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Electric field control of 
magnetization direction across the 
antiferromagnetic to ferromagnetic 
transition
Guohui Zheng1,2, San-Huang Ke2, Maosheng Miao1, Jinwoong Kim1, R. Ramesh3 &  
Nicholas Kioussis1

Electric-field-induced magnetic switching can lead to a new paradigm of ultra-low power nonvolatile 
magnetoelectric random access memory (MeRAM). To date the realization of MeRAM relies primarily on 
ferromagnetic (FM) based heterostructures which exhibit low voltage-controlled magnetic anisotropy 
(VCMA) efficiency. On the other hand, manipulation of magnetism in antiferromagnetic (AFM) based 
nanojunctions by purely electric field means (rather than E-field induced strain) remains unexplored 
thus far. Ab initio electronic structure calculations reveal that the VCMA of ultrathin FeRh/MgO bilayers 
exhibits distinct linear or nonlinear behavior across the AFM to FM metamagnetic transition depending 
on the Fe- or Rh-interface termination. We predict that the AFM Fe-terminated phase undergoes 
an E-field magnetization switching with large VCMA efficiency and a spin reorientation across the 
metamagnetic transition. In sharp contrast, while the Rh-terminated interface exhibits large out-of-
plane (in-plane) MA in the FM (AFM) phase, its magnetization is more rigid to external E-field. These 
findings demonstrate that manipulation of the AFM Néel-order magnetization direction via purely 
E-field means can pave the way toward ultra-low energy AFM-based MeRAM devices.

Spintronics offers a promising solution1, 2 to the major challenging issues related to the scaling of Si-based com-
plementary metal-oxide-semiconductor (CMOS) technology because of the advantages of combing the spin and 
charge degrees of freedom and its ability to manipulate magnetic states in low-power-consumption ways3, 4. The 
discovery of giant magnetoresistance (GMR)5, 6 and tunnel magnetoresistance (TMR)7, 8 allowed electrical read-
out of the relative orientation of magnetic moments in spin valves or magnetic tunnel devices consisting of two 
ferromagnetic metallic layers separated by a very thin non-magnetic metal or insulator spacer. More recently, it 
has been demonstrated9, 10 that the magnetic state of a nanoscale MTJ can be switched by a spin-polarized tunnel 
current via the so-called spin-transfer torque (STT) involving the transfer of spin angular momentum between 
the noncollinear magnetization of the ferromagnetic layers11, 12. Even though the STT offers a promising new 
mechanism for the write operation of nanomagnetic memory element it inevitably involves Joule heating and 
hence has high power consumption.

Electric field induced switching of magnetism, as opposed to current-driven spin transfer torque magneti-
zation switching, can lead to a new paradigm enabling ultra-low power, highly scalable, and nonvolatile mag-
netoelectric random access memory (MeRAM)13–15. To date the realization of MeRAM relies primarily on 
ferromagnetic (FM) based heterostructures consisting of heavy metal (HM/)FM/insulator(HM = Ta, Hf, Mo) 
nanojunctions13, 14, 16–18. The major bottleneck in optimizing the performance of MeRAM devices is the low 
voltage-controlled magnetic anisotropy (VCMA) efficiency, β, (change of interfacial MA energy per unit electric 
field) which is typically <80 fJ/(Vm), leading in turn to high switching energy per bit (~100 fJ) and high write 
voltage (>2 V)19. Ab initio calculations of the efficiency of the linear VCMA range from about +130 to +70 fJ/
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(Vm) for Fe/MgO20 to Au/Fe/MgO21 nanojunctions. Recently, we have predicted that epitaxial strain in HM/FM/
insulator heterostructures gives rise to giant VCMA efficiency22, 23.

On the other hand, antiferromagnetic (AFM) materials, with staggered magnetic order accompanied by a zero 
net magnetic moment, have been revisited as potential candidates for active elements in spintronic devices24. In 
contrast to their FM counterparts, AFM systems have weak sensitivity to magnetic field perturbations, produce 
no perturbing stray fields, and can offer ultra-fast writing schemes25. The AFM Néel-order spin direction can 
be controlled indirectly by a magnetic field via an attached exchange-coupled FM26 or by techniques analogous 
to heat-assisted magnetic recording27 or by a lateral electric current via Néel order spin-orbit torque fields that 
alternate in sign between the two sublattices28. However the energy efficiency of these methods for controlling the 
AFM spin direction is limited.

