disordering during growth.
As a result, we have achieved an all-Heusler stack with L2;-ordered structures
and the sharp heterointerfaces shown in Fig. 4(c).

While many theoretical studies on the electronic band structures and mag-
netic properties of all-Heusler stacks have been reported[19, 53-64], there has
only been a few experimental studies[45, 46, 65, 66]. In particular, for the
emergence of unique physical properties expected theoretically, it is necessary
to precisely control the structural ordering in not only the bulk region but also
the interfacial region of all-Heusler stacks. From the structural characteriza-
tion and magnetic property measurements, we have confirmed that there is still
room to improve the structural characteristics of the all-Heusler stack shown
in Fig. 4(c). To realize high-performance CPP-GMR devices due to the band
symmetry and Fermi surface matching[19, 67, 68], improvement of the crystal
quality of the trilayer and reduction of the Fea VAl spacer layer thickness should

be investigated.

4. Conclusion

We have studied the structural and magnetic properties of epitaxial Mny VAl

films grown by MBE. The MBE technique enabled epitaxial Mns VAL films with

10



relatively high Sro, and Mg values to be grown at a Ty of 350 °C. These Spo,
and Mg values were comparable to those for high-temperature-grown thin-film
samples reported previously. Due to the low-temperature synthesis of L2;-
Mny VAL an all-epitaxial L2;-MnsVAl/L2:-FesVAl/L2:-Mny VAL trilayer with
sharp heterointerfaces, where MnsVAl/Fes VAL junctions are theoretically ex-

pected to exhibit high magnetoresistive properties, was obtained.
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