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Tailorable magnetocrystalline anisotropy at the MnPt3(001) surface
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We report results of the density functional theory and density functional perturbation theory calculations on
thermodynamic stability, magnetic structure, and magnetocrystalline anisotropy (MCA) of a MnPt;(001) thin
film. It is predicted that the magnetic ground state of the Pt-terminated MnPt;(001) thin films is the ferromagnetic
as found in its bulk structure, while the MnPt termination favors the A-type antiferromagnetic order at the
surface. Even more drastic effect of the surface termination on MCA is revealed; in contrast to an in-plane
magnetization preferred for the MnPt termination, the Pt-terminated MnPt;(001) thin films exhibit an extremely
large perpendicular MCA (PMCA) up to an order of 10 erg/cm? regardless of its film thickness. Moreover,
from detailed single-particle energy spectra analyses, this magnetization reversal is mainly determined by an
interplay between two in-plane orbital states, dxy and dy2_» states, of the Pt atom with induced magnetism at the
surface, as a result of their energy level changes associated with the Mn 3d — Pt 5d hybridization. This reported
thin-film system can act as a prototype for the in-depth study of the importance of the surface termination with
large perpendicular magnetocrystalline anisotropy in spintronic applications.
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I. INTRODUCTION

Magnetocrystalline anisotropy (MCA) is a spin-orbit cou-
pling (SOC) driven phenomenon with preferred magnetization
direction. Thin films with large perpendicular MCA (PMCA)
have shown promising results for low-power, high-density,
and nonvolatile memories [1-3]. In this research field, the
most intensively explored magnetic thin films are FeCo(001)
and CoFeB(001), which exhibit large PMCA either at the in-
terface with MgO(001) substrate and/or heavy capping metal
(HM) layers including Ta and Pt [4-7]. It is believed that
the orbital hybridizations between the 3d and 2p electronic
states at the CoFeB/MgO interface and the 5d — 3d states at
the HM/CoFeB interface are the main origin for large PMCA
[4-7]. For the latter interface, the crucial role of HM layers
on PMCA has been addressed recently, where the 5d orbitals
exhibit larger SOC than the 3d orbital states [8—10]. Owing
to these prerequisites, alloys including 5d orbitals, such as
Fe — Pt, Co — Pt, and Mn — Pt, have been regarded as poten-
tial candidate materials for spintronics applications [11-18].

A large magneto-optic Kerr rotation observed in MnPt3
alloy has been revisited recently [19-21] as this phenomenon
is highly relevant for memory recording devices. Subsequent
theoretical works have been performed to elucidate the ori-
gin of the large Kerr effects [12,14]. Bulk MnPt; has a
ferromagnetic (FM) ground state with a high Curie temper-
ature of 460 K [11,22]. However, the main drawback of this
magnet is a negligible MCA energy (Ewyca) associated with
the high-symmetry cubic structure of CuszAu phase. Inter-
estingly, it is predicted that MnPt3(110) thin films have an
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antiferromagnetic (AFM) ground state [23]. In addition to
these intriguing phenomena on the surface dependent mag-
netic order, the renewal of research targets seemingly resides
in the possibility of large PMCA in a thin-film structure of
MnPt; and its dependence on the surface and interface termi-
nations, which remain unexplored.

In this paper, using the electronic structure density func-
tional theory (DFT) and density functional perturbation theory
(DFPT) calculations, we investigate the thermodynamic sta-
bility, magnetic structure, and MCA of bulk MnPt; and
MnPt3(001) thin films. Being in consistent with the experi-
mental and previous theoretical studies, MnPt; exhibits the
FM ground state and acceptable thermal stability in its bulk
structure. It is further predicted that the magnetic order and
MCA of MnPt3(001) thin films strongly depend on its sur-
face termination. While the magnetic ground state of the
Pt-terminated MnPt3(001) is FM phase as found in bulk struc-
ture, the MnPt termination favors the A-type AFM order at the
surface. Moreover, in contrast to an in-plane magnetization of
the MnPt-terminated MnPt3(001), the Pt-terminated films ex-
hibit an extremely large PMCA up to an order of 10 erg/cm?
regardless of its film thickness. The underlying mechanism
is an interplay between the large spin-orbit coupled in-plane
dyy and dxz,yz orbital characters of the Pt atom, which has an
induced magnetism due to the Mn 3d — Pt 5d hybridization.

