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Magnetoelastic anisotropy in Heusler-type Mn2−δCoGa1+δ films
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Perpendicular magnetization is essential for high-density memory application using magnetic materials.
High-spin polarization of conduction electrons is also required for realizing large electric signals from spin-
dependent transport phenomena. The Heusler alloy is a well-known material class showing the half-metallic
electronic structure. However, its cubic lattice nature favors in-plane magnetization and thus minimizes the
perpendicular magnetic anisotropy (PMA), in general. This study focuses on an inverse-type Heusler alloy,
Mn2−δCoGa1+δ (MCG), with a small off-stoichiometry (δ), which is expected to be a half-metallic material.
We observed a relatively large uniaxial magnetocrystalline anisotropy constant (Ku) of the order of 105 J/m3 at
room temperature in MCG films with a small tetragonal distortion of a few percent. A positive correlation was
confirmed between the c/a ratio of lattice constants and Ku. Imaging of magnetic domains using Kerr microscopy
clearly demonstrated a change in the domain patterns along with Ku. X-ray magnetic circular dichroism (XMCD)
was employed using a synchrotron radiation soft x-ray beam to get insight into the origin of PMA. Negligible
angular variation of orbital magnetic moment (�morb) evaluated using the XMCD spectra suggested a minor role
of the so-called Bruno’s term to Ku. Our first-principles calculation reasonably explained the small �morb and the
positive correlation between the c/a ratio and Ku. The origin of the magnetocrystalline anisotropy was discussed
based on the second-order perturbation theory in terms of the spin-orbit coupling, claiming that the mixing of
the occupied ↑- and the unoccupied ↓-spin states is responsible for the PMA of the MCG films.

DOI: 10.1103/PhysRevMaterials.6.044405

I. INTRODUCTION

Heusler alloys have been attracting interest because of
their various physical properties with selection of plenty
of compositions [1]. Especially in the spintronics research
field, half-metallic electronic structure, providing fully spin-
polarized conduction electrons, has motivated spin-dependent
transport studies such as magnetoresistance effects [2,3].
Among several kinds of Heusler alloys, Co-based Heusler
alloys, e.g., Co2YZ, Y: a transition metal, Z: a 12- or 13-
group element, are representative materials that have been
predicted to show half metallicity [4–8]. The half metallicity
was experimentally deduced from the large magnetoresistance
effects [9–16], the x-ray absorption spectroscopy [17–20],
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and photoelectron spectroscopy [21,22]. Recent bulk-sensitive
angle-resolved photoelectron spectroscopy experiments of
Co2MnGe with a soft x-ray synchrotron radiation beam un-
covered three-dimensional energy dispersions, which are in
good agreement with the theoretical band structures [20].
In contrast to Co-based Heusler alloys, Mn-based Heusler
alloys, Mn2YZ, gained renewed interest as a new class of
half-metallic Heusler alloys [6,23]. The major advantage of
the Mn-based Heusler alloy is relatively small saturation
magnetization (Ms) which reduces the critical current den-
sity for current-induced magnetization switching phenomena
based on spin-transfer torque (STT) [24]. In addition, some of
the Mn-based Heusler alloys with the inverse-Heusler struc-
ture (XA phase) were predicted to possess novel electronic
structures, e.g., a half-metallic spin-gapless semiconductor
[25–27]. Among the Mn-based Heusler alloys, Mn2CoGa
is highlighted in this paper. Mn2CoGa is a theoretically
predicted half-metallic inverse-type Heusler alloy [28–30].
The composition-dependent magnetocrystalline anisotropy
is an interesting feature in the Mn2CoGa and the related
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compositions: Tetragonal distortion of the lattice occurs due
to the band Jahn-Teller effect in Mn3−xCoxGa alloys with x
below 0.5, and relatively large magnetocrystalline anisotropy
of the order of 106 J/m3 has been observed [28,31,32].
The tetragonal distortion destroys the half-metallic energy
gap, while the conduction electron maintains relatively high
spin polarization due to the difference in the electron mo-
bilities between the majority and minority spin channels
[30]. Recent studies also reported another interesting prop-
erty of a Mn2CoGa film showing perpendicular magnetic
anisotropy (PMA) originating from the magnetocrystalline
anisotropy in a nearly cubic lattice [33]. In the previous study,
Mn2−δCoGa1+δ (MCG) films (δ ∼ 0.1) grown on MgO(001)
single-crystal substrates exhibited perpendicular magnetiza-
tion and in-plane magnetization with and without a Cr buffer
layer underneath, respectively. Such a drastic change can be
ascribed to a small difference in the lattice strain, c/a ratios
which were 1.00 and 1.01 for the films without and with the
Cr buffer layer, respectively. The previous results suggested
the small lattice-strain-induced magnetocrystalline anisotropy
in MCG in the cubic phase, i.e., the magnetoelastic anisotropy
was induced, which is totally different from the interface PMA
in Co-based full-Heusler alloys containing Fe, for which PMA
energy of the order of 105 J/m3 was reported in ultrathin,
∼1 nm, films layered with MgO [34–37]. The PMA in highly
spin-polarized materials is essential for spintronic devices,
such as STT-type magnetoresistive random access memories.
Concerning the MCG, however, the half-metallicity in the
strained lattice as well as the origin of the magnetocrystalline
anisotropy remains unsolved thus far.

