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To date the realization of magnetoresistive RAM (MRAM) and magnetoelectric RAM (MeRAM) devices re-
lies primarily on ultrathin ferromagnetic-based (FeCoB/MgO) magnetic tunnel junctions. On the other hand, the
Heusler family of intermetallics is considered very promising for spintronic applications. Nevertheless, the volt-
age controlled magnetic anisotropy (VCMA) in ultrathin Heusler-based magnetic-tunnel junction stacks remains
unexplored. Here, using the ferrimagnetic Heusler Mn3Ga as a prototype system, we report ab initio calculations
of the electric field modulation of magnetism in the Ir/Mn3 Ga/MgO heterostructure. The trilayer structures with
one/three monolayers Ir cap and Mn-Mn termination exhibit large perpendicular magnetic anisotropy (PMA)
in contrast to these with Mn-Ga termination which yield in-plane magnetization orientation. We predict giant
VCMA coefficients whose magnitude and sign depend on both the interface termination and the Ir cap thickness.
The underlying atomistic mechanism lies on the electric-field-induced shifts of the spin-orbit coupling energies
of the spin-polarized Ir/d-orbitals with different orbital angular momentum symmetries. Our work paves the
way for exploiting the unique magnetic properties of ferrimagnetic Heusler compounds for the next generation

MeRAM devices.

PACS numbers: 75.30.Gw, 75.70.Rf, 75.85.+t, 75.50.Gg

The engineering of perpendicular magnetic tunnel junctions
(p-MT1Js) has attracted enormous interest in the development
of non-volatile, high-performance and low-power magnetore-
sistive random access memory (MRAM) devices using the
spin-transfer-torque (STT) or spin-orbit-torque (SOT) writing
schemes 2 High magnetocrystalline anisotropy (MCA) for
the MTJs is required to endow an easier operation scheme
and higher stability for the recorded data against thermal fluc-
tuations during reading? On the other hand, large MCA en-
tails higher power consumption during the writing process
where the magnetization switching by spin-polarized currents
inevitably leads to Joule heating'? Thus, one of the present
challenges in implementing STT- or SOT-MRAM lies on the
reduction of the intrinsic current density for magnetization
switching while maintaining high thermal stability for long-
term data retention.®

The voltage-controlled magnetic anisotropy (VCMA) is a
highly promising magnetization switching approach which
may enable ultra-low power, highly scalable, and non-volatile
magnetoelectric random access memory (MeRAM) 2! The
VCMA effect has been experimentally demonstrated in MgO-
based MTJs, in the form of voltage-induced ferromagnetic
resonance excitations, I coherent precessional magnetization
switching1% dynamic magnetization switching1#''4 and spin
wave excitations™>. Several different voltage-induced mech-
anisms have been proposed to elucidate the VCMA ef-
fect, including modification of the electronic structure at
the interface 192l magnetic dipole moment® and the Rashba
effect? Two major challenges for future MeRAM devices
are to achieve large perpendicular magnetic anisotropy (PMA)
>2 erg/cmz) and high VCMA efficiency, > 1,000 fJ/Vm,
which will allow higher thermal stability, low-power (< 1
fJ/bit switching energy) and fast (< Ins) low-error write
operations %3

To date the realization of STT-MRAM and MeRAM de-
vices relies primarily on ferromagnetic-based heterostruc-

tures, such as FeCoB/MgO MTIJs?42.  Unfortunately, the
PMA of ultrathin FeCo films arises from the interface between
the FM layers and the tunnel barrier and/or the heavy metal
(Ta, Hf, Ru) underlayer. The PMA in X/FeCo/MgO (X= Ta,
Hf and Ru) heterostructures’29°2% is too weak (less than 2.3
erg/cm?) to overcome thermal fluctuations when the device
has a critical dimension less than about 20 nm??. In addi-
tion, experiments in FeCo/MgO-based MTJ have reported low
VCMA efficiency values in the range from 100 to 300 fJ/Vm
depending on the capping material, such as Ta, Au and Ir50-32