II. COMPUTATIONAL METHODS

The DFT and DFPT calculations were performed using
Vienna ab initio Simulation Package (VASP) [24] version
5.4.4 within the projector augmented wave (PAW) scheme
[25]. Generalized gradient approximation (GGA) by Perdew,
Burke, and Ernzerhof (PBE) formulation was used for the
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FIG. 1. Atomic and magnetic structures of the FM, A-type, C-
type, and G-type AFM phases of MnPt; alloy. Purple and gray
spheres are Mn and Pt atoms, respectively. Upward and downward
arrows superimposed over the sphere represent the spin-up and spin-
down magnetic states, respectively.

exchange-correlation potential [26]. As illustrated in Fig. 1,
we have considered four different magnetic structures, namely
FM, A-type, C-type, and G-type AFM, with a 1x1x2 su-
percell of L1,-type MnPt; structure. The A-type, C-type, and
G-type AFM phases are regarded as the FM couplings of Mn
atoms on the (001), (011), and (111) planes, respectively. In
the MnPt; structure, there are two distinguishable Pt sites,
which we denoted as Ptl in the MnPt layer and Pt2 in the
Pt-only layer on the [001] plane, as indicated in Fig. 1. To
investigate the thickness and surface termination dependent
magnetic properties of MnPt3(001) thin films, two distinct
surface terminations, namely Pt termination and MnPt termi-
nation, with the thickness range of 1—6 unit cell (u.c; 1 u.c
composed of 1 Mn and 3 Pt atoms) layers have been taken
into account. In thin-film calculations, we allowed the lattice
parameter relaxation along the [001] direction while fixing the
lateral lattice parameters on the [001] plane with the optimized
lattice constant (3.93 A) of the bulk FM-phase MnPt;. In
order to avoid spurious interactions between repeated cells,
a vacuum spacing no less than 15 A perpendicular to the
film plane was adopted. We used an energy cutoff of 500 eV
and a Monkhorst-Pack & mesh of 9x9x5 (9x9x1) in the
Brillouin zone (BZ) for the optimization of bulk (thin film)
structure, where all atoms are fully relaxed within the force
criteria of 1072 eV/A. The magnetocrystalline anisotropy en-
ergy is determined from total energy differences between two
magnetization directions along the [100] and [001]: Epmca =
E100] _ g0l To ensure convergence of Eyca values, dif-
ferent k-point meshes no less than 21x21x1 were sampled
in noncollinear calculations for the different thicknesses of
MnPt3(001) films. In the film structure, Epca>0 indicates
PMCA and Epca<O indicates preference of an in-plane
magnetization. The phonon dispersion and thermodynamic
properties were carried out by using the PHONOPY code
[27] within the harmonic approximation in the DFPT [28].
For the phonon calculations, we employed a 2x2 x 2 supercell
and a 5x5x5 k-point mesh in the interpolation of the force
constants matrices.

III. RESULTS AND DISCUSSION

Table I summarizes the optimized lattice parameters a
and c/a, and relative energies AE of the A-type, C-type,
and G-type AFM phases with respect to the FM phase for
bulk MnPt;. The obtained AE values are 0.14, 0.11, and

TABLE 1. Optimized lattice parameters a (A) and c/a, relative
energies AE (eV/u.c) of the A-type, C-type, and G-type AFM
phases with respect to the FM phase, and atomic magnetic moment
ux (up) of MnPt; alloy for different magnetic structures.

a c/a AE UMn Hpr1 25
FM 3.93 0998 0.00 3.78 0.151 0.151
A-type AFM 392 0989 0.14 £3.77 0.036 0.000
C-type AFM 393 0998 0.11 +3.77  0.023  0.000
G-type AFM  3.94 1.000 0.78 £3.78 0.038  0.038