Among AFM metals the near equiatomic chemically ordered bcc-B2 (CsCl-type) bulk FeRh alloys are proto-
type systems that continue to attract intense interest due to a wide range of intriguing magnetic properties and 
their potential applications in thermally assisted magnetic recording media29, magnetic cooling30, ultrafast (ps) 
switching31, and room-temperature antiferromagnetic memory resistor27. FeRh undergoes an unusual first-order 
phase transition from AFM to FM order at ~350 K which is accompanied by volume expansion of ~1% indi-
cating coupling between the magnetic and structural degrees of freedom32, 33. The left panels in Fig. 1 show the 
G-type AFM and FM structures, respectively. The G-AFM ordering (Fig. 1(a)) can be described as alternating 
(111) FM planes which are antiferromagnetically coupled along the sheet normal direction, where the Fe has a 
local moment of ~+3.2 μB and the Rh has a negligible moment. In contrast, in the high-temperature FM phase 
(Fig. 1(b)) the iron and rhodium local moments are ~3 μB and ~1μB, respectively32, 33 and the nonzero Rh local 
moment is induced by the non-vanishing net exchange field from the nearest-neighbor Fe atoms. The underlying 
origin for this transformation is controversial and remains unresolved. Proposed mechanisms include changes 
in the electronic entropy34, spin-wave excitations35, instability of the Rh magnetic moment36, and magnetic 
excitations37.

In recent years particular interest has grown on controlling the magnetism in FeRh thin films grown epitax-
ially on MgO38, BaTiO3

39, 40 and piezoelectric41 substrates. These experiments demonstrated spin reorientation 
across the AFM-FM phase transition38 and isothermal electric field control of the magnetic phase transition 
driven via tetragonal piezoelectric strain39–41. Nevertheless, manipulation of the AFM magnetization direction 
of ultrathin (~1 nm) FeRh/insulator bilayers in the AFM or FM phase by purely electric field means (rather than 
E-field induced strain), is of fundamental importance for the operation of the next-generation ultra-low power 
MeRAM and has not been investigated thus far.

In this work, we employ ab initio electronic structure calculations to study systematically the effect of electric 
field, strain and surface termination on the magnetic anisotropy of ultrathin FeRh/MgO bilayers across the met-
amagnetic transition. We find that the VCMA behavior for the Fe-terminated interface is nonlinear for both the 
AFM and FM phases with large VCMA efficiency including an E-field magnetization reversal in the AFM phase. 
On the other hand, the VCMA behavior of the Rh-terminated interface is linear for both the FM and AFM phases 

Figure 1.  Magnetic structures of the (a) G-AFM and (b) FM phases of bulk FeRh. In the G-AFM structure 
the Fe atoms have staggered local moments of ~±3.2 μB which align antiferromagnetically between nearest-
neighbor Fe atoms while the Rh has zero moment. In the FM phase the Rh moment is ~1 μB. (c) The Fe-
terminated interface and surface of the FeRh/MgO bilayer structure. Also we show the positive direction of the 
external electric field.
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with smaller VCMA efficiency indicating the Rh magnetic moments are more rigid to external E-field. Both Fe- 
and Rh-terminated interfaces show a spin reorientation across the metamagnetic transition in agreement with 
experiment.

Results and Discussion
Effect of strain on stability of magnetic phases.  For the Fe-terminated surface we find that the G-AFM 
is the most stable phase for both the free standing 5-ML FeRh and FeRh/MgO thin films regardless of the strain 
on FeRh (−0.5% < ηFeRh < 0.5%) with ∆ = − −E E EFM G AFM of  23 meV/Fe and 20 meV/Fe, respectively. For 
comparison, recent ab initio calculations of the energy landscape of the G-AFM and FM structures of bulk FeRh 
as a function of volume and tetragonal distortion show that the energy difference between the cubic G-AFM and 
FM structures is 64.5 meV per formula unit42. Interestingly, experiments in FeRh films of thickness ~10 nm 
report43 that the transition temperature is reduced to ~300 K from the bulk value of about 380 K, indicating that 
the FM state is becoming more stable than the G-AFM state with decreasing film thickness, consistent with our 
results. On the other hand, for the Rh-terminated surface we find that the FM structure is the ground state, where 
|ΔE| is  134 meV/Fe and 97 meV/Fe for the FeRh and FeRh/MgO thin films, respectively. These results indicate 
that the MgO substrate decreases the energy difference between the G-AFM and FM phases. Our ab initio results 
are consistent with recent experiments44 which find evidence that the Rh-terminated surface of FeRh is FM at 
room temperature while the bulk is in the AFM phase. Furthermore, the results for free-standing FeRh films are 
consistent with previous DFT calculations45, 46.

