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Perpendicular magnetic tunnel junctions in the next-generation magnetic memory using current induced
magnetization switching will likely rely on a material design that can enhance the perpendicular magnetic
anisotropy of heterojunctions containing only light elements. Using first-principles calculations, we investigated
the effect of compressive and tensile strain on the perpendicular magnetic anisotropy of light element
heterostructures of Co films, Co/graphene, and Co/BN. We found that the perpendicular magnetic anisotropy
of Co/graphene is greatly enhanced compared to the Co films, while that of Co/BN is reduced compared to the
Co films. In addition, tensile strain can further enhance perpendicular magnetic anisotropy of Co/graphene and
Co/BN heterojunctions by 48.5% and 80.8%, respectively, compared to the unstrained systems. A density of
state analysis, combined with layer and orbital magnetic anisotropy contributions obtained from a second-order
perturbation theory of the spin-orbit coupling, reveals that the tensile strain effect arises from the increase of
the hybridization between same spin d,, and d,>_,» states of the surface Co film. Our results suggest that
strain engineering is an effective approach to enhance the perpendicular magnetic anisotropy of light element

heterostructures.
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I. INTRODUCTION

The perpendicular magnetic tunnel junction (p-MTJ), in
which the magnetic moments of the ferromagnetic electrodes
are aligned perpendicular to the junction layers, is the basis
for spin transfer torque magnetoresistive devices that have the
properties of high-density nonvolatile memory, high thermal
stability, and low critical current. These properties are some
of the essential requirements for the next-generation current
induced magnetization switching magnetic memory [1-4]. The
common approach for generating large perpendicular magnetic
anisotropy (PMA) for a free layer is to use heavy metal (HM)
elements or capping with a HM multilayer [5—13]. However,
adding a noble metal element increases the magnetic damping
constant due to its large spin-orbital coupling, and thus can
be detrimental to low critical switching current [14,15]. The
spin-orbital coupling strength in 3d ferromagnetic metals (FM)
and their oxides is usually 2 ~ 3 times smaller than that of HMs
or HM multilayer materials [12]. Therefore a light element p-
MT]J that can achieve PMA is more desirable. How to enhance
the PMA in light element heterojunctions is a pressing problem
for the next-generation magnetic memory.

In the past, aside from introducing noble metals in an
ordinary MT]J, other solutions such as surface charging,
applying an electric field, varying the composition of the alloy,
adding substitution atoms in the electrode, and adding small
transition metal molecules to the surface have also been used
to enhance the PMA [16-31]. The mechanism of the enhanced
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PMA by these solutions is attributed to the change of electronic
structure, especially the change of electronic states near the
Fermi level [22,24,32,33]. Recent work [34,35] reported PMA
as large as ~60 meV in single 3d transition metal Co atoms
bound to MgO, where the large PMA is associated to the
dominating axial ligand field on the O adsorption site. It is
noticed that the PMA of Co films is enhanced by graphene
due to the strong hybridization between Co and the substrate
[36-39]. Particularly, Yang et al. showed that the PMA of Co
films was doubled by graphene (Gr) coating [40]. Thus using
interfaces with other light element materials, a considerable
PMA can be obtained in 3d metals.

Strain can be an effective way to modulate the electronic
structure and it has been commonly used in the ABOj3
compounds [41-43]. Therefore strain manipulation of mag-
netic anisotropy energy (MAE) is an attractive possibility.
More importantly, it was experimentally demonstrated that
compressive strain, which is considered to modify the crystal-
field splitting, can rotate the easy axis of the magnetic
moment of CoCr,O4 epitaxial thin films, which is point-
ing to the out-of-plane direction [44]. In addition, tensile
strain can make the MAE of CoFe,O, and NiFe,O4 favor
the out-of-plane orientation [45], due to the crystal field
splitting modified by strain. Separately, strain engineering
of voltage-controlled perpendicular magnetic anisotropy in
Ta/Fe/MgO and Ta/CoFe/MgO heterostructures was proposed
in theoretical studies but without addressing its mechanism
[33,46]. The MAE of a heterostructure depends on the
electronic structure of its interfaces, the orbital moments,
and the exchange splitting strength [47-50]. Strain impacts
the MAE by changing the atomic spacing, which in turn
changes the way the atomic orbitals overlap. For this reason,
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understanding strain effects on the MAE requires a careful
analysis of orbital dependent contributions. In addition, a
detailed study of perpendicular anisotropy may provide a fea-
sible avenue for searching candidate materials for spintronics
applications.

