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Unexpected magnetic coupling oscillations for L10-MnGa/Co(Fe) films induced by quantum wells
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Exchange magnetic coupling interactions between L10-MnGa and ultrathin Co (Fe) films were studied by first-
principles calculations. An unexpected oscillation of magnetic coupling was observed by varying the thickness
of Co or Fe layer. Moreover, the coupling types are different for Co and Fe with L10-MnGa. The magnetic
coupling maintains the ferromagnetic interaction for L10-MnGa/Fe, even if the thickness of Fe layer varies.
Interestingly, a change from ferromagnetic to antiferromagnetic couplings appears alternately for L10-MnGa/Co
till Co thickness is up to 11 atomic layers. The coupling oscillations were attributed to the quantum well states
formed in the Co (Fe) films. The orbital characters of the quantum well states were analyzed. Our results are
useful to further understand the magnetic coupling interactions and design new magnetic nanostructures.
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I. INTRODUCTION

Exploring quantum effects in magnetic coupling opens
an opportunity to manipulate various magnetic properties in
magnetic nanostructures. Strongly quantum confined elec-
tronic states are being explored to access new two-dimensional
geometries for special magnetic applications. Quantum well
states (QWS) could result in oscillatory physical properties
as a function of two-dimensional material thickness. Such
oscillations play a dominant role in changing magnetic mate-
rial properties, such as magnetocrystalline anisotropy (MCA)
energy [1–5], Curie temperature [6], and surface energy [7–9].
The oscillations of MCA energy and orbital magnetic moment
for Fe layers on Ag were firstly studied by Li and Dąbrowski
with their co-workers [1,3], respectively. These were attributed
to the d-band QWS in Fe film. It was reported that QWS existed
in the nonmagnetic metal layer of a sandwich or superlattice
structure, which induce the oscillatory exchange coupling
between magnetic films [10–15]. Recently, it was found that the
QWS in a magnetic layer could induce the oscillatory exchange
coupling through an MgO insulator [16]. As a contrast, direct
magnetic couplings among magnetic layers without space
layers are especially interesting in both the exploration of
magnetic physics and actual device applications by manipu-
lating the coercivitiy and saturation magnetization. Generally,
the direct contact of different magnetic layers could result
in two types of interface interaction. One is ferromagnetic
(FM) interaction and the other one is antiferromagnetic (AFM)
exchange coupling. So far, the direct interfacial exchange
interaction of magnetic bilayers has been extensively studied,
e.g., Ni/Fe and Co/Ni are ferromagnetically coupled and
Fe/Gd is antiferromagnetically coupled [17–19]. However,
the magnetic coupling oscillation phenomenon of FM layers
in direct contact has not been reported. This investigation
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should be valuable for the fundamental science and potential
applications in spintronics.

Recently, L10-MnGa film, a new spintronics material, has
attracted huge attention for potential applications in magne-
toresistive random access memories (MRAM) [20–26] be-
cause of its large perpendicular magnetic anisotropy energy
of 26 Merg/cm3 [27] and an ultralow low Gilbert damping
constant of 0.0003 [28]. Moreover, the material also shows
other interesting applications. L10-MnGa film shows an ultra-
high coercivity prepared by a molecular beam epitaxy, which
is potentially used in perpendicular magnetic recording bits
and oscillator pillars [29]. The Hall effect was also explored
in L10-MnGa films [30,31]. Co and Fe are most popular
FM materials studied in both basic science and electronic
industry. In spintronics, they have been used as insert layers
to improve the interface quality in magnetoresistance (MR)
devices. Ma et al. reported that L10-MnGa/Co/MgO/CoFeB
junctions show a significant enhancement of MR ratio by Co
layer insertion [20]. Kubota et al. found that the MR ratios
for L10-MnGa/Fe/MgO/CoFe could be enhanced over one
order of magnitude after Fe insertion [32]. Although lots of
experimental studies were performed to understand the mag-
netic couplings of L10 - MnGa/Co(Fe) and their correlation
with MR enhancements [33–35], a theoretical understanding
of the interface interactions in both MnGa/Co and MnGa/Fe
bilayers is still lacking [36].

