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Manipulation of the RKKY exchange by voltages
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In the last years, electric fields have been used to control the magnetic exchange interactions and anisotropies
in nanometric devices. In this paper, we study the spin-spin exchange interaction between two magnetic
impurities embedded in a three-dimensional nonrelativistic electron gas, namely the Ruderman-Kittel-Kasuya-
Yosida (RKKY) interaction. The gas is confined in an insulating structure, and an applied voltage produces
local changes in the electron density, which modulates the Fermi level of the system. Using a simple model,
we demonstrate that this voltage modifies the strength and wavelength of the coupling between the impurities.
Depending on the voltage, the effective RKKY exchange can change from a ferro- to an antiferromagnetic
coupling, and vice versa. The spin-spin coupling can also be switched on and off by the voltage.
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I. INTRODUCTION

The spin-spin exchange interaction is one of the most
important couplings in condensed-matter physics. Exchange
is responsible for the magnetic order; thus, its manipulation
promises several applications in magnetic memory technolo-
gies. Conduction electrons mediate one of those interactions,
namely the RKKY exchange, after Ruderman and Kittel [1],
Kasuya [2], and Yosida [3]. RKKY interaction can be under-
stood as follows. A local magnetic moment in a metal spin
polarizes its surroundings and such polarization couples with
nearby magnetic moments. The exchange coupling between
the spins is characterized by changes in its sign as the distance
between the spins is varied. Thus, depending on the separation
between magnetic atoms, the RKKY exchange coupling may
stabilize either a ferromagnetic or an antiferromagnetic order.
The RKKY coupling is usually dominant at subnanometer
distances because its magnitude decays with the separation
distance r as 1/r3.

Besides the study of the exchange interaction in magnetic
media, a topic of much interest is its manipulation. For
example, the voltage-controlled coupling between magnets
in heterostructures has been proposed and measured for
several configurations and materials [4-8], including
exchange-coupled layers separated by a nonmagnetic film
[9-14]. Such systems exhibit a remarkable effect known as
giant magnetoresistance (GMR), which is a relevant change of
the electric resistance as a function of the relative orientation
of the magnetization in each magnetic layer [15], the latter
being controlled by the thickness of the spacer layer. The
discovery of such a system in the late 1980s [16,17] opened
the possibility of developing new devices, highlighting
the relevance of the control of the exchange coupling, for
example, by choosing the properties of the Fermi surface of
the spacer [18-20]. Other realizations of voltage-controlled
systems include nuclear spins [21], magnetic dimers between
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electrodes [22], two-dimensional materials [23-28], and
ultrathin Co films [29-31]. Magnetization can be induced in
platinum at metal|dielectric interfaces [32]. Other examples
include exchange in antiferromagnetic Mott insulators [33],
the interfacial Dzyaloshinskii-Moriya interaction [34], the
voltage-controlled magnetic anisotropy effect [35-42], as
well as phase transitions [43,44] and resonances [45] in
magnetoelectric materials.

In this paper, we investigate the RKKY interaction between
two spins in the presence of electric fields. Using a simple
method, we observe that the field induces charge accumula-
tion which shifts the Fermi wave number of the conduction
electrons, and changes the RKKY sign and strength for a fixed
separation distance between impurities. Our work provides a
method to control the coupling between magnetic impurities
in a three-dimensional electron gas.

II. ANALYTIC DESCRIPTION OF THE CONTROL OF THE
RKKY EXCHANGE

Let us start reviewing the theory of the RKKY interaction
in the strong screening limit [46]. The metal is modeled as
a three-dimensional nonrelativistic ideal gas with spin den-
sity s¢(r) = ¥ (r)(ho/2)¥ (r), where 7 is Plank’s constant
divided by 27, r is the position vector, o is the vector of
Pauli matrices, and v (r) is the wave function. In the absence
of magnetic fields, the ensemble average of the spin-density,
(S¢), is zero. This situation changes in the presence of a
magnetic impurity at the origin R = 0 with spin S, due to
the s — d exchange interaction between S and the conduc-
tion electron spin density, H;_; = —2Je,(f'z’2 fVo Sc(r) - S8(r),
where §(r) is the Dirac delta, Jx is the exchange coupling
constant, and Vj is the system volume. Within the strong
and static screening approximation, Jex = e’ d¥ze;' = g. ',
where €y = 8.85 x 1072 F/m is the permittivity of the free
space and drr is the Thomas-Fermi penetration length dyp =
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[eo/ (ezge)]l/ 2, which is of the order of a few Angstrom. The
electron density of states for three-dimensional ideal gases
iS g, = mekp/ (nzhz), the electron mass is m,, and the wave
number at the Fermi level is kr. In this normalization, the
spin densities have units of i/Vy and Jx = g;' has units of
energy multiplied by volume. In the linear response regime,
the ensemble-averaged spin density is

