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Voltage-induced magnetization switching can lead to a new paradigm enabling ultralow-power
and high density instant-on nonvolatile magnetoelectric random access memory (MeRAM) de-
vices. Two major challenges for future MeRAM devices are to achieve large perpendicular magnetic
anisotropy (PMA) and high voltage-controlled magnetic anisotropy (VCMA) coefficient of heavy-
metal/ferromagnet /insulator heterostructures (HM/FM/I). Employing ab initio electronic structure
calculations we have investigated the effect of epitaxial strain and thickness of both FeCo and Ir
layers as design parameters to optimize the PMA and VCMA of Ir/FeCo/MgO. We predict that the
Ir cap layer can induce both large PMA and colossal VCMA efficiency which depend on the stain.
More importantly, we predict that a single Ir cap monolayer gives rise to a VCMA efficiency one or-
der of magnitude higher than that of thicker Ir layers. The underlying mechanism is the synergistic
effects of the emergence of Ir local moments, the large Ir spin orbit coupling (SOC), and the large
modulation of the magnetic anisotropy at the Ir/vacuum interface. These results provide useful
guiding rules in the design of the next-generation of high performance MeRAM memory devices.

PACS numbers: 75.85.+t, 73.20.-r, 75.30.Gw, 75.70.Cn

I. INTRODUCTION

In the development process of memory technologies,
memory devices have evolved progressively focusing on
their size and performance attributes. To mitigate the
disadvantages of current memory devices, there is an
urgent need in developing the next-generation of non-
volatile, high-speed, low-power consumption and high
area-density memories. In this vein, magnetic random
access memory (MRAM) has emerged as a promising
alternative to the widely used complementary metal-
oxide semiconductor (CMOS) based memory devices,
where spin transfer torque (STT)!? or spin-orbit torque
(SOT)3 ¢ mechanisms of magnetization switching have
been employed for the reading/writing of information.
Although MRAM has proven successful”, it still requires
large dynamic power for magnetization switching and
high current densities which in turn result in Joule heat-
ing.

Magnetoelectric random access memory (MeRAM) is
an emerging memory device technology which paves
the way for ultra-low power, highly-scalable, and non-
volatile spin-based RAMs.® MeRAM utilizes the so-
called voltage-controlled magnetic anisotropy (VCMA)
mechanism, where the energy barrier between the two
states of magnetization can be tuned under an ex-
ternal electric field (F.,:) applied across a heavy-
metal /ferromagnet /insulator (HM/FM/I) heterostruc-
ture. In the linear regime, the VCMA=0E| = SFE.yt/€,,
where (3 is the VCMA efficiency, Ej is the electric field in-
side the insulator, and e, is the out-of-plane component

of the relative dielectric constant tensor of the insulator
which depends on strain and the type of the insulator®1°.
MeRAM surpasses the limit of STT-RAM and the previ-
ous memory devices. For example, the switching energy
per bit of MeRAM (~1 {J) is lower than that in static
random access memory (SRAM) and STT-RAM (~100
fJ) and has a comparable write and read access speed (1-
10 ns).'112 It also provides a higher areal density similar
to DRAM, and promises a higher endurance than other
memory devices.!?

To date there are two major bottlenecks in optimiz-
ing the performance of MeRAM devices: (1) Large per-
pendicular magnetic anisotropy (PMA) (higher than 2
erg/cm?) to ensure the stability of the magnetic bit at
room temperature; and (2) High VCMA efficiency (8
> 1,000 £J/Vm) in order to replace DRAM at 7 nm
node.'*15 In recent years intense experimental®11-12:15-17
and theoretical® 191823 efforts have focused on under-
standing the possible mechanisms that govern the VCMA
and identifying materials to achieve both high PMA and
VCMA efficiency. Nevertheless, experimental works in
Ta/CoyoFesoBag/MgO1624, Au/FeCo/MgO?, and Ir-
doped Fe/MgO?® have reported overall rather limited val-
ues of PMA (< 2 erg/cm?) and VCMA (100-300 £J/Vm)
efficiency. Interestingly, recent experiments using crys-
tallographically strained CoFe layer in MgQO/FeCo/Ir
heterostructures®” have reported record-high VCMA co-
efficient exceeding 1,000 £J/(Vm).

