PHYSICAL REVIEW APPLIED 12, 044075 (2019)

Voltage-Controlled Magnetic Anisotropy in Heterostructures with Atomically
Thin Heavy Metals

Sohee Kwon,'* Qilong Sun,' Farzad Mahfouzi,' Kang L. Wang,? Pedram Khalili Amiri,? and
Nicholas Kioussis!>f

1Departmem‘ of Physics and Astronomy, California State University, Northridge, California 91330-8268, USA
2Department of Electrical and Computer Engineering, University of California, Los Angeles, Los Angeles,
California 90095-1594, USA

*Electrical Engineering and Computer Science, Northwestern University, Evanston, Illinois 60208-3109, USA
® (Received 31 May 2019; revised manuscript received 6 September 2019; published 31 October 2019)

The demand for higher-density, higher-speed, and more energy-efficient magnetoelectric RAM
(MeRAM) requires the search of promising materials and magnetic-tunnel-junction stacks with voltage-
controlled magnetic anisotropy (VCMA) efficiency greater than the 1000 fJ/(Vm). Using first-principles
electronic structure calculations, we propose a double-barrier ferromagnetic heterostructure with an atom-
ically thin late transition metal X (Rh, Ir, Pt), which exhibits both giant perpendicular magnetic anisotropy
(PMA) and VCMA efficiency, where the former (latter) is 1 (1 to 2) order of magnitude higher than the
values reported to date. We demonstrate that the dominant contribution to both the PMA and VCMA arises
from the late heavy metal X due to the large biaxial tensile strain-induced magnetism in X . Furthermore,
we predict a sign reversal of the VCMA efficiency from the Ir- to the Pt-monolayer cap. We elucidate that
the underlying mechanism is the electric-field-induced energy shift of the spin-polarized d_»-derived pro-
jected states on the X layer. These findings provide useful guiding rules in exploiting the large spin-orbit
coupling and biaxial tensile strain-induced magnetism in the late Sd-transition metals for the design of the
next generation of ultra-low energy MeRAM devices.
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I. INTRODUCTION

Magnetic RAM (MRAM) devices based on current-
induced switching schemes, such as spin-transfer torque
(STT) or spin-orbit torque (SOT), are promising candi-
dates for faster and more energy-efficient memory units
in the next-generation integrated electronic systems [1—4].
Despite the successful achievement of nonvolatile mem-
ory, one of the key challenges for MRAM s is the require-
ment of large dynamic switching energy and high current
densities, which in turn results in Joule heating [5]. On
the other hand, magnetoelectric RAM (MeRAM) using the
voltage-controlled magnetic anisotropy (VCMA) mecha-
nism has attracted considerable attention recently as an
alternative route to control and manipulate the magneti-
zation in low-power and fast-switching magnetic tunnel
junctions (MTJs) [6]. MeRAM provides similar density as
dynamic RAM (DRAM) and lower switching energy per
bit (approximately 1-6 fJ) than STT RAM. In addition,
MeRAM has the fastest speed (approximately 1-5 ns) to
write and read information among all RAM technologies
[7-9].
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The electric-field-induced change of the magnetocrys-
talline anisotropy (MCA) energy of a MTJ stack
(in the linear-bias regime) is A(MCA) = Evica(Eexr) —
Enea(0) = BE; = BEx/€.. Here, E; is electric field in
the insulator, 8 is the VCMA coefficient, and ¢, is the
out-of-plane component of the relative dielectric constant
tensor of the insulator, which depends on the strain and the
type of insulator [10,11]. MeRAM devices with switch-
ing energies down to 6 fJ/bit and subnanosecond switching
speeds have been demonstrated experimentally [7,12]. A
wide range of values for both the MCA (0.5-2.3 erg/cm?)
[13—17] and VCMA efficiency (201000 fJ/Vm) [13,18—
20] has been experimentally reported. These depend on
various factors, such as the seed or cap material adja-
cent to the ferromagnet-barrier stack, doping layers at
the ferromagnet-barrier interface, insertion layers in the
ferromagnet-free layer, epitaxial or sputter growth, etc.
(see Fig. 4 in Ref. [13]). On the theoretical side, two dif-
ferent underlying mechanisms have been proposed. The
first one is the voltage-induced modification of the elec-
tron occupancy of d orbitals of different symmetries at
the interfacial magnetic layer, which in turn yield differ-
ent contributions to the MCA [21-23]. The second one
is the voltage-induced shifts of pairs of occupied and
unoccupied d-derived bands of interfacial magnetic layers
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with different symmetries, which are coupled via the out-of
or in-plane components of the orbital angular-momentum

operator L [10,11,24-26].

