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ABSTRACT

The efficient electrical control of the magnetic states of antiferromagnets is one of the main focus in antiferromagnetic spintronics. In this work, the voltage-
controlled magnetic anisotropy (VCMA) effect in two representative antiferromagnets L1,-type MnPt and MnPd thin films has been investigated by employing first-
principles calculations. Our results indicate that both of the MnPt and MnPd films show in-plane magnetic anisotropy and the magnetic easy axis points either along
[1 0 0] or [1 1 0] direction depending on the film thickness. The applied electric field in the range of —0.3 V/A and + 0.3 V/A (vacuum as dielectric) leads to the
change of magnetocrystalline anisotropy of both films at the order of tens of pJ/m? Especially, for MnPt film with thickness of two unit cells on Pt(0 0 1), it shows
that the moderate electric field is able to switch the in-plane magnetic easy axis between [1 0 0] and [1 1 0] directions. For MnPd thin films, the VCMA effect shows
generally linear dependence on the electric field and the VCMA coefficients are estimated in the range of 2.7 to 22.6 fJ/V/m. Our calculation results may stimulate

future investigations on the VCMA effect of metallic antiferromagnetic films and pave the possible applications in memory device.

Recently, antiferromagnets (AFMs) have attracted increasing re-
search interest due to their advantages superior to ferromagnets (FMs)
[1-3]. For instance, AFMs are robust against magnetic field perturba-
tion and has null stray fields. Furthermore, compared to FMs, AFMs
display ultrafast spin dynamics due to the high magnetic resonance
frequency, which in principle, allows the antiferromagnetic devices
work at THz dynamic speeds [4,5]. These features enable AFMs espe-
cially appealing for applications in high-density memory devices [6,7].
However, how to effectively manipulate the magnetization states by
electrical means is one of the main challenge for the practical appli-
cations of AFMs.

Various approaches have been proposed including magnetic, strain,
electrical, and optical ways to manipulate magnetic states of AFMs [8].
Among them, one promising approach is to use current-induced spin-
orbit torques, which have been extensively used for electrical writing in
FM-based magnetic random access memories (MRAMs) [9-11]. Re-
cently spin-orbit torques have also been successfully demonstrated for
control of the AFM moments [12]. Nevertheless, at present the AFM
materials which are suitable for electric current manipulation are lim-
ited to special materials with staggered spin accumulation, such as
CuMnAs and Mn,Au. Besides, typically the electric current density re-
quired for the rotation of the Néel vector in those materials is at the
order of 10° and 107 A/cm?, which should be further decreased for low
power consumption devices [7,13-15].

The control of the Néel order in AFMs via voltage or electric field
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may be more favorable towards energy efficient spintronic devices. At
present, the electric field control of AFM has been mainly focused on
the strain effect. For example, recent experiments demonstrate that the
Néel vector in MnPt and Mn,Au can be rotated at room temperature by
electric field induced strain arising from piezoelectric substrate [16,17].
However, the manipulation of magnetic anisotropy of AFMs by using
the pure electric field or voltage effect may be more straightforward for
practical applications. The voltage-controlled magnetic anisotropy
(VCMA) in FMs, for example in Fe/MgO interface, have been ex-
tensively investigated both from experiments and theories. This effect
has been thought as one of the promising strategies for the next-gen-
eration VC-MRAM (voltage controlled MRAM) due to the ultralow
power consumption and ultrafast time scale (< sub-nanosecond)
[18-22]. However, the VCMA effect in AFMs has been rarely studied. In
this letter, the VCMA effect in two representative metallic AFMs, L1,-
type MnPt and MnPd thin films are investigated by using first-principles
calculations.

The atomic structures of bulk MnPt and MnPd are shown in
Fig. 1(a). In the past, MnPt, MnPd and the same class of Mn-based L1,-
type AFMs have been used as the pinning layer in spin-valve-like GMR
and TMR devices [1,23,24]. The metallic AFMs MnPt and MnPd have
relative high Néel temperature, which make them suitable for practical
applications. For example, for MnPt the Néel temperature Ty is 970 K
and for MnPd Ty is 810 K. Recent first-principles calculations also in-
dicate that the Néel vector of both materials can be rotated by changing
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Fig. 1. The illustrations of atomic structures of bulk L1o-type MnX (X = Pt, Pd)
and the corresponding film structures. (a) Atomic and calculated ground
magnetic structures of bulk L1, MnPt and MnPd. The magnetization axis is
along [0 0 1] in bulk MnPt and along [1 1 0] in bulk MnPd. (b) The side view of
the Pt/MnPt/Vacuum structure with 2 u.c., 2.5 u.c. and 3 u.c. of MnPt. The red
arrows indicate the definition of positive and negative electric fields. The Green
arrows show the magnetic moment direction on Mn atoms. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

