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Cubic-type Heusler compound Mn,FeGa thin film with strain-induced large perpendicular
magnetic anisotropy
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This study reports the development of ferrimagnetic cubic Heusler compound Mn,Fe Ga (MFG) thin films
with large perpendicular magnetic anisotropy (PMA). By growing MFG on a Cr buffer layer, a cubic X, phase
with a tetragonal distortion ¢/a ~ 1.04 induced by the buffer layer was obtained in the range of x = 1.0-1.3,
leading to large PMA which exceeds 0.75 MJ m~3 in stoichiometric Mn,FeGa (x = 1). Synchrotron Méssbauer
spectroscopy revealed that these cubic MFG thin films show good chemical ordering close to the X,-ordered
state. First-principles calculations demonstrated that, in X,-ordered cubic MFG, the characteristic electronic
structure of Fe around the Fermi level causes a large uniaxial magnetocrystalline anisotropy under the tetragonal
strain consistent with experiment. The half-metallic-like band structure of cubic MFG was also shown to be
preserved under the strain. Cubic Mn,FeGa with its small saturation magnetization, large PMA, and possibility of
being highly spin polarized make this material an ideal candidate for the development of magnetic random-access

memory and other spintronic devices.

DOL: 10.1103/PhysRevMaterials.7.064404

I. INTRODUCTION

Possessing a half-metallic band structure at the Fermi level,
Heusler compounds are considered one way of achieving
highly spin-polarized current and large magnetoresistance in
various spintronic devices [1,2]. Over the past few decades,
there has been significant focus towards Co,YZ-type full-
Heusler compounds [cubic L2; crystal structure (F m3m)]
due to numerous observations of high spin polarization and
ultralow damping in Co, YZ-based spin valves [3—13]. More
recently, topological Weyl states have been observed in
Co,MnGa Heusler compounds broadening the interest of us-
ing Co, YZ-type Heusler compounds in applications such as
magnetization switching by spin-orbit torque [14,15]. While
these Heusler compounds possess electronic band structures
suitable for spintronic applications, their magnetization has
also been found to be in plane, which has so far limited their
application in ultrahigh density spintronic devices [16].

Recently, Mn, YZ-type Heusler compounds with cubic X,
crystal structure (F43m) have been of increasing interest in
spintronics. In contrast to Co, YZ-type Heusler compounds,
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perpendicular magnetic anisotropy (PMA) has been demon-
strated in cubic Mn;Ru,Ga (MRG) and Mn,Co,Ga (MCG)
thin films [17,18]. In addition to PMA and predicted half-
metallicity, cubic-type Mn, YZ-type Heusler compounds also
show a small saturation magnetization (M;) due to their
ferrimagnetic ordering along with the possibility of a fully
compensated magnetic moment at specific compositions and
temperatures [17,19]. Achieving high spin polarization, PMA,
and small M, could make Mn,YZ-type Heusler compounds
promising materials for spintronic applications and the real-
ization of low energy consumption, high density, and ultrafast
switching magnetic random-access memory.

In this paper, we report the realization of large PMA in
thin films of cubic-type full-Heusler compound Mn;,Fe,Ga
(MFG) with an atomic ordering close to the X, inverse full-
Heusler crystal structure. Previous theoretical studies have
predicted that X,-ordered cubic Mn,FeGa is a metastable
phase with a half-metallic-like band structure [20-22], yet the
majority of studies so far have only managed to synthesize
tetragonal (DO,;) MFG. While tetragonal MFG and other
tetragonal compounds such as Mn3Ga and Mn3Ge exhibit
large PMA [23-28], the spin polarization at the Fermi level
of tetragonal MFG is also significantly reduced due to the
filling of the energy gap in the minority band [22]. Most strik-
ingly, these cubic MFG thin films show large PMA exceeding
K, = 0.75 MJm~—3, which is far above the values reported
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for other cubic ferrimagnetic Heusler compounds [18,29].
Furthermore, synchrotron Mdssbauer spectroscopy along with
theoretical calculations provides direct evidence of these cu-
bic MFG thin films having a high degree of chemical ordering
and being highly spin polarized, thus making MFG an ideal
candidate material for use in various spintronic devices.