In this paper, we studied the direct exchange coupling
interaction between L10-MnGa and Co (Fe) films by first-
principles calculations. An unexpected oscillation of magnetic
coupling was observed by varying the thickness of ultrathin Co
or Fe layer. There is no spacer layer in the present study, unlike
previous investigations [10–16]. Moreover, the coupling types
are different for Co and Fe with L10-MnGa. The magnetic
coupling maintains the FM interaction for L10-MnGa/Fe, even
if the thickness of Fe layer varies. Interestingly, a change from
FM to AFM coupling appears alternately for L10-MnGa/Co
till Co thickness is up to 11 atomic layers. It is found that
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the coupling oscillations originate from the QWS in Co or Fe
ultrathin film confined by the vacuum level and the energy gap
of L10-MnGa substrate.

II. COMPUTATIONAL DETAILS

The first-principles calculations based on density functional
theory (DFT) are performed using the Vienna ab initio sim-
ulation package (VASP) code [37,38]. The Perdew-Burke-
Ernzerhof of spin-polarized generalized gradient approxi-
mation (PBE-GGA) [39] is applied for the exchange and
correlation functional. The energy cutoff of the plane-wave
basis is set as 500 eV and the Monkhorst-Pack k-point Brilloin
sampling is used. The k-point grid contained 21×21×1 points
for all slabs and 21 × 21 × 21 points for all bulk materials along
a, b, and c directions, respectively. The vacuum separating two
periodically repeated slabs along a direction perpendicular to
the surface of the slabs was chosen to be 15 Å long. Geometry
optimization was performed until the forces acting on atoms
were less than 0.01eV/Å. More details about the computational
procedure and models can be found in Ref. [40].

This study is organized as follows. First, the surface
formation energy and interface energy of L10-MnGa (001)
with different terminals (Mn or Ga) is calculated. Second, the
difference of the total energy between FM and AFM states
as a function of the number of Co (Fe) layers is calculated.
Unexpected results for the magnetic coupling oscillation be-
tween the above materials are observed. Third, calculations
of the band structures and the wave functions are further
performed to analyze the oscillation mechanism. Finally,
QWS are proposed as the physical origin of the oscillation
phenomenon.

III. RESULTS AND DISCUSSION

A. Surface and interface calculations

The fct-like unit cell of L10-MnGa is shown in Fig. 1(a). The
optimized lattice parameters are a = 3.84 Å and c = 3.64 Å,
agreeing well with the reports in literature [27,28,41,42]. These
lattice parameters were used for our calculations in this study.
The smaller bct-like unit cell [Fig. 1(b)] is utilized, as it
allows lower computational cost due to a smaller basis [43].
L10-MnGa is a perpendicular magnetic anisotropy material
and the easy magnetization axis of L10-MnGa is [001] [21], as
shown in Fig. 1(c). Therefore the (001) surface of L10-MnGa
is used to perform the calculations. To investigate the ther-
modynamic stability of the interface of L10-MnGa/Co(Fe)
bilayers, firstly, the surface formation energy of L10-MnGa
(001), γL10 -MnGa, is calculated by the equation [44,45]

γL10 -MnGa = 1

2A

[
Eslab(nMn,nGa) − 1

2
(nMn + nGa)

×μL10 -MnGa(bulk) − 1

2
(nMn − nGa)�μ

]
, (1)

where A is the corresponding surface area, Eslab is the total
energy of the system under study, and nMn and nGa are the

FIG. 1. Schematic illustration of L10-MnGa tetragonal crystal
structure and L10-MnGa/Co(Fe) bilayer model. (a) The fct-like unit
cell, (b) bct-like unit cell. a = √

2a′. (c) L10-MnGa/Co(Fe) slab for
three atomic layers of Co(Fe) on L10-MnGa with Ga termination.
Initial magnetic configurations are represented by yellow and red
arrows, which are parallel and antiparallel to the magnetization
direction of the bottom L10-MnGa layers, respectively. The initial
magnetic states are only considered for the Mn, Co, and Fe atoms.

corresponding numbers of atoms in the system. The chemical
potential of L10-MnGa is defined as μL10-MnGa(bulk) = μMn +
μGa and �μ is defined as �μ = μMn − μGa. Here, μMn and
μGa are the chemical potentials for Mn and Ga, respectively.