In this paper, using first-principles calculations, we study
the effect of strain on the MAE of hcp-Co multilayers on
graphene and BN heterostructures. By analyzing the structure,
density of states, and the layer- and orbital-resolved MAE
based on the second-order perturbation theory, we investigated
the MAE and the influence of the strain on the MAE of
Co/Gr and Co/BN heterostructures and found that the MAE is
associated to the electronic structure variation, especially the
dyy and d>_ > orbitals around the Fermi level.

II. COMPUTATIONAL METHODOLOGY

A. Lattice and electronic structure

All calculations were performed within the framework of
density functional theory (DFT) implemented in the Vienna
ab initio simulation package (VASP) [51-53]. The exchange-
correlation potential was treated with the generalized gradient
approximation with the Perdew-Burke-Ernzerhof functional
[54]. The ion-electron interaction was described by the
projector-augmented plane-wave (PAW) potentials [55]. The
compressive strain may cause greater interlayer distances
leading to a van der Waals interaction between the layers,
which was treated by the vdW-DF with the OPTB88 exchange
functional method [56,57]. A 15-A vacuum region in the
direction normal to the layers was used to avoid interaction
between the periodic replicas such that the total energy was
converged to within 0.1 meV. The convergence test for the
cutoff energy shows that a 500-eV plane-wave basis set is
sufficient to converge the total energy to the required accuracy.
In all calculations, considering the accuracy and efficiency we
used a ['-centered 23 x 23 x 1 k-point grid, which makes the
MAE to converge within 0.005 meV.

Due to small lattice mismatch between Co and Gr (BN), the
in-plane lattice parameter of ¢ = 2.46 A for graphene [58] and
a =2.50 A for BN [59] was used for the lattice parameter in
unstrained Co/Gr and Co/BN heterojunctions, respectively. In
calculations for strained heterojunctions, a uniform strain was
applied to all of the layers in each heterojunction. The strain
is defined as € = (a — ap)/ag [60,61], where a and ag are the
strained and unstrained lattice constants, respectively. For each
strain, all atoms in the heterojunction were fully relaxed with
a fixed in-plane lattice constant until the force on each atom is

less than 0.001 eV A~ and the change in total energy between
two ionic relaxation steps is smaller than 10~7 eV. The side
and top views of Co/Gr heterostructures are shown in Fig. 1.
Among them, the topl configuration with the interface Co
atom (Coq) on top of C atom and the second layer Co (Co;) on
the hollow site of graphene is the most energetically favorable
configuration [62].

B. Calculation of MAE

Following past calculations of multilayer materials, the
MAE is calculated using the force theorem approach [63,64].
In this approach, a self-consistent calculation without the spin-
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FIG. 1. Top and side views of five possible configurations of a
Co(4 ML)/Gr heterostructure. Blue and brown balls represent Co and
C atoms, respectively.

orbital coupling is first performed to obtain the charge density
of the ground state of the system. Using this charge density as
input, the spin-orbital coupling is treated as a perturbation in
non-self-consistent calculations of two different magnetization
directions. The MAE is defined as the energy difference
between the out-of-plane (perpendicular to the interface)
and the in-plane directions. To remove the ambiguity about
which in-plane direction to choose, we calculated the total
energies for magnetization along five in-plane high-symmetry
directions: [100], [210], [110], [—120], and [010], and found
that the energy for all five in-plane directions is identical.
Hence, in the following study, the [100] axis is chosen to be
the in-plane direction of magnetization. The shape anisotropy
caused by dipole-dipole interactions is not included in our
spin-density-based first-principles calculations. Due to large
exchange splitting, the majority-spin d states of Co atoms in
Co(4 ML)/Gr and Co(4 ML)/BN heterostructures are almost
fully occupied. This means that the contribution to the MAE
from the SOC between unoccupied majority-spin d states
and occupied majority- or minority-spin d states can be
neglected. With this simplification, following the recipe of
second-order perturbation theory by Wang et al. [65], the MAE
is approximately equal to the sum of the following two terms:

AET" =E (x)—E " (2)

— —\2 — —\2
) [{o™ [L;|u ;I — {07 | Ly|u")| W

uw — Eo
AET" =E*"(x)— E*7(2)

—\|2 —\|2
-2y (0™ |L:|u ;I — (0" |Lx|u7)] @
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where £ is the SOC constant, + and — are majority and minority
spin states, u and o are the energy levels of the unoccupied
states and the occupied states, respectively. According to
Egs. (1) and (2), the MAE is determined by the spin-orbital ma-
trix element differences as well as their energy differences. The
matrix element differences, |(0~|L,|u~)|* — [(0™|Ly|u~)|?
and |(oF|L,lu~))> = [{(o7|Lslu~)|, in Eqs. (1) and (2) are
listed in Table I for the d orbitals. This expression allows one
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TABLE 1. The matrix element differences between two direc-
tions of the magnetization in Egs. (1) and (2) (|(o*|LZ|u*)|2 —
{0~ |LoJu™)* and [(0* | Le|u™)* = [{oT | Lolu) ).