II. EXPERIMENTAL METHODS

Thin films of Mn,Fe,Ga with Fe concentrations x ~ 0.8,
1.0, and 1.3 were prepared on MgO(001) single crystal sub-
strates using Cr thin films as a buffer layer. MgO substrates
were furnace treated prior in air at 1173 K. 20 nm thick Cr
buffer layers were deposited at room temperature and then
annealed at 940 K. The MFG thin films were grown by
co-sputtering a Mn,Ga target and a Fe target while main-
taining the substrate at 570 K. To control the stoichiometry
of the MFG thin films, the sputtering power applied to the
Fe target was changed to vary the Fe concentration. The
stoichiometry of the MFG thin films was later evaluated by
energy-dispersive x-ray spectroscopy (EDS). The samples of
MFG thin films on Cr buffer layers (MFG/Cr, hereafter) were
capped with a 1 nm thick Al layer to prevent oxidation of the
MFG.

Transmission electron microscope (TEM) images were
obtained using a JEOL JEM-2100F TEM operated at an
accelerating voltage of 200 kV. X-ray diffraction (XRD) anal-
ysis was performed using an x-ray diffractometer with a Cu
Koy x-ray source. The magnetic properties of the MFG thin
films were investigated using a Quantum Design MPMS3
superconducting quantum interference device (SQUID). All
the magnetization data presented here were corrected for the
linear diamagnetic background of the MgO substrate. To gain
insight into the local atomic structure and chemical ordering
of MFG in the MFG/Cr samples, synchrotron >’ Fe Mdssbauer
spectroscopy was performed at the BL11XU beamline of
SPring-8 using linearly m-polarized 14.4 keV Mossbauer y
rays [30]. A grazing incidence conversion electron Mossbauer
spectroscopy (CEMS) technique with a probing depth of sev-
eral 10 nm was used to detect the whole region of the MFG
thin film. The y -ray beams were incident on the film surface at
a low glazing angle of 0.5° to increase the effective thickness
of the thin films. The use of the high-brilliance synchrotron
Mbossbauer y rays in combination with the grazing incidence
CEMS technique allowed the measurement efficiency to be
improved dramatically [31,32].

III. COMPUTATIONAL METHODS

The electronic structure of cubic Mn,FeGa was calcu-
lated using the Vienna ab initio simulation program (VASP)
and density-functional theory (DFT) which included the spin-
orbit interaction (SOI) in the calculation [33]. X,-ordered
Mn,FeGa with lattice constants of a=5.83 A and ¢=6.07 A
(with tetragonal distortion) as well as a = ¢ = 5.83 A (with-
out tetragonal distortion) were considered based on the values
determined by XRD. In the DFT calculation, the general-
ized gradient approximation (GGA) [34] was adopted for the
exchange-correlation energy and a projected augmented wave
pseudopotential was used [35,36] to treat the effect of core

electrons properly. The cutoff energy was set to 337 eV and
the Brillouin-zone integration was performed with 31 x31x31
k points.

The uniaxial magnetocrystalline anisotropy K, of cubic
Mn,FeGa was calculated on the basis of these DFT results,
where the following expression derived from the force theo-
rem [37,38] was used for the calculation:

K. = (Epio0) — Epoo)/V, (D

where E[100) (Ejoo17) is the sum of the eigenenergies for the
unit cell with the magnetization parallel to the [100] ([001])
direction, and V is the volume of the unit cell.

To investigate the physical origin of the perpendicular mag-
netic anisotropy (PMA), a second-order perturbation analysis
of the magnetocrystalline energy was further carried out [39].
By treating the SOI as a perturbation term, the second-order
perturbation energy is given by the following equations:
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where e,(fr)u)j is the energy of an unperturbed state |kno) with

wave vector k, band index n, and spin o. The index “occ”
(“unocc”) on the summation in Eq. (2) means that the sum
is over the occupied (unoccupied) states of all atoms in the
unit cell. In the Hsor, & is the coupling constant of the
SOI at an atomic site i, and L; (S;) is the single-electron
angular (spin) momentum operator. For &;, &, = 41.5 meV,
&re = 54.3 meV, and &g, = 35.4 meV were used, respectively.
Wave functions and eigenenergies obtained in the DFT calcu-
lation were used as unperturbed states and energies in Eq. (2).
The magnetocrystalline anisotropy energg within the second-
order perturbation was calculated as Elf,[é N E[(lzg()] - E[(Ozgl]
similarly to Eq. (1), where E[(lzgm (E[(Ozgl]) is the energy calcu-
lated by Eq. (2) for the magnetization along the [100] ([001])
direction of the unit cell. Eﬁé 4 can be decomposed into four
terms coming from different perturbation processes at each
atomic site:
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Eyca = AE{_, + AE| | + AE[ | + AE|_,, (5

where Ej;, is the magnetocrystalline anisotropy energy at an
atomic site i. The term AE% _ (AE i) is the contribution
from spin-conserving perturbation processes in the major-
ity spin (minority spin) channel. The last two terms are the
contributions from spin-flip perturbation processes: AE% N

(AEi ), Which come from the electron transition processes
from the majority to minority spin (minority to majority spin)
channel. This decomposition provides information on the ori-
gin of PMA in cubic MFG.

