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ABSTRACT. Herein, from first-principles density functional calculations, intrinsic magnetism and
magnetocrystalline anisotropy (MA) in two-dimensional (2D) structure and individual atom pairs are
shown effectively controllable by means of simultaneous voltage and strain effects. By tuning the
strain in transition metal dichalcogenides (TMDs) MoS2, WS2, MoSez and WSe> with Os adatom as
a model system, we demonstrate that the voltage dependence of MA varies from an extremely large
value of 150 meV/Os in perpendicular to the lateral plane into -25 meV/Os in plane by an electric
field of only 0.1-0.2 V/A.
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1. INTRODUCTION

Single molecule or atomic magnets deposited on two dimensional (2D) or ultrathin-film
structures exhibit an atomic-scale upper limit of magnetocrystalline anisotropy (MA), in
addition to their small size and intrinsic magnetism, which would qualify for today’s demand
to maximize the information storage density in magnetic memories [1-3]. In particular, large
perpendicular MA (PMA) is of crucial significance for the stable long-term magnetic random
access memory (MRAM) and spin-transfer torque memory (STT-RAM) [4-6]. Recently,
researchers have focused on individual transition metal (TM) magnets, including Fe, Co, and
Mn, deposited onto 2D (mainly graphene and TM dichalcogenides) and thin-film surfaces (Pt,
CuN, and MgO) [7-11]. For example, an extremely large PMA up to an order of 100 meV has
been first predicted in cobalt dimer-benzene pairs [7]. In subsequent experiments, large PMA
values of 9 and 60 meV have been achieved in individual Co atoms on Pt(111) [8] and
MgO(001) [9], respectively. More remarkably, Ru and Os magnets, which are isoelectronic to
Fe, have been identified to exhibit even larger PMA up to 60-200 meV when placed on MoS,
[12] and MgO(001) [13]. Beyond these atomic-scale PMA, more recent development of
memory technologies requires a breakthrough that leads to the complete electric-field
switching of magnetization direction in the absence of the magnetic field or STT current
[14-16].
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2. COMPUTATIONAL METHODS

We employed density functional theory (DFT) calculations as implemented in the Vienna
ab initio simulation package (VASP) [17]. The generalized gradient approximation (GGA),
parameterized by Perdew, Burke, and Ernzerhof (PBE), is used to describe the exchange
correlation functional [18]. Figure 1(a) shows a 3 X 3 supercell structure of MoS, monolayer.
Our model consists of a single Os atom embedded into a monosulfur vacancy in 3 X 3 MoS,,
as schematically illustrated in Figure 1(b), which is energetically favorable [12]. Such an
intrinsic defect of a sulfur vacancy occurs quite often during the sample growth [19, 20]. A
vacuum no less than 154 is used to separate the periodic slabs along the z axis. Energy cutoff
of 500 eV, 11x 11 x 11 k-point mesh, and relaxation force criterion of 1072 eV=A were
adopted for the structure optimization. MA energy (MAE) is obtained based on the total
energy difference when the magnetization directions are in the xy plane (E!l) and along the
z axis (EY), MAE = E!l — E1. We imposed a denser k-point mesh of 21x 21 X 1 in
noncollinear calculations, which is sufficient to obtain well converged MAE. The spin-orbit
coupling (SOC) term is included in a second-variational way employing scalar relativistic
calculations of the valence state [21].

3. RESULTS AND DISCUSSION

As often occurs in 2D structures, a significant amount of biaxial strain up to 2.5% is
tolerated in TMD monolayer, due to the lattice mismatch with an underlying substrate [22—
24]. We first investigate the effect of the biaxial strain on the zero-field intrinsic orbital
magnetic moment (o) and MAE of the Os 5d orbitals on MoS; in Figures 1(c) and 1(d),
respectively. Both the compressive and tensile strains (7)) up to +4% are imposed into the 2D

lattice of MoS,, where 7 =@X 100%, and aj and a, are the variable and
0

equilibrium lattice constants, respectively. The optimized lattice constant of the pristine MoS,
monolayer is 3.184, which in an experiment is 3.15A [25]. The lattice constant remains

unchanged upon the S-site Os adsorption. While p, projected on the xy plane (u!)l) does
not alter much under strain, the strain has dramatic effect on u, along the z axis (up)
(Figure 1(c)). Here, we recall that MAE of the Os adatom on MoS, at zero strain is 102
meV/Os [12]. Positive MAE stands for the preferable direction of magnetization normal to
MoS; plane, i.e., PMA. This large PMA is associated with the strong bipyramidal crystal field
effects in the low-spin state (LS) complex, through the strong band overlaps between the Os
5d and Mo 4d orbitals [12]. Practically, the atomic-scale PMA up to 60 meV/atom have
been already achieved in individual 3d Co, Fe, and Mn atoms [8—11]. These experiments
support our prediction of practical 5d-based PMA at the atom length scale. We further find
from Figure 1(d) that the strain has a large impact on PMA, where MAE increases up to 140
meV/Os at n = —4% (compressive strain) and decreases to 32 meV/Os at n = 4% (tensile
strain). This is consistent with the orbital moment trend indicated in Figure 1(c), obeying the
Bruno rule.