In this study, a set of MCG epitaxially grown films showing
different PMA and c/a ratios were prepared, and correlations
between the magnetic properties, magnetic domain images,
and electronic structures were discussed based on experimen-
tal results and theoretically calculated electronic structures. To
figure out the chemical order and electronic structures of film
samples, synchrotron radiation soft x-ray absorption spectra
(XAS) and soft x-ray magnetic circular dichroism (XMCD)
were also investigated. There were many reports with XAS
and XMCD results on Heusler alloys containing Mn atoms
[17,18,38] including Mn2CoGa [29,39,40]. In the previous
studies, the degree of the electron localization was discussed
using the XAS and XMCD spectra, which are also addressed
in this study.

II. EXPERIMENTAL PROCEDURES

All samples were deposited onto MgO(001) single-crystal
substrates by using an ultrahigh-vacuum magnetron sputter-
ing machine with a base pressure below 3 × 10−7 Pa. The
MCG layers were prepared by co-sputtering technique using
a Mn55Ga45 target and a Co target. The film composition of
the MCG layer was Mn42.6Co24.3Ga33.1 (at. %) corresponding
to Mn1.7CoGa1.3 in the atomic ratio, which was characterized
by an electron probe microanalyzer with a standard sample
for the quantitative analysis. We employed two materials for
the buffer layer dependence study: Ag and Cr. The stacking
structures of samples and the names for the sample series were
as follows: series A (Ag buffer): MgO substrate / Cr (20 nm)
/ Ag (40 nm) / MCG (t) / Ta (3 nm), and series B (Cr buffer):

(c) 5 nm (d) 30 nm

(a) 5 nm (b) 30 nm

Series A Series A

Series B Series B

17

(nm)

1.7

(nm)
2.0

(nm)

2.0

(nm)

FIG. 1. Atomic force microscope images of the sample surfaces.
Series A: (a) t = 5 and (b) 30 nm. Series B: (c) t = 5 and (d) 30 nm.
Scan area is 1 × 1 μm2 for all the images.

MgO substrate / Cr (20 nm) / MCG (t) / Ta (3 nm). The
thicknesses (t) of the MCG layer were 5, 10, 20, and 30 nm.
Before installing the samples inside the vacuum chamber,
the substrates were cleaned using acetone and ethyl alcohol,
and after introducing them inside the chamber, the substrates
were annealed at 700 ◦C to clean the surface. All layers were
deposited at room temperature, and in situ postannealing was
carried out at 700 ◦C (500 ◦C) for the Cr (MCG) layer. The
morphology of the sample surfaces was observed by using
an atomic force microscope (AFM) after depositing a Ta
capping layer. The crystal structures and magnetic properties
were characterized by x-ray diffraction (XRD), and using a
vibrating sample magnetometer (VSM), respectively, at room
temperature.

The hysteresis loop and domain images were recorded
simultaneously by magneto-optical Kerr effect (MOKE) mi-
croscopy manufactured by Evico Magnetics, Ltd., Germany.
All the samples were measured in polar MOKE (P-MOKE)
geometries in which the sample surface was perpendicular to
the applied magnetic field.

The XAS and XMCD measurements were carried out on
L2,3 edges of Mn and Co atoms by a total electron yield
method at the twin helical undulator beamline BL23SU of
SPring-8 [41]. External magnetic fields (H) of ±3 T and
±8 T were applied for measurements at out-of-plane field
(θ : 0◦) and pseudo-in-plane field (θ : 54.7◦), respectively. The
measurement temperature was set at 300 K.

III. RESULTS AND DISCUSSION

A. Surface morphology and crystal structure

Surface morphologies were observed using AFM and the
results are shown in Figs. 1(a)–1(d) for the series A and B
with t of 5 and 30 nm. For the 5-nm-thick samples, several
islands with a height of several nanometers are observed in
series A [Fig. 1(a)], while a relatively flat surface is observed
in series B [Fig. 1(c)]. Regarding the 30-nm-thick samples,
the surfaces are relatively flat for both series A and B. The
thickness dependencies of the average surface roughness (Ra)
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FIG. 2. Summary of (a) average surface roughness (Ra) and
(b) peak-to-valley height (P-V) values as a function of t .