Furthermore, the type of possible chemical disorder in the
cubic MFG thin films and its influence on the electronic struc-
ture were theoretically simulated for cubic Mn,FeGa with
a tetragonal distortion for comparison with the Mossbauer
results. Here three types of states of Mn,FeGa were consid-

ered: the X,-ordered state, L2;B-ordered state with disorder
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FIG. 1. (a) Bright field cross-sectional TEM image for the stoichiometric Mn,FeGa (30 nm)/Cr (20 nm)/MgO(001) sample. (b) High-
resolution TEM image of the MFG/Cr interface. (c) EDS mapping results for the image shown in part (a). RHEED patterns along the [110]
and [100] azimuths of the MgO(001) substrate for (d) a 20 nm thick Cr buffer grown on the MgO(001) substrate and (e) a 30 nm thick

stoichiometric MFG thin film grown on top of the Cr buffer layer.

between the Mn 4a and Fe 4b atomic sites, and the DO0s-
ordered state with disorder between the Mn 4c¢ and Fe 4b
sites (the locations of these sites can be seen in the inset of
Fig. 6) [40]. These calculations were based on DFT and the
Korringa-Kohn-Rostoker method [41,42], which are imple-
mented in the Akai-KKR code [43]. In these calculations, the
GGA [34] was used for the exchange-correlation energy and
the disordered states were treated within the coherent potential
approximation. The Brillouin-zone integration was performed
with 103 and 153 k points in the self-consistent-field and DOS
calculations, respectively.

IV. RESULTS AND DISCUSSION
A. Structural characteristics

Figures 1(a) and 1(b) show TEM images obtained for
a stochiometric Mn,FeGa (30)/Cr (20)/MgO(001) sample
(thicknesses in nm indicated in brackets). The bright field
cross-sectional image [Fig. 1(a)] shows clear interfaces be-
tween each of the layers, and the high-resolution TEM image
[Fig. 1(b)] shows the MFG/Cr interface to be atomically
coherent. The EDS mapping in Fig. 1(c) shows the distribu-
tions of Mn, Fe and Ga to be homogeneous across the entire
MFG thin film and no evidence of interdiffusion was ob-
served. Reflection high-energy electron diffraction (RHEED)
patterns measured along the [110] and [100] azimuths of the
MgO(001) substrate for a 20 nm Cr buffer layer and (c) the
stoichiometric 30 nm MFG thin film grown on top of this Cr
buffer layer are shown in Figs. 1(d) and 1(e), respectively.
The evolution of the RHEED patterns shows that a single
crystalline MFG thin film is grown on a Cr buffer layer with
an epitaxial relationship of MFG(001)[100] || Cr(001)[100] |
MgO(001)[110]. The streak-shaped patterns from the Cr
buffer layer indicate an atomically flat Cr surface with a
c(2x2) surface reconstruction due to the adsorption of
oxygen at the topmost surface of the Cr buffer layer
[44]. This surface reconstruction is found not to influ-
ence the subsequent growth of the MFG thin film. For
the MFG thin film, spotty RHEED patterns are observed

indicating an increase in surface roughness, but with this
being limited based on the cross-sectional TEM image
seen in Fig. 1(a) and the atomic force microscopy
(AFM) image of a larger area (see the Supplemental
Material [45]).