the magnetocrystalline anisotropy (MCA) via the variation of lattice
constant through strain effect [25]. In addition, earlier theoretical
calculations indicate that the MCA of bulk L1,-MnPt is sensitive to the
number of electron [26]. Those properties make MnPt and MnPd films
suitable for the investigations of the VCMA effect.

The atomic structures of Pt/MnX (X = Pt, Pd)/Vacuum with dif-
ferent thickness of MnX films are shown in Fig. 1b. The five monolayers
(MLs) of fcc Pt (0 0 1) serves as substrate and the thickness of vacuum is
larger than 15 A in order to minimize the artificial interactions between
asymmetric surface layers in a supercell. The electric field is applied
across the whole structure by introducing a dipole layer placing in the
vacuum region [27]. The direction of the applied electric field is shown
in Fig. 1(b), where positive electric field is pointing towards of MnX
surface and negative electric field is pointing outwards of MnX surface.

The first-principles calculations are performed by using the Vienna
ab initio simulation package (VASP) code [28] implemented with the
projector-augmented-wave (PAW) method [29], within the Perdew-
Burke Ernzerhof (PBE) type of generalized gradient approximation
(GGA) for the exchange correlation potential [30]. A plane-wave cutoff
energy is 400 eV. The in-plane lattice constants are fixed to that of the
corresponding bulk values (a = b = 3.98 A for MnPt and a = 3.99 A
for MnPd), while the atomic positions of the whole films have been fully
relaxed in the absence of electric field until the ionic Hellmann-
Feynman forces on each atom are less than 1 meV/A. The calculated
lattice constants and the magnetic moments on the Mn sites in bulk
MnPt and MnPd agree with previous theoretical results by using the
PBE-GGA [25,31,32]. After ion relaxation, the resulting atomic struc-
tures are then used to calculate the VCMA effect by applying various
electric fields across the film. The electron density for thin films are self-
consistently calculated by using a 24 X 24 x 1 k-point mesh. For the
calculations of MCA, a much denser k-point mesh 35 x 35 x 1 is used
which is necessary to converge the MCA at the order of 5 peV per unit
cell. The MCA is determined by the so-called standard force theorem
[19,20,33,34]. First, a self-consistent calculation is performed in the
absence of spin-orbit coupling (SOC) in order to obtain the converged
electron density. Then, one step of calculation in the presence of SOC
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Table 1

The calculated MCA[; o o7 (Epgnall O 0]-Epgna[O O 11) and MCA[ 1 o7 (Eband
[1 1 0]-Epanal0 0 1]) (in the unit of mJ/m?) in Pt/MnX (X = Pt, Pd) thin films in
the absence of electric field. The MCAs in bulk MnPt and MnPd (in the unit of
meV/u.c.) are also listed for comparison.

System MCA[1 001 MCA[; 1097 MCAp 1 o Easy axis
MCA{1 0 07

5 ML Pt/1 u.c. MnPt  —3.095 —3.145 —0.050 [110]

5 ML Pt/2 u.c. MnPt  —1.034 -0.977 0.057 [100]

5 ML Pt/2.5 u.c. —2.863 —2.543 0.320 [100]
MnPt

5 ML Pt/3 u.c. MnPt  —0.851 —0.709 0.142 [100]

5 ML Pt/1 u.c. MnPd —1.077 —-1.122 —0.045 [110]

5 ML Pt/2 u.c. MnPd —0.130 —-0.027 0.103 [100]

5 ML Pt/2.5 u.c. -1.385 —1.437 —0.052 [110]
MnPd

5 ML Pt/3 u.c. MnPd —0.819 —0.804 0.015 [100]

Bulk MnPt,, 0.174 0.176 0.002 [001]

Bulk MnPdy, —0.565 -0.576 —0.011 [110]

P)The unit of MCA in bulk MnPt and MnPd is in meV/u.c.

with the Néel vector pointing along different directions is performed.
The MCA is defined as the band energy difference for the magnetization
along the arbitrary direction [abc] and perpendicular [0 0 1] direction:
MCA = Epgnalabc] — EpgnalO 0 1].