and peak-to-valley height (P-V) are summarized in Figs. 2(a)
and 2(b), respectively. The values of Ra and P-V drastically
drop at t = 10 nm for series A, while those values show no
dependence on t and relatively small values for series B. These
results suggest a difference in the growth mode of the MCG
layers depending on the buffer material: For the series A using
the Ag buffer layer, the Volmer-Weber (VW) mode, which
describes a three-dimensional growth, is considered for the
initial growth of the MCG layer. It then possibly changes to
the Frank–van der Merwe (FM) mode for a layer-by-layer
growth mode with increasing t . For the series B using the
Cr buffer layer, the film was grown possibly in the FM mode
throughout the whole thicknesses. The lattice spacings of both
buffer materials are smaller than that of a bulk Mn2CoGa [28],
and the lattice mismatches are approximately 1.6% and 1.4%
to the Cr and Ag buffer layers, respectively, which are of the
same order. A reason for the difference in the growth modes
between the two sample series can be qualitatively understood
by considering surface energies for the buffer/MCG layer sys-
tem in the following way: According to the quasiequilibrium
description, a sum of surface energies (σsum) can be written as
σsum = σ f − σb + σi, where σ f , σb, and σi are surface energies
of a film, a buffer layer, and the interface energy between the
film and the buffer layer, respectively [42,43]. Here, strain
energies for the film and the buffer layer are neglected because
the lattice strain is small (∼ a few %) in the present samples.
We may also neglect the difference between σi values for the
cases of series A (Ag/MCG interface) and series B (Cr/MCG
interface), because σi depends on the lattice misfits between
the layers which are comparable to each other for the present
sample series. In addition, the contribution of σi to the value
of σsum could be very small because the potential energy for
the interface energy exhibits exponential decrease when the
misfit is close to zero [44–46]. Based on the points stated
above, σ f and σb can be dominant parameters affecting the
sign of σsum ∼ σ f − σb; i.e., the VW (FM) mode is expected
for σsum > 0 (<0) for which σ f is larger (smaller) than σb.

The reported surface energies for the polycrystalline and
(001) surface of the cubic systems are summarized in Table I
[47–49]. Although the surface energy of MCG is unknown

TABLE I. Reported surface energies in literature.

Surface energy (J/m2)

Refs. [47]a [48]b [49]c

Cr 2.056 2.300 3.979
Ag 1.302 1.250 1.200

aThermodynamic calculation for polycrystalline system.
bExperimental value for polycrystalline samples.
cCalculated values for (001) surface based on full-charge density
linear muffing-tin orbitals method.

here, we may qualitatively understand the different growth
modes considering the surface energies of Cr and Ag as σb;
i.e., the surface energies of Cr are larger than those of Ag for
all the cases shown in Table I. Thus, the σsum can be relatively
small for the Cr buffer sample compared to that using the
Ag buffer sample, which possibly resulted in better coverage
of the MCG layer deposited on the Cr buffer than that on
the Ag buffer. In addition to the possibility of the different
growth modes explained above, different situations for the
surface reconfiguration caused by the postannealing can be
another factor; i.e., the MCG layer forms islands (the layer
structure) on the Ag (Cr) buffer after the annealing because
of the relatively small (large) σb, especially for the relatively
thin 5-nm-thick samples. For t � 10 nm, the good coverage
was likely realized because of the thickness (relatively large
volume) of the MCG layer for the as-deposited stage and
surface reconfiguration caused by the postannealing. The
out-of-plane and in-plane XRD measurements were carried
out to investigate the crystal structure. The XRD profiles of
5-nm-thick samples are shown in Fig. 3 for series A [Figs. 3(c)
and 3(d)] and B [Figs. 3(e) and 3(f)]. From the MCG layer, a
series of h 0 0 (h = 2 or 4) diffractions are observed for the
diffraction profile with �Q||MgO[110], and only 2 2 0 diffrac-
tions are observed for �Q||MgO[100], where �Q is a diffraction
vector. Features of these diffraction profiles were similar
for all other samples indicating the epitaxial growth with a
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FIG. 3. In-plane XRD profiles of 5-nm-thick samples. (a),
(b) Diffraction positions for MCG, Ag, Cr layers, and MgO sub-
strates. (c), (d) Diffraction profiles of series A, and (e), (f) those
of series B. Diffraction vectors ( �Q) are parallel to MgO〈100〉 and
MgO〈110〉 for (c), (e) and for (d), (f), respectively. Weak peaks
around 67°–69° in (c) and (e) are probably from the Ta capping
layers.
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t dependence of c/a ratios for series A and B. The error bars range
within the size of data points.

relationship of MgO(001)[100] | MCG(001)[110]. Fig-
ures 4(a), 4(b), and 4(c) show the t dependence of the
out-of-plane lattice constant (c), the in-plane lattice constants
(a), and the c/a ratio, respectively. For the series A, the c/a ra-
tio shows nearly no dependence on t ; on the other hand, for the
series B, although the c/a ratio is 1.04 at t = 5 nm and relaxes
with increasing t , the tetragonal distortion is maintained at a
relatively thick t of 30 nm for which the c/a ratio is 1.02. The
different lattice strain possibly originates from the difference
in the growth modes of the MCG layers: For the series A, as
was found in the observation of morphology using the AFM
images, the strain inside the lattice could be relaxed because
of the three-dimensional growth mode in the initial stage. For
the series B, on the other hand, the layer-by-layer growth in
the initial stage resulted in the restriction of the MCG lattice
to the in-plane direction, which remained unrelaxed even at
the relatively large thickness.

B. Magnetic properties

Figures 5 and 6 show magnetization curves of all samples
for the series A and B, respectively. In-plane magnetization is
observed for the series A, and perpendicular magnetization
is observed for the series B. The perpendicular magneti-
zation in series B is consistent with a previous study on
a Mn1.8Co1.2Ga1.0 film [33]. These features for the easy
magnetization directions were the same for all other layer
thicknesses down to 5 nm in each sample series. Figure 7(a)
shows the t dependence of saturation magnetic moments (μs)
which were calculated using Ms values obtained from the
magnetization curves (Figs. 5 and 6) and the lattice constants
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FIG. 5. Magnetization curves for series A samples. Marks ⊥ and
|| represent the out-of-plane and in-plane directions, respectively, for
applied magnetic fields. The layer thicknesses (t) are (a) 5, (b) 10,
(c) 20, and (d) 30 nm. The measurements were carried out at room
temperature.