The objective of this manuscript is to employ first prin-
ciples electronic structure calculations to investigate the
effect of epitaxial strain on the magnetic anisotropy (MA)
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FIG. 1: (a) Ir

Fe, at the Fe/MgO interface

Fe; at the Fe/Ir interface

(3)/FeCo(3)/MgO(7) slab supercell, where the integers in the parentheses refer to the number of monolayers.

Also we show the positive direction of the external electric field. (b) Strain dependence of zero-field MA where closed circles
denote the ab initio results and the curve is a quadratic fit. The horizontal line denotes the shape anisotropy energy, |K°|, of

the slab which is relatively strain independent.

(c) k-resolved MA (in erg/ecm?) in the 2D BZ for nreco=0%. Energy- and

k-resolved distributions of the d-orbital character of minority-spin bands along symmetry directions for (d) Fe; (at the Fe/MgO
interface) and (e) Fez (at the Fe/Ir interface). Numerals in (c)-(e) refer to BZ k; points (BZPn, n=1-4) where the MA has

large positive or negative contributions.

and the VCMA in Ir/FeCo/MgO heterostructures. We
predict that the Ir overlayer yields colossal electric field
modulation of the magnetic anisotropy which depends
on the epitaxial strain, the FeCo- and Ir-thickness. More
specifically, we demonstrate that the single monolayer Ir
overlayer yields giant VCMA coefficient exceeding 13,000
£J/(Vm). Detailed analyses of the spin- and the atom-
resolved decompositions of the MA elucidate the under-
lying origin of the giant electric field control of the mag-
netic anisotropy and provide design guidelines for future
experiments to optimize the VCMA efficiency.

The rest of this paper is organized as follows: Sec.
IT describes the methodology used to calculate the MA.
In Sec. IITA, we present results of the effect of strain
on the zero-field magnetic anisotropy. The effect of the
FeCo thickness on the magnetic anisotropy is discussed
in Sec. IIIB. In Sec. IIIC, we present results of the
effect of Ir thickness on the magnetic properties of the
Ir(n)/FeCo/MgO heterostructure and show that a sin-

gle Ir cap layer leads to a giant VCMA coefficient. In
Sec. IIID, we present results of the effect of strain on
the VCMA behavior and elucidate the underlying origin.
Finally, conclusions are summarized in Sec. IV.

II. COMPUTATIONAL METHODS AND
MODELS

The ab initio calculations have been carried out within
the framework of the projector augmented-wave formal-
ism?® as implemented in the Vienna Ab initio Simulation
Package (VASP)? with the Perdew-Burke-Ernzerhof
functional form of the generalized gradient approxima-
tion for the exchange-correlation interaction.?® We em-
ploy the slab supercell approach along [001] consisting of
of fcc Ir and B2-type FeCo layers of variable thicknesses
and seven monolayers (MLs) of rock-salt MgO. The pe-
riodic slabs are separated by a 15-A-thick vacuum. We



build up supercells by aligning the (110) axis of MgO
and Ir with the (100) axis of FeCo as shown in Fig. 1
(a). The FeCo/MgO interface is designed by placing the
O atoms atop the Fe atoms. Fe; and Fey denote the iron
atoms at the Fe/MgO and Fe/Ir interfaces, respectively.