Bader charge analyses indicate that the Os 5d® orbitals accumulate an extra charge of
0.3e from its surrounding Mo atoms as Os has larger electronegativity (2.20) than Mo (2.16).
The captured electrons occupy the high-lying a; and e’ levels, leading to unpaired
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electrons in the LS state. From S = 1/2, one can formulate the effective magnetic moment
(tefr) of 1.73up in the LS complex, according to the spin-only formula pesr = /n(n + 2)ug,
where n is the number of unpaired electrons. This spin-only magnetic moment is almost
reproduced in our self-consistent calculations (1.59 ugp). Furthermore, the spin magnetic
moment (i) decreases from 1.64up at n = —4% to 1.45up at n = 4%. As the Os-Mo
interlayer distance (d) decreases from 1.92 A (at n = —4%)to 1.64 A (at n = 4%), the Os
adatom further gains a more charge of 0.2e at n = 4% compared with n = —4%. This
charge transfer occurs mainly in the minority-spin state, which in turn reduces pg under
compressive—tensile strain.
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FIGURE 1. (a) Top view of a 3 X 3 supercell structure of MoS, monolayer. The larger black
and smaller yellow spheres represent the Mo and S atoms, respectively. (b) Schematic
diagram representing a monosulfur vacancy in which the Os adatom is embedded. (c) Orbital
magnetic moments [y, along the z axis and on the xy plane, and (d) magnetic anisotropy
energy MAE of the Os adatom on MoS; with a monosulfur vacancy for different strains 1.

In addition to the strain effect, we now explore the effect of an external electric field on the
intrinsic magnetism. We show in Figures 2(a) and 2(b) the voltage dependence of the strain
controlled ug; and MAE of the Os adatom on MoS, respectively. The external electric field
Eext is oriented normal to the planar sheet, where the upward direction pointing toward the
Os-free sulfur plane represents the positive field. The dipole correction was taken into account
to eliminate an artificial field across the unit cell imposed by the periodic boundary condition.

Here, the effective electric field is defined as Eeff = %, where &t is the out-of-plane

component of the dielectric tensor of MoS,. We find that £ values of the pristine MoS,
monolayer with n =-4, -2, 0, 2, and 4% are 3.76, 3.60, 3.48, 3.35, and 3.25, respectively.
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FIGURE 2. (a) Spin magnetic moment ; and (b) magnetic anisotropy energy MAE of the Os

adatom on MoS, a monosulfur vacancy as function of the effective electric field E off for
different strains 7.

Both pg and MAE decrease as Eq¢ reverses from negative to positive, in a similar trend
with ug (not shown). In particular, the voltage-controlled u; and MAE are more depressed
by the tensile strain than the compressive strain. At 1 = 4%, the negative—positive field
enhances the charge of the Os-5d orbitals from 6.35 e (at Eeq = —0.23V/A) to 6.51 e
(at Eogr = —0.23V /A). This extra charge is accumlated mainly in the minorityspin al state,
as discussed in the following paragraph, which reduces the spin moment. Interestingly, at
n = 4%, PMA undergoes a transition to an in-plane magnetization when Eqg = —0.15V /A.
Such electric control of magnetization reorientation of the atomic-scale PMA is exceptionally
uncommon, which, if ever realized, holds promise for future applications in magnetoelectric
memories.

Results from calculations on strain effect on magnetism of MoS,, WS,, MoSe, and
WSe, with Os adatom is presented in Tables 1 to 4. Here, ground state energy, lattice
parameters, magnetic momentum and ... n =-4,-2,0, 2, and 4% are found, respectively.

TABLE 1. MoS;: Strain effect on magnetism

System Strain, 7n
MOgS17OSl -4 -2 0 2 4
Eo (eV) -195.9 -196.9 -197.2 -196.9 -196.2
Hs (eV/atom) -0.17 -0.18 -0.19 -0.2 -0.21
aand b (A) 9.16 9.35 9.54 9.73 9.92
MM - total (uB) 1.807 1.798 1.779 1.763 1.731
Ku (meV) 138.51 128.86 103.36 70.01 36.07
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TABLE 2. MoSe;: Strain effect on magnetism

System Strain, 7n
MOgSenOSl -4 -2 0 2 4
Eo (eV) -180.5 -181.3 -181.6 -181.3 -180.6
Hr (eV/atom) -0.18 -0.19 -0.20 -0.21 -0.22
aand b (A) 9.55 9.75 9.94 10.14 10.34
MM - total (iB) 1.82 1.79 1.78 1.78 1.77
Ku (meV) 73.1 -57.0 -52.0 -44.7 -32.5
TABLE 3. WS;: Strain effect on magnetism
System Strain, 7
WsS170s; -4 -2 0 2 4
Eo (eV) -213.1 -214.1 -214.4 -214.1 -213.3
Hr (eV/atom) -0.14 -0.15 -0.16 -0.17 -0.18
aand b (A) 9.17 9.36 9.55 9.74 9.93
MM - total (iB) 1.797 1.776 1.754 1.732 1.723
Ku (meV) 121.48 110.86 80.08 38.45 -12.05
TABLE 3. WSe»: Strain effect on magnetism
System Strain, 7
WsSe;70s; -4 -2 0 2 4
Eo (eV) -195.8 -196.7 -197.0 -196.7 -195.9
Hr (eV/atom) -0.19 -0.20 -0.21 -0.22 -0.23
aand b (A) 9.55 9.75 9.95 10.15 10.35
MM - total (pB) 1.79 1.75 1.74 1.74 1.73
Ku (meV) 35.7 -45.8 -42.8 -35.2 -26.0

4. CONCLUSIONS

In conclusion, using first-principles density functional calculations, we have
demonstrated an extremely large PMA. More importantly, such a giant PMA has been further
predicted to reverse into in-plane magnetization by tuning the voltage and strain effects. The
present results provide a viable route to achieving atomic-scale magnetic anisotropy and its
magnetization reversal by exploiting the voltage and strain engineering in 2D structures,
opening interesting prospects in two-dimensional magnetoelectric spintronics.
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