(Fig. 4). The μs shows nearly no dependence on t , which sug-
gests a similar degree of chemical order among the samples
even for the relatively low thickness region. The magnitudes
of μs range from 1.1 to 1.4 μB per a formula unit (f.u.), which
are relatively small compared to other ferromagnetic Heusler
alloys showing the moment of the order of 4–6 μB because of
the ferrimagnetic alignment of the atomic moments. Although
the experimental values are smaller than theoretical values of
approximately 2 μB for Mn2CoGa in the literature [50] as well
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FIG. 6. Magnetization curves for series B samples. Marks ⊥ and
|| represent the out-of-plane and in-plane directions, respectively, for
applied magnetic fields. The layer thicknesses (t) are (a) 5, (b) 10,
(c) 20, and (d) 30 nm. The measurements were carried out at room
temperature.
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k represents anisotropy field for out-of-plane (in-plane) direc-
tion. The measurements were carried out at room temperature.

as in our calculation (see Sec. IV), those are of the same order
as other calculated values of about 1 μB in which the off-
stoichiometry and the disorder effects were considered [51].
Comparing the two sample series, the samples in series A
exhibit slightly larger μs than those in series B. The difference
is possibly because of a small difference of chemical order for
each sample series [52]. As another possibility, the difference
in composition distribution probably caused by a difference in
a small amount of interdiffusion around the Ag (or Cr) / MCG
interface may be considered [53]. Figure 7(b) shows the t de-
pendence of saturation field for hard magnetization directions
which are the out-of-plane field (H⊥

k ) and the in-plane field
(H ||

k ) for series A and B, respectively. The H⊥
k monotonically

decreases as t increases for the series A, while H ||
k shows a

drop around the t of greater than 10 nm for the series B. The
uniaxial magnetocrystalline anisotropy constant (Ku) of MCG
films was evaluated from the magnetization curves using the
following formula: Ku = Keff

u + (μ0/2)M2
s , where (μ0/2)M2

s
is the shape anisotropy energy, and Keff

u was derived from the
area enclosed by the out-of-plane and in-plane magnetization
curves. A positive value of Keff

u represents the perpendicular
magnetization in this study. The values of Ku are summarized
as a function of the c/a ratios in Fig. 8. Here, the Ku exhibits
positive correlation with the c/a ratio indicating that it is
caused by the magnetoelastic effect. The maximum value of
Ku was 1.6 × 105 J/m3 at the c/a of 1.04. The c/a-dependent
Ku is theoretically discussed in Sec. IV. Although the strain
could be maximum around the interface region and be relaxed
around the surface region in the real samples, the following
discussion is based on the uniform strain for the simplicity.

C. Domain observations

The values of Ku exhibit clear dependence on t , espe-
cially in the samples of series B, for which the difference
in magnetic domain structures was also observed using Kerr
microscopy [54,55]. Figure 9 shows hysteresis loops for the
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FIG. 8. The c/a ratio dependence of uniaxial magnetocrystalline
anisotropy constant (Ku).

samples of series B with t = 10 [Fig. 9(a)], 20 [Fig. 9(b)],
and 30 nm [Fig. 9(c)] measured by MOKE in polar mode.
The square-like shapes of the hysteresis indicate that the mag-
netization reversal occurs via domain nucleation and domain
wall motion for all the samples [54,56]. To clarify the change
of domain pattern, five points were chosen for the MOKE
microscopy observation: (i) a saturation point at a positive
field (+Hsat), (ii) a point around nucleation at a negative
field (−Hnucl), (iii) a point around coercivity at a negative
field (−Hc), (iv) a point near saturation in a negative field
(∼ − Hsat), and (v) a saturation point for the negative field
(−Hsat). The numbers i–v are also annotated in each panel of
Fig. 9, and the respective field values are shown in each panel
of MOKE images in Fig. 10. The domain images observed
by MOKE microscopy in polar mode of the three samples
are shown in Fig. 10. Note that the domain image was not
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FIG. 9. The hysteresis loops for (a) t = 10, (b) 20, and (c) 30 nm
in series B measured with Kerr microscopy in polar mode. The red
dots and numbers i–v on the hysteresis loops correspond to the points
for which domain images are shown in the next figure, i.e., Fig. 10.
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FIG. 10. The domain images for (a)–(e) t = 10, (f)–(j) 20, and (k)–(o) 30 nm in series B, whose hysteresis loops are shown in Figs. 9(a),
9(b), and 9(c), respectively. The field points (i)–(v) which are shown above the panels are annotated in Fig. 9. The exact field values are shown
in each panel. The scale bar and field direction are shown in (a), which is valid for all the images.

studied for t = 5 nm because of large Hc (μ0Hc ∼ 210 mT)
which was out of the range of the MOKE setup. For the 10-
nm-thick sample, relatively large sized domains appear, which
contain a 180◦ domain wall and are visible in Figs. 10(b) to
10(d). The domain pattern changes for t = 20 nm, in which
large patch-like domains are observed [Figs. 10(g)–10(i)].
With increasing t to 30 nm, the domain size becomes small
[Figs. 10(l)–10(n)]. It is observed here that the domain size is
observed to be comparatively large for the sample with large
anisotropy energy. The surface roughness likely causes the
magnetic domain pinning [57].