Figure 2(a) shows the XRD profiles of the MFG/Cr sam-
ples with x = 0.8, 1.0, and 1.3. For x = 0.8, both cubic X,
and tetragonal DO,, phases were observed. The formation
of tetragonal MFG below x = 1.0 was reported in an earlier
study [46]. The tetragonal phase was found to be suppressed
with increasing the Fe concentration, and only a cubic phase
was observed in the range of x > 1.0. The XRD profiles of
the stoichiometric MFG/Cr sample (x = 1.0) measured for
the (111) and (110) crystallographic planes are shown in
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FIG. 2. (a) The XRD profiles of the MFG/Cr samples with Fe
concentrations, x = 0.8, 1.0, and 1.3 respectively. (b) and (c) XRD
profiles of the MFG/Cr sample with x = 1.0 for the (111) and
(110) crystallographic planes, respectively. (d) ¢ scan of the (202)
reflection.
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Figs. 2(b) and 2(c), respectively. The presence of the (111)
reflection in Fig. 2(b) indicates chemical ordering of the X,
structure. The fourfold symmetric {202} peaks as seen in
Fig. 2(d) confirm high-quality epitaxial growth of MFG on
a Cr buffer layer.

The in-plane (a) and out-of-plane (c) lattice constants of
cubic MFG in the MFG/Cr samples were calculated from the
(004) and (202) reflections due to the X, structure. Cubic
MFG was found to show lattice constants a ~ 5.78-5.84 A
and ¢ &~ 6.06-6.11 A, slightly depending on the sample com-
position (for x = 1.0, a ~ 5.83 A and ¢ &~ 6.07 A) (similar
values were also obtained from the selected area electron
diffraction patterns in TEM; see the Supplemental Material
[45]). This indicates that a tetragonal strain A of 4-6 %, where
A =100 x (¢ — a)/a, was induced in the cubic MFG thin
films due to the lattice matching between cubic MFG and
Cr (lattice constant found to be a ~ 2.88 A) under the epi-
taxial relationship, although the in-plane lattice constants of
cubic MFG remain close to the theoretically calculated values
[20,22]. A similar phenomenon has been observed in MRG
and MCG thin films grown on buffer layers [17,18].

Since the intensity ratios between certain peaks re-
flect chemical ordering within Heusler compounds [6], the
intensity ratios of the (200) and (400) reflections and the
(111) and (444) reflections were calculated to be 0.25 and
0.058 for the stoichiometric MFG/Cr sample, respectively. In
comparison, theoretical values for X,-ordered Mn,FeGa were
calculated to be 0.33 and 0.036, respectively. The differences
between the experimental and theoretical values suggest the
presence of chemical disorder in cubic MFG. However, it is
difficult to discuss the degree of chemical ordering due to the
similar scattering factors of Mn and Fe, as pointed out in an
earlier study [47]. Thus, in this study synchrotron Mossbauer
spectroscopy was used to obtain insight on the local atomic
structure and chemical ordering in cubic MFG, as presented
in Sec. IV C.

B. Magnetic properties

Figure 3(a) shows the in-plane (IP) and out-of-plane (OP)
magnetization curves for the stoichiometric MFG/Cr sample.
It was found that all the MFG/Cr samples in the composi-
tion range 0.8 < x < 1.3 show a clear out-of-plane easy axis
of magnetization. In the case of the stoichiometric MFG/Cr
sample composed of cubic MFG, the OP curve showed a
square shape and large coercive field, meanwhile the IP curve
showed no saturation by 7 T, which is the upper limit of the
SQUID system used. The saturation magnetic moment M,
is approximately 1.2 ugz/f.u. which is close to the expected
moment 1.0 pg/f.u. predicted by the Slater-Pauling rule for
full-Heusler compounds [48,49] and also the theoretically
calculated value (see the Supplemental Material [45]). This
confirms the ferrimagnetic ordering in cubic MFG. The mag-
netic anisotropy constant K, was evaluated from the data in
Fig. 3(a) using the following equation:

K, = %Hk - M (6)

where H; is the anisotropy field. Since the IP magnetization
is not saturated by 7 T, the lower bound of K;, =~ 0.75 MJ m—3
was found by setting H; > 7 T. Compared to other cubic
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FIG. 3. (a) In-plane (IP) and out-of-plane (OP) magnetization
curves measured at room temperature for the stoichiometric MFG/Cr
sample. (b) Magnetic anisotropy constant (K,) and saturation mag-
netization (M;) as a function of Fe concentration x. (c) Magnetic
coercivity (uoH,) and squareness of the hysteresis loop (M, /M) also
a function of x.

Heusler compounds, K, of cubic MFG is quite large: the
largest values that have ever been observed in any cubic
Heusler compound, far exceeding that of MRG (50 kJ m~3)
and MCG (0.16 MJm™—>) [18,29].