The demand for higher-density, higher-speed, and
lower-energy MeRAM faces two grand challenges [13,27].
The first one, the so-called “1000 challenge,” requires
a VCMA efficiency >1000 fJ/(Vm). The second one
requires a perpendicular magnetic anisotropy (PMA)
higher than 2 erg/cm?. The VCMA coefficient is inversely
proportional to the cross-sectional area of the MTJ and the
higher its value, the lower the voltage and energy needed
to switch the magnetic state. Thus, there is an urgent need
to search and identify new materials and MT1J architectures
that have higher PMA and VCMA efficiencies.

Using ab initio electronic structure calculations, we pre-
dict that double-barrier MgO/X /FeCo/MgO heterostruc-
ture with an atomically thin insertion X = Ir, Pt, Rh layer
between the FeCo and MgO exhibits both giant PMA
and VCMA efficiency values where the former (latter)
is 1 (1 to 2) order of magnitude higher than the values
reported to date. The underlying atomic mechanism lies on
the synergy of three crucial effects: (1) the emergence of
magnetism on the X layer is mainly due to the biaxial ten-
sile strain (in addition to the proximity-induced magnetic
effect), which occurs in the late-transition heavy metals;
(2) the large spin-orbit coupling (SOC) of the heavy metal
X (approximately equal to 0.5 eV), which provide the most
dominant (approximately equal to 90%) contribution to the
total PMA; and (3) the electric field in the MgO next to
the ferromagnetic heavy metal provides a giant modulation
of the PMA of X resulting in record-high VCMA values
[17 000 fJ/(Vm)].

II. METHODOLOGY

The first-principles electronic structure calculations are
carried out within the projector augmented-wave method
[28], as implemented in the Vienna ab initio simulation
package (VASP) [29]. The generalized gradient approxima-
tion is used to describe the exchange-correlation functional
as parametrized by Perdew, Burke, and Ernzerhof (PBE)
[30]. The slab supercell for the MgO/X /FeCo/MgO (001)
junction along [001], shown in Fig. 2(d), consists of a
single monolayer (ML) of fcc X on top of three MLs of
B2-type FeCo sandwiched between two five MLs of rock-
salt MgO films and a 15-A-thick vacuum region. The O
atoms at the FeCo/MgO interface are placed atop the Fe
atoms, which is the most stable configuration [22,24,25].
We denote with Fe; and Fe, the atoms at the Fe/MgO
and Fe/X interfaces, respectively. The in-plane lattice con-
stant is set equal to the theoretical lattice constant of
bulk FeCo of 2.84 A and the relative dielectric constant
of MgO for this lattice constant (MgO is under a biax-
ial compressive strain of approximately equal to —4%)
is €1 /&g = 27 [10]. We use an energy cutoff of 500 eV

and a 16 x 16 x 1 k-point mesh to relax the z components
of the atomic coordinates for each electric field until the
largest force becomes less 5 x 1073 ¢V/A and the change
in the total energy between two ionic relaxation steps is
smaller than 10~% eV. The dipole corrections are taken into
account along the [001] direction. The SOC of the valence
electrons is in turn included using the second-variation
method [31] employing the scalar-relativistic eigenfunc-
tions of the valence states and a 32 x 32 x 1 k-point mesh.
The MCA per unit interfacial area, 4, is determined from
(E[IOO] _E[OOI])/Aa where E[l()()] and E[001] are the total
energies with magnetization along the [100] and [001]
directions, respectively.

