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Ferromagnetic L1,—MnGa thin films have been epitaxially grown on GaN, sapphire, and MgO
substrates using molecular beam epitaxy. Using diffraction techniques, the epitaxial relationships are
determined. It is found that the crystalline orientation of the films differ due to the influence of the
substrate. By comparing the magnetic anisotropy to the structural properties, a clear correlation
could be established indicating that the in-plane and out-of-plane anisotropy is directly determined
by the crystal orientation of the film and could be controlled via selection of the substrates. This
result could be helpful in tailoring magnetic anisotropy in thin films for spintronic applications.
© 2011 American Institute of Physics. [doi:10.1063/1.3582244]

Magnetic thin film on insulator and/or semiconductor
hybrid systems are key components in important spintronic
applications such as magnetic tunnel junctions (MTJs), giga-
bit nonvolatile memories, and spin injectors.l’ Observations
of nonuniform behaviors and premature switching in
nanometer-size MTJs have triggered remarkable interest in
the search for crystalline thin films with canted or perpen-
dicular magnetization, which allow the realization of highly
reliable devices.> It is therefore crucial to explore reliable
methods to control the magnetic anisotropy in crystalline
thin films.

Here we report a crystal structural control of the mag-
netic anisotropy in thin epitaxial MnGa films. This Heusler
alloy has drawn lots of attention recently for its many desir-
able properties such as high spin polarization and low damp-
ing term.”™® Furthermore, its magnetic properties depend
sensitively on the Mn:Ga stoichiometry, ranging from ferro-
magnetic for MnGa,” to ferrimagnetic for Mn2_3Ga,578 and
antiferromagnetic for Mn3Ga,9 giving this material great
magnetic tunability. In this letter, we explore the epitaxial
growth of L1-structured ferromagnetic MnGa thin films on
various substrates including GaN, sapphire, and MgO. These
thin films are found to exhibit different crystal orientations,
which are shown to have direct impact on the magnetic an-
isotropy. This result provides an effective way for tuning the
film magnetic anisotropy via controlling the crystalline prop-
erties.

Samples are grown in a custom-designed ultrahigh-
vacuum molecular beam epitaxy chamber equipped with Mn
and Ga effusion cells. Commercially available GaN(0001)/
sapphire, sapphire(0001), and MgO(001) substrates are used
in this study. All substrates are solvent cleaned ex situ and
annealed in situ for 30 min (950 °C for sapphire and MgO,
and 650 °C for GaN). For GaN substrate, a fresh 50-nm-
thick layer of GaN is grown on top for improved surface
smoothness. For the growth of up to 200-nm-thick MnGa
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layer, substrate temperatures are carefully maintained at
25030 °C and Mn:Ga flux ratios are maintained at
~55:45 (calibrated using a quartz flux sensor). All growths
are monitored in real-time using reflection high-energy elec-
tron diffraction (RHEED). After growth, samples are trans-
ferred ex situ for x-ray diffraction (XRD) as well as vibrating
sample magnetometery (VSM) measurements.

Figure 1 shows RHEED images before and after the
growth of MnGa films on three different substrates. For
MnGa/GaN [see Figs. 1(a) and 1(b)], the growth evolution is
in agreement with the one reported before,” resulting in a
nearly ideal epitaxial relationship with a 30° rotation be-
tween the two sublattices. The interface is found to be atomi-
cally abrupt, recently attributed to a two-dimensional Mn—-Ga
layer.'” Figure 1(c) shows the surface of sapphire(0001) sub-

strates along [ 1100] prior to MnGa deposition; Kikuchi lines
emerging from inelastic scattering are clearly visible at this
stage. After the growth of MnGa, the primary streak spacing
increases, together with the emergence of weak 2X frac-
tional streaks, indicating the existence of a surface super-
structure [Fig. 1(d)]. We propose that the same 2 X2 super-
cell induced by excess Mn atoms, as previously proposed for

FIG. 1. (Color online) RHEED images during epitaxial growth of LI,
—MnGa on different substrates. Left column: annealed substrate surfaces;

right column: after growth of MnGa. (a) and (b) Along [1100]g,x. (¢) and
(d) Along [1100]gpphire- (€) and (f) Along [110]y0.
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FIG. 2. (Color online) #-260 XRD spectra of the epitaxial L1,—MnGa films
grown on various substrates at 250 °C. Main peaks are identified and
marked in each figure; lower panel: table summarizing derived lattice
constants.