D. X-ray magnetic circular dichroism

The element-specific magnetic moment of the 30-nm-
thick sample showing perpendicular magnetization (series
B) was characterized using soft x-ray synchrotron radiation
at BL23SU of SPring-8 [41]. The XAS (= μ− + μ+) and
XMCD (= μ− − μ+) spectra are shown in Fig. 11 for Mn
L2,3 and Co L2,3 absorption edges measured at θ of 0◦ and
54.7◦, where μ+(−) represents the soft x-ray absorption for
the positive (negative) helicity. The XAS and XMCD spec-
tra of previously studied bulk Mn2VAl [38] and Co2MnGa
[19] samples are also shown in Fig. 11 to discuss the ori-
gin of structures observed in the spectra for the series B
sample, which is to be described in the latter part of this
section. Element-specific hysteresis loops measured at the L3

absorption edges of Mn and Co atoms are shown in Fig. 12.
MCD signals for Mn and Co atoms simultaneously switch
around the coercive field. For θ = 0, the coercive field is
consistent with that observed in VSM measurements shown
in Figs. 5 and 6. These results indicate strong ferromag-
netic coupling between the Co moments and the net moment
for Mn atoms. To quantitatively discuss the angular depen-
dence of XMCD, orbital (mθ

orb) and effective spin moments
(meff

spin) per an atom were evaluated using magneto-optical sum

rules [58–63] which state the moments using the following
equations:

mθ
orb = −4q

3r
nh, (1)

meff
spin = mspin + 7mθ

T = −6p − 4q

r
Cnh, (2)

where mspin and mθ
T are the spin moment and magnetic dipole

moment, respectively. The quantities, p, q, and r, are the
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FIG. 11. (a), (b) Normalized soft x-ray absorption spectra (XAS)
and (c), (d) soft x-ray magnetic circular dichroism (XMCD) spectra
for the series B sample around the (a), (c) Mn L2,3 and (b), (d) Co L2,3

absorption edges. Red lines and blue lines represent spectra taken at
θ = 0◦ and 54.7◦, respectively, where θ = 0◦ is the perpendicular to
the film plane direction. MVA and CMG are reference spectra of bulk
Mn2VAl [38] and Co2MnGa [19] samples, respectively. Positions for
the shoulders in XMCD spectra are marked by dotted lines and solid
lines for those in MVA and CMG, respectively, and the correspond-
ing structures are also marked in the spectra of series B sample using
the same markers.
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FIG. 12. Element-specific hysteresis loops measured at L3 ab-
sorption edges of (a) Mn and (b) Co atoms. Angles θ shown in each
panel represent magnetic field direction with respect to the sample
normal.

XMCD integrations for the L3 edge, L3 + L2 edges, and the
integral of XAS which are defined as the following equa-
tions: p = ∫

L3
(μ− − μ+)dE , q = ∫

L3+L2
(μ− − μ+)dE , and

r = ∫
L3+L2

(μ− + μ+ − bg)dE (bg is a background spectrum
showing a step-function shape). A correction factor (C) is
included in Eq. (2) to take into account the so-called jj mixing
effect [64–66]. For meff

spin of Mn and Co, the C of 1.5 and 1.1
were assumed, respectively [38,64,65]. The numbers of 3d
holes (nh) were assumed to be 4.44 ± 0.08 and 2.29 ± 0.02
for the Mn and Co atoms, respectively, based on the theo-
retical values for Mn2CoGa obtained from the first-principles
calculations in Sec. IV. Here, the values of nh are averaged
over four cases of Mn2CoGa with XA and L21b phases and c/a
ratios of 1.00 and 1.04. The values of error are the standard
deviation of all cases including possible inequivalent atomic
sites for Mn atoms which are described in detail later. In a
strict manner, the inequivalent sites should be deconvoluted
from the XAS/XMCD spectra, and Eqs. (1) and (2) are ap-
plied to each site; however, the present nh for the Mn sites
showing similar values enable us to evaluate average values
using Eqs. (1) and (2) as an approximation [67]. The values
of meff

spin, mθ
orb, and morb/meff

spin are summarized in Fig. 13.
The corresponding total magnetic moment was calculated to
be 1.18 ± 0.03 μB/f.u. using meff

spin and mθ
orb at θ = 54.7◦,

and the film composition. The total magnetic moment by
the sum rule is of the same order as the μs of 1.27 μB/f.u.