As seen in Fig. 3(b), increasing the Fe concentration
above x = 1.0 leads to both a decrease in M, and the lower
bound of K, (the magnetization curves for each sample are
shown in the Supplemental Material [45]). As is discussed
in Sec. IV C, the reduction in M; with increasing x can be
attributed to increased chemical disorder where excess Fe
forms antisite defects by occupying the Mn 4a sites (see
the inset of Fig. 6). This is due to the ground state energy
of the L2 B-ordered state being 0.26 eV lower than the
DO0s-ordered state from theoretical calculations (see the Sup-
plemental Material [45]) implying that excess Fe preferably
occupies the Mn 4a atomic site over the Mn 4c site. It is
worth noting that H; was larger than 7 T for all samples with
different x. Figure 3(c) shows the magnetic coercivity (uoH,)
and squareness (M, /M) of the different MFG/Cr samples.
The coercivity was found to increase with increasing x until
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FIG. 4. Mossbauer spectra of MFG/Cr samples with different Fe
concentrations (x). The sample with x = 0.8 shows a peak which
is a convolution of two magnetic components: the blue component
due to the presence of tetragonal MFG and the golden component
due to cubic MFG. For the samples with x = 1.0 and 1.3, only a
single component due to cubic MFG was observed. The fitted peak
positions are highlighted by the bars above each spectrum.

x = 1.2, where it then decreased for x = 1.3. The squareness
was found to be at a maximum for the stoichiometric MFG/Cr
sample but then proceeded to decrease with lower or higher Fe
concentrations. The largest M, /M, value atx = 1 implies high
structural homogeneity of the MFG thin film with stoichio-
metric composition because the remanence strongly depends
on microstructural features such as grain size, its distribution,
and defects [23,50].

C. Local atomic structure and chemical ordering

Figure 4 shows the Mdssbauer spectra of the MFG/Cr
samples with x = 0.8, 1.0, and 1.3. Due to the perpendicu-
lar magnetization of each sample, the m-polarized incident
beam only interacts with the four nuclear transitions with
Am = =£1. Therefore, the isomer shift §, quadrupole shift
2¢, and hyperfine field Hj,, were derived from the four-line
spectra using the Voigt function by considering the hyperfine
field distribution, AHj, [51], as summarized in Table I. It
was found that the MFG thin films were composed of ei-

TABLE I. Experimental hyperfine parameters for MFG/Cr sam-
ples with different Fe concentrations (x). A represents the area
percentage of the magnetic component (and its color), § is the isomer
shift, Hy, is the internal magnetic hyperfine field, 2¢ is the quadruple
shift, AHi, is the hyperfine field distribution, and Mg, is the Fe
magnetic moment.

A 8 Him 2e AI{im MFe

x (%) (mm/s)  (T)  (mm/s) (M (1g)
0.8 57 (gold) 0.20 34 0.0 5.0 0.27
43 (blue) 0.17 16.5 0.2 14.2 1.32

1.0 100 (black) 0.20 3.1 0.0 4.7 0.25
1.3 100 (black) 0.19 2.8 0.0 4.6 0.22

ther a single magnetic component or a convolution of two
magnetic components depending on the Fe concentration.
The MFG/Cr samples with x = 1.0 and x = 1.3 composed
of the cubic phase exhibited a single magnetic component
with a small internal magnetic hyperfine field H, ~ 3 T and
zero quadrupole shift. Using a hyperfine coupling constant of
12.5 T/ug, which has been adopted for Fe, YZ-type Heusler
compounds [52], the magnetic moment Mg, of Fe atoms was
estimated to be 0.25 ugz (x =1.0) and 0.22 pz; (x = 1.3).
The zero quadrupole shift indicates a cubic symmetry in the
local environment of Fe atoms as is expected for Fe atoms
on the 4b site in the X, structure. In the MFG/Cr sample
with x = 0.8 composed of the tetragonal and cubic phases,
a second magnetic component (blue line) with a larger Hjp; ~
16.5 T was observed in addition to the small Hj,, component
(gold line) comparable to the cubic MFG/Cr samples. The
Fe magnetic moment for this second component is estimated
to be Mpe = 1.3 uz. The quadrupole shift for this second
component is also calculated to be 2e ~ 0.2 mm/s. Both its
Hi, and 2¢ are of a similar magnitude to that reported for
MEFG with the DO,, structure [53,54]. However, the broad
hyperfine field distribution (AHj,) suggests the presence of
considerable chemical disorder in the tetragonal phase.