0.78 eV /u.c for the A-type, C-type, and G-type AFM, respec-
tively. These results indicate that the magnetic ground state of
bulk MnPt; is the FM, as reported by the experimental [11]
and previous theoretical studies [18,29]. Hereafter, we thus
refer to results of the FM phase in all our discussions for bulk
MnPt3, unless specified otherwise. Optimized lattice constant
of the FM phase is 3.93 A, which is in reasonable agreement
with the experimental (3.90—3.91 A) [11,30-32] and previous
theoretical results (3.93 A) [29,33]. The Hubbard-type on-site
Coulomb energy on Mn 3d orbitals is also considered, where
the lattice constant increases linearly with the effective U
parameter in the DFT + U method and reaches 3.98 A at U
=6eV.

The absolute values of the spin magnetic moments of Mn
and Pt atoms from the standard DFT calculations are shown
in Table I. The Mn moment (3.77—3.78 up) does not differ
much for the different magnetic structures, while the Pt mo-
ment is notably larger in FM (0.151 pp) than in AFM phases
(0—0.038 up). For the ground-state FM phase, the magnetic
moments of the Ptl and Pt2 atoms are nearly identical as
c/a ~ 1. Similar findings have been reported in previous
calculations; 3.71—3.82 up for Mn and 0.12 — 0.15 up for Pt
[14,29]. A larger magnetic moment of 0.26+£0.03 wp of the Pt
atom has been achieved in an experiment [34,35] although the
measured Mn moment of 3.6440.08 wp is almost reproduced
in our calculations. This discrepancy is attributable to non-
negligible orbital magnetic moment of the Pt 5d orbital shells
in the experiment [34,35], which is not included in the present
magnetic moment shown in Table I. Note that the DFT 4+ U
method results in Mn and Pt moments more deviated from the
experimental values; thus the results hereafter are referred to
those from the standard DFT calculations.

Figures 2(a) and 2(b) present the electronic projected den-
sity of states (PDOS) of the Mn and Pt d-orbital states,
respectively. Here, we only show the PDOS of the Ptl atom
since the two Pt sites, Ptl and Pt2, exhibit quite similar fea-
tures in PDOS. The Mn five d orbitals are degenerate into
the 1, and e, states because of the cubic symmetry crystal
field. The strong d — d orbital hybridization between Mn and
Pt atoms is apparent: Mn and Pt PDOS have common peaks
at the same energy level, especially for the occupied majority-
spin and unoccupied minority-spin states near the Fermi level.
As a result, the majority-spin PDOS of Mn is almost fully
occupied, while the minority-spin states are mainly localized
at around 2 eV in the unoccupied band region. Hence, the Mn
atom has a large exchange splitting between the spin subbands
of the majority-spin and minority-spin states, leading to the
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FIG. 2. Electronic projected density of states (PDOS) of the
(a) Mn and (b) Pt d-orbital states, (c) phonon density of states
(PhDOS), (d) phonon dispersion curve, (e) free energy contribu-
tions of the electronic F; (T, V'), vibrational F,;,(T, V'), and magnon
Frao(T, V), and (f) free energy change AF(T,V) as function of
temperature of the FM-type MnPt; alloy. In (a) and (b) the dotted-
red, dotted-orange, solid-green, and solid-blue lines represent the dyy,
dxatyz, d2, and dyo_ 2 orbital characters, respectively. The Fermi level
is set to zero energy. In (f) contributions of the electronic AF,; (T, V),
vibrational AF;,(T, V'), and magnon AF,,(T,V) to AF(T,V) are
also presented.

significant magnetic moment shown in Table 1. In addition,
for Pt atom, the strong hybridization between Mn and Pt
causes the spin splitting, which in turn leads to the induced
magnetism at the Pt site.