ITI. RESULTS AND DISCUSSION

A ubiquitous and crucial feature of the heavy metal
(HM)-ferromagnet (FM) interface is the epitaxial strain,
which can have a dramatic effect on the emergence of
magnetism on the HM, which, however, is not associated
with the well-known proximity effect (induced magnetic
moment on the HM via the proximity of the FM). More
specifically, on going from the early (Ta, W) to late (Ir, Pt,
Au) transition metals across the 5d series there is a change
of stable crystal structure from bce to hep to fcc. More
importantly, the early (late) thin HM films are under giant
(few %) biaxial compressive (tensile) strain relative to the
FeCo, which can in turn modulate the magnetic properties
of the HM.

In order to study the effect of strain we carry out total-
energy calculations of homogenous magnetic spin spirals
for a freestanding X (X = Pt,Rh, and Ir) monolayer using
the generalized Bloch theorem within the scalar-relativistic
approach [32]. For the range of strain (+£6%) we find that
the total energy, £(q), of planar spiral (q is the wave-vector
propagation of the spin spiral) is minimum for q = 0, indi-
cating that the ground state is ferromagnetic. This result
is in agreement with previous electronic structure calcula-
tions [33,34]. The variation of the magnetic moment per
atom for the freestanding FM monolayer is plotted ver-
sus the biaxial strain, n = (a — a,)/a,, in Fig. 1, where
a, is the equilibrium lattice constant of bulk X. Under a
wide range of biaxial tensile strain (vertical arrows denote
the strain imposed by the FeCo on X)) the Ir, Rh, and Pt
freestanding MLs have magnetic moments of about 1.69,
1.55, and 0.67 up, respectively. Previous ab initio calcu-
lations have also reported the emergence of magnetism
in freestanding late Sd-transition metal monolayers [33]
and late 5d/X (001) (X = Ag, Au) bilayers [34]. However,
these calculations did not investigate the effect of strain
and/or electric field on magnetism. The underlying origin
of the emergence of magnetism lies on (i) the increase
of localization of the d-wave functions and the concomi-
tant narrowing of the 54 bandwidth moving to the late
transition metals, and (ii) the raise of the local density
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FIG. 1. Magnetic moment per atom of freestanding X, (X =
Ir, Pt, and Rh) monolayer (closed squares, triangles, and circles
for Ir, Pt, and Rh, respectively) versus biaxial strain on X,
n = (a — a,)/a,, where a, is the equilibrium lattice constant of
bulk X. The open squares, triangles, and circles denote the mag-
netic moments of the X monolayer in the MgO/X /FeCo/MgO
heterostructure under the biaxial tensile strain (indicated by the
vertical arrows) imparted by the FeCo on the atomically thin X
layer.

of states (DOS) of the antibonding states associated with
the two-dimensional band structure [34]. Note that the X
atom moments in the MgO/X /FeCo/MgO heterostructure
(open symbols) are reduced by about a factor of 2 com-
pared to the values in the freestanding ML under the same
tensile strain due to the hybridization of the X /5d—Fe/3d
orbitals [33].

Having established the emergence of strain-induced
magnetism in the atomically thin X layer we next inves-
tigate its role on both the PMA and VCMA in the
MgO(5)/X (1)/FeCo(3)/MgO(5) heterostructure, which can
be grown experimentally using atomic-layer-deposition
(ALD) or pulsed-layer-deposition (PLD) techniques [35].
Figure 2 shows the variation of the MCA energy as a
function of electric field in the insulator for (a) Ir, (b)
Pt, and (c) Rh, respectively. First, we find very large
zero-field PMA values of 14.7, 4.8, and 3.9 erg/cm? for
Ir, Pt, and Rh, respectively, compared to the range of
0.7-2.2 erg/cm? values often reported in experiments [13]
for different HM caps and growth conditions. Second, and
more importantly, we predict giant VCMA coefficients,
|B], of 17000, 5886, and 313 fJ/(Vm) for Ir, Pt, and
Rh, respectively, compared to the range of about 20400
fJ/(Vm) of most experimentally reported values [13]. A
significant enhancement of VCMA efficiency was also
experimentally observed in Ir-doped FM-insulator MTlJs
[36]. However, our results suggest that epitaxial insertion
of the heavy-metal atomic layers at the Fe/MgO might
enhance the VCMA even further. This is in agreement
with the previous theoretical prediction of large VCMA
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FIG. 2. Magnetic anisotropy of the  proposed