Strain-dependent zero field MA.  In Fig. 2(a) we show the variation of zero-field MA with strain, ηFeRh, for 
the stable G-AFM Fe-terminated and the FM Rh-terminated FeRh/MgO surfaces/interfaces, respectively. We find 
that the Fe-terminated G-AFM FeRh/MgO bilayer undergoes a transition from an in- to out-of-plane magnetiza-
tion with increasing biaxial strain while the Rh-terminated FM bilayer which has large spin-orbit coupling (SOC) 
exhibits large out-of-plane orientation (note the different scale in the left- and right-handed coordinate). The 
strain-dependent MA can be expressed as22, η= +MA B t K2 FeRh

i
1 2, where t is the FeRh film thickness, K i

2 is the 
effective interfacial uniaxial and the magnetoelastic coefficient, = +B B B t/v i

1 1 1 , magnetocrystalline anisotropy, 
is the sum of volume (Bv

1) and interface (Bi
1) contributions. Fitting the calculated MA to the above expression we 

find that =K i
2  −0.03 erg/cm2 and 1.62 erg/cm2 for the G-AFM/Fe-terminated and FM/Rh-terminated surface/

interface. The MA for the FM Fe-terminated and G-AFM Rh-terminated interfaces under zero strain is 0.55 erg/
cm2 and −1.5 erg/cm2, respectively, demonstrating that thin FeRh/MgO bilayers undergo a spin reorientation 
across the AFM-FM metamagnetic transition in agreement with recent experiments38.

In order to elucidate the underlying origin of the dependence of the MA on surface/inteface termination we 
show in Fig. 2(b) and (c) the k-resolved ε ε≈ ∑ −∈MA k n k n k( ) [ ( , ) ( , ) ]n occ

[100] [001] 47 in the 2D Brillouin zone 
(BZ) for the G-AFM Fe- and FM Rh-terminated interfaces, respectively, for ηFeRh = −0.57%. Here, ε n k( , )[100]([001]) 
are the eigenvalues of the Hamiltonian for magnetization along the [100] ([001]) direction. Overall, we find that 
the MA values determined from total energy calculations agree well with those determined from the force theo-
rem47 where = ∑MA MA k( )k . Even though the MA(k) exhibits hot spots (special k points in the 2D BZ) for both 
terminations where the MA has positive or negative contributions, its texture is very different due the distinct 
energy- and k-resolved distribution of the minority- and majority spin bands of the surface and interfacial Fe or 
Rh atoms.

Within second-order perturbation theory the MA can be expressed as48:
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where Ψ↓
o( ↓Eo) and Ψ↓

u( ↓Eu) are the one-electron occupied and unoccupied minority-spin states (energies) of band 
index n and wave vector k (omitted for simplicity), ξ is the SOC constant, and L̂x z( ) is the x(z) component of the 
orbital angular momentum operator. This expression allows to understand the underlying origin of the effect of 
strain or E-field on the MA.

Figure 2(d) and (e) show the pertinent low-energy levels of the interfacial, surface, and central Fe or Rh atoms 
relative to the Fermi energy at specific BZ k-points (BZPn) for the Fe- and Rh-terminated interface, respectively, 
where the MA assumes its extremum values. For the Fe-terminated surface/interface [2(d)], the energy- and 
k-resolved analyses of the spin bands suggest that only the minority spin of Fe atoms contributes significantly to 
the total MA. The negative MA at BZP1 is due to the SOC of the minority spin interfacial Fe-derived occupied 

−dx y2 2 states with the unoccupied minority-spin dyz(xz) states and of the minority-spin central Fe-derived dyz(xz) 
states with the unoccupied minority-spin −dx y2 2 states through the L̂x operator, respectively. Similarly, the nega-
tive MA at BZP2 and BZP3 is due to the large SOC of the interfacial and central Fe-derived minority-spin 

− ˆx y L xz yz( )x
2 2  and −ˆxz yz L x y( ) x

2 2 , respectively. The positive ˆxz L yzz  contribution of Fei at BZP2 is 
crucial on the variation of the MA under negative E-field to be discussed below. On the other hand, the SOC 

ˆxz L yzz  at BZP4 of Fei yields a positive contribution to the MA.
For the Rh-terminated surface/interface [2(e)], similar analyses show that the minority spin of subsurface Fe 

atoms and majority spin of the surface Rh atoms also contribute to the MA at its hot spots. The negative MA at 
BZP1′ arises from the SOC of the minority-spin subsurface Fe-derived −ˆxz yz L x y( ) x

2 2  and ˆxz yz L xy( ) x . 
On the other hand, the positive MA at BZP2′ and BZP3′ is due the SOC of the majority-spin surface Rh-derived 
occupied dxy states with the unoccupied −dx y2 2 states through the L̂z operator.
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Effect of interface-termination on VCMA across AFM-FM transition.  In the low-bias regime the 
VCMA is proportional to the E-field in the insulator, β β ε= =VCMA E E /MgO ext , where β is the VCMA coeffi-
cient, ε = 10 is the dielectric constant of the MgO in the range of strain (~±0.57%)22, 23, and Eext is the external 