From an application perspective, the atomic structure of
MnPt; alloy must be thermally stable. The Helmholtz free
energy can be written as F(T,V)=Ey(V)+ F,(T,V)+
Fip(T, V) + Fae (T, V), where Eg(V') is the zero-temperature
total energy of the system, and F,(7T,V), Fuw(T,V), and
Finag(T, V) are the electronic, vibrational, and magnon con-
tributions of the free energy, respectively. The phase stability
against phase decomposition into the most competitive de-
composable compounds can be described thermodynamically
by the change in the free energy [36,37], AF = F(MnPt3) —
F (MnPt) — 2x F (Pt), where F (MnPt3), F (MnPt), and F (Pt)
are the free energies of MnPt3;, MnPt, and Pt in bulk, respec-
tively.

In order to obtain the thermodynamic properties, we
calculated and plotted the phonon DOS (PhDOS) and the
phonon dispersion curve of bulk MnPt; alloy in Figs. 2(c)
and 2(d), respectively. The low-frequency vibrational modes

are predominantly contributed by the Pt atom while the
higher frequency modes are those of the Mn, which are as-
sociated with the relative atomic weight. Furthermore, no
imaginary frequency modes are observed in the phonon dis-
persion curve shown in Fig. 2(d), which indicates that the
structure is stable. From this, the obtained free energy con-
tributions of Fy(T,V), Fip(T,V), and Fp(T, V) against
temperature are shown in Fig. 2(e). The calculated F,;(T,V)
and F;,(T,V) decrease as temperature increases, whereas
Finag(T, V) increases with temperature. Obviously, the former
two contributions, particularly the vibrational, mainly deter-
mine the temperature-induced changes in the free energy.
The temperature-dependent free energy change AF(T,V)
and its contributions, i.e., AF,(T,V), AF(T,V), and
AFnae(T, V), are shown in Fig. 2(f). The obtained AF (T, V)
at 0 K, which corresponds to the formation enthalpy (AH),
is —10.5 kJ mol. This negative value in AH '+ indicates that
MnPt; phase is stable at 0 K against to its decomposable
phases, MnPt and bulk-Pt. As shown in Fig. 2(f), AF(T,V)
decreases further as temperature increases, which is almost
entirely accounted for by the vibrational contribution. The
other two contributions, AF,;(T,V) and AFp,(T,V), are
insignificant. These results suggest an acceptable thermody-
namic stability of MnPt; alloy under realistic conditions.

We show the d-orbital resolved Eyca in Figs. 3(a), 3(c)
and 3(e) and electronic band structures in Figs. 3(b), 3(d) and
3(f) for the Mn, Ptl, and Pt2 atoms in MnPts, respectively.
We find that Eyjca of bulk MnPt; is approximately —0.1 meV
per u.c, which comes predominately from the Ptl atom
(-1.65 meV /atom). On the contrary, the Pt2 (0.78 meV /atom)
and Mn (0.003 meV /atom) provide positive contributions to
Enca. Here, the second-order perturbation theory interpreta-
tion is adopted [38],

LA _ g2
Ec =& )

o) b))

(Wit | L | W) [*
E, o —Ejm

(Wit | Ly | W0} |2
. (D

E, o — Eum
ENUD _ g2 Z (W10 | Ly [ Wy ) |2
MCA E, o — Epw
ot bt u 0

B (W0 | L. W) @)
E,.m —Exw '

where ¥, (¥,) and E, (E,) represent the eigenstate and
eigenvalue of an occupied (unoccupied) state, respectively.
In Eq. (1), the positive and negative contributions to Eyca
are characterized by L, and Ly matrices of the same spin
channel (spin up and up, 11; spin down and down, ||),
respectively. For the spin-flip channels (1], | 1), the L, and
L, matrices have opposite signs to those of the same spin
channels, as formulated in Eq. (2). For the Ptl, the negative
Eyca arises primarily from the (xy(1)|L,|x> —y?({)) and
(xz/yz(¢)|Lx|zz(T)) matrix elements, as shown in Fig. 3(c).
The mechanism can be associated with the SOC states across
the Fermi level at the I' point [Fig. 3(d)]. The contribu-
tions from the other d-orbital pairs are insignificant. On the
contrary, these negative contributions have reversed sign for
the Pt2 [Fig. 3(e)], where the unoccupied d,, state right at
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TABLE II. Relative energy AE (eV/cell), surface energy Egqus
(eV/A?), interlayer distance d (A) between the surface and subsur-
face layers, and spin magnetic moments px (ip) of Mn and Pt atoms
at the surface of MnPt3(001) thin films for the Pt termination and
MnPt termination.
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FIG. 3. The d-orbital resolved Eyica and electronic band struc-
ture for the (a) and (b) Mn, (c) and (d) Pt1, and (e) and (f) Pt2 atom of
MnPt; alloy. In (a), (c), and (e), yellow and blue cones represent the
positive and negative Eyca values, respectively. In (b), (d), and (f),
black, orange, green, red, and blue symbols denote the dyy, dy,, dy,,
d,, and d,>_» orbital characters, respectively. Upward and down-
ward arrows indicate the spin-up and spin-down states, respectively.
The size of the symbols represents the weight of d-orbital states. The
Fermi level is set to zero energy.