Thus, there is an urgent need in searching and identify-
ing magnetic materials in which the PMA and the VCMA
efficiency is high. One of the most promising class of ma-
terials are the Heusler compounds among which (I4/mmm
space group) Mn3Ga is considered a prototype system with
promising applications in the area of spintronics 3% Its
tetragonal D0, phase is a ferrimagnet exhibiting a unique
combination of interesting properties, such as low satu-
ration magnetization>> high perpendicular uniaxial mag-
netic anisotropy"® high spin polarization,*2*° high Curie
temperature,*’ and low Gilbert damping constant*” In con-
trast, the modulation of PMA and electric field control of
magnetism in ferrimagnetic Heusler-based heterostructures
remains unexplored thus far.

In this work we investigate the effect of the electronic and
magnetic properties of the Ir/Mn3Ga/MgO trilayer structures
with different Mn3Ga terminations (as shown in Fig[I]) based
on first-principles calculations. The thin Ir overlayer was con-
sidered because it was shown to increase both the PMA and
VCMA efficiency in FeCo-based heterostructures #1+>

Density functional theory (DFT) calculations within the
projector augmented-wave (PAW) method 4 were carried out
using the Vienna ab initio simulation package (VASP)*..
We use the generalized gradient approximation (GGA) to
describe the exchange-correlation energy as parametrized
by Perdew et al*®. 1In the DOy, structure the two (001)
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FIG. 1: Schematic atomic structures of the Ir/Mn3Ga/MgO layers
with Mn-Mn (left) and Mn-Ga (right) terminations. The black arrow
shows the direction of positive electric field and the z-axis.

antiferromagnetically-coupled Mn sublattices consist of Mn;
atoms located at the Wyckoff positions 2b (0,0,1/2) [Mn;-Ga
plane] and Mny; atoms at the 4d (0,1/2,1/4) positions [Mny;-
Mny; plane]. The slab supercell for the Ir(n)/Mn3;Ga/MgO
heterostructure, shown in Figl[I] consists of n=1,3 monolay-
ers (MLs) of fcc Ir placed along [001] atop of 5 MLs Mn3Ga
and 5 MLs of rocksalt MgO underlayer. Here, the interfacial
Mn and Ga atoms are placed atop the O atoms of the MgO
surface, which are the most stable stacking configurations*”.
The in-plane lattice constant for the Ir(n)/Mn3zGa/MgO het-
erostructures is set equal to experimental value of 3.92 A for
the tetragonal Mn3Ga system. This results in a compressive
biaxial strain on the MgO of about -6.8 % and a tensile biaxial
strain of about +2.1 % on the Ir cap’. A 15 A-vacuum space
is adopted to separate the periodic films and the dipole correc-
tions are taken account along [001]. The plane-wave cutoff
energy was set to 500 eV and a 16 x 16 x 1 k mesh was used
in the Brillouin zone (BZ) sampling for the relaxation calcu-
lations. The atomic coordinates are fully optimized until the
forces acting on the ions become less than 102 eV/A, while
those for the two bottom-most MgO layers were kept frozen at
their relaxed bulk positions. As shown in Fig[T]we considered
both the Mn-Mn- and Mn-Ga-terminated interfaces. For the
MCA calculations, SOC was included with a 32 x 32 x 1 k-
point mesh. The MCA per unit interfacial area is determined
from EMCA = (E“OO] _E[OOI])/A? where E[IOO] and E[OOI] rep-
resent the total energy with in-plane and out-of-plane mag-
netization, respectively, and A is the in-plane area of the unit
cell.