In addition, μMn < μMn(bulk) and μGa < μGa(bulk), otherwise
bulk Mn or Ga would form, in which μMn(bulk) means the Mn
chemical potential in Mn bulk (for the μMn(bulk) calculation,
we chose the γ − Mn phase with its simple antiferromag-
netic structure [46,47]) and μGa(bulk) means the Ga chemical
potential in Ga bulk. Then, the limits to plot �μ are defined
by μMn(bulk) − μGa(bulk) − Ef < �μ < μMn(bulk) − μGa(bulk) +
Ef , where Ef = μMn(bulk) + μGa(bulk)−μL10-MnGa is the heat
of formation of bulk L10-MnGa from bulk Ga and bulk Mn.
The surface formation energies for Mn and Ga terminated
L10-MnGa(001) surfaces as a function of �μ, are presented
in Fig. 2(a). Note that the surface formation energy for the
Ga-terminated surface is much lower than that for the Mn-
terminated surface over the entire �μ chemical potential.
In equilibrium conditions, the surface of L10-MnGa(001) is
Ga-terminated.
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FIG. 2. Surface formation energy of L10-MnGa film and interface
energy of L10-MnGa/Co(Fe) bilayer. (a). Surface formation energy
plots [for Ga and Mn termination as a function of �μ(�μ = μMn −
μGa)]. (b) Interface energy plots [in eV/(1 × 1)] of Ga/Co(Fe) and
Mn/Co(Fe) as a function of �μ.

Secondly, the interface energy of L10-MnGa/Co(Fe),
γL10-MnGa/Co(Fe), is calculated by the equation [48–50]

γL10-MnGa/Co(Fe) = 1

Ai

(EL10-MnGa/Co(Fe) − EL10-MnGa

−ECo(Fe)) + γL10-MnGa + γCo(Fe), (2)

where Ai is the corresponding interface area, EL10-MnGa/Co(Fe),
EL10-MnGa, and ECo(Fe) are the total energies of the
L10-MnGa/Co(Fe) bilayers, L10-MnGa slabs, and Co(Fe)
slabs embedded in vacuum, respectively. γL10-MnGa is the sur-
face energy of L10-MnGa with Ga terminal or Mn terminal for
Ga/Co(Fe) or Mn/Co(Fe) interface, respectively. γCo(Fe) is the
surface energy of Co(Fe) layer which is defined as: γCo(Fe) =

1
2As

(ECo(Fe) − nCo(Fe)μCo(Fe)), where As is the corresponding
surface area, nCo(Fe) are the corresponding numbers of atoms
in the Co(Fe) slabs and μCo(Fe) means the Co(Fe) chemical
potential in Co(Fe) bulk. The calculated results are plotted as
function of �μ in Fig. 2(b). Lower interface energy means a
more stable interface. As a result, Ga/Co(Fe) is the interface
of L10-MnGa and Co(Fe) layers in equilibrium conditions.

FIG. 3. Total energy difference between FM and AFM states as a
function of the number of Co(Fe) layers. L10-MnGa/Co (red squares)
and L10-MnGa/Fe (purple circles).

B. Magnetic coupling calculation

To explore magnetic coupling between L10-MnGa and Co
(Fe) film, the total energy for AFM and FM magnetic states
L10-MnGa/Co(Fe) with ultrathin Co (Fe) films by varying
their thickness are calculated. Figure 1(c) shows the model
that we adopted to calculate the magnetic coupling. AFM and
FM mean that Co and Fe layers coupled with L10-MnGa layer
by AFM and FM, respectively.

The difference of total energy between AFM and FM
magnetic states of L10-MnGa/Co(Fe) is denoted as �E =
EAFM − EFM, where EAFM is the energy of AFM state
L10-MnGa/Co(Fe) and EFM is the energy of FM state
L10-MnGa/Co(Fe). The calculated results are shown in Fig. 3.
The dash line means there is no energy difference between
AFM and FM magnetic sates. The positive and negative values
of �E correspond to the FM and AFM interactions, respec-
tively. The magnetic coupling for L10-MnGa layer with a Fe
layer is quite different to that with a Co layer. An oscillation of
energy difference is observed for different Fe layer thickness.
It is found that FM coupling is dominant for L10-MnGa/Fe,
even if the thickness of Fe layers is over 11 atomic layers.
This is consistent with the experimental investigation done
by Kubota [32,33]. However, for L10-MnGa/Co bilayer, the
AFM and FM interactions appear alternatively with increasing
Co layer numbers. When the number of Co layers is even
or odd, the magnetic coupling is AFM or FM, respectively.
This unexpected oscillation between AFM and FM states
with increasing Co layer thickness was shown in Fig. 3.
Besides, the coupling in L10-MnGa/Co remains AFM when
the thickness of Co is over 11 atomic layers, agreeing with
the previous reports [20,33]. The effect of L10-MnGa layer
numbers on the magnetic coupling is studied in Fig. S1 (see
Ref. [40]), indicating the coupling types for L10-MnGa/Co
are independent of the thickness of L10-MnGa.