the I' couples with the occupied dy>_» state. By analyzing
in Figs. 3(a) and 3(b), the same argument also applies to
Mn as the negative contribution by the (xy(1)|L,|x* — y*>({))
changes into positive by the (xy({)|L,|x> —y?(})) matrix
element.
To support the above atomic origin on MCA, we further
inspect the orbital magnetic anisotropy defined as Au, =
1001, [1001 " where p[%U and pl1% are the orbital mag-
netic moments for magnetization along the [001] and [100]
direction, respectively. The obtained A, (—0.007 wp) of the
Ptl atom is more prominent beyond those for the Pt2 (0.003
up) and Mn (zero). For the elemental FM single atomic
species with large exchange splitting, Eyjca is related to the
orbital moment anisotropy via the Bruno formalism [39],
Envica = (§/4up)Aup,, where & is the SOC constant. This
expression needs to be modified for structures consisting of
multiple atomic species with strong hybridization [40]. Never-
theless, as mentioned above, our calculations show that the Pt1
exhibits Au, < 0 and Au, > O for the Pt2, which adequately
obeys the Bruno relation.
We next explore the surface effects on the magnetic struc-
ture and Eyica of MnPt3(001) thin films for the Pt termination
and MnPt termination. The model atomic structures of the

AE Esurf d MMn Mpt
Pt termination

FM 0.00 -0.588 1.91 3.80 0.16
1 A-AFM/FM 0.76 1.91 3.78 0.12
- C-AFM/FM 0.21 1.91 3.79 0.04

-l A MnPt termination
” FM 0.00 194 404 016
= 1 A-AFM/FM -0.13 -0.591 1.95 4.08 0.10
— ﬁ C-AFM/FM -0.08 1.95 4.07 0.07

I

Pt-termination and MnPt-termination layers adopted in the
present study are indicated in Fig. 1. For each termination,
we have considered three distinct magnetic orders within the
surface layer: (1) entirely FM, (2) reconstructed FM with the
A-type AFM in the surface layer (i.e., Mn moments in the out-
ermost surface layer couple antiparallel with those in the inner
layers), denoted as A-AFM/FM, and (3) reconstructed FM
with the C-type AFM in the surface layer (C-AFM/FM). Here,
the G-type AFM phase is excluded because of the relatively
high energy compared with the other magnetic configurations
(Table I). For both terminations, we have also considered
the A-AFM and C-AFM orders up to the subsurface layer,
which are energetically less stable than the A-AFM/FM and
C-AFM/FM configurations.