Figure 2.  (a) Strain dependence of zero-field MA of the G-AFM Fe-terminated (left-hand coordinate, solid 
square) and the FM Rh-terminated surfaces/interfaces (right-hand coordinate, solid circle) for the FeRh/MgO 
bilayer. k-resolved MA (in erg/cm2) in the quarter of the 2D BZ for the (b) G-AFM Fe-terminated and (c) FM 
Rh-terminated phases for ηFeRh = −0.57%. Numerals refer to special BZPn (n = 1–4,1′–3′) k-points where the 
MA values are extrema. (d) Fe-terminated G-AFM phase under ηFeRh = −0.57%: Low energies of the minority-
spin Fe-d-derived orbitals relative to the Fermi energy (dashed horizontal line) at various BZPn for the 
interfacial, Fei, surface Fes, and central Fec atoms. (e) Rh-terminated FM phase under ηFeRh = −0.57%: Low 
energies of the minority-spin d-derived orbitals of subsurface Fess atom at BZP1′ and of the majority-spin d-
derived orbitals of the surface Rhs atom at BZP2′ and BZP3′, respectively. Red and blue vertical lines denote 
non-vanishing SOC matrix elements of the out-of (L̂z) and in-plane (L̂x) orbital angular momentum operator, 
respectively.
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E-field22. The variation of MA as a function of the E-field in MgO for the Fe-terminated FeRh/MgO bilayer in the 
G-AFM (ground state) and the FM phase for different strain is shown in Fig. 3(a) and (b), respectively; and that 
for the Rh-terminated bilayer in the G-AFM and FM (ground state) is shown in Fig. 3(c) and (d), respectively. The 
calculations show that the interface/surface termination and the strain have a dramatic effect on the VCMA 
behavior.

Fe-termination.  For the G-AFM/Fe-terminated bilayer the results show that the VCMA has a robust asym-
metric ∨-shape regardless of strain with giant β values of +360 (−180) fJ/(Vm) for positive (negative) E-field for 
ηFeRh = −0.57%; to +300 (−230) fJ/(Vm) for zero strain; and to +200 (−250) fJ/(Vm) for ηFeRh = +0.57%. Similar 
∨-shape E-dependence of MA has been reported in FM-based trilayers16, 22, 49. More importantly, we predict an 
E-field-driven switching of the AFM Néel-order magnetization direction from in- to out-of-plane direction at 
about 1.1 (+0.28) V/nm for ηFeRh = −0.57% (0%), denoted by the vertical black (red) arrows (the breakdown 
electric field of MgO is about 1.2 V/nm50). In contrast to the recently demonstrated room-temperature AFM 
memory resistor27 which involves heating up FeRh above the AFM − FM transition temperature and subse-
quently field-cooling below the transition temperature the proposed low-power room-temperature E-field spin 
reorientation of AFM Fe-terminated FeRh films will improve the energy efficiency and read/write speed for the 
next generation of miniaturized memory and logic devices. We would like to emphasize that the predicted VCMA 
coefficient values are higher than (1) the critical value of ~200 fJ/(Vm) required to achieve a switching bit energy 
below 1fJ in the next-generation of MeRAMs19 and (2) by about one order of magnitude compared to those exper-
imentally reported in FM-based heterostructures14, 18.

For the FM/Fe-terminated bilayer [Fig. 3(b)] the E-field behavior of the MA has also asymmetric ∨-shape 
regardless of strain with giant β values of +330 (−550) fJ/(Vm) for positive (negative) E-field for ηFeRh = −0.57%; 
to +160 (−440) fJ/(Vm) for zero strain; and to +70 (−420) fJ/(Vm) for ηFeRh = +0.57%. However, the FM/Fe ter-
minated film exhibits a large perpendicular MA (PMA) regardless of strain for the entire range of E-field in sharp 
contrast with the G-AFM Fe-terminated interface. The results also demonstrate that there is a spin reorientation 

Figure 3.  MA versus E-field in MgO for the Fe-terminated surface/interface film in the (a) G-AFM and (b) FM 
phases; and for the Rh-terminated surface/interface in the (c) G-AFM and (d) FM phases for different strain 
values. Note the different scale in left- and right-hand coordinate.
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of the Fe-terminated FeRh film for a wide range of E-field and strain as the FeRh undergoes a transition from the 
G-AFM to the FM phase.