C. Band structure analysis

As shown in Fig. 3, it is noted that the magnetic coupling
oscillations of L10-MnGa/Co have a period of 2 monolayers
(ML). The period is the same as that previously reported in
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MCA energy oscillations of Co films, which originates from
the QWS close to �̄ point induced by the confinement of bulk
Co spin-down d band with �5 symmetry [51]. The oscillations
of MCA for the Co film were also found as a function of Pd
thickness and attributed to the QWSs with d symmetry in Pd
films [52,53]. Does the present magnetic coupling oscillation
of L10-MnGa/Co also mainly originates from the d band with
�5 symmetry? To explore the possible oscillation mechanism,
the surface projected bulk bands of both L10-MnGa and
Co (Fe) are plotted in Fig. 4 and Fig. S2 (see Ref. [40]),
respectively. One can see that there is a small energy gap around
the Fermi energy (EF) level at �̄ point for the spin-up energy
bands of L10-MnGa, as shown in Fig. 4(a). There exists an
energy gap at X̄ point in the energy range of −0.7–1 eV for
spin-down energy bands of L10-MnGa, as shown in Fig. 4(b).
These energy gaps would limit the extension of electron wave
functions into L10-MnGa film [54]. The surface projected bulk
bands of Co are plotted in Figs. 4(c) and 4(d), which show that
both spin-up and spin-down electronic states appear at �̄ and X̄

points. The energy band of bulk Co along the �Z direction was
drawn in Fig. 5. The corresponding period of oscillation can be
determined by the following formula [3,51], L = 2π

a
[kevn]−1,

where a is the lattice constant, and kevn is defined as the wave
vector spanning the crossing point of the electronic band at the
EF level and the nearest high-symmetry point of the Brillouin
zone. The calculated period for a spin-down energy band
with �5 symmetry (marked by solid blue circles) is 3.1 ML.
This is not consistent with the observed period in Fig. 3. So
the oscillation of the magnetic coupling of L10-MnGa/Co
is probably not due to the Co spin-down d band with �5

symmetry. In the previous study, the MCA oscillation period is
around 2 ML owing to the Co being an fcc structure [51]. We
further checked the energy band of Co along the �X direction
with fcc structure, as shown in Fig. S3 (see Ref. [40]). It is
found that the period determined by the spin-down energy
band with �5 symmetry is 2.1 ML, agreeing with the literature
[51]. Nerveless, for the present L10-MnGa/Co investigation,
the in-plane lattice parameter of Co is fixed to match the
L10-MnGa lattice parameter, resulting in the Co bct structure
and the period being 3.1 ML. The optimized lattice parameter
of bct Co is c = 3.02 Å. The energies for QWS originating
from the spin-down band of bulk Co with �5 symmetry at the
�̄ point for AFM L10-MnGa/Co and FM L10-MnGa/Co are
shown in Figs. 6(a) and 6(b). It is found that the period of the
QWS is almost 3 ML and agrees with the energy band analysis
in Fig. 5. Whenever a QWS crosses the Fermi energy level,
it adds energy to the system [11]. In Figs. 6(a) and 6(b), it
is noted that the crossing points of QWS energy and EF level
appear for the Co layer numbers at about 4, 7, and 10, which are
completely different with the coupling change with increasing
Co layer thickness (see Fig. 3). Moreover, the crossing points
are the same for both AFM and FM states. Thus the magnetic
coupling oscillation for L10-MnGa/Co does not originate from
the spin-down band of bulk Co with �5 symmetry near the �̄

point.
In Fig. 5, the calculated period of the band marked by open

blue circles is 2.1 ML, which corresponds to the spin-down
energy band with �2′ symmetry [3]. A possible relation with
the present L10-MnGa/Co coupling oscillation should be
clarified. So the energies for QWS from the spin-down band