Fig. 2] shows the layer-resolved spin moments for the (a)
Mnj;-Mny;- and (b) Mn;-Ga-terminated interfaces of the Ir(n
ML)/Mn3Ga(5 ML)/MgO(5 ML) heterostructure, for n=3 (or-
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FIG. 2: Layer-resolved magnetic moments for the (a) Mn;;-Mny;-
and (b) Mn;-Ga-terminated interfaces of the Ir(n ML)/Mn3Ga(5
ML)/MgO(5 ML) heterostructure, for n=3 (orange bars) and n=1
(blue bars), respectively. The dashed vertical lines denote the cor-
responding layer-resolved bulk values.

ange bars) and n=1 (blue bars), respectively. Our calculated
values of the bulk magnetic moments of -2.90 ug and 2.35
up for the Mn; and Mny; atoms, respectively, denoted by
the dashed vertical lines are in good agreement with previ-
ous DFT calculations**>", The magnetic moments of the Mn;
and Mnj; atoms in the central layer are about -3.1 and 2.3
Up, respectively. One can see that the magnetic moments of
the interfacial Mn; or Mny; atoms next to the MgO for the
Mn;-Ga or Mny;-Mny; terminations are enhanced to -3.55 Lp
and 2.79 up, respectively, compared to their bulk values due
to the O/p-Mn/d hybridization. In contrast, the two neigh-
boring Ga and O ions in the Mn;Ga/MgO interface tend to
repulse each other without any overlapping of electron lo-
calization, leading to the rough interfaces as shown in Fig.
[I] Notably, the average magnetic moments of the interfacial
Mny; atoms next to the Ir cap are dramatically reduced to the
values of 1.86 and 1.42 up for the 3ML and 1ML Ir cap, re-
spectively. The underlying mechanism for such moment re-
duction is the change of the spin-polarized projected density
of states (DOS), shown in Fig[3] (a), on the interfacial Mny;
next to Ir compared to those of the central Mn;;. More specif-
ically, there is a decrease of the occupied majority-spin Mny;-
derived DOS compared to those of the central Mny; layer
due to the significant hybridization of the Mny;-derived d,.-
and d-states with the corresponding interfacial Ir/d-derived
states. In contrast, there is small change of the minority-spin
Mny;-derived states (primarily of dy, character). These two
effects lead to the significant reduction of the Mn;; moment.
The magnetic moment of ~ 0.1 pp of the interfacial Ir atom
for the Ir(1)/Mn3Ga/MgO trilayer is much smaller than that
of 0.7 up in the Ir(1ML)/FeCo/MgO, indicating a stronger
hybridization effect in the Ir/Mn3Ga interface****. On the
other hand, the emergence of magnetism on the Ir atoms in
the Ir(3)/Mn3Ga(5)/MgO(5) heterostructures can be attributed
to the proximity effect as the freestanding 3ML Ir is nonmag-
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FIG. 3: (a) Atom-resolved spin-polarized DOS for the interfacial Mny;, central Mny;, and interfacial Ir atoms of the Mn;;-Mny;-terminated
interface of the Ir(3)/Mn3Ga(5)/MgO(5) heterostructure. (b) k-resolved MCA, MCA(K) (in erg/cmz) in the 2D BZ. Energy- and k-resolved
distributions of the d-orbital character of (c) minority-spin and (d) majority-spin bands along the symmetry directions for the interfacial Mny;
atom. Numerals in panels (b)—(d) refer to BZ k-points where the MCA is large. (e) Average layer-resolved SOC energy differences, AEgoc,

per Mn or Ir atom.

TABLE I: Values of the MCA (in erg/cmz), calculated from dif-
ferences in total energy, for the (a) Mn;-Ga- and (b) Mn;;-Mny;-
terminated interfaces of the Ir(n)/Mn3Ga(5)/MgO(5) heterostructure,
for different Ir-cap thickness (in ML). The MCA values in brackets
are calculated using the force theorem.

Ir thickness (ML) Mn;-Ga-termination Mn;;-Mny;-termination

1 -1.78 (-1.70) 24.75 (24.75)
3 -0.14 (-0.14) 2.65 (2.61)

5 -0.09 (-0.09) -0.97 (-0.96)
7 1.16 (1.17) 177 (-1.78)

netic.