Rh-termination.  The variation of the MA of the G-AFM/Rh-terminated bilayer with E-field in Fig. 3(c) 
shows linear behavior in the entire strain range with β values of −130 fJ/(Vm) for ηFeRh = −0.57%; to −160 fJ/
(Vm) for zero strain; and to −200 fJ/(Vm) for ηFeRh = +0.57%, respectively. Note that the MA is large (due to the 

Figure 4.  G-AFM/Fe-terminated FeRh/MgO bilayer under −0.57% strain: (a) Shift of minority-spin bands 
along the ΓM direction under zero (black curves), +1.25 V/nm (green curves) and −1 V/nm (red curves), 
respectively. (b) k-resolved MA in quarter of 2D BZ under −1 V/nm. (c) ΔMA(k) = MA(k, E) -MA(k, E = 0), 
under −1 V/nm. (d) k-resolved MA in quarter of 2D BZ under +1.25 V/nm. (e) ΔMA(k) = MA(k, E)-MA(k, 
E = 0), (in erg/cm2) under +1.25 V/nm.
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large SOC of Rh) and negative indicating an in-plane magnetization orientation in the entire E-field range. For 
the FM/Rh-terminated film the linear E-field dependence of the MA, shown in Fig. 3(d), exhibits large PMA 
(1.4–2.2 erg/cm2) which depends sensitively on strain with β values of −50 fJ/(Vm) for ηFeRh = −0.57%; to 80 fJ/
(Vm) for zero strain; and to +120 fJ/(Vm) for ηFeRh = +0.57%, respectively. Overall, while the large SOC of the 
Rh-terminated interface/surface enhances the zero-field MA (either in- or out-of-plane) the VCMA efficiency (β) 
is lower than that of the Fe termination indicating that the Rh moments are more rigid to external electric field.

Figure 4(a) shows the band structure of the G-AFM/Fe-terminated FeRh/MgO along the ΓM direction under zero 
(black curves), +1.25 V/nm (green curves), and −1 V/nm (red curves), respectively. The BZPn (n = 2–3) k-points in 
Fig. 4(a)–(e) are identical to those in Fig. 2(b) where the MA values assume extremum values. We find that the highest 
occupied minority-spin d(xz, yz)-derived bands of the interfacial Fe atom at BZP2 [Fig. 2(d)] shift upward closer to 
the Fermi energy under negative E-field. Furthermore, the highest occupied minority-spin d(xz, yz)-derived bands of 
Fei at BZP3 shift above the Fermi energy under positive E-field. These E-field induced changes of the band energies at 
various hot spots change in turn MA(k)(E) and hence the field-induced ΔMA(k) = MA(k, E) − MA(k, E = 0), which 
are shown in Fig. 4(b) and (c), respectively, for −1 V/nm, and in Fig. 4(d) and (e), respectively, for +1.25 V/nm. Thus, 
the negative E-field in Fig. 4(c) increases the positive ˆxz L yzz  contribution of Fei at BZP2 rendering ΔMA(BZP2)>0. 
Under positive field in Fig. 4(d) and (e) the occupied frontier d(xz, yz)-derived valence band at BZP3 in Fig. 4(a) shifts 
above the Fermi energy thus eliminating the SOC −ˆxz yz L x y( ) x

2 2  under zero field. In addition, this shift induces 
a strong SOC between the occupied −d xz yz x y( , , )2 2 - derived valence band [grey level in Fig. 2(d)] and the unoc-
cupied d(xz, yz)-derived band (shifted above EF by the positive field) through the out-of-plane orbital angular 
momentum, L̂z, rendering ΔMA(BZP2) > 0.

The underlying origin of the ∨-shape E-field behavior presumably arises from the fact that the interface bands 
and their E-field-induced shift depend on the magnetization direction due to the Rashba effect. The Rashba cou-
pling, which is proportional to the net electric field, Ez, at the interface, has contributions from both the internal 
and external fields51. The critical field where the magnetic anisotropy energy reaches its maximum or minimum 
value depends on the interplay between the two E-fields, where the internal E-field can be tuned via strain or 
interface termination. Interestingly, recent experiment has reported the effect of the internal electric field at ferro-
magnetic/insulator interface on the voltage-dependent tunneling anisotropic magnetoresistance52.

In summary, we predict a wide range of novel and interesting VCMA behavior of FeRh/MgO nanojunctions 
which depends sensitively on the magnetic phase and interface termination, including (i) an E-field switching 
of the AFM Néel-order magnetization direction with large VCMA efficiency, (ii) a spin re-orientation across 
the AFM-FM transition, and (iii) stronger (weaker) magnetization rigidity to external field for the Rh- (Fe-) 
terminated interface. These findings suggest the E-field tuning of the magnetic direction for ultrathin magnetic 
heterostructures that undergo AFM-FM metamagnetic phase transition.

Methods
The ab initio calculations have been carried out within the framework of the projector augmented wave 
formalism53, as implemented in the Vienna ab initio simulation package (VASP)54–56. We employ the 
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional57. The energy cutoff of the plane-wave expan-
sion of the basis functions was set to be 500 eV. We use a slab with odd-number of FeRh monolayers to ensure 
that the magnetic anisotropy of both the surface and interface layers arises from the same type of atoms. The slab 
supercell (Fig. 1(c)) for the FeRh/MgO (001) bilayer along [001] consists of five monolayers (ML) of FeRh with 
two Fe or Rh atoms per layer on top of five MLs of rock-salt MgO and a 12-Å thick vacuum region, where the 
<110> axis of FeRh is aligned with the <100> axis of MgO. At the FeRh/MgO interface, the O atoms are placed 
atop of the Fe or Rh atoms for the Fe- and Rh-terminated interfaces, respectively. The dipole layer method58, 59 
implemented in VASP is used to introduce the electric field and to correct the dipole moment present in FeRh 
slab due to asymmetric slab geometry. The direction of positive field is defined as pointing from MgO to FeRh 
(Fig. 1(c)).