The experimental values of the MgO and FeCo lat-
tice constants®! of 2.978 A and 2.850 A respectively,
result in a large tensile strain of ~4.49% on the FeCo
layer assuming that the MgO substrate is unstrained.
In order to investigate the effect of strain on the MA
of the system, we have varied ng.c, from —2%, corre-
sponding to the unstrained Ir lattice constant, to +4%,
nearly unstrained MgO lattice constant. Here, the strain
is defined as, Nreco = (Apeco — agc())/a%ogoo, where
a}OgCD = 2.8417 A is the calculated equilibrium lattice
constant of bulk FeCo. At each strain, the magnetic,
electronic degrees of freedom and atomic z positions are
fully optimized until forces acting on the ions become
less than 5 x 1073 ¢V /A and the change in the total en-
ergy between two ionic relaxation steps is smaller than
1076 eV.

Employing 16 x 16 x 1 k-grid for the relaxations and
32 x 32 x 1 k-grid for the spin-orbit-coupling (SOC) cal-
culations, the MA per unit area can be determined from
MA = (E[IOO] — E[OOl])/A7 where E[IOO] and E[OOI] are to-
tal energies with the magnetization along the [100] and
[001] directions, respectively, and A is the in-plane area
of the unit cell. We use a cut-off energy of 500 eV and
apply dipole corrections along the z-axis. For the elec-
tric field calculations, an electric field is applied along the
[001] direction and the atomic z positions, and magnetic
and electronic degrees of freedom are optimized at each
electric field.

III. RESULTS AND DISCUSSION

A. Effect of Strain on Zero-Field Magnetic
Anisotropy

Fig. 1(b) displays the variation of the zero-field MA
with biaxial strain, npeco, for the Ir(3)/FeCo(3)/MgO(7)
heterostructure, where the numbers in the parenthe-
sis denote MLs. The dashed line denotes the shape
anisotropy energy, K® = —1pu,M2t = —1.01 erg/cm?,
of the slab which is relatively strain independent. Here,
M, is the magnetic moment per unit volume and ¢ is
the thickness of the FeCo thin film. The calculated
saturation magnetization, M, = 1846 emu/cm?, is in
good agreement with the experimental value?” of 1954
emu/cm®. The effective magnetic anisotropy Keppt =
MA+ K*. The dashed curve denotes the quadratic fit to
the ab initio calculated MA values. Note that, for a wide
range of strain (-2 to +3%), the Ir(3)/FeCo(3)/MgO(7)
system exhibits large PMA (= +2 to +4 erg/cm?) which
is about twice as large as those of Ta? and Au'® capped
systems indicating that the Ir cap enhances the PMA.
Note that the system undergoes a spin reorientation tran-
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FIG. 2: Variation of the ab initio magnetic anisotropy, MA
(triagles), effective magnetic anistropy, Kesst (circles) with
the FeCo thickness, ¢, for the Ir(3)/FeCo(n)/MgO(7) het-
erostructure, where the numbers in the parentheses denote
the number of monolayers. For comparison, we also show the
experimental results (black circles)?”.

sition to an in-plane magnetization orientation at about
3.5% strain.

In order to understand the underlying mechanism of
the strain-induced MA, in Fig. 1(c) we show the k-
resolved MA, MA(k) =3 . ..[e(n, k)10 —¢(n, k)00,
in the two-dimensional (2D) Brillouin zone (BZ) calcu-
lated using the force theorem®?. Here, €(n, k)!*% repre-
sents the eigenvalues of the Hamiltonian for magnetiza-
tion along the [100] axis. Using the tetrahedron method
with Bléchl corrections®?®, the MA values calculated from
the force theorem are in very good agreement with those
obtained from total energy calculations for all strains.

Fig. 1(d) and (e) show the energy- and k-resolved
distributions of the d-orbital characters of the minority-
spin bands for the Fe; (at the Fe/MgO interface) and Feq
(at the Fe/Ir interface) atoms along the high symmetry
lines in the 2D BZ for npeco=0 %. Within second-order
perturbation theory the MA can be expressed as3*

MA~Y [(WHELL T — (WL, W) 2
~ EY — gt

UNEL W2 — [(WTEL, | W) |2
+Z|< 0|§ | u>| ‘< 0‘5 ‘ u>| , (1)

E: —E}

where U¥(E}), WI(ED), and Wi (E}) are occupied
minority-spin, occupied majority-spin, and unoccupied
minority-spin states (energies) of band index n and wave
vector k, € is a diagonal matrix whose matrix elements
are the atomic SOC constants, and L.,y is out-of (in)
plane components of the orbital angular momentum op-
erator.