Table[[ lists values of the MCA (calculated from total ener-
gies) for the (a) Mn;-Ga- and (b) Mn;;- Mny;-terminated inter-
faces of the Ir(n)/Mn3Ga(5)/MgO(5) heterostructure for dif-
ferent Ir-cap thickness (in ML). The calculations reveal that
the Mn;-Ga-terminated interface overall favors an in-plane
magnetization orientation for n < 3, while the Mn;;-Mny;-
terminated interface yields an out-of-plane orientation. Fur-
thermore, the latter heterostructure with a single Ir cap yields
a colossal PMA of 24.75 erg/cm?® which can be attributed to
the large SOC constant of the magnetic Ir overlayer, similar
to that of the Ir(1)/FeCo/MgO system*? In addition, we have
also employed the force theorem where?? MCA = ¥, MA(k)
to calculate the termination-dependent MCA. The k-resolved
MCA(K) ~ ¥peoce[€(n, k)1 — £(1, k)] in the 2D Bril-
louin zone (BZ). Here, &(n,k)!'%(%01) are the eigenvalues
of the Hamiltonian for magnetization along the [100] ([001])
direction. The MCA values calculated from the force theo-
rem, also listed in brackets in Table |I|, agree well with those

obtained from total energy calculations. Besides, it should
be noted that the MCA decreases monotonically with increas-
ing Ir cap thickness (n = 5,7) for the Mny;-Mny; termination
while it shows an opposite behavior for the Mn;-Ga termina-
tion. Since thicker Ir caps (n > 3 ML) yield MCA values < 2
erg/cm?, throughout the remaining study we focus only on the
configurations for n < 3.

The calculated k-resolved MA(k) for the Mny-Mny;-
terminated interface for the 3ML-Ir cap is shown in Fig[3] (b).
The origin of the hot k spots, 1 and 2, can be understood from
the4 5second—order perturbation theory MCA expression, given
by

, 2PIlmGPIlm’G'
McA ~ Y Yoo é,IWALmeI, ()
u ~ o

Limm' oo’ o,u
where

ALy = | (Im| L [Im) |* — | (Im| L [Im) . )

Here, 0,0’ = %1 denote the electron spin, é is a diagonal
matrix containing the SOC strength, ix(z) is the x(z) compo-
nent of the orbital angular momentum operator, and P!"° =
| (¥C|I1m) |? is the Bloch wave amplitude projected on atom
I, orbital index Im, spin index o and W (E?) is the one-
electron occupied and unoccupied spin-polarized Bloch states
(energies) of band index n and wave vector k (omitted for
simplicity). Analysis of the orbital-resolved band structures
of the interfacial Mn and Ir atoms shows that only the Mny;
atoms are primarily responsible for the hot-spots 1 and 2 in
the k-resolved MCA in Fig[3] (b), which yield the dominant
contribution to the interfacial MCA. In Fig[3] (c) and (d) we
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FIG. 4:  Magnetic anisotropy as a function of electric field in
MgO for the (a) Mn;-Ga and (b) Mny;-Mny; terminations for the
Ir(n)/Mn3Ga/MgO heterostructure with n = 1 ML (blue circles) and
n=3 ML (orange circles), respectively. Difference in total SOC
energies between the in- (||) and out-of-plane (L) magnetization
orientation, AEgpc (blue circles), and MCA energies (black cir-
cles) for the (¢) Mn;-Ga and (d) Mnj;-Mny; terminations of the
Ir(n)/Mn3Ga/MgO heterostructure with n = 1 ML, under zero and
=+ 0.19 V/nm electric field in the insulator. Bar graphs represent the
atom-resolved, AEgoc, for the two nonequivalent interfacial Ir atoms.

show the energy- and k-resolved distribution of the minority-
and majority-spin bands, respectively, of the interfacial Mnj;-
derived dyy, dy;, and d»_» states along the high symme-
try directions of the 2D BZ. The maximum of MCA(k) at

point 1 (around 5@) in Fig (b) arises from the SOC be-
tween the minority-spin interfacial Mnj;-derived occupied dy
states with the unoccupied d,»_» states through the out-of-
plane L, operator. The large positive MCA at point 2 (around
3TM) in Fig (b) arises from the SOC of <dxy|£z\dxzfyz> of
the majority-spin states of interfacial Mny;. In contrast, the
negative MCA around %ﬁ is mainly derived from the SOC
between minority-spin (majority-spin) occupied dy, (dy;) and
unoccupied d,; (dy,) through the in-plane orbital angular mo-
mentum, L. The vanishing MCA(kH) around M in Fig (b)is
due to the absence of interfacial Mnj;-derived states near the
Fermi level.