MgO(5)/X (1)/FeCo(3)/MgO(5) (001) stack architecture as
a function of electric field in MgO for X = (a) Ir, (b) Pt, and (c)
Rh, where the numbers in the parentheses denote the number
of MLs. (d) Schematic atomic structure where the Fe; and Fe,
denote iron atoms adjacent to the MgO and X layer, respectively.
The arrow along [001] indicates the positive direction of the
external electric field.

for Au/Fe/X/MgO heterostructure [25], where an in-plane
MCA was observed in contrast to the large PMA pre-
dicted in our double barrier heterostructure. Third, there
is a sign reversal of the VCMA efficiency from Ir to Pt.
These results invite several intriguing questions on the ori-
gin in the electronic structure of the enhancement of both
the PMA and VCMA efficiency including the sign reversal
of B from Ir to Pt.

In order to understand the underlying mechanism of
both the PMA and VCMA behavior, we calculate the
difference in SOC energies between the in- (||) and out-of-
plane (1) magnetization orientation, AEsoc = (EgOC —
E3oc)/2, where

Fe— h? ldVi §
SOC = om2e2 \r dr
= > é&llimo|L-S|im'e’) ol o (1)

Ilmm'co’

Here,
1
Pt or = o > ' a [nk) (nk|1Imo )f (i), (2)
nk

I is the atomic index, /m are the angular-momentum
orbitals, 0,0’ is the spin index, &; is the atomic SOC
strength obtained from the spherical part of the effective
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potential, V(r), within the PAW sphere, p’ ,

mm’ (70’

, 18 the

density matrix projected on atomic orbitals, and L and S
are the orbital and spin operators, respectively.

Figure 3 shows the total AEgoc (red triangles) and MCA
energy (black circles) for zero and £0.19 V/nm electric
field in the insulator for (a) Ir, (b) Pt, and (c) Rh insertion,
respectively. We also display the layer-projected, AEgsoc,
on the interfacial Fe; and Fe, atoms adjacent to MgO and
X systems, respectively, and the X atoms. These results
reveal several points: first, the dominant contribution to the
total AEsoc for Ir and Pt arises from the X layer indepen-
dent of the electric field. Second, the E-field dependence
of the Fe-projected AEsoc is weak in sharp contrast to
the strong E-field dependence of the X -projected AEsoc,
which in turn determines the overall VCMA efficiency.
Third, even though the MCA # AEsoc for Ir and Pt lay-
ers for any field (failure of the perturbation theory due to
the strong SOC of about 0.45 and 0.49 eV for Ir and Pt,
respectively), the change of MCA or change of AEgsoc per
unit of electric field (slope) are about the same. In contrast
for Rh, which has a weaker SOC of 0.15 eV we find that
AEsoc &~ MCA (about 3% difference) [37]. Furthermore,
both the Rh and Fe; atoms yield dominant contributions to
both the PMA and VCMA for the Rh insertion. Overall,
these results clearly demonstrate that both the PMA and
VCMA efficiency in the MgO/X /FeCo/MgO stack archi-
tecture is controlled by the X layer, which is magnetic, has
large SOC, and is adjacent to the insulator (where the elec-
tric field is present), giving rise to a giant E-field-induced
change of MCA.

In order to elucidate the microscopic origin of the
dominant contribution of the Ir or Pt ML to both the
PMA and VCMA, we calculate the X /5d-orbital-projected
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FIG. 3. Difference in total SOC energies between the
in- (]|) and out-of-plane (L) magnetization orientation,
AEgsoc (red triangles), and MCA energies (black circles)
of the MgO/X /FeCo/MgO heterostructure under zero and
£0.19 V/nm electric field in the insulator for X = (a) Ir, (b) Pt,
and (c) Rh, respectively. Bar graphs represent the atom-resolved
AEsoc, for the X (light blue) atoms and the interfacial Fe;
(purple) and Fe, (dark blue) atoms adjacent to MgO and X,
respectively.
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FIG.4. (a) The (d%|Ly|d,) contributions to the E-field-induced
change of SOC energies, 550c = AESOC (El) — AESOC (E[ = 0),
for both Ir (solid bars) and Pt (hatched bars) under +0.19 V/nm
(red) and —0.19 V/nm (blue), electric field in the insulator,
respectively. We also show the total dsoc. (b) Atom (Ir or Pt)
and spin-projected density of states of d_> and d,. orbitals under
zero (shaded area), +0.19 V/nm (red curves), and —0.19 V/nm
(blue curves) E field, respectively.