The theoretical calculations for X,-ordered Mn,FeGa with
A = 4.1%, which corresponds to the experimental value for
the stoichiometric cubic MFG/Cr sample (a = 5.83 A and
¢ = 6.07 A), successfully reproduced the Mdssbauer results
for the cubic MFG/Cr samples. The theoretically computed
Fe magnetic moment of 0.21 ug closely matches the exper-
imental values (0.25 uz and 0.22 pg) for the samples with
x = 1.0 and x = 1.3. For the L2B-ordered state with disorder
between the Mn 4a and Fe 4b sites, the moment was found
to reduce to 0.11 ug. In contrast, for the DOs-ordered state
with disorder between the Mn 4c and Fe 4b sites, this type
of disorder was found to lead to a significant increase in the
Fe magnetic moment (1.99 ug). Importantly, the L2;B-type
disorder was shown to give rise to a relatively small change to
the total density of states (DOS) and have a minor influence
on the spin polarization around the Fermi level, whereas the
DO0s-type disorder induces a drastic change to the total DOS
and spin polarization (see the Supplemental Material [45]).
Since in any of these cubic MFG/Cr samples (x = 1.0 and
x = 1.3) there was no observation of the magnetic component
with a large Hiy, (~25 T) as expected from the large Fe mag-
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FIG. 5. (a) Total DOS for X,-ordered Mn,FeGa without tetragonal strain (A = 0 %). (b)—(d) Projected LDOSs for this ordered state of
the Mn 4a, Mn 4c, and Fe 4b atoms, respectively. (e) Total DOS for X,-ordered Mn,FeGa with A = 4.1 % and (f)—(h) LDOS for this case,

respectively.

netic moment in the DO0s-ordered state, this result indicates
the absence of the D0s-type disorder which can significantly
decrease the spin polarization of cubic MFG. Although it is
difficult to discuss the presence of the L2;B-type disorder
due to its small hyperfine field expected from its small Fe
magnetic moment, the reduction in M in the range of x > 1
is reasonably explained by an increase in antisite defects due
to the substitution of Mn atoms in the Mn 4a sites with excess
Fe atoms with a smaller magnetic moment in the X,-ordered
and/or L2,B-ordered state in a similar manner to the calcula-
tions for stoichiometric Mn,FeGa. Furthermore, the excellent
agreement between the experimental Fe magnetic moment in
the stoichiometric MFG/Cr sample and the theoretical value
for the X,-ordered state provides a direct proof of the forma-
tion of the X, phase with a high degree of chemical ordering
in the cubic Mn,FeGa thin film.

D. Electronic band structure and origin of large PMA

The total DOS and projected local DOS (LDOS) of cu-
bic Mn,FeGa for the ideal X,-ordered state without lattice
distortion were calculated as shown in Figs. 5(a)-5(d). As
seen in Fig. 5(a), X,-ordered Mn,FeGa is highly spin
polarized with a spin polarization ~92% due to the half-
metallic-like band structure with a pseudogap in the minority
spin band. The half-metallic nature of MFG is attributed to
hybridization between the Mn 4a and Fe 4b 1,, states which
results in a prominent peak around the Fermi level (Ef) in
the majority spin band while a gap opens up in the minority

spin band due to the Fe e, and 1, states being well sepa-
rated [22]. Applying A = 4.1% results in the DOS seen in
Figs. 5(e)-5(h). Despite the lattice strain, the overall DOS
remains mostly unchanged with only a minor reduction to
the spin polarization from 92% to 87%. Small changes to
the spin polarization under the strain can be explained as a
result of changes in the distance between the Mn 4a and Fe
4b atoms which lead to a slight broadening of the states near
the Fermi level in the minority spin band and reduction in
states in the majority spin band; however, they do not raise
the degeneracy of the Fe 1, states which would wash away
the peak in the majority spin band and fill the gap in the
minority spin band, as reported for tetragonal MFG [22]. The
above results demonstrate that the tetragonal strain preserves
the half-metallic nature of cubic MFG and does not lead to
significant changes to the spin polarization.