+ —

o o
u- dxy dyz dzz dxZ dxz_yz dxy dyz dzz dxz dxz_y
dyy 0 0 0 -1 4 0 0 0 1 —4
dy, 0 0o -3 1 -1 0 0 3 -1 1
dp 0 -3 0 0 0 0 3 0 o0 0
d,, -1 1 0 0 0 1 -1 0 O 0
do_py 4 -1 0 0 0 -4 1 0 o0 0

to analyze the contribution to the MAE on an orbital by orbital
basis, allowing further insights to the understanding.

Equations (1) and (2) mean that the orbitals close to the
Fermi energy contribute the most to MAE. It also indicates
that the contributions to MAE from the same spins and from
the opposite spins between occupied and unoccupied states
have opposite signs. Positive and negative MAEs mean that
the easy magnetization axis is perpendicular and parallel to
the interface of the heterostructure, respectively.

II1I. RESULTS AND DISCUSSION
A. Structure and layer influence on the MAE

Figure 2(a) shows the values of MAE of unstrained Co
films, and Co/Gr and Co/BN heterostructures with the thick-
ness of the Co layer varying in the range of 2-8 monolayers
(ML). The results reveal that graphene greatly enhances the
MAE of Co films. The one exception is the case of 3 ML Co,
in which the second Co layer has a large in-plane anisotropy,
partially canceling the large perpendicular anisotropy from the
interface [40]. These trends are similar to previous results. The
MAE of Co/BN heterostructure is smaller than that of Co films
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except for films with 2 ML Co. The results for both systems
can be understood in terms of bonding between the Co layer
and graphene or BN as we discuss below.

Figures 2(b) and 2(c) plot the MAE as a function of tensile
and compressive strains in Co/Gr and Co/BN, respectively. In
view of the increased CPU time needed for systems containing
more atoms, we only investigated the dependence of the
MAE on the strain in Co(2-5 ML)/Gr and Co(2-5 ML)/BN
heterostructures. For both heterostructures, there is a sudden
drop of the MAE under a compressive strain between 1% and
2%, accompanied by a sudden increase in the distance (from
~2 to ~4 A) between the interface Co atom (Co;) and the
graphene or BN layers, as shown in Figs. 2(e) and 2(f). At 4 A,
there is no bonding between Co; and graphene (or BN), and
only the van der Waals interaction is present between these
two layers. Indeed, the MAEs of Co/Gr and Co/BN under the
compressive strain when the interface distance is about 4 A
are almost the same as that of Co films. This is the first piece
of evidence that bonding between Co and graphene (or BN) is
key to the increase in the MAE.

If bonding between Co and graphene or BN is important,
then one expects that tensile strain, which decreases the
interlayer distance, can also enhance the MAE of Co/Gr and
Co/BN heterostructures. This is exactly what we see in Fig. 2.
The MAE of representative Co(4 ML)/Gr and Co(4 ML)/BN
under 5% tensile strain is enhanced by 48.5% and 80.8%
compared to the unstrained systems, respectively. The layer-
resolved MAE in Fig. 3(a) shows that the contribution from
Co; in Co(4 ML)/Gr heterostructure decreases as the tensile
strain is increased, while the contribution from other Co layers
increases with the tensile strain. The difference can be traced
to the orbital energy levels that shift with the strain and the
matrix element differences in Table I as we will discuss later.

Different from Co(4 ML)/Gr, the contribution from Co;
in Co(4 ML)/BN does not dramatically change under tensile
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FIG. 2. (a) MAE of Co multilayer, Co/Gr and Co/BN as a function of Co layer number from 2 to 8 ML. (b), (¢), and (d) MAE of Co(2-5
ML)/Gr, Co(2-5 ML)/BN, and Co(2-5 ML) multilayers as a function of strain from —5% to 5%. (e) and (f) Distance between two adjacent

layers at the interface of Co/Gr and Co/BN as a function of strain.
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FIG. 3. Layer-resolved MAE of (a) Co(4 ML)/Gr, (b) Co(4
ML)/BN, (c) Co(3 ML)/Gr, and Co(3 ML)/BN under various strains
from —5% to 5%.

strain and the contribution from Co, in Co(4 ML)/BN under
tensile strain is negative, as shown in Fig. 3(b). Moreover, it
can be seen from the layer-resolved MAE in Figs. 3(a) and
3(b) that C, B, and N atoms do not contribute to the MAE
under any strains and that the interface Co (Co;) and fourth
layer Co (Coy) in Co(4 ML)/Gr and Co(4 ML)/BN contribute
the most to the MAE. Besides, the interface and outer layer
Co also contribute most to MAE in other heterostructures
(see Figs. 3(c) and 3(d) and Ref. [40]). The correlation
to the interlayer distance indicates that the key role in the
enhancement of MAE under tensile strain may be the bonding
between Co and graphene or BN.