measured by VSM. Concerning the angular dependence, no
θ dependence was found for either meff

spin or mθ
orb. Here, the

θ of 54.7◦ is a magic angle for which mθ
T = 0 by apply-

ing the approximate symmetry relation of 2m90◦
T + m0◦

T = 0,
where mθ

T = m90◦
T sin2 θ + m0◦

T cos2 θ for 3d metals [60,68].
Thus, the angular-independent meff

spin values suggest that the
anisotropy of the magnetic dipole moment (�mT = m0◦

T −
m90◦

T = 3
2 m0◦

T ) is less than 0.036 μB/atom which is in an error-
bar range in the present sample. The angular-independent mθ

orb
values provide information for the discussion of the origin of
PMA in series B: The magnetocrystalline anisotropy energy
(EMCA) has been theoretically evaluated using expressions
based on the second-order perturbation theory in terms of
spin-orbit interactions [69–71]. Note that EMCA is defined as
the energy difference when the magnetization points to the
perpendicular and in-plane direction: EMCA = E θ=90 − E θ=0;
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FIG. 13. Summary of (a) the effective spin moment (meff
spin) and

(b) orbital moment (mθ
orb) per atom evaluated using magneto-optical

sum rule. (c) mθ
orb/meff

spin values. Photon angles θ = 0◦ and 54.7◦ are
defined as the out-of-plane and pseudo-in-plane directions, respec-
tively. All data points are for the series B sample.

i.e., the positive sign of EMCA indicates PMA in this defini-
tion. Within a formulation EMCA can be expressed as follows
[69,70]:

EMCA 
 ξ

4
�morb − 21

2

ξ 2

Eex
�mT , (3)

where ξ , Eex, and �morb are the spin-orbit coupling con-
stant, exchange splitting of 3d bands, and the anisotropy of
orbital magnetic moment defined as �morb = mθ=0

orb − mθ=90◦
orb ,

respectively, for which the first term on the right side cor-
responds to the contribution to the energy difference from
the spin-conservation terms in virtual excitations, and the
second term corresponds to that from the spin-flip term.
The experimentally observed angular-independent mθ

orb im-
plies small contribution of the spin-conservation terms to Ku,
and the other contribution of the spin-flip terms discussed in
Refs. [70,71] is more important. Theoretical values of Ku and
morb as well as the origin of PMA with respect to the spin-flip
term are to be discussed further in Sec. IV. The subpeaks
and shoulder structures in XAS and XMCD spectra provide
additional information on the chemical order of the atoms
in Heusler structures [17–19,29,38–40,52,72]. Note that a
possibility of oxidization is excluded, because the shapes
of XAS and XMCD spectra are completely different from
those reported for materials containing Mn and/or Co ox-
ides [73,74]. In addition, shoulders and subpeasks are clearly
observed at 300 K for MCD spectra shown in Figs. 11(c)
and 11(d), for which the measurement temperature is higher
than the magnetic transition temperatures for most Mn-/Co-
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c

FIG. 14. Schematic illustration of the Heusler structure, and pos-
sible atomic sites for Mn2CoGa. Relative directions of magnetic
moments for each atom theoretically reported in Ref. [50] are de-
scribed using black and white arrows beside the name of atoms.

oxide materials. Figure 14 shows a schematic illustration
of a crystal structure for Heusler alloys and the notations of
the atomic sites for the inverse-Heusler structure (XA phase),
the full-Heusler structure (L21 phase), and an L21b phase.
In addition to these three phases, the fully disordered D03

phase was considered as a possible chemical phase in previous
studies on bulk samples [50,75]. According to total energy
calculations in Ref. [50], the XA phase was the most stable
at the ground state, and a relatively small energy difference
of 0.136 eV/f.u. was reported for the L21b phase. The energy
differences with respect to the XA phase were much higher for
the L21 and D03 phases than that for the L21b phase. Concern-
ing the magnitudes of magnetic moment for each atom, the
values were similar in XA and L21b phases to each other and
ferrimagnetic coupling was reported as schematically shown
in Fig. 14, which resulted in a total moment of about 2.0
μB/f.u. for both. On the other hand, those were relatively
large (small) for the L21 (D03) phase showing ferromagnetic
(ferrimagnetic) coupling with a total moment of about 7.7
(1.0) μB/f.u. As was discussed in Fig. 7 in Sec. III B, the total
magnetic moments of the present samples are of the order of
the reported values for the XA and L21b phases, and consid-
ering the calculated energy difference mentioned above, the
L21 and D03 phases are excluded in the following discussion.
Note that the L21b phase was experimentally proposed for the
previous bulk Mn2CoGa samples based on high-angle annular
dark field scanning electron transmission microscope images
[75] and neutron diffraction experiments [50]. On the other
hand, the XA phase was proposed in another previous study
on an epitaxially grown Mn2CoGa film based on XAS and
XMCD results [39]. The shapes of XAS and XMCD spectra
of Mn2CoGa films were previously discussed based on the
first-principles calculation for the XA phase. In the previous
studies [39,40], several shoulders, subpeaks, and dip struc-
tures were mentioned. In the present results, similar structures
are observed, i.e., broad shoulders in the XAS, and subpeaks
and dip structures in the XMCD spectra are observed, which
are marked by solid and broken lines in Fig. 11. The marked
structures in the XMCD spectra can also be understood as
a sum of two spectra [29,39,40,72,76] which are, e.g., MVA
[38] and CMG [19] for the markers of broken and solid lines,
respectively. Here, MVA is a typical example of a material
with Mn atom(s) at the D (C) site, and CMG is another exam-
ple with a Mn atom at the B site in Fig. 14. The broad feature
is mainly from the Mn atom(s) at the D (C) site showing the