MnGa/GaN,2 could also be responsible for the 2X observed
here. Furthermore, chevron (arrow-head shaped) features are
observed along the primary streaks, suggesting multiple fac-
ets at the surface, which can be linked to the coexistence of
multiple structural domains.'' For the growth on MgO(001)
[Figs. 1(e) and 1(f)], 2X fractional streaks are also observed,
but without chevron features. For all the MnGa films grown,
the observed RHEED patterns remain bright and streaky, ab-
sent of rings (polycrystalline) or highly diffusive back-
grounds (amorphous). This indicates that the films are highly
crystalline and have atomically smooth surfaces. It is noted
that maintaining a substrate temperature at around 250 °C is
crucial in obtaining this high crystallinity.

To further determine the crystal structure of the MnGa
thin films, we performed XRD with a Cu K« source on the
epitaxial films. As shown in Fig. 2, all the films are deter-
mined to have the L1, face-centered tetragonal structure as
previously reported by Niida et al. 12 By comparing the lattice
spacings derived from the observed XRD peaks with the cal-
culated d spacings based on the known bulk CuAu-L1,
structure (a=3.89 A and ¢=3.65 A), the film orientations
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could be determined to be (111) for MnGa/GaN(0001), co-
existing (111) and (101) for MnGa/sapphire(0001), and (110)
for MnGa/MgO(001). Lattice constants for our films are de-
rived and summarized in the lower panel of Fig. 2.

The epitaxial relationships can then be determined by
computing the in-plane lattice spacings based on the primary
streak spacings in the RHEED patterns, and comparing to
possible in-plane relations. For MnGa(111)/GaN(0001), the
same epitaxial relationship as previously reported is derived,

namely, [110]yncall[1100]gan and  [112]yucall[1120]Gax-
For MnGa(111)/sapphire(0001), the epitaxial relationship

[ 1 1_O]MnGa I [ 1 1_Oo]sapphire

[11§]MnGa||[lIEO]Sapph,-re. The in-plane orientation for the
other coexisting (101) domain could not be easily deter-
mined because the RHEED pattern is dominated by the
(111) domain. For MnGa(110)/MgO(001), we obtain

[110]vnGall[110]pg0 and [001 Jyiagall[110]yg0-

Note that while both GaN and sapphire are hexagonal
structured, we find coexistence of two different crystalline
domains [(111) and (101)] for the MnGa film grown on sap-
phire(0001). This could be due to a larger lattice mismatch
compared to the growth on GaN(0001). By integrating the
area under the main peaks (A,;; and A,g;), and normalizing
them using structure factors Fj,;, ~ the ratio R of atomic con-
centrations of the two differently oriented crystallites can
be estimated by R=A,,,/|F;11[*/(A101/|F101]). We find that
~61% of the film is (111) oriented while the rest (~39%) is
(101) oriented.

To explore how these structural differences affect the
magnetism, VSM measurements are carried out at room tem-
perature on these L1,—MnGa thin films with both in-plane
and out-of-plane magnetic configurations. The magnetic hys-
teresis loops are displayed in Figs. 3(a)-3(c), where the mag-
netization values are normalized by the sample volume.
Magnetic parameters are summarized in the table shown in
Fig. 3(d).

It is interesting to compare the magnetic anisotropy to
the crystalline structure of the film. In bulk materials, the
magnetocrystalline anisotropy often plays the dominant role
in the overall magnetic anisotropy. It is therefore natural to
consider this crystalline anisotropy as the main source here
as well for the anisotropy observed in our L1,—MnGa thin
films. Assuming an easy axis anisotropy, based on the
Stoner—Wohlfarth coherent rotation model,' the total energy
density consists of an anisotropy term and a Zeeman energy