According to our calculation results shown in Table 1, the magnetic
moment of Mn atoms in bulk MnPt is along [0 0 1] direction and in bulk
MnPd is along [1 1 0] direction lying on the ab-plane, which agrees
with previous experimental findings [35,36]. The MCA values for bulk
MnPt and MnPd are also consistent with the earlier calculated results
[25]. In comparison, the magnetic ground states of MnPt and MnPd thin
films are different from the corresponding bulk cases. The MCAs in
MnPt and MnPd films with different thickness on Pt (0 0 1) under zero
electric field are listed in Tabel I. The easy axis of 1 u.c. MnPt film on Pt
(0 01) is found to be along [1 1 0] direction, in other cases it is along
[1 0 0] direction. However, MnPd always show in-plane easy axis both
in bulk and thin film cases. The MCA of MnPd film oscillates with in-
creasing film thickness and the easy axis can either be [1 0 0] or [1 1 0].
In general, for both AFM films the MCA energy difference between in-
plane [1 0 0] and [1 1 0] directions are small, indicating that the ro-
tation of the Néel vector in the film plane by pure VCMA effect may be
possible.

In the thin film geometry, the electric field is applied by employing
the dipole moment method [27]. Fig. 2 shows the planar-averaged
electrostatic potential across the supercell. The change of electrostatic
potential distribution under various electric fields is consistent with the
expectation, that is the potential energy is linear with the distance in
vacuum region and keeps constant inside of the metallic films. This
confirms the desired electric fields have been correctly applied across
the films.

Fig. 3 depicts the calculated MCA as a function of electric field on
MnPt and MnPd films with thickness of 2, 2.5 and 3 u.c. The blue and
red lines represent the MCA; ¢ o) (MCA[1 ¢ 0 = Epanall O 01-Epana
[0 0 1]) and MCA[; 1 o MCA[1 1 01 = Epandll 1 0]-Epang[0 0 11), re-
spectively. It shows that the magnetic moments of Mn always lie in the
ab-plane under various electric fields. One of the interesting result is
that for MnPt with thickness of 2 u.c., at certain electric field range, the
easy axis can be switched between in-plane [1 0 0] and [1 1 0] direc-
tions. For example, when the electric field is in the range of —0.3 V/A
and —0.15 V/A, the MCA; 1 o is less than MCA(; ¢ o7, which means the
Néel vector can be rotated by 45°in the ab-plane by applying electric
field. In other cases, since the magnetization direction of the thick MnPt
layer cannot be rotated by electric field, the Néel vector of MnPt stays at
[1 0 0] direction (except for t = 3 u.c. at 0.2 V/A).

In addition, the modulation of MCA is more notable when the sur-
face is terminated with Mn atoms. For example, as for 2 u.c. and 3 u.c.
MnPt films with Mn termination, the two curves represented MCA[; ¢ o)
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Fig. 2. . The planar-averaged electrostatic potential energy distribution of Pt/
MnPt (2 u.c.) at zero electric field (black line) and the change of the electro-
static potential energy (U(E)-U(0)) when various electric fields are applied
across the film. The arrows indicate the direction of the electric field.

and MCA[; ; o) crosses at certain points, but for 2.5 u.c. MnPt film with
Pt termination the energy difference between two energy lines is large.
Generally, for the case of MnPd films as it is shown in Fig. 3(b), the
MCA curves looks more or less linear versus electric field. The VCMA
effect of MnPd films, which can be quantified by the so-called VCMA
coefficient 8 (AMCA = fE) has been calculated and summarized in
Table 2. For example, for Pt/MnPd(3 u.c.), the VCMA coefficient f§ is
estimated to be 22.6 fJ/V/m by evaluating from the MCA[; ; o; curve as
it is shown in Fig. 3b. The value of VCMA coefficient § is around 10
times less than that of ferromagnetic Fe/MgO interface and suggests a
smaller VCMA effect in the studied antiferromagnetic film.