For each in-plane lattice constant, the magnetic and electronic degrees of freedom and the atomic positions 
along [001] are relaxed in the presence of the E-field until the forces acting on the ions become less than 0.01 eV/Å. 
The calculated equilibrium lattice constant, a, for the G-AFM an FM FeRh phases are 2.995 Å and 3.012 Å, respec-
tively, in good agreement with experiment33. The lattice constant mismatch between MgO (4.212 Å) and FeRh 
introduces a biaxial strain of about 0.5% to 1% for the FM and AFM FeRh phases, respectively, which can in turn 
play a crucial role on the VCMA of the bilayer. Employing a 31 × 31 × 1 k-point mesh the MA per interfacial area 
is determined from = −MA E E A[ ]/[100] [001] , where E[100] and E[001] are the total energies with magnetization 
along the [100] and[001] directions, respectively.

References
	 1.	 Jansen, R. Silicon spintronics. Nature Mater. 11, 400 (2012).
	 2.	 Makarov, A., Windbacher, T., Sverdlov, V. & Selberherr, S. CMOS-compatible spintronic devices: a review. Semicond. Sci. Technol. 

31, 113006 (2016).
	 3.	 Bader, S. D. & Parkin, S. P. S. Spintronics. Annu. Rev. Condens. Matter Phys. 1, 71 (2010).
	 4.	 Wang, K. L. et al. Electric-field control of spin-orbit interaction for low-power spintronics. Proc. IEEE 104, 1974 (2016).
	 5.	 Binasch, G., Grünberg, P., Saurenbach, F. & Zinn, W. Enhanced magnetoresistance in layered magnetic structures with 

antiferromagnetic interlayer exchange. Phys. Rev. B 39, 4828(R) (1989).
	 6.	 Baibich, M. N. et al. Giant Magnetoresistance of (001)Fe/(001)Cr Magnetic Superlattices. Phys. Rev. Lett. 61, 2472 (1988).
	 7.	 Parkin, S. P. S. et al. Giant tunnelling magnetoresistance at room temperature with MgO (100) tunnel barriers. Nature Mater. 3, 862 

(2004).
	 8.	 Yuasa, S., Nagahama, T., Fukushima, A., Suzuki, Y. & Ando, K. Giant room-temperature magnetoresistance in single-crystal Fe/

MgO/Fe magnetic tunnel junctions. Nature Mater. 3, 868 (2004).



www.nature.com/scientificreports/

8Scientific Reports | 7: 5366  | DOI:10.1038/s41598-017-05611-7

	 9.	 Huai, Y., Albert, F., Nguyen, P., Pakala, M. & Valet, T. Observation of spin-transfer switching in deep submicron-sized and low-
resistance magnetic tunnel junctions. Appl. Phys. Lett. 84, 3118 (2004).

	10.	 Sankey, J. C. et al. Measurement of the spin-transfer-torque vector in magnetic tunnel junctions. Nat. Phys. 4, 67 (2008).
	11.	 Slonczewski, J. C. Current-driven excitation of magnetic multilayers. J. Magn. Magn. Mater. 159, L1 (1996).
	12.	 Berger, L. Emission of spin waves by a magnetic multilayer traversed by a current. Phys. Rev. B 54, 9353 (1996).
	13.	 Shiota, Y. et al. Induction of coherent magnetization switching in a few atomic layers of FeCo using voltage pulses. Nature Mater 11, 

39 (2012).
	14.	 Wang, W.-G., Li, M., Hageman, S. & Chien, C. L. Electric-field-assisted switching in magnetic tunnel junctions. Nature Mater. 11, 64 

(2012).
	15.	 Chu, Y.-H. et al. Electric-field control of local ferromagnetism using a magnetoelectric multiferroic. Nature Mater. 7, 478 

(2008).
	16.	 Maruyama, T. et al. Large voltage-induced magnetic anisotropy change in a few atomic layers of iron. Nature Nanotech. 4, 158 

(2009).
	17.	 Zhu, J. et al. Voltage-induced ferromagnetic resonance in magnetic tunnel junctions. Phys. Rev. Lett. 108, 197203 (2012).
	18.	 Endo, M., Kanai, S., Ikeda, S., Matsukura, F. & Ohno, H. Electric-field effects on thickness dependent magnetic anisotropy of 

sputtered structures. Appl. Phys. Lett. 96, 96, 212503 (2010).
	19.	 Wang, K. L., Alzate, J. G. & Amiri, P. K. Low-power non-volatile spintronic memory: STT-RAM and beyond. J. Phys. D: Appl. Phys. 