(8e)(r) = 2x (r)S, ey
_ 1 sin(2krr)
x(r)= Py [Tpr — cos(ZkFr)j|, 2)

where x(r) is the spin susceptibility [46] and r = |r|. The
divergence in the susceptibility for » — 0 is due to the delta-
function form of the localized spin density, S3(r).

Let us consider two spins, one S; = Y S yex located at
the origin, and the other S; = )_ S, ;ex at R. The Cartesian
unit vectors for the k=x,y,z axes are e, R =|R|,
and the spins are independent, i.e., they commute
[Six,S20]1 =0. Their interaction, as mediated by the
conduction electron spin polarization, is described by
the Hamiltonian Hiy = —[4x(R)/ (gehz)]Sl -S,, where
x(R) exhibits changes in its sign as a function of the
distance between the impurities. It is illustrative to use
the basis |V) =[S, 52,S,S;) that satisfies Si2|W) =
12S1(S1 + DIW), $2%|W) = 28,52 + D|W), S?|W) =
B2S(S + 1)|W), and S,|W) = iS,|W) for S =S; + S, and
S. is the component of S along the quantization axis that we
label z. Then, the Hamiltonian of the RKKY exchange is
diagonal Hjy, = —2g8. "% (R)S(S + 1) + H, with the constant
Hy =28, 'y (R)[S1(S; + 1) + S2(S; + 1)]. Depending on
the sign of x(R), the energy is minimized by a symmetric
(i.e., ferromagnetic-like) configuration [the total spin S is
maximum for x (R) > 0] or antisymmetric [S = O for x (R) <
0]. The marginal case x(R)= 0 represents a system of
uncoupled spins. In the next paragraphs, we study the control
of the RKKY sign and strength via applied electric fields.

III. APPLICATION OF A VOLTAGE

Consider the insulating structure in Fig. 1(a). When a
voltage is applied, there is no charge current but charge
accumulation and deficit at the two interfaces. We model the
metal as an electron gas subject to a voltage ¢y, such that
the electric potential inside the gas ¢(r) is smaller than the
Fermi energy divided by e. In the zero-temperature limit, the
Fermi-Dirac distribution becomes [47]

RK? R
f(Eg —ed) = 9(—[ Tl k. D 3

where 0 is the step function with 6(x < 0) =0 and 6(x >
0) = 1. When the potential ¢ is a slowly varying function,
the last occupied level has the following kinetic energy [48]:

RPqe? Bk}
2m,  2m,

Equations (3) and (4) show that without charge current, the
kinetic energy must be smaller (larger) in the region where
the electric potential is applied to compensate the increased
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FIG. 1. Setup for the study of the voltage-induced control of
the RKKY exchange. (a) Two insulators sandwich a metal and the
stack is subject to a potential ¢, along the z axis. As a result of
the screening effect, there is an accumulation (deficit) of charge in
the upper (lower) interface. The result is a space-dependent total
potential inside the metal, as shown in (b). The accumulation/deficit
of charge is approximately proportional [47] to the applied potential
¢(z). Thus, a voltage shifts the Fermi level at the interfaces and,
consequently, modifies the RKKY interaction.

(decreased) electrostatic energy —e¢ and maintain the elec-
trochemical potential constant [48]. If one writes the Fermi
energy in terms of an electric potential-dependent wave vector
qr(¢), one arrives at

w—|hk1+mm~koﬁwﬂ )
i) = 14rl = fr e U TR )

Then, the main effect of the voltage on the electronic system
is a shift of the Fermi energy at the interface [49]. The prob-
lem of two magnetic impurities in a gas with a nonuniform
Fermi energy is difficult in general. Indeed, two perturbations
are acting on the electron gas, namely the voltage and the
magnetic moments, and then the application of perturbation
theory is not straightforward. A possible strategy in this regard
is to consider that the Fermi wave number is smooth enough
to be parameterized by the voltage. We follow this approach,
which is based on the same assumptions of the Thomas-Fermi
theory, and distinguish between the two following cases. The
first one corresponds to two interacting particles that are at
the same interface, i.e., at z = 0. The second case is of a
particle at one interface (z = 0), and the other in the metal
bulk (0 < z < L) or the opposite interface (z = L). The next
subsections are devoted to each one of those situations.