For Co(4 ML)/BN, the calculated DOS as well as layer and
d-orbital resolved MAE show that the underlying mechanism
of MAE enhanced by tensile strain is similar to that of Co/Gr.
Figure 3 shows that the MAE of Co; in unstrained Co(4
ML)/BN is smaller than that in Co(4 ML)/Gr. Figure 6(a)
and 6(b) show that the bonding between Co; and N atom
is weaker than that between Co; and C atoms. The weaker
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bonding between Co; and N reverses the order of the energy
level of the majority d,» and d,y>_,2, orbitals compared to
that of Co; in Co/Gr.

B. Orbital resolved contributions

Figure 4 shows the d-orbital resolved MAE of Co; and Coy
in unstrained and 5% tensile strain configurations calculated
from Eqs. (1) and (2). It can be seen that the main contributions
from Co; in unstrained Co(4 ML)/Gr are due to the matrix
element differences between d,, and d,>_,> orbitals as well
as d,; and d, orbitals and both contributions are positive.
In contrast to Coj, although the contributions from Co, in
unstrained Co(4 ML)/Gr due to the matrix element differences
between d,, and d,>_ > orbitals also show large positive values,
those due to the matrix element differences between d,,; and d.
orbitals are negative, as shown in Fig. 4(c), leading to a smaller
overall contribution from Co4 than from Co;. It can be seen
from Figs. 5(a) and 5(c) that the energy difference between
dZ”; and d;‘z_ states for Co; [labeled as AT* in Fig. 5(a)]
is smaller than the corresponding energy difference for Coy
[Aj_ in Fig. 5(c)]. The reverse is true for the d;; and d;‘;

states, the energy difference [A; ™ in Fig. 5(c)] for Coy is
smaller than the energy difference [A| ™ in Fig. 5(a)] for Co;.
Therefore, for matrix elements between d,. and d, Eq. (2)
contributes the most to Co; and Eq. (1) contributes the most
to Coy. The same spin [Eq. (1)] and the opposite spin [Eq. (2)]
contributions between d,, and d.» orbitals have opposite signs
according to Table I. This explains why the matrix element
differences between d,, and d,> orbitals from Co; and Coy
offer opposite contributions. The result also means that the
MAE contribution from opposite spins also plays an important
role.

For Coy, 5% tensile strain decreases the coupling between
the atoms in the same layer, bringing the bonding and
antibonding states closer to each other in energy [see Figs. 5(a)
and 5(b)]. As a result, the energy difference between the
occupied and unoccupied d states becomes smaller. According
to Eq. (2), this causes the contribution from the corresponding
matrix element differences to the MAE to become larger

S
>
MAE (mev)

FIG. 4. d-orbital resolved MAE of Co; and Co, in unstrained Co(4 ML)/Gr and Co(4 ML)/BN as well as Co; and Co, in Co(4 ML)/Gr

and Co(4 ML)/BN under 5% tensile strain.
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FIG. 5. The density of states of Co; and Coy in unstrained Co(4 ML)/Gr and Co(4 ML)/BN as well as Co; and Co4 in Co(4 ML)/Gr and

Co(4 ML)/BN under 5% tensile strain. Red, green, and blue lines represent d,, and d,>

regardless of its sign. From the matrix element differences
in Table I, we can deduce that the energy difference coming
from same spin d,, and d,>_,> is 4, which is the largest
positive value. Therefore the MAE contribution from Coyq4
increases under a tensile strain. Similar to Coy4, the MAE of
Co, and Coj in Co(4 ML)/Gr also increases under a tensile
strain. For Coy, the energy difference between dZ”; and d;’;

as well as d?, and d” under 5% tensile strain is smaller
than those in unstralned Co(4 ML)/Gr heterostructure, and
the energy difference between opposite spin dy, and d,>_,»
becomes larger. This decreases the contribution from the
matrix element between d,; and d» by 0.029 meV, increases
the negative contribution from d,,; and d., by 0.042 meV, and
increases the contribution from d,, and d,>_,» by 0.073 meV.
Summing all three terms, a tiny decrease of MAE for Co,
occurs under 5% tensile strain. The contribution from all four
Co atoms makes the MAE of Co/Gr to increase with tensile
strain.