The calculated relative energies AE of the A-AFM/FM
and C-AFM/FM to the FM phase, surface energies Egf, and
interlayer distance d between the surface (S) and subsurface
(S — 1) layers are shown in Table II for the Pt-terminated and
MnPt-terminated MnPt3(001) films with selected thickness of
6 u.c layers. The surface energy is calculated from Egy,f =
[E(slab) — >". N;u;1/2A, where E (slab) is the total energy of
the slab supercell, and N; and u; are the number of atoms
and the chemical potential of the ith atomic species. A is the
surface area. The chemical potential ; can be estimated as the
total energy of the elemental ground state structure. As shown
in Table II, our total energy calculations indicate that the
FM phase is still preserved for the Pt-terminated MnPt3(001),
whereas the MnPt termination favors the A-type AFM phase
in the surface layer by AE of 0.13 eV/cell. For the most
stable magnetic phases, the calculated Eq,¢ values are —0.588
and —0.591 eV /A? for the Pt termination and MnPt termina-
tion, respectively. Such small energy difference between two
surface terminations implies that both the Pt termination and
MnPt termination may be possible in a real sample. Moreover,
with remarkable advances in current fabrication techniques,
the different boundary termination layers are now accessible
in the surface and interface region upon sample preparation
and experimental circumstances. The optimized d values are
approximately 1.91 and 1.95 A for the Pt termination and
MnPt termination, respectively, regardless of the magnetic
configurations. As discussed in Table I, the interlayer distance
in bulk MnPt; is 1.97 A. Thus, for both terminations, the
surface layer displaces toward the subsurface layer due to
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FIG. 4. (a) Thickness dependent Eyca of MnPt3(001) thin films
for the Pt termination (red) and MnPt termination (blue). Eyica distri-
bution over k space, MAE(K), in the two-dimensional Brillouin zone
for the (b) Pt termination and (c) MnPt termination. The energy scale
is in unit of meV.

the surface effects (i.e., reduced coordination). Table II also
presents the spin magnetic moments of Mn and Pt atoms in the
surface layer. The magnetic moments within the subsurface
and center layers tend to preserve those in bulk structure
and remain unchanged regardless of the film thickness (thus
not shown). On the other hand, the obtained magnetic mo-
ments of Mn and Pt atoms at the surface are 3.78 — 3.80
and 0.04 —0.16 up for the Pt termination, respectively,
while they are 4.04 —4.08 and 0.07 —0.16 pup for the
MnPt termination.

Figure 4(a) shows the film-thickness dependent Eyjca val-
ues of MnPt3(001) thin films for the Pt termination and MnPt
termination. For each termination, only the result for the
preferred magnetic structure is presented. Obviously, Eyica
of MnPt3(001) can be tuned in sign by the surface termi-
nation but not by the film thickness. More specifically, the
Pt termination exhibits the strong PMCA, whereas the MnPt
termination prefers an in-plane magnetization. For the Pt ter-
mination and MnPt termination, the computed Eyca values
are 8.6 — 13.7 erg/cm? and —7.7 — (—14.5) erg/cm? for the
1 — 6 u.c layers, respectively. These PMCA values are up to
an order of magnitude larger than the reported experimental
values (~1.7 erg/cm?) in typical magnetic tunnel junctions,
Fe/MgO and CoFeB/MgO [4-8]. The film-thickness inde-
pendent Eyca indicates that Eyca of MnPt3(001) is mainly
refined in the surface layers. Recall that Eyjca for bulk MnPts
is very small, in an order of 0.1 meV, as discussed in the
previous paragraphs. Hence, in the analysis below we only
focus on the film-thickness of 6 u.c layers for both the Pt
termination and MnPt termination.

Pt termination MnPt termination
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FIG. 5. The layer and atom resolved Eyca of MnPt3(001) thin
films for the (a) Pt termination and (b) MnPt termination. Blue
and red bars represent Eyca contributions from Pt and Mn atoms,
respectively. Letter S denotes the surface. Dashed blue and red lines
represent Eyca values of the Pt1/Pt2 and Mn atoms in bulk MnPt;,
respectively. The d-orbital resolved Eyca of the surface Pt atom for
the (c) Pt termination and (d) MnPt termination. Yellow and blue
cones represent the positive and negative Eyica values, respectively.