For the tetragonal lattice, according to the lattice symmetry, the
phenomenological magnetic anisotropy energy can be expanded as
follows:

E6, ¢) =

where 0 (¢) is the angle between the direction of magnetic moment and
the ¢ (a) axis, K5, is the uniaxial MCA constant, K4 and Ky)| are the
corresponding fourth-order out-of-plane and in-plane MCA constants.
Since the easy axis of MnPt film stays in the ab-plane (6 = 90°), by

K;18in?0 + K4 8in* 6 + Ky sin* 6 cos 4¢ (@9
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Table 2
The VCMA coefficients  for MnPd thin films with different thickness are
evaluated by linear fitting from Fig. 3b to extract the slope.

MnPd film B extracted from MCA[; ¢ o B extracted from MCA[; 1 o
thickness (fJ/V/m) (fJ/V/m)

2 u.c 16.2 9.5

2.5 u.c. 119 2.7

3uc 22.1 22.6

referring to the energy at [1 0 0] direction, the MCA here can be written
as Epand(90, $)-Epanall 0 01 = Ky4jjcos4d. For Ky < 0, the easy axis is
along [1 0 0] direction (¢ = 0), and for Ky greater than 0, the [1 1 0]
axis (¢ = 45°) becomes the easy axis. Fig. 4(a) shows the in-plane MCA
curves under various electric fields for MnPt with the thickness of 2 u.c.
It clearly demonstrates the Néel vector can be switched from [1 0 0] to
[1 1 0] by applying appropriate electric fields. The extracted in-plane
MCA constants K4 under various electric field are shown in Fig. 4(b).
The sign reversal of K4)| also indicates the switching of the Néel vector
between [1 0 0] and [1 1 0]. In comparison to recent experiments
[13-15], where a relative large current density is needed to switch the
Néel vector between [1 1 0] and [1 O 0] direction in Mn,Au, here we
demonstrate that in an ultrathin antiferromagnetic MnPt films, the si-
milar manipulation of Néel vector can occur by using pure electric field
effect.

In the following, based on the second order perturbation theory, we
will try to understand the calculation result especially for Pt(5 MLs)/
MnPt (2 u.c.) film. The spin-orbit coupling (SOC) Hamiltonian can be
written as:

Hgoe = g(}‘)?f (2)

where L is the orbital angular momentum operator, o is the Pauli ma-
trix, ¢ is the atomic spin-orbit coupling strength. According to the
second order perturbation theory, the MCA can be understood from the
magnetization axis dependence of spin-orbit coupling energy correc-
tion to the total energy.

The spin-conserved energy correction due to the SOC can be written
as:

&2 g, Ly Ith,) 12
Egoc (M) = =2~
DT LT ®

where L, is the orbit angular momentum operator which is dependant
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Fig. 4. . (a) The in-plane MCA energy curve (Eg=o0, ¢y — E[1 0 07) for Pt/MnPt (2 u. c.) under various electric fields. (b) The extracted in-plane MCA constant K| as a

function of the electric field for Pt(5 MLs)/MnPt (2 u.c.).

on magnetization direction 7, for instance L, = L, and L, when mag-
netization points along z [0 0 1] and x [1 0 0] directions respectively.
¥, and ¥, is the occupied (above Fermi energy) and unoccupied (below
Fermi energy) wave function without SOC, and ¢, and ¢, are the cor-
responding eigenvalues. Please note that the second order perturbation
of SOC correction to energy E,. is always negative which means SOC
will lower down the energy of the system.

The SOC energy difference between different magnetization axis
produce the MCA, for instance the energy difference when the mag-
netization direction is along x and z axis is:

2 L 2 _ Lx 2
Biuca = Exe (M) — Bun (M) = % 7 1%, L, |¢u>l = Ig(lbul %!

(4)

And further, by integrating over the k space, MCA can be approxi-
mately expressed by the production of density of states and the matrix
elements of orbital angular momentum operator between different d
orbitals as follows:

g e w )P (E)
Eyca = I#ZI;PW'./_‘M dE'/S‘F dert—r -

g —c
Py = (I{dy| Ly 1y )P - 1{dy| Ly 1d,e)1?) 5)

where d,, is one of the five d-orbitals dy, d,,, dy;, dx2y2 and d,, which is
denoted by index . p,(e) is the density of states (DOS) and & is the
Fermi energy. The non-vanishing matrix element of L, between dif-
ferent d-orbitals will contribute to the SOC energy and favor the mag-
netization along #» direction. From the above perturbation analysis, one
can find that both of the MCA and VCMA will be closely related to the
distribution of DOS around Fermi energy.