The energy difference between d;; and d;‘; of Co; in
Co/BN also becomes larger compared to Co/Gr. According to
Eq. (2), the matrix element difference between the above two
orbitals should make the MAE of Co; in Co/Gr smaller than
that of Co; in Co/BN [this can also be seen from Figs. 4(a) and
4(e)]. This explains why the MAE of Co; in Co/BN is smaller
than that in Co/Gr. It also shows that the orbital overlapping and
hybridization between two adjacent layers has large influence
on the MAE in multilayer structures [39,47,66].

In contrast to the small positive MAE of Co; in unstrained
Co(4 ML)/Gr, the MAE of Co; in Co(4 ML)/BN has a small
negative value. As shown in Figs. 6(c) and 6(d), there are
more electrons between Co; and Co, in Co/Gr than in Co/BN
(yellow region between Co; and Co,), which indicates that

_,2 orbitals, d,; and d, orbitals, and d» orbital.

the bonding between Co; and Co, in Co/BN is weaker than
that in Co/Gr. Similar to the different MAE of Co; in Co/BN

(@) 0g 0 () 0 g

FIG. 6. Differential charge density of (a) and (c¢) Co(4 ML)/Gr
and (b) and (d) Co(4 ML)/BN. The blue, brown, silver, and green
ball represent Co, C, N, and B, respectively. Yellow and light blue
regions represent charge accumulation and depletion, respectively.
The isosurface in (a) and (b) is 0.006 e A_3 and that in (c) and (d) is
0.008e A~
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FIG. 7. d-orbital resolved MAE of Co, in (a) unstrained Co(4
ML)/Gr and (b) Co(4 ML)/BN, the matrix element differences from
each orbital are labeled in the figure.

and Co/Gr, the weaker bonding between Co; and Co, in
Co/BN leads to a smaller MAE of Co, as compared to that
in Co/Gr (see Fig. 3). Figure 7 shows that the orbital-resolved
MAE of Co; in unstrained Co(4 ML)/Gr and Co(4 ML)/BN,
with the values of MAE from each matrix element difference
labeled in the figure. It can be seen that except for the positive
contribution from the SOC interaction between d,, and d,>_ >
orbitals, all other nonzero matrix element differences provide
negative contribution to MAE for Co, in unstrained Co(4
ML)/BN. Compared to that of Co(4 ML)/Gr, the matrix
element differences between d,, and d,, orbitals as well as
dy. and d> orbitals favor a much higher in-plane anisotropy,
which is the main reason why the MAE of Co, in Co(4 ML)/BN
is a small negative value.

As shown in Fig. 5, the weaker bonding leads to an
insensitive DOS of the d,. orbital of Co; in Co(4 ML)/BN
with respect to tensile strain, compared to that of Co; in Co(4
ML)/Gr. As a result, the contribution to the MAE of Co; in
Co(4 ML)/BN from the SOC interaction between d,, and d..
orbitals is nearly unchanged by tensile strain. Figures 4(e) and
4(f) show that the slight increase of the negative contribution
from SOC interaction between d, and d,, as well as the
positive contribution from d,, and d,>_,» under 5% tensile
strain lead to a nearly unchanged MAE of Co; in Co(4
ML)/BN.
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IV. CONCLUSION

In summary, we provide evidence through first-principles
calculations that graphene can greatly enhance the MAE of Co
films, while the MAE of Co/BN heterostructure is smaller than
that of Co films. Strain is also an effective method for tuning
the MAE. A compressive strain increases the distance between
the interface Co atom and graphene or BN, diminishing their
effect. When the interlayer distance reaches ~4 A, the MAE
of Co/Gr and Co/BN heterostructures are nearly the same
as that of a Co multilayer. On the other hand, a tensile
strain can effectively enhance the MAE of Co/Gr and Co/BN
heterostructures, up to 48.5% and 80.8% in Co(4 ML)/Gr
and Co(4 ML)/BN systems, respectively. The cause of MAE
enhancement by tensile strain is the large increase of the
positive contribution from hybridization between same spin
dyy and d,>_,> orbitals of the Co layer surface. Moreover,
we find that the contribution from matrix elements between
occupied and unoccupied states with opposite spins also
plays an important role in Co-based systems. These results
provide a promising route for exploiting materials with large
perpendicular magnetic anisotropy and low damping constant
for spintronic devices.
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