A. Two particles at the same interface

We consider two spins, S; and S;, at one of the
insulator|metal interfaces. Both spins are subject to the same
potential ¢y = ¢(z = 0), and then the wave number gp of
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Eq. (5) can be used directly in the susceptibility x, as well as
in the density of states, to obtain the modified dynamic RKKY
interaction. Note that since the s — d exchange depends on the
Coulomb interaction between localized and conduction spins,
then the presence of the electrostatic potential ¢ modifies the
number of states at the Fermi level as well as the screening
length. This results in a modified exchange constant Jo =
g, ' The susceptibility x becomes ¢ dependent, and at leading
order reads

em, f1(kpR)

% (R;$) ~ X(R) — po——5 <"
X@R9)~ 1 (R) = oy

(6)
where fi(x) = sin(2x) — 2x[cos(2x) + 2x sin(2x)]. Note that
X 1s again an oscillatory function that decays with the radial
distance. Also, the voltage-dependent part of the susceptibility
scales as 1/R? for large krR, while the voltage-independent
one goes as 1/R>. The effect of this slowly varying voltage is
to change the RKKY oscillation wavelength, while no phase
shift appears at R = 0. This behavior is expected since the
electric potential is assumed to be uniform inside the metallic
region that contains the interacting impurities. The exchange
coupling is also shifted, as given by

AARP) _ 4x(R)
ge(qr)®  go(kp)i?

where f>(x) = sin(2x) — 2x[cos(2x) + x sin(2x)]. Since the
susceptibility diverges, it is convenient to plot 67y (r) as
a function of krx. Note that 6wrx(r) — 1 when r — 0
and ¢ — 0. Figure 2(a) shows the susceptibility for several
voltages. We can see that a positive voltage, ¢g > 0, produces
a stronger interaction and also faster spatial oscillations in the
RKKY function. This behavior is because a positive electric
potential diminishes the electrostatic energy [cf. Eq. (3)],
and then the kinetic energy at the Fermi level, given by
Eq. (4), is larger than in the ¢y = 0 case. On the other
hand, a negative potential raises the electrostatic energy and
decreases the Fermi wave number, which implies a slower
spatial oscillation. Let us estimate the effect of the potential
in two magnetic impurities separated a distance R = 5 A, in
a copper matrix, with Fermi energy [47] Er(0) =7 eV, kr =
1.24/A. We define the following phase shift: Ag = 2R(qr —
kr) = (kpR)ep/Er ~ ¢/(1V), which shows how much the
potential shifts the oscillatory part of the susceptibility. Then,
for an applied voltage of 0.1 V, the RKKY function is shifted
in 0.1 radians. Figure 2(a) illustrates this phase shift, while
Fig. 2(b) shows the type of coupling for several separation
distances and voltages. In this figure, we observe that by
using an external voltage, it is possible to tailor the type
of order, ferromagnetic or antiferromagnetic, or switch the
interaction off. The borders between the zones with a ferro-
and an antiferromagnetic types of coupling are the zeros of
the susceptibility function x.

em f(kiR)
2R kAR

, (N

B. Particles at different potential levels
In the Thomas-Fermi screening theory, the potential along
the z axis is

P(z) = ¢0[e—2/dTF _ e_(L—Z)/dTF]’ (8)
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FIG. 2. Voltage-induced change in the electron susceptibility
along the x axis. (a) The RKKY oscillations modity their wavelength
as well as their magnitude. The inset shows the configuration of the
interacting particles. Considering Cu with Er =7 eV, an applied
voltage ¢, produces the different curves shown in the upper panel.
For example, the thick-dashed curve corresponds to ¢y = —2.1 V
(e¢o/Er = —0.3). (b) Type of coupling (ferro- or antiferromagnetic)
as a function of the voltage and the distance between impurities. The
zones with light (dark) color stand for a positive susceptibility x > 0
(x <0).

where L is the metal thickness. This profile is shown in
Fig. 1(b) for ¢p > 0. Consider one particle at the top interface,
and the other along the z axis, as shown in the inset of
Fig. 3(a). Since the potential is applied along the z axis, both
impurities are at different potential levels. Let us introduce the
following averaged wave number Qp(z) :