FIG. 4. Band structures of bulk L10-MnGa [(a) and (b)] and bulk
Co [(c) and (d)]. The states for both L10-MnGa and Co were projected
onto the (001) surface Brillouin zone. Blue color for spin-up bands
[(a) and (c)] and red color for spin-down bands [(b) and (d)].
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FIG. 5. Spin-resolved band structure of bct Co. The curves with
red (blue) color are the spin-up (down) spin-split bands. The band
marked by solid blue circles is the spin-down �5 band. The band
marked by open blue circles is the spin-down �2′ band.

of bulk Co with �2′ symmetry for both AFM L10-MnGa/Co
and FM L10-MnGa/Co at the �̄ point are plotted, as shown in
Figs. 6(c) and 6(d). Even though the period of the QWS as a
function of Co layer thickness is 2 ML, there is no energy
difference between AFM and FM magnetic sates and the
crossing points are same for both AFM and FM states. Thus the
QWS in the spin-down energy band with �2′ symmetry should
also not be the reason for the magnetic coupling oscillation of
L10-MnGa/Co. Based on the above analysis of Figs. 3, 5,

and 6, we could definitely conclude that the Co d bands near
the �̄ point are not responsible for the observed oscillation in
Fig. 3. The energy band of bulk Fe and the energies for QWS
from the spin-down band of bulk Fe with �5 symmetry for
L10-MnGa/Fe at the �̄ point are shown in Figs. S4 and S5 (see
Ref. [40]). It could be concluded that the magnetic coupling
oscillation for L10-MnGa/Fe does not originate from the d

band near the �̄ point.
The cross section of the Fermi surface for bulk Co(001) was

shown in Fig. 7. One could find the relation between the period
of QWS and the corresponding energy band [11,51,55]. The
period of extremal A at � point is about 3 ML, which is from
the d band with �5 symmetry [51]. There are two extreme
value points corresponding to around 2-ML period, as labeled
by B and C, respectively. B is from the spin-down d band
with �2′ symmetry. The above analysis based on Figs. 5 and 6
have demonstrated that both A and B are not the reason for the
observed coupling oscillation in Fig. 3. The extremal C is close
to the X point, which should be responsible for the magnetic
coupling oscillation for L10-MnGa/Co. The cross section of
the Fermi surface for bulk Fe(001) is shown in Fig. S6 (see
Ref. [40]). There also exist an extremum near X point for the
spin-up band, which induces a period of QWS of 2 ML.

The spin-down energy band structures for the AFM cou-
pling L10-MnGa/Co(n) with Co of 1–6 layers (n means the
number of Co layer) are plotted in Fig. 8. The weights of the
Co atoms are projected onto the band dispersions and marked
by green circles. It is found that there are some bands at X̄

FIG. 6. Energies of QWS in Co layers vs Co thickness. (a) and (b) are from the spin-down �5 band of bulk Co. (c) and (d) are from the
spin-down �2′ band of bulk Co. (a) and (c) correspond to AFM L10-MnGa/Co spin-up band at the �̄ point. (b) and (d) are correspond to FM
L10-MnGa/Co spin-down band at the point. The energies of QWS with quantum number n = N–l, where N is the number of Co layers, l is an
integer, are joined by dotted lines.
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FIG. 7. Cross section of the Fermi surface for bulk Co (001). The red (blue) lines mean the cross section of the Fermi surface for spin-up
(down) energy band.

FIG. 8. Spin-down energy bands for AFM coupling in L10-MnGa/Co with different layer numbers of Co. (a) 1, (b) 2, (c) 3, (d) 4, (e) 5,
and (f) 6 layers. The weights of the Co atoms are projected onto the band dispersions and marked by green circles.
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point in the energy range of −0.7–1 eV and merge into bulk
states along the X̄ → �̄ and X̄ → M̄ directions, as labeled
by blue rectangles in Figs. 8(a)–8(f). The number of those
bands increases with increasing Co layer numbers. Moreover,
compared with Figs. 8 and 4(b), the location of those bands
is just within the energy gap of bulk L10-MnGa. A common
band with gray color appeared above the EF in the energy gap
for all the samples, as shown in Fig. 8. This band is the surface
band of L10-MnGa. The other bands weighted by green circles
originate from the QWS, which are located within the Co layer.
This will be described in detail as follows.