At zero strain, the negative MA (k) at I' (BZP1) in
Fig. 1(c) arises from the SOC of the minority-spin occu-
pied d, (dyz) states with the unoccupied dg2_ 2 states of
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FIG. 3: (a) MA versus Ir cap thickness. (b) MA versus electric
field in insulator for the system with a single Ir ML.

both Fe; and Fey interfacial atoms in Fig. 1(d) and (e),
through the in-plane orbital angular momentum opera-
tor L,. On the other hand, the large positive MA(k)) at

BZP2 along TX arises from the SOC (zz(yz)|L. |yz(x2))
of the minority-spin states of both interfacial Fe; and
Fey atoms. Similarly, the positive MA(k)) at BZP3
along the MT direction is due to the SOC (dy2_,2 L. |zy)
and (2z(yz)|L.|yz(zz)) minority-spin Fe;-derived states,
while the positive MA at BZP4 originates from the
SOC between minority-spin Fes-derived occupied dg2_,2
states and the unoccupied d,,, states via the out-of-plane
operator L,. It is important to emphasize that in con-
trast to our previous calculations of the Ta® and Au'®
cap where only the Fe; atom at the Fe/MgO interface
was giving the dominant contribution to the MA, for the
Ir overlayer both interfacial Fe; and Fes yield similar con-
tributions.

B. Effect of FeCo Thickness on Magnetic
Anisotropy

Fig. 2 shows the variation of MA with FeCo thickness
in the Ir(3 ML) /FeCo (n ML)/MgO(5 ML) trilayer under
-2% compressive biaxial strain on the FeCo?7. Calcula-
tions employing seven MgO MLs for thinner FeCo (< 7
ML) films (also shown in Fig. 2) demonstrate that the
5 ML-thick MgO is sufficient to obtain accurate values
of MA. The MA exhibits a damped oscillatory behavior
with the FeCo thickness which eventually saturates at ~
2.8 erg/cm? for thicker FeCo. This typical oscillatory be-
havior is due to the interplay of negative and positive MA
contributions from SOC of various quantum well states
around the Fermi level, whose number and energy posi-
tions depend on the FM thickness.3%:36

Analysis of k-resolved MA shows : (i) The large MA
for 3 MLs arises from the SOC (d,_,2|L.|d,,) and
<dm(yz)|ﬁz|dyz(u)> minority-spin Fes-derived states; (ii)
For the 5 ML the unoccupied minority-spin d,2-derived
states of Feps emerge at the Fermi level which in turn

TABLE 1. Values of the layer-resolved Ir magnetic mo-
ment (in pp) for different Ir thickness (in ML) for the
Ir(n)/FeCo(3)/MgO(7) heterostructure under npcco=0% (or
areco = 2.8417 A). The Iry layer refers to the Ir atom at the
Ir/FeCo interface.

Ir thickness (ML) Wir, WTrg Wirg [iry
1 0.81 - - -
2 0.20 -0.51 - -
3 0.26 -0.07 0.03 -
4 0.27 -0.10 -0.02 0.05