To see the effect of the tetragonal strain in cubic MFG
on the strength of PMA observed, the uniaxial magnetocrys-
talline anisotropy K, was calculated for the X,-ordered state
of Mn,FeGa as a function of the strain A by changing ¢
while maintaining a constant a. As shown in Fig. 6, K, was
found to sharply increase with increasing A, and a large K, of
0.70 MJ m~3, which is close to the experimentally observed
value (> 0.75 MIm™3), was obtained for A = 4.1%. This
indicates that the tetragonal strain in cubic MFG is essential
for the generation of the large PMA.

Figure 7 shows results of the second-order perturbation
analysis of the magnetocrystalline anisotropy energy, where
EI{,[C A 1s the magnetocrystalline anisotropy energy at site i
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FIG. 6. The tetragonal strain A dependence of K,,. The inset is the
theoretical model of the X,-ordered state of cubic Mn,FeGa.

of X,-ordered Mn,FeGa, AE; _ and AEi _,, are the spin-
conserving terms in the majority and minority spin states, and
AE;_,, and AE|_,, are the spin-flip terms from the majority
to minority spin states and from the minority to majority spin
states, respectively. Note here that AE{_,, and AE}_  are
given by the following equations:

. 2 . 2
. L — L
uy,04 ur o1
; 2 ; 2
. Lo — Li|o
s, =g 3 Bl = o
.04 uy [
0.07
Fe 4b
0.06 ——
~ 0.05
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QS) 0.03 Mn 4a
=~ A\
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?JJE Mn 4¢
'g 0.01  —
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FIG. 7. The results of the second-order perturbation analysis of
the magnetocrystalline anisotropy energy for cubic Mn,FeGa with
r=4.1%.

where &; is the spin-orbit coupling constant, L (¢ = x, z)
is the local angular momentum operator at site i, and |0,)
(Jus)) is the local occupied (unoccupied) state with spin o
and energy €, (€, ). The majority and minority spin states
are indicated by the up and down arrows, respectively. By
comparing the values of AE’ between the Mn 4a, Mn 4c, and
Fe 4b atoms, it was found that the AE% _,; and AE% _,, for the
Fe 4b atoms have large positive values and are contributing
dominantly to Ey,c., . The origin of the large E}_, . and AE{_, |
of Fe can be understood from the projected local density
of states (LDOS) shown in Fig. 5(h). In the majority spin
channel in Fig. 5(h), the d\>_,> orbital has a large LDOS in
the occupied state close to Eg, while the d,, states has a large
LDOS across Er. This characteristic electronic structure of
Fe around Ef results in a large value of (dyy, 1 [L;|d,2—2, 1)
in Eq. (7), by which E;_ . has a large positive value. In a
similar manner, the large density of the occupied |d,.(d,.), 1)
states and unoccupied |d5._,2, |) states of Fe close to Eg
give a large value of (d32_,2, | |Lc|dy;(dy;), 1) in Eq. (8),
thus providing a large positive value AE; -, It is worth
noting that no such electronic features of the Y atoms around
Er have been observed in other cubic Mn,YZ-type Heusler
compounds (Y # Fe) [20]. This explains why the buffer layer
induced PMA in cubic MFG is remarkably stronger than that
in other ferrimagnetic cubic Heusler compounds [18,29].

V. SUMMARY

In summary high-quality cubic-type full-Heusler
Mn,Fe,Ga (x = 1.0-1.3) thin films were successfully
prepared by using a Cr buffer layer. The stoichiometric
cubic MFG thin film (x = 1.0) showed a small saturation
magnetization of 1.2 ugz/f.u. in good agreement with the
Slater-Pauling rule. Most strikingly, the stoichiometric cubic
MEFG thin film was found to exhibit a large PMA at least as
large as K, = 0.75 MIm™3 in the presence of a tetragonal
strain. Using synchrotron Mossbauer spectroscopy, an atomic
magnetic moment of Fe, Mg, = 0.25 u,, was observed which
is close to the theoretically predicted value for the X,-ordered
state indicating the growth of cubic Mn,FeGa with a high
degree of chemical ordering. First-principles calculations
demonstrated that the origin of the large PMA is due to the
specific features of Fe d orbitals located around the Fermi
level, which give rise to a large uniaxial magnetocrystalline
anisotropy under the strain; and, furthermore, that the high
spin polarization of cubic MFG due to its half-metallic
nature can be preserved even under the tetragonal strain.
The large PMA, small saturation magnetization, as well as
the possibility of it being highly spin polarized as revealed
in this study make cubic MFG a suitable candidate for the
development of next-generation spintronic devices such as
magnetic random-access memory.
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