is determined to Dbe and

a)MnGa MnGa MnGa
- ( )GaN 120 (b)Sapphire (C MgO
e 200
Q 200 100
> FIG. 3. (Color online) [(a)—(c)] In-
g ° i 2 plane and out-of-plane magnetic hys-
~200 100 teresis loops of the L1,—MnGa films
S . . -200 grown on various substrates. (d) Table
e - g:ﬁf;_‘;ane ™ - l,"ljf_'f{_‘;ane - Z‘Jﬁff’_‘;ane sprnmariziqg the saturation magnetiza-
I S I e e T N U e tion My; in-plane and outofplane
H (kOe) H (kOe) H (kOe) remnan gndgne 1zation My and M,
(emu/cm’); coercive fields H, and
d H,., (kOe); and calculated easy axis
( ) MS M’I"” MTJ- HCH HCJ_ @ angle O (deg) with respect to the film
MnGa/GaN 464 384 273 3.35 2.97 546 normal for the grown films.
MnGa/Sapphie 255 141 113 1.72 147 51.3
MnGa/MgO 349 171 23 041 049 823
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FIG. 4. (Color online) Left: Unit cell of L1,—MnGa. Right: Comparison of

the [001] crystalline directions with the determined magnetic easy axis (M,).
For MnGa/sapphire, [001], corresponds to the (111) oriented domain and
[001], corresponds to (101) oriented domain, with length weighted based on
atomic concentration.

term; E/V=K sin*(¢—6)— uoMH cos ¢, where ¢ is the
angle between the sample magnetization and the external
field direction, 6 is the angle between the easy axis and the
external field direction, and K is the anisotropy constant. The
hysteresis loop is obtained by solving the stability equations
JE/d¢p=0 and FPE/JI¢p*>0. The remnant magnetization
along the field direction can then be derived to be M,
=M, cos 6. Therefore one could use the measured in-plane
and out-of-plane remnant magnetization values to calculate
the easy axis direction of the film: @=tan™'(M, /M, ),
where © is the angle between the easy axis and the film
surface normal.

The © values for the various L1,—MnGa films are com-
puted and directly compared to the angle of the [001] crys-
talline direction with respect to the film normal (6}) de-
termined for the corresponding films, as shown in Fig. 4. In
all cases, we find that is close to g} For MnGa/
sapphire, there are two different [001] directions correspond-
ing to the two structural domains [(111) and (101)]; in this
case, O is slightly closer to 6] of the dominant crystalline
domain (see Fig. 4 caption). This trend is also consistent with
previous reports of perpendicular magnetization observed for
MnGa films grown along the [001] direction on GaAs."> We
note that, compared to MnGa/GaN and MnGa/sapphire, the
slightly larger difference between ® and 6, observed for
the MnGa/MgO films could be an inherent drawback origi-
nating from the oversimplification in the Stoner—Wohlfarth
model. This model predicts zero remnant magnetization
along perpendicular-to-easy-axis directions, which is rarely
observed due of incoherency in the sample magnetic mo-
ments such as pinned domains.

The close relation between the easy magnetization axis
and the crystalline orientation indicates that the same easy
axis magnetic anisotropy remains dominant for films grown
on different substrates, given that the films are highly crys-
talline and not too much distorted from the bulk lattice. The
direct impact of the film orientation on the magnetic aniso-
tropy provides a method for controlling the anisotropy direc-
tion in thin crystalline films. Here, this control is realized
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by selecting different substrates; however, other routes
such as using a buffer layer during growth, or varying the
Mn:Ga ratio, could also enable tailoring of the anisotropy.
Recently, premature switching in MTJs have been attributed
to defects in the junctions, whose microstructure has been
studied by transmission electron microscopy showing local
misorientations.'® Our result here, namely, that film orienta-
tions could directly modify the magnetic anisotropy, can be
one explanation for these nonuniform behaviors.

In conclusion, we have studied the epitaxial growth of
Heusler L1,—MnGa thin films on different substrates. The
crystalline orientations as well as the in-plane epitaxial rela-
tionships are derived based on diffraction measurements. A
direct link is found between the crystalline orientation and
the resulting magnetic anisotropy, explained by a simple
easy-axis magnetic anisotropy model. These results provide a
reliable method for tailoring the magnetic anisotropy in crys-
talline thin films via controlling the crystalline structure, and
could potentially lead to successful applications in a variety
of spintronic devices.
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