The spin-up energy bands for FM coupling L10-MnGa/Co
could be found in Fig. S7 (see Ref. [40]). It is noted that the
position at X̄ point in the energy range of −0.7–1 eV is not
the energy gap of L10-MnGa and it corresponds to the spin-up
energy band of L10-MnGa, as shown in Fig. 4(a). Compare
the result of Fig. 8 with that of Fig. S7 (see Ref. [40]), the
energy band difference marked by green circles in the blue
rectangle between AFM and FM state in L10-MnGa/Co is
clearly observed. It is noted that a special band (denoted by a
red arrow) appears in the AFM states but does not appear in
the FM states. Particularly, the location of this band strongly
depends on the Co layer thickness. When the number of upper
Co layers is odd, the band is lower than EF [see Figs. 8(c) and
8(e)]. When the number of upper Co layers is even, the band
is higher than EF [see Figs. 8(b), 8(d), and 8(f)]. As a result,
the energy of AFM coupling in L10-MnGa/Co increases when
the number of Co layers is odd. Correspondingly, the magnetic
coupling strength (�E) becomes larger when the number of
Co layers is odd. Therefore an oscillation of the coupling
strength could be expected with increasing Co layer thickness,
as shown in Fig. 3. This could be further demonstrated from
the viewpoint of the density of states (DOS). The band of
L10-MnGa shows a broad distribution of the DOS across EF

as shown in Fig. S8(a) (see Ref. [40]). The coupling between
3d metals mainly depends on the Coulomb repulsion and Pauli
exclusion, which rely on the band structure and occupancy. So
the Pauli exclusion effect dominates the coupling interactions
for L10-MnGa/Co bilayers [20,56], suggesting electrons near
EF are antiparallelly spin-coupled. The DOS of both bulk Co
and Fe are shown in Figs. S8(b) and S8(c) (see Ref. [40]).
It is shown that the spin polarization of Co is negative while
Fe is positive. Thus the different spin polarizations make the
magnetic coupling for thick Co and Fe layers in L10-MnGa
AFM and FM, respectively [20]. The bands (denoted by red
arrows) in Fig. 8 increase the DOS of spin-up energy bands
near EF, which reduces the AFM coupling strength between
Co (Fe) and L10-MnGa. Therefore the magnetic coupling is
oscillatory.

To understand the bands within the energy gap (blue
rectangles), the in-plane average electron charge densities and
partial charge density [57] are plotted (Fig. 9) for the bands at
X̄ point corresponding to the 6 atomic Co layers on L10-MnGa
[the bands are labeled by a red circle in Fig. 8(f)]. The states
were drawn in order of energy from low (a) to high (f). The
dash lines with green, purple, and blue color indicate the
position of Ga, Mn, and Co atoms, respectively. It is observed
that the charge density (red line) is only located in the Co
layers, without any extension into the L10-MnGa substrate,
as shown in Figs. 9(a)–9(d) and 9(f). So those states are from

FIG. 9. The in-plane average electron charge densities (up) and
partial charge density of (110) surface (down) at the X̄ point, which
corresponds to the six atomic Co layers on L10-MnGa [the bands are
labeled by a red circle in Fig. 8(f)]. The states were drawn in order of
energy from low (a) to high (f). The color scale is from 0.00 (blue)

to 0.04 (red) electrons per Å
3
. The green, purple, and blue shot dash

lines indicate the position of Ga, Mn, and Co atoms, respectively.

the QWS confined in the Co film, which correspond to the
bands weighted by green circles in Figs. 8(f). In Fig. 9(e), it
is found that the charge density is located in the surface of the
L10-MnGa layer, indicating the common band with gray color
in Fig. 8 is the surface band of the L10-MnGa layer. The band
structures and the in-plane average electron charge densities for
L10-MnGa/Fe are also shown in Figs. S9–S11 (see Ref. [40]).
The results are similar with these of L10-MnGa/Co.
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FIG. 10. Band structure of five atomic layers of free-standing
Co(001) films for spin-up states (a) and spin-down states (b). The
weights of the s, p, and d orbitals are projected onto the band
dispersions, marked by blue triangles, red squares, and green stars,
respectively.