FIG. 15. Axial ratio c/a dependence of uniaxial magnetic
anisotropy constant Ku of Mn2CoGa with the XA and L21b phases
obtained from first-principles calculation.

relatively itinerant nature of electrons [38]; on the other hand,
the Mn atom at the B site exhibits a relatively localized nature
showing remarkable shoulders in XAS [17–19]. Concerning
the XMCD spectra for Co, shoulders are also observed around
the postabsorption edges with the solid markers in Fig. 11(d)
which also includes a reference spectrum of CMG. The ori-
gin of the shoulders is attributed to the 2p → 3d eg (or eu)
transition [17].

IV. FIRST-PRINCIPLES CALCULATION

First-principles calculation of electronic structure and
magnetic properties of bulk Mn2CoGa with the XA and L21b

phases were performed by employing the tight-binding lin-
ear muffin-tin orbital method under the local spin-density
functional approximation [77]. The coherent potential approx-
imation was adopted to treat the partial disorder between Mn
and Co in C and D sublattices of the L21b phase (see Fig. 14).
The lattice constant a0 = 0.5879 nm [50] was adopted. We
have confirmed that the electronic structure is half metallic
in both phases and the calculated magnetization is close to
integer 2 μB/f.u., which is consistent with a previous cal-
culation [50]. For the calculation of Ku and morb, spin-orbit
interaction was taken into account [78]. The Ku value was
evaluated from the energy difference between when the mag-
netization aligned along the c- and a-axis directions, i.e., Ku =
(Ea − Ec)/V [79,80], within the magnetic force theorem (V :
volume of a unit cell). The number of k-point sampling was
set to 55 440 in the full-Brillouin zone.

Figure 15 shows the calculated result of Ku of Mn2CoGa
in the XA and L21b phases as a function of the axial ratio c/a,
where c/a was changed under the assumption of constant vol-
ume deformation. PMA appears for c/a > 1 in both phases.
The Ku values at c/a = 1.04 in the XA and L21b phases are
1.5 × 105 J/m3 (0.049 meV/f.u.) and 2.6 × 105 J/m3 (0.081
meV/f.u.), respectively, which are quantitatively consistent
values with the obtained experimental result shown in Fig. 8.
Figure 16 shows the morb of Mn and Co atoms when the
relative angle between magnetization and crystal c axis is 0◦,
54.7◦, and 90◦ for c/a = 1.04. Note that the positive (nega-
tive) sign of morb means that the direction of orbital magnetic
moment and overall magnetization are the same (opposite).
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FIG. 16. Calculated orbital magnetic moment morb of Mn and Co
atom in Mn2CoGa with the XA and L21b phases. The angle of 0◦,
54.7◦, and 90◦ means the relative angle between magnetization and
crystal c axis.

Thus, the directions of spin and orbital magnetic moments are
the same with each other in Mn at the D sublattice with XA

phase and in Mn at the C/D sublattice with the L21b phase,
because the spin magnetic moment is arranged in the opposite
direction with the magnetization. This result is in agreement
with a previous first-principles calculation [39]. In Fig. 16, we
find that the �morb is of the order of 0.001 μB/atom in Co and
even smaller in Mn. Based on Eq. (3), therefore, the orbital
moment anisotropy cannot explain the magnetocrystalline
anisotropy observed in our experiment. This fact implies that
the PMA in Mn2CoGa is mainly induced by the hybridization
of ↑-spin and ↓-spin states via spin-orbit coupling, which is
similar to the discussion of magnetocrystalline anisotropy in
previous studies [81–83].

For a detailed analysis of magnetocrystalline anisotropy,
we introduce the expression of Ku based on the second-order
perturbation theory in terms of the spin-orbit coupling,

Ku = ξ 2

4V

∑

oσ

∑

uσ ′

2δσ,σ ′ − 1

εuσ ′ − εoσ

[|〈uσ ′ |�z|oσ 〉|2 − |〈uσ ′ |�x|oσ 〉|2],

(4)
where εoσ and |oσ 〉 (εuσ and |uσ 〉) denote the eigenvalue
and eigenvector of the nonperturbative occupied (unoccupied)
states, respectively (σ = ↑ or ↓). In addition, �z (�x) is the
z (x) component of the orbital angular momentum operator.
From the sublattice decomposition analysis of magnetocrys-
talline anisotropy energy [84,85], we confirmed that Mn and
Co in the C and/or D sublattice mainly yields the PMA in
tetragonally distorted Mn2CoGa for c/a > 1 in both of the
XA and L21b phases [86]. In Fig. 17, we depict the density of
states (DOS) of XA- and L21b-Mn2CoGa. Figures 17(a) and
17(b) show the total DOS and the local DOS of Mn and Co
at the C and/or D sublattice for the cubic (c/a = 1.00) case.
Furthermore, Figs. 17(c)–17(f) show the DOS projected into
the d orbitals (dxy, dyz, dzx, dx2−y2 , d3z2−r2 ) near the Fermi
energy (EF ) for the cubic and tetragonal (c/a = 1.04) cases.
The degeneracy in t2g (dxy, dyz, dzx) based states and that in
eg (dx2−y2 , d3z2−r2 ) based states are removed by the tetragonal
distortion. In particular, we can see a significant DOS splitting
in dx2−y2 and d3z2−r2 states, because the d3z2−r2 (dx2−y2 ) orbital

spreads to the parallel (perpendicular) direction to the crystal
c axis.