According to Egs. (2)-(5), part of the calculation results can be
qualitatively understood from the density of states around Fermi en-
ergy. For example, from the density of states shown in Fig. 5(a), one can
find for Pt(5 MLs)/MnPt (2 u.c.) film, the main DOS present around
Fermi energy have the d,, and d,, orbital features (The DOS of d,, and
d,, orbital degenerates due to the four-fold rotation symmetry of the
crystal structure). On the other hand, the non-vanishing d orbital matrix
element of orbital angular moment for M//x involve the pair of d,, and
dy,. For L, one of the non-vanishing matrix element is
(dyy! Ly ldyz) = - i, which indicates the DOS distribution around Fermi
energy shown in Fig. 5(a) will contribute to Eg,. for M//x and favor the
inplane easy axis. This is consistent with the calculation result that the
[1 0 0] is the magnetization easy axis for Pt(5 MLs)/MnPt (2 u.c.) film.

The electrons at the surface of metallic films will redistribute under
the electric field and therefore the density of states around Fermi en-
ergy will be modified. In consequence, the MCA will be changed by

applying electric field. Fig. 5(b) shows the DOS of Mn atom for Pt(5
MLs)/MnPt (2 u.c.) film around Fermi energy with E = —0.2 V/A and
without electric field. One can notice that the DOS of d,/d, leghtly
increase around Fermi energy under electric field E = —0.2 V/A. For
M//[1 1 0], there are two pairs of matrix elements of orbital angular
momentum operator involved d,,/d,, are nonzero, and that is
(dyy! Linio) 1dyz) = gi and (dy,| Lo ldy) = —gi. The increase of d,/
d,, DOS around Fermi energy by applying electric field may contribute
to SOC energy Eo. for M//[1 1 0] and thus favor the magnetization
easy axis along [1 1 0].

So far the discussions on VCMA effect are focusing on the MnPt
(MnPd)/Vacuum interface and the magnitude of the electric field is
referred to the field at MnPt and MnPd surface. The VCMA effect can be
further magnified by using insulating materials with much larger re-
lative dielectric constant. For instance, SrTiO5; (STO) film, which has a
very large relative dielectric constant esro (around 100-200) and a
small lattice mismatch with MnPt or MnPd (< 2.2%), could be a po-
tential candidate [37,38]. In a MnX (X = Pt, Pd)/SrTiO3/NM (non-
magnetic metal) junctions, the relation between the electric fields at
MnX film surface Ey,x and inside of SrTiOs barrier Egro should be :
Evnx = €stoEsto. If the magnitude of electric field is 1 V/nm across the
SrTiO; barrier, the electric field at the MnX/STO interface could be as
large as 10 V/A (¢sto = 100). In addition, the investigated electric field
Eynx at the MnPd and MnPt film surfaces is between —0.3 V/A (-3V/
nm) and + 0.3 V/f\(+ 3 V/nm). If the insulator with dielectric constant
e is used, the electric field across such barrier will be only Ey,x/e,
which should be lower than the breakdown voltage of the dielectric
insulator. Therefore the magnitude of the electric field investigated in
the work is feasible in the experiments.

In general, the total MCA per unit area in an (anti)ferromagnetic
film can be written as the sum of two contributions:

K =Ky + K; (6)

where K;, and K; are the bulk and interface MCA, and ¢t is the film
thickness. For VCMA effect, the spin-dependent screening occurs only at
the topmost few layers. Therefore, the applied voltage will mainly
change the interface MCA, K;. In the case of Fe/MgO, because the bulk
MCA of Fe is negligible (the MCA of bulk bcc Fe is in 1 peV per atom
[39]), the MCA of Fe/MgO is dominated by the interface MCA K;.
However, for MnPt and MnPd films, they have sizable bulk MCA K, as
we show previously, and therefore only small portion of MCA can be
modulated by applying electric field. In consequence, generally, the
VCMA effect in MnPt and MnPd films should be smaller than that of Fe/
MgO interface. So the VCMA effect should only be pronounced in ul-
trathin MnPt, MnPd and other antiferromagnetic films which possesses
relatively large bulk MCA.

In summary, the VCMA effect on MnPt and MnPd thin films have
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