In the following, we will further discuss the physical origin
of the bands as labeled by blue rectangles in Fig. 8. The spin-up
and spin-down band structures with five atomic layers of free-
standing Co(001) films as a representative example are shown
in Fig. 10. The s, p, and d orbital characters are donated by blue
triangles, red squares, and green stars, respectively. The flat
bands of d electrons show they are more localized than these
s and p electrons. The spin-up (down) energy bands of AFM
stateL10-MnGa/Co is composed by the spin-up (down) energy
bands of L10-MnGa and spin-down (up) energy bands of Co.
The spin-up (down) energy bands of FM state L10-MnGa/Co
is composed by the spin-up (down) energy bands of L10-MnGa
and spin-up (down) energy bands of Co. When the L10-MnGa
layer and Co layer are antiferromagnetically coupled [see
Figs. 10(a) and 4(b)], the p electrons and a small amount
of s and d character of Co layer is locate in the energy
gap of L10-MnGa. When the L10-MnGa layer and Co layer
are ferromagnetically coupled [see Figs. 10(b) and 4(b)], the
flat d bands and one p band of Co layer are located in the
energy gap of L10-MnGa. Thus the vacuum level on the top
of the Co layer and the band gap of L10-MnGa acting as

FIG. 11. One-dimensional finite square potential well models.
(a) The height of the potentials is 5 eV for both barriers. (b) The
height of the potentials is 2.5 eV for the left barrier and 5 eV for
the right barriers. (c) The height of the potentials is 1.5 eV for the
left barrier and 5 eV for the right barriers. The first three states are
shown as the representative occupied states. The width of the well
is 1 nm. The mass and charge of the particle are 9.1 × 10−31 kg and
1.6022 × 10−19 C.

barriers form a quantum well. So the QWS of L10-MnGa/Co
(Fig. 8) originate mostly from the p electrons of the
Co layer.
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In Fig. 10(a), there are five bands for free-standing Co (001)
films corresponding to the energy gap position of L10-MnGa
[see Fig. 4(b)]. As a contrast, there are only four bands
and three bands for AFM [see Fig. 8(e)] and FM [see Fig.
S7(e) in Ref. [40]] L10-MnGa/Co states corresponding to the
energy gap position of L10-MnGa, respectively. This could be
explained by a one-dimensional finite square potential well
model [14,54]. In Fig. 11, we use the first three occupied
states (first, second, and third states) as representative states to
discuss the dependence of QWS on the barrier height. When
the electrons are confined with high barriers in both sides, the
extension of the wave functions into the barriers is very small,
as shown in Fig. 11(a). This result is similar to free Co film
embedded in vacuum barriers. If the barrier height in one side
reduces, more wave functions obviously extend to the lower
barrier. Moreover, the energy of all three bound states (first,
second, and third states) in Fig. 11(b) decreases compared to
these with high barriers in Fig. 11(a). The barrier height of
L10-MnGa is lower than the vacuum. So this model is similar
to the AFM state in L10-MnGa/Co for the p band located in the
energy gap of L10-MnGa. If the barrier further decreases as
shown in Fig. 11(c), the highest bound state (here is a third
state) becomes a scattering state [58] and then results in a
decrease of number of bands. This is similar to the FM state in
L10-MnGa/Co for the p band located in the conducting band
of L10-MnGa. The band structures of five atomic layers of
free-standing Fe(001) films for spin-up states and spin-down
states are also shown in Fig. S12 (see Ref. [40]). The coupling
mechanism for the L10-MnGa/Fe film could be also analyzed
by the above model.

IV. CONCLUSION

In summary, the steady terminations of L10-MnGa surface
and L10-MnGa/Co(Fe) interface were studied by ab initio cal-
culations. The films with Ga termination show both lower sur-
face formation energy and interface energy than that those with
Mn termination. The magnetic states of L10-MnGa/Co(Fe)
bilayers with Ga termination were investigated by varying the
thickness of Co(Fe) atomic layers. The coupling interaction of
L10-MnGa/Co film strongly depends on the thickness of the
Co layer. The interactions are FM and AFM when the number
of Co layers is odd and even, respectively. L10-MnGa/Fe films
maintain FM coupling with varying thickness of Fe layers.
The oscillations of the magnetic coupling with increasing
numbers of Co(Fe) layers are attributed to QWS in the Co(Fe)
layers. This was demonstrated by the systematic band structure
calculations of L10-MnGa, Co, and Fe. The vacuum level on
the top of Co or Fe layer and the band gap of L10-MnGa acting
as a barrier form a quantum well. The QWS of L10-MnGa/Co
originate mainly from the p electrons of the Co layer. This
could be used to manipulate the magnetic properties of two
adjacent magnetic layers for spintronics.
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