couple with the occupied d,, via the in-plane angular
momentum operator, L,, yielding a negative contribu-
tion to the MA. Moreover, the energy separation between
the occupied d,2_,2 and unoccupied d, states increases,
reducing further the MA. These two effects result in a de-
crease of the PMA from 4.17 to 2.6 erg/cm?; (iii) For the
7 ML thickness of FeCo the increase of the PMA is due
to the reappearance of SOC between unoccupied dg2_,:
and occupied d,, derived-states of the interfacial Fey. In
order to compare with recent experiments?” we have also
calculated the effective MA, K.ft, as a function of the
FeCo thickness which is shown also in Fig. 2, where the
agreement is good. Note that K.fst becomes negative
for FeCo thickness beyond 1.5 nm (~10 ML), indicating
a spin reorientation from out-of to in-plane magnetiza-
tion orientation. For ¢t > 1.5 nm K, fst varies linearly
with thickness due to the fact that the MA saturates al-
most to a constant value and the shape anisotropy energy
decreases linearly with the FeCo thickness.

C. Effect of Ir Thickness on Magnetic Anisotropy

We have also investigated the effect of Ir thickness on
the magnetic properties of the Ir(n)/FeCo(3 ML)/MgO(7
ML) heterostructure under npeco=0%, where n= 1-7
MLs. The variation of the MA as a function of the
thickness of the Ir overlayer is shown in Fig. 3(a). We
find a colossal MA value of 26 erg/cm? for a single Ir
monolayer in agreement with previous calculations for
the Fe/Ir bilayer®”. The underlying origin is the spin-flip
SOC between occupied majority-spin d,.-derived states
and unoccupied of minority-spin d,2-derived states of the
interfacial Ir (Ir; in Table I) at the Ir/FeCo interface. In-
terestingly, the interfacial Ir atom (at the Ir/FeCo inter-
face) does not contribute significantly when the Ir thick-
ness larger than 1 ML. The MA shows an oscillatory be-
havior from 2 to 7 ML Ir exhibiting peaks and troughs
at odd and even numbers of Ir MLs, respectively. Anal-
ysis of the energy- and k-resolved distributions of Fe;
and Fes d-states shows that the oscillation is induced by
the SOCs between the minority-spin dg2_y2- and dg,- de-
rived states of the Fes interfacial atom which consistently
occurs and vanish at odd and even numbers of Ir MLs,
respectively.
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FIG. 4: MA as a function of electric field in MgO for the
Ir(3) /FeCo(3)/MgO(7) heterostructure under different strain
values, Nreco = —2, 0, and 2%. Insets: Schematic out-of-
plane magnetization orientation for the thin film.

Table I lists the layer-resolved magnetic moments of
the Ir overlayer for different Ir thickness for np.co, =
0%. We find a local moment of 0.81up for a single Ir(1
ML)/FeCo in agreement with previous calculations®” for
the Ir/Fe bilayer. For n >2 the interfacial Ir local mo-
ment remains constant around 0.26 pp. Note that the
local moment for a free standing Ir ML under np.c, = 0%
is about 1.65 up and decreases to about 0.5 pup at about
2.715 A(bulk lattice constant of Ir). The hybridization
of the Fe d states with those of Ir results in a reduction
of the local Ir moment from its free-standing value by a
factor of two. Thus, the emergence of the giant PMA
for the Ir(1 ML)/FeCo arises from the rather large local
Ir moment due to the tensile biaxial strain (~ +4%) the
Ir ML experiences. This is in sharp contrast to the low
interfacial local moments of Ta? and Au'® caps both of
which are under large compressive biaxial strain.

The synergistic effects of (i) the local magnetic mo-
ment of the Ir ML, (ii) the large SOC constant of Ir
(~ 0.45 eV), and (iii) the presence of E.; at the vac-
uum/Ir interface invites the intriguing question whether
the Ir monolayer cap exhibits also a giant VCMA ef-
fect. Fig. 3(b) shows the MA as a function of elec-
tric field in MgO for the Ir(1)/FeCo(3)/MgO(7) slab un-
der npeco=0. We predict a colossal VCMA coefficient,
|8] = 13,555 fJV~tm~!. Analysis of the energy- and k-
resolved distribution of d-states reveals that SOCs of the
Ir atoms give the dominant contribution to the VCMA
due to its large SOC. The increase (decrease) of the MA
under negative (positive) Ee.: is due to the increase (de-
crease) of the energy separation (denominator in Eq. (1))
between the interfacial Ir-derived occupied majority-spin
d,. states coupled with the minority-spin Ir d. states
which are coupled through L,.
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FIG. &: (a) Minority-spin  band  structure of