46, 074003 (2013).
	20.	 Niranjan, M. K., Duan, C.-G., Jaswal, S. S. & Tsymbal, E. Y. Electric field effect on magnetization at the Fe/MgO(001) interface. Appl. 

Phys. Lett. 96, 222504 (2010).
	21.	 Nakamura, K., Akiyama, T., Ito, T., Weinert, M. & Freeman, A. J. Role of an interfacial FeO layer in the electric-field-driven switching 

of magnetocrystalline anisotropy at the Fe/MgO interface. Phys. Rev. B 81, 220409 (2010).
	22.	 Ong, P. V. et al. Giant voltage modulation of magnetic anisotropy in strained heavy metal/magnet/insulator heterostructures. Phys. 

Rev. B 92, 020407 (2015).
	23.	 Ong, P. V., Kioussis, N., Amiri, P. K. & Wang, K. L. Electric-field-driven magnetization switching and nonlinear magnetoelasticity in 

Au/FeCo/MgO heterostructures. Sci. Rep. 6, 29815 (2016).
	24.	 Shick, A. B., Khmelevskyi, S., Mryasov, O. N., Wunderlich, J. & Jungwirth, T. Spin-orbit coupling induced anisotropy effects in 

bimetallic antiferromagnets: A route towards antiferromagnetic spintronics. Phys. Rev. B 81, 212409 (2010).
	25.	 Kimel, A. V., Kirilyuk, A., Tsvetkov, A., Pisarev, R. V. & Rasing, T. Laser-induced ultrafast spin reorientation in the antiferromagnet 

TmFeO3. Nature 429, 850 (2004).
	26.	 Marti, X. et al. Anisotropic magnetoresistance in an antiferromagnetic semiconductor. Nat. Mater. 10, 347 (2011).
	27.	 Marti, X. et al. R. Room-temperature antiferromagnetic memory resistor. Nat. Mater. 13, 367 (2014).
	28.	 Železný, J. et al. Relativistic Néel-order fields induced by electrical current in antiferromagnets. Phys. Rev. Lett. 113, 157201 

(2014).
	29.	 Thiele, J.-U., Maat, S. & Fullerton, E. E. FeRh/FePt exchange spring films for thermally assisted magnetic recording media. Appl. 

Phys. Lett. 82, 2859 (2003).
	30.	 Sharma, M. et al. Magnetotransport properties of epitaxial MgO(001)/FeRh films across the antiferromagnet to ferromagnet 

transition. J. of Appl. Phys 109, 083913 (2011).
	31.	 Ju, G. et al. Ultrafast generation of ferromagnetic order via a laser-induced phase transformation in FeRh thin films. Phys. Rev. Lett. 

93, 197403 (2004).
	32.	 Kouvel, J. S. & Hartelius, C. C. Anomalous magnetic moments and transformations in the ordered alloy FeRh. J. Appl. Phys. Suppl. 

33, 1343 (1962).
	33.	 Shirane, G., Chen, C. W., Flinn, P. A. & Nathans, R. Mössbauer study of hyperfine fields and isomer shifts in the Fe-Rh alloys. Phys. 

Rev. 131, 183 (1963).
	34.	 Tu, P., Heeger, A. J., Kouvel, J. S. & Comly, J. B. Mechanism for the first-order magnetic transition in the FeRh system. J. Appl. Phys. 

40, 1368 (1969).
	35.	 Gu, R. Y. & Antropov, V. P. Dominance of the spin-wave contribution to the magnetic phase transition in FeRh. Phys. Rev. B 72, 

012403 (2005).
	36.	 Gruner, M. E., Hoffmann, E. & Entel, P. Instability of the rhodium magnetic moment as the origin of the metamagnetic phase 

transition in α-FeRh. Phys. Rev. B 67, 064415 (2003).
	37.	 Sandratskii, L. M. & Mavropoulos, P. Magnetic excitations and femtomagnetism of FeRh: A first-principles study. Phs. Rev. B 83, 

174408 (2011).
	38.	 Bordel, C. et al. Fe spin reorientation across the metamagnetic transition in strained FeRh thin films. Phys. Rev. Lett. 109, 117201 

(2012).
	39.	 Cherifi, R. O. et al. Electric-field control of magnetic order above room temperature. Nat. Mater. 13, 345 (2014).
	40.	 Liu, Z. Q. et al. Full electroresistance modulation in a mixed-phase metallic alloy. Phys. Rev. Lett. 116, 097203 (2016).
	41.	 Lee, Y. Z. et al. Large resistivity modulation in mixed-phase metallic systems. Nat. Commun. 6, 5959 (2015).
	42.	 Kim, J., Ramesh, R. & Kioussis, N. Revealing the hidden structural phases of FeRh. Phys. Rev. B 94, 180407(R) (2016).
	43.	 Suzuki, I., Koike, T., Itoh, M., Taniyama, T. & Sato, T. Stability of ferromagnetic state of epitaxially grown ordered FeRh thin films. J. 