We have also calculated the atom-resolved SOC energy dif-
ference, AEsoc = (ELL‘OC - ESLOC) /2, for the Mny;-Mny; ter-
minated Ir(3)/Mn3Ga(5)/MgO(5) heterostructure. Here, E ﬁoc
and Egp,- are the SOC energies with in-plane (||) and out-of-

plane (L) magnetization orientation, given by

Esoc =

"R, ®)

2m2c2 \r dr

where V(r) is the spherical part of the effective potential
within the PAW sphere. Fig[3[e) shows the average layer-
resolved AEgpc per Mn or Ir atom. Note that the MCA #
AEsoc is due to the failure of perturbation theory for the Ir
atoms which have large SOC constant (= 0.45 eV)*. How-
ever, one can see that the average AEgoc of 0.35 erg/cm2 per
Mn atom for the central Mn;;-Mny; layer is close to the cor-
responding bulk value of ~ 0.41 erg/cm?. This suggests that
the AEgoc energies of the bottom three Mn3Ga layers away
from the Ir cap do follow the perturbative treatment in SOC.
Since the MCA of the bottom three Mn3Ga layers is about
1.2 erg/cmz, the corrected AEgoc for the interfacial Mn3Ga/lr
layers would be about 1.45 erg/cm?, yielding a total MCA
of 2.65 erg/cm®. These results demonstrate that both inter-
face contributions to the MCA are equally important for thin
Mn;Ga films.

Fig ] shows the variation of the MCA as a function of the
electric field in MgO for the (a) Mn;-Ga- and (b) Mnj;- Mny;
terminated interfaces of the Ir(n)/Mn3Ga(5)/MgO(5) het-
erostructure for both the 1 ML and 3 ML Ir cap, respectively.
In the linear regime, the VCMA=AMCA)=Epca(Eecxt)-
Epca(0)=BE;=BE.y /€., where 3 is the VCMA efficiency,
E; is the electric field inside the insulator, and £ 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?¥2l, The results reveal that both the interface termi-
nation and the thickness of the iridium cap have a dramatic ef-
fect on the magnitude and sign of the VCMA efficiency. For
the Mn;-Ga termination 8 changes from +5038 fJ/Vm to -
1080 fJ/Vm for the 1 ML and 3 ML Ir cap, respectively, while
for the Mny;-Mny; termination 8 changes from -11892 fJ/Vm
to -763 fJ/Vm for the 1 ML and 3 ML Ir cap, respectively.
These VCMA values are about a factor of 3 to 20 higher com-
pared to the range of about 20-300 fJ/(Vm) of most exper-
imentally reported values for the FeCo-based MTJs 22! In
addition, we find that the VCMA efficiency of the heterostruc-
ture with SML Ir cap reduces further to 446 (916) fJ/Vm for
the Mn;;-Mny; (Mn;-Ga) termination.