Let us discuss a possible origin for PMA in tetragonally
distorted Mn2CoGa qualitatively, using the expression of
Eq. (4) and the projected DOS shown in Figs. 17(c)–17(f).
With reference to previous studies [71,83,87], we assumed
εuσ − εoσ ′ in Eq. (4) as a constant value which is independent
of wave number k for simplicity [88]. In Figs. 17(c)–17(f),
the peaks of the d↓

x2−y2 and d↓
3z2−r2 states are located just above

EF , and also the d↑
yz state lies below EF , in Mn and Co at the

C and/or D sublattice with both of the XA and L21b phases.
These states hybridize each other via spin-orbit coupling,
which results in a nonzero matrix element of 〈dyz|�x|dx2−y2〉
and 〈dyz|�x|d3z2−r2〉. In Eq. (4), the mixing of the occupied d↑

yz

state and unoccupied d↓
x2−y2 state, and the mixing of occupied

d↑
yz state and unoccupied d↓

3z2−r2 state, make for the positive Ku

value, i.e., promoting PMA. Note here that δ↑↓ = 0 in Eq. (4).
In Figs. 17(c)–17(f), the peak of the unoccupied d↓

3z2−r2 state
of Mn and Co shifts to the lower energy side with increasing
c/a; this enhances the positive contribution of Ku, because
the energy difference from the occupied d↑

yz state, εu↓ − εo↑,

becomes smaller, in Eq. (4). In contrast, the peak of d↓
x2−y2

shifts to the higher energy side, reducing the positive contri-
bution. We notice that there is a tradeoff relation enhancing
and reducing the positive Ku with increasing c/a; however,
the former contribution is three times as large as the latter,
because of |〈dyz|�x|d3z2−r2〉|2 = 3 and |〈dyz|�x|dx2−y2〉|2 = 1.
Therefore, the PMA is induced by increasing the positive Ku

value in the tetragonally distorted MCG films for c/a > 1
through the spin-flip term in Eq. (4), and a qualitative mech-
anism for the PMA is almost the same regardless of whether
the crystal structure is the XA or L21b phase. On the other hand,
the in-plane magnetic anisotropy arises for c/a < 1, as shown
in Fig. 15, based on the opposite scenario of the above.

V. SUMMARY

The crystal structure and magnetic properties of MCG
films on a Cr or Ag buffer were investigated experimentally
and theoretically. Epitaxial growth of all samples was con-
firmed using XRD profiles, and the different growth modes
were suggested depending on the buffer materials, which
possibly caused the different c/a ratios among the samples.
Tetragonal distortion of the MCG layers was found for the Cr
buffer samples up to the layer thickness of 30 nm, whereas Ag
buffer samples exhibited cubic structure which was stable in
bulk Mn2CoGa samples in the literature. From magnetization
curve measurements, perpendicular magnetization was found
in all the Cr buffer samples; on the other hand, all Ag buffer
samples exhibited in-plane magnetization. The c/a ratio de-
pendence of Ku clearly exhibited positive correlation, and the
maximum value of Ku was 1.6 × 105 J/m3 at room tempera-
ture for the 5-nm-thick MCG film on the Cr buffer. Magnetic
domain pattern observations using the magneto-optical Kerr
microscopy revealed changes of the domain structures de-
pending on the magnitude of Ku. XAS and XMCD spectra
were also acquired to elucidate the origin of magnetocrys-
talline anisotropy in MCG, and unraveled the chemical order
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FIG. 17. (a), (b) Total and local DOS of Mn and Co at C and/or D sublattice in Mn2CoGa with the XA and L21b phases for c/a = 1.00.
(c)–(f) Projected DOS into t2g-based dxy, dyz, and dzx orbitals, and into eg-based dx2−y2 and d3z2−r2 orbitals for c/a = 1.00 and 1.04. The values
in parenthesis denote c/a. The upper and lower panels of each figure present the DOS of ↑- and ↓-spin states, respectively.

of the L21b or XA phase. In addition, the angular depen-
dence of XMCD spectra revealed that the change of the morb

was negligibly small suggesting a negligible contribution of
the spin-conserved term, the so-called Bruno’s term, to Ku.
Theoretical values of Ku were evaluated by means of the
first-principles electronic structure calculation. The positive
correlation was also confirmed between the c/a ratios and
the values of Ku in the calculation. In addition, the calcu-
lated angular dependence of morb was negligibly small. Those
results are consistent with the experimental results. Based
on the analysis of the second-order perturbation theory, the
origin of the magnetocrystalline anisotropy is proposed that
the hybridization between two crystal-field split states with
opposite spins, i.e., the spin-flip term near the Fermi level,
promotes positive contribution to Ku.

The data that support the findings of this study are available
within its Supplemental Material [51] and from the corre-
sponding author upon reasonable request.
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