Appl. Phys. 105, 07E501 (2009).
	44.	 Pressacco, F. et al. Stable room-temperature ferromagnetic phase at the FeRh(100) surface. Sci. Rep. 6, 22383 (2016).
	45.	 Lounis, S., Benakki, M. & Demangeat, C. Ferromagnetic stabilization of ordered B2 FeRh thin films. Phys. Rev. B 67, 094432 

(2003).
	46.	 Jekal, S., Rhim, S. H., Hong, S. C., Son, W. & Shick, A. B. Surface-termination-dependent magnetism and strong perpendicular 

magnetocrystalline anisotropy of an FeRh(001) thin film. Phys. Rev. B 92, 064410 (2015).
	47.	 Weinert, M., Watson, R. E. & Davenport, J. W. Total-energy differences and eigenvalue sums. Phys. Rev. B 32, 2115 (1985).
	48.	 Wang, D.-S., Wu, R. & Freeman, A. J. First-principles theory of surface magnetocrystalline anisotropy and the diatomic-pair model. 

Phys. Rev. B 47, 14932 (1993).
	49.	 Nozaki, T. et al. Large voltage-induced changes in the perpendicular magnetic anisotropy of an MgO-based tunnel junction with an 

ultrathin Fe layer. Phys. Rev. Applied 5, 5,044006 (2016).
	50.	 O’Connor, R., Hughes, G., Casey, P. & Newcomb, S. B. Degradation and breakdown characteristics of thin MgO dielectric layers. J. 

Appl. Phys. 107, 024501 (2010).
	51.	 Barnes, S. E., Ieda, J. & Maekawa, S. Rashba Spin-Orbit Anisotropy and the Electric Field Control of Magnetism. Sci. Rep 4, 4105 

(2014).
	52.	 Uemuraa, T., Harada, M., Matsuda, K. & Yamamoto, M. Internal electric field influence on tunneling anisotropic magnetoresistance 

in epitaxial ferromagnet/n-GaAs junctions. Appl. Phys. Lett. 96, 252106 (2010).
	53.	 Blöchl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953 (1994).
	54.	 Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys. Rev. 

B 54, 11169 (1996).
	55.	 Kresse, G. & Furthmüller, J. Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis 

set. Comput. Mater. Sci. 6, 15 (1996).



www.nature.com/scientificreports/

9Scientific Reports | 7: 5366  | DOI:10.1038/s41598-017-05611-7

	56.	 Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 59, 1758 (1999).
	57.	 Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 3865 (1996).
	58.	 Makov, G. & Payne, M. C. Periodic boundary conditions in ab initio calculations. Phys. Rev. B 51, 4014 (1995).
	59.	 Neugebauer, J. & Scheffler, M. Adsorbate-substrate and adsorbate-adsorbate interactions of Na and K adlayers on Al(111). Phys. Rev. 

B 46, 16067 (1992).

Acknowledgements
This research was supported by NSF Grant No. ERC-Translational Applications of Nanoscale Multiferroic 
Systems (TANMS)-1160504 and by NSF Grant No. DMR-1532249.

Author Contributions
G.Z. performed all the calculations. All the authors participated in analysis of the results, G.Z. and K.N. wrote the 
manuscript. S.-H.K., M.M, R.R, and K.N. conceived, designed and supervised the entire project.

Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Electric field control of magnetization direction across the antiferromagnetic to ferromagnetic transition

	Results and Discussion

	Effect of strain on stability of magnetic phases. 
	Strain-dependent zero field MA. 
	Effect of interface-termination on VCMA across AFM-FM transition. 
	Fe-termination. 
	Rh-termination. 

	Methods

	Acknowledgements

	Figure 1 Magnetic structures of the (a) G-AFM and (b) FM phases of bulk FeRh.
	Figure 2 (a) Strain dependence of zero-field MA of the G-AFM Fe-terminated (left-hand coordinate, solid square) and the FM Rh-terminated surfaces/interfaces (right-hand coordinate, solid circle) for the FeRh/MgO bilayer.
	Figure 3 MA versus E-field in MgO for the Fe-terminated surface/interface film in the (a) G-AFM and (b) FM phases and for the Rh-terminated surface/interface in the (c) G-AFM and (d) FM phases for different strain values.
	Figure 4 G-AFM/Fe-terminated FeRh/MgO bilayer under −0.