In order to understand the microscopic origin of the giant
VCMA efficiency of the 1 ML Ir cap, we show in Fig[] the
electric field variation of the difference in SOC energy for the
(c) Mn;-Ga- and (d) Mnj;-Mny;- terminated interfaces, respec-
tively, for the Ir(1)/Mn3Ga(5)/MgO(5) system. For compari-
son, we also show the electric field dependence of the MCA
calculated from difference of total energies (blue circles). One
can see that AEgoc < MCA and dAEsoc/dE; = dMCA/dE; =
B. We also display the atom-resolved AEgspc of the two in-
terfacial Ir atoms (Ir; and Ir;) on the same layer. The dif-
ferent contributions of interfacial Ir; and Ir, to the AEgoc
arise from their asymmetric nature when the magnetization
is in-plane. For both types of interface terminations the Ir-
resolved AEsoc yields the dominant contribution to the total
AEsoc, due to the larger SOC of the Ir atom (§ ~ 451 meV)
compared to that of Mn (€ ~ 42 meV).
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FIG. 5: E-field-induced change of SOC energies, Osoc =
AESOC(EI) — AESOC(EI = 0), for (a) MnI—Ga— and (b) Ml’l[[—MIl[[
terminations, respectively. We also show the dominant Ir-d-orbital-
projected (dfz |ix|djz) and (d;z|ﬁz\d;z> contributions to § Egoc for the
two terminations, respectively. The spin-projected DOS of d,, dy,
and d); orbitals for Ir in the heterostructures with the (¢c) Mn;-Ga and
(d) Mny;-Mny; terminations. The E;>0 (E;<0) denotes the applied
E-field of +0.19 (-0.19) V/nm in the insulator.

Furthermore, we find a sign reversal of the VCMA ef-
ficiency from the Mn;-Ga- to the Mn;-Mny; termination.
In order to understand its origin we have calculated the
the Ir-5d orbital-projected contributions to AEsoc. In Figly]
we show the E-field-induced change of AEsoc, Osoc =
AEsoc(Er) — AEsoc(Er = 0), under +0.19 V/nm (red cir-
cles) and -0.19 V/nm (blue circles) for the (a) Mn;-Ga-
and (b) Mnj;-Mnj;-terminated interfaces, respectively, of the
Ir(1)/Mn3Ga(5)/MgO(5) heterostructure. For the Mn;-Ga ter-
mination we find that the E-field-induced change of SOC en-
ergies arises from the SOC of the diz- and d)ivz-derived states
of interfacial Ir; (as shown in Fig{5(a)) via the in-plane or-
bital angular momentum operator, L,. The (djz |ﬁx|d}¢wz> in

turn increases (decreases) under positive (negative) electric
field. In sharp contrast, the Mn;;-Mny; termination renders
the (diz|iz|d;2> dominant which in turn decreases (increases)
under negative (positive) E-field.

In addition the electric field has a significant effect pri-
marily on the djz and dyiz-derived Ir; projected density of
states (PDOS), shown in Fig. [§] (c) and (d) for the Mn;-
Ga- and Mnj;;-Mny; terminations, respectively, of the Ir(1
ML)/Mn3Ga(5)/MgO(5) heterostructure. For the Mn;-Ga ter-
mination the Ir—djz— and Ir—d)ivz—derived DOS shift downward in
energy with increasing electric field, leading to the reduction
of the number of occupied d» and unoccupied d,, states near
the Fermi level. Consequently, the dominant contribution of
the in-plane orbital angular momentum, (dzl2|I:x|dy¢.Z>, in Eq.
(2) decreases leading to an increase of the MCA. In contrast,
for the Mn;;-Mny; termination the Ir-a@Z occupied DOS shift
downward in energy with increasing electric field leading to a
decrease of the out-of-plane orbital angular momentum matrix
element, (d}, \iz|djyz> , and hence a negative VCMA coefficient.

In summary, ab initio electronic structure calculations have
been employed to investigate the electric field modulation
of magnetism of ultrathin heterostructures based on the fer-
rimagnetic Mn3Ga compound. The Ir cap induces large
PMA for the Mn-Mn interface termination which, however,
changes to in-plane magnetization orientation for the Mn-Ga-
terminated interface. In addition to the termination type, the
number of Ir layers also shows significant effect on the MCA
values of the trilayer structures, leading to the spin reorien-
tation. We predict record-high VCMA coefficients exceeding
the required 1000 fJ/(Vm) threshold, whose magnitude and
sign depends dramatically on the interface layer termination
and Ir cap thickness. We have elucidated that the atomistic
mechanism is the electric-field-induced shifts of SOC ener-
gies of the Ir/d-orbitals with different orbital angular momen-
tum symmetries. We hope that these predictions will rekindle
experimental interest in the search for Heusler ferrimagnets
for the next-generation of non-volatile and ultralow power
MeRAM devices.
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