To elucidate the effect of the surface termination on mag-
netization reversal, we have calculated the k-resolved Epyca
according to the force theorem [41,42]

Enca®®) ~ Y [e(n ) —e(n, 0)®M], (3)

neocc

where ¢(n, K)['% and e(n, k) are the eigenvalues of the
Hamiltonian for magnetization along the [100] and [001]
direction, respectively. For all calculations with different
thicknesses and terminations, the values of Eyca calculated
from the force theorem are in good agreement with those
obtained from total energy calculations. In Figs. 4(b) and 4(c)
we display counter plots of Eyca(k) in the two-dimensional
BZ for the Pt termination and MnPt termination, respectively.
Summing over k points, we find Eyica values of 10.9 and
—12.1 erg/cm? for the Pt termination and MnPt termination,
respectively, which are 10.8 and —11.8 erg/cm? by total en-
ergy calculations. For the Pt termination, the main positive
contribution to Eyca appears at the I' point, while it is nega-
tive for the MnPt termination. For the MnPt termination, the
main negative contributions appear along the I'M direction
and around the M point.

Figures 5(a) and 5(b) present the layer and atom resolved
Enica of MnPt3(001) thin films for the Pt termination and
MnPt termination, respectively. We conclude that Eyjca of
MnPt3(001) is mainly determined by the Pt 5d orbitals at
the surface and subsurface layers: Eyca>0 for the Pt2 atom
in the Pt termination and Epica <O for the Ptl in the MnPt
termination. The Eyca values decrease as one moves from the

104413-5



P. TAIVANSAIKHAN AND D. ODKHUU

PHYSICAL REVIEW B 106, 104413 (2022)

MnPt termination

Pt termination

A
2
Ko

T

Energy (eV)
Energy (eV)
o

Energy (eV)
Energy (eV)

spin-up spin-down
(c) (d)

spin-up

spin-down

— XY

x2—y?

E-

_— — _—y
x2—y?2 X2—y? ——
FIG. 6. Majority-spin (upper) and minority-spin (lower panel)
electronic band structures of the surface Pt atom of MnPt3(001) thin
films for the (a) Pt termination and (b) MnPt termination. Black,
orange, green, red, and blue symbols denote the dyy, dx,, dy,, d,2,
and d,2_,> orbital characters, respectively. The size of the symbols
represents the weight of d-orbital states. The Fermi level is set to
zero in energy. Simplified schematic diagram for the relative energy
level changes of the dyy and d,2_,» bands along the I'M line for
the (c) Pt termination and (d) MnPt termination. Horizontal-dashed
line indicates the position of the Fermi level (Ef) for reference. The
spin-orbit coupling pairs near the Fermi level between the occupied
and unoccupied states are emphasized with arrowed vertical lines.

subsurface to the center layers and tend to preserve the bulk-
like behavior at the center layers. The overall contribution
from the center layers underneath the subsurface layer is thus
insignificant. We further decompose Eyca of the surface Pt
atom into its 5d-orbital resolved components in Figs. 5(c) and
5(d) for the Pt termination and MnPt termination, respectively.
Overall, the features of the d-orbital resolved Eyica of the Pt
atoms at the surface are almost preserved compared with those
in bulk structure [Figs. 3(c) and 3(e)] but significantly larger
in the magnitude.

To understand the microscopic origin of MCA at the sur-
face, we plot the electronic band structures of the surface
Pt along high-symmetry lines in the two-dimensional BZ in
Figs. 6(a) and 6(b) for the Pt termination and MnPt termina-
tion, respectively. By analyzing the band characters along with
the k-resolved and d-orbital resolved contributions to Epjca,
we sketch a simple schematic diagram for the dyy and dy2_y»
band energy levels along the I'M line in Figs. 6(c) and 6(d)
for the Pt termination and MnPt termination, respectively. Our
analysis here largely relies on that for bulk structure discussed
in Fig. 3. For the Pt-layer termination, there are significant
band pairs between the in-plane dyy and d,>_,» states across
the Fermi level around the I' point. Hence, one can argue
that the large positive Eyca of the Pt layer at the surface

TABLE III. Interface formation energy Hy (eV/A?), interlayer
distance at the interface dx_o (A), spin magnetic moments jx
(1) of the interfacial Mn and Pt atoms, and Eyca (erg/cm?) of
MnPt3(001) thin films on MgO(001) substrate for different surface
(S) and interface (I) terminations.