contributions to the AFEgoc. For both Ir and Pt, we find
that the E-field-induced change of SOC energies originates
primarily from the SOC of the d7,- and d;’z, -derived states
of X via the in-plane orbital angular-momentum opera-
tor, L. Thus, in Fig. 4(a) we display the bar graph of the
(d% |Ly|d,) contributions to the E-field-induced change of
SOC energies, 850(; = AESOC(EI) — AESOC (EI = 0), for
both Ir and Pt under +0.19 V/nm (red) and —0.19 V/nm
(blue). It is important to note that for Ir the (dzT2 |ix|d;Z)
(spin-diagonal matrix elements) yields the dominant con-
tribution to dsoc, which in turn increases (decreases)
under positive (negative) electric field. In sharp con-
trast, the increase of band filling on going to Pt ren-
ders the (afj2 |1:x|dyTZ) dominant, which, however, increases
(decreases) under negative (positive) E field.

The sign reversal of the VCMA coefficient from Ir to
Pt can be understood from the second-order perturbation
theory expression for the MCA, given by Ref. [38]

WEIEL WS )2 — (W 1EL, S ) P

ou,c0’ 0

SDIPRIL

Limm'oo’ ou

[lma Ilm o’

ALZ mm’ > (3 )
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where

ALy = [(Im|L:|lm)? — || Ly im) . (4)
Here, 0,0’ = £1 denote the electron spin, £isa diag-
onal matrix containing the SOC strength, W7 (£9) and
W7 (E7) are the one-electron occupied and unoccupied
spin-polarized Bloch states (energies) of band index » and
wave vector k£ (omitted for simplicity) and I:x(z) is the
x(z) component of the orbital angular-momentum operator,
P™mo — (W) [Im|? is the Bloch-wave amplitude projected
on atom / (in our case X), orbital index /m, and spin
index o.

Similarly to the E-field-induced change of SOC ener-
gies, the electric field has a larger effect primarily on
the d“l) and dyTZ derived Ir (Pt) projected DOS (PDOS),
which are shown in Fig. 4(b). Under positive (negative)
E field the Ir- dT - and Pt- dj -derived DOS shift downward
in energy, leadmg to the reduction (increase) of the num-
ber of unoccupied d,» states around the Fermi energy. We
find that the electric-field-induced shift of the Ir-derived
DOS is primarily due to the electric-field-induced charge
accumulation, while the electric-field changes of atomic-
position displacements have a moderate contribution. In
contrast, there is a small effect on the dyTz—derived PDOS. In
view of the (i) dominant contribution of the (djzw)ll:xldfz)
of Ir (Pt) to the MCA and (ii) the (o00’) prefactor in
Eq. (3), the reduction of unoccupied dT(“ PDOS near
the Fermi energy under positive E field results in the
increase (decrease) of the MCA in the Ir (Pt) overlayer,
consistent with the positive (negative) VCMA coefficient
in Fig. 3.

IV. CONCLUSION

In summary, we predict that the MgO/X /FeCo/MgO
heterostructure, where X is an atomically thin /ate transi-
tion metal (Ir, Pt, Rh), exhibits both giant perpendicular
magnetic anisotropy (PMA) and VCMA efficiency. These
primarily arise from the X insertion, which has large SOC
and becomes magnetic under biaxial tensile strain. The
underlying mechanism for the ultra-high VCMA efficiency
is the SOC of the d7- and d?, -derived states of X via
the in-plane orbital angular momentum. These theoretical
findings serve as simple guiding rules for future experi-
mental design of higher-speed and more energy-efficient
magnetoelectric devices employing controlled fabrication
of ultra-thin transition metal insertions under appropriate
biaxial tensile strain growth conditions [20].
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