Ir(3) /FeCo(3)/MgO(7) for nreco = -2% under Er = 0
(dotted black curves), —0.13 V/nm (solid green curves),
and +0.33 V/nm (solid pink curves). Electric field induced
change of MA, AMA (k), (in erg/em?) in the two-dimensional
Brillouin zone under (b) E; = —0.13 and (c) +0.33 V/nm,
respectively.

D. Effect of strain on VCMA of Ir/FeCo/MgO

Fig. 4 shows the variation of the MA as a func-
tion of electric field in the MgO layer (Ey) for the
Ir(3) /FeCo(3) /MgO(7) heterostructure under different
values of biaxial strain. We have found that the rela-
tive dielectric constant, € /eg, increases exponentially
with increasing compressive strain on the insulator (i.e.,
decreasing expansive strain on the FM). The calculated
values of € /eq are 10.7, 17.0, 27.0, and 38.6 for npeco =
4, 2,0, and —2 %, respectively.?>'? The results reveal lin-
ear VCMA behavior with giant VCMA coefficients, |3
= 3,317, 1,004, and 1,102 fJV—im~! for npeco = —2,
0, and 2 %, respectively. A compressive strain of about
—2% is most likely induced in the recent experiments?”
in Ir/FeCo/MgO junctions with relatively thick Ir caps.
Overall, these values of VCMA coefficient are much
higher than those we reported for Ta- and Au-based caps.

In order to understand the VCMA behavior un-
der —2% strain (as a representative example), in Fig.
5(a) we show the shifts of the minority-spin energy
bands under electric fields E; =—0.13 V/nm (solid green
curves) and Ef=+0.33 V/nm (solid pink curves) rel-
ative to the zero-field bands (dashed black curves).
Fig. 5(b) and (c) show the field-induced MA change,
AMA (k)=MA (k,E)—MA (k,E=0) in the 2D BZ under



-0.13 and 40.33 V/nm, respectively. One of the obvi-
ous changes occurs at BZP1 (3TM ) where MA(k) re-
verses sign when E; changes from -0.13 to +0.33 V/nm.
Analysis of the atom- and orbital-resolved band struc-
ture at BZP1 shows that the only significant SOC is
between spin-minority occupied d,2_,2 and unoccupied
dyy derived states of the Fey interfacial atom coupled
through L., which in turn yields positive MA contribu-
tion. We find that under the negative (positive) field, the
energy separation between these two states is decreased
(increased) by —4 meV (+7 meV), leading to the positive
(negative) AMA(k) at BZP1.

IV. CONCLUSIONS

Employing ab initio electronic structure calculations,
we have investigated the effect of epitaxial strain, FeCo
thickness, and Ir cap thickness, as design parameters
to optimize the PMA and VCMA of Ir/FeCo/MgO het-
erostructures. We have demonstrated that the Ir-capped
systems have giant VCMA coefficients in the range of

3,317 to 1,004 fJV~'m™!, due to magnetoelectrically ac-
tive Ir/FeCo interface. The origin of the predicted giant
VCMA coefficient of 13,555 fJV—Im~! for the single Ir
ML capped system arises from the synergistic effects of
(i) the local magnetic moment of the Ir ML; (ii) the large
SOC of Ir; and (iii) the presence of Fe.; at the vacuum/Ir
interface. A single Ir monolayer cap can be realized using
atomic layer deposition or pulsed layer deposition tech-
niques. These calculations provide useful guiding rules in
the design of the next-generation Ir-based MeRAM de-
vices to achieve low energy dissipation up to two orders
of magnitude.
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