Hy dvin—o  dp—o v e Emca
Pt(S)/Pt(I) —0.040 2.44 0.12 8.9
Pt(S)/MnPt(I) -0.058 2.25 230 398 0.14 3.2
MnPt(S)/Pt(I) -0.041 2.45 0.12 =23
MnPt(S)/MnPt(I) -0.059 2.25 231 398 0.14 -75

is the result of the SOC pairs between the occupied d_y»
state and the unoccupied d, state at the I' and along the I'M
through the (xy|L.|x*> — y?) matrix element in the perturbation
theory [38], in consistent with results of the k-resolved in
Fig. 4(b) and d-orbital resolved Eyca in Fig. 5(c). For the
MnPt termination in Fig. 6(b), the majority-spin Pt d bands
experience overall upward shift compared with those for the
Pt termination, where the dy>_,> band along the I'M is located
above the Fermi level. However, for the minority-spin, the
unoccupied dyxy band moves downward across the Fermi level
and is occupied. Thus, the positive contributions along the
I'M become diminished; instead, the negative Eyica is mainly
predominated by the SOC states, involving the majority-spin
dy>_y» and minority-spin dyy state across the Fermi level, as
indicated in Fig. 6(d).

In a realistic situation, stacking a magnetic memory
junction in spintronic devices necessarily involves making
contacts with an insulating barrier. One thus needs to take into
account the interface effects of MnPt3(001) films when in con-
tact with a lattice matching substrate such as MgO(001). Here,
we model the interface supercell composed of 6 u.c. MnPts
and five atomic layers of MgO. For the in-plane lattice of
MnPt;/MgO(001) supercell, the experimental lattice constant
(4.212 A) of MgO was adopted. For each surface termina-
tion, we have considered two different interface terminations,
namely Pt interface [Pt(I)] and MnPt interface [MnPt(I)]. Our
total energy calculations show that the interfacial Mn and Pt
atoms are favored on atop of the O sites in MgO(001).

Table III presents the calculated interface formation energy
Hy, interlayer distances, and spin magnetic moments at the
MnPt;/MgO interface for different surface and interface
terminations. The interface formation energy is calculated
from H; = [E(MnPt3/MgO) — E(MnPt;) — E(MgO)]/A,
where E (MnPt3;/MgO), E(MnPt3), and E(MgO) are the total
energies of MnPt;/MgO, MnPt;, and MgO, respectively.
A is the interface area. All the interface configurations
exhibit negative H; values; about —0.06 meV /A2 for the
MnPt interface and —0.04 meV /A2 for the Pt interface. These
results indicate that the MnPt interface is more favorable than
the Pt interface. Nevertheless, the latter interface cannot be
fully ignored and the formation of the interface layer in a
real sample maybe depend on experimental circumstances.
As shown in Table III, the interfacial Mn moment is slightly
reduced by 0.06 pp compared with the surface Mn (Table II)
due to the Mn d — O p hybridization and strain effects, while
the Pt moment remains almost unchanged. On the other hand,
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the sign of Eyca values of MnPt3(001) remains the same
in the presence of MgO substrate even though its absolute
values decrease from 10.8 to 8.9 erg/cm? for the Pt interface
and —11.8 to —7.5 erg/cm? for the MnPt interface.

IV. CONCLUSIONS

In summary, using first-principles density functional theory
and density functional perturbation theory calculations, we
have studied the thermal stability, magnetic structure, and
magnetocrystalline anisotropy of bulk MnPt; and MnPt3(001)
thin films. Although bulk MnPt; has the FM ground state,
the magnetic order of MnPt3(001) thin films at the sur-
face decisively depends on the surface termination: FM for
the Pt termination and A-type AFM coupling for the MnPt
termination. We further predict that Eyca is also sensitive

in sign to the surface termination, where the Pt termination
favors the strong PMCA whereas in-plane magnetization is
preferred for the MnPt-terminated MnPt3(001). We elucidate
the underlying mechanism for the termination-dependent sign
change of Epca by the interplay between the large spin-
orbit coupled 5d-orbital states of the Pt atom with induced
magnetism at the surface. This thin-film system can act as a
prototype for the in-depth study of the importance of the sur-
face termination with large perpendicular magnetocrystalline
anisotropy in spintronic applications.
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