1 Z
0r(2) = 2/0 dZ'qr(¢(2)), €))

which reduces to Qf — kr for ¢ — 0. It is worth noting
that the above definition of Qp is a generalization of the
Wentzel-Kramers-Brillouin (WKB) approximation [50] for
one-dimensional potentials as shown in the Appendix. Other
choices of Qp, such as the local approximation Qr =1+
meego/ (R*k2)e /4 yield qualitatively the same results. Us-
ing the approximate formula Eq. (5) for g, and the potential
of Eq. (8), one gets the following wave number:

0r@ _ |, emedy die

= S (e — e (e 1), (10)
F
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FIG. 3. Electric-potential-induced change in the electron suscep-
tibility along the z axis with x = y = 0. (a) The RKKY oscillations
modify their wavelength as well as their magnitude. The inset shows
the configuration of the interacting particles. (b) Type of coupling
(ferro- or antiferromagnetic) as a function of the voltage and the
distance between impurities. The zones with light (dark) color stand
for a positive susceptibility x > 0 (x < 0). We used drgkr = 2.

Figure 3 shows the susceptibility function along the z axis
(with x =y = 0) for several applied potentials. Naturally, at
z=0,

emy¢ _Ljd emy¢
— kp + 1 —e ™" =k + —5—, 11
Or F hsz[ 1~ kr o (11)

and we recover the analysis of the previous subsection.

The charge accumulation at one interface exactly cancels
the charge deficit at the other interface. Consequently, the
z-dependent phase shift of the RKKY oscillation sums zero
when the interacting impurities are at opposing interfaces. As
aresult, Or (L) = kp, and the susceptibility function at z = L
is the same regardless of the applied voltage. This scenario
changes when we consider higher-order corrections in the
small dimensionless quantity € = e¢y/Er. In particular, the
second-order Taylor expansion of g integrates the following

Or(L):

Or(L) _L (€\? drr L
—1team (S) (1— Dainn| - |) %0
kr te (2) < L on [dTF]) 7 0.

where sinh(z) is the hyperbolic sine of z. Then, one could
argue that the voltage-induced control of the RKKY cou-
pling between magnetic impurities at different interfaces is a

relatively small effect compared to one with impurities at the
same interface [cf. Fig. 2(b)].

IV. CONCLUSIONS AND REMARKS

The control of microscopic interactions has attracted con-
siderable attention during recent years. In particular, the
modulation of the exchange coupling by electric fields is
proposed as a candidate for the efficient manipulation of
magnetic devices. While the interlayer coupling of magnets
has been studied, the effect on magnetic impurities has not
been fully clarified. Here we considered two impurities in
an electron gas. The system under study consists of an elec-
tron gas perturbed by two magnetic impurities and a space-
dependent potential. Thus, fully analytic treatment is beyond
the linear response theory. Also, the numerical calculation
of the susceptibility (correlation function) for the states that
diagonalize the Hamiltonian with a Thomas-Fermi potential
is not straightforward due to the large number of integration
variables, divergences, and the separation of scale between
rational and oscillatory functions. Thus, we have employed
a simple approach valid for slowly varying potentials, in
which the Fermi wave number is parametrized by the electric
potential. In the presence of an electric potential, the Fermi
level is shifted, which results in a voltage-dependent Fermi
wave number. Since conduction electrons mediate the RKKY
exchange, a shift in the Fermi level modifies the strength and
wavelength of the interaction between magnetic impurities.
This control can be used to change the interaction from
ferromagnetic to antiferromagnetic or to decouple the spins.

Two cases were distinguished. First, for particles at the
same insulator|metal interface, the application of the poten-
tial is equivalent to a uniform shift of the Fermi level due
to the charge accumulation/deficit. Indeed, the application
of the potential is analogous to changing the properties of
the host metal. A potential that increases (decreases) the
charge density at the interface produces faster (slower) RKKY
oscillations because the conduction electrons have a larger
(smaller) kinetic energy.

For impurities at different potential levels, we used a space-
dependent wave number and found the sign of the susceptibil-
ity for several values of the applied voltage and positions. If
one of the particles is at the interface, and the second is at
the metal bulk, the control of the RKKY exchange interaction
is stronger as compared to one of the impurities at opposing
interfaces. In the latter case, the voltage-induced corrections
on the RKKY function appear only at second order in the
voltage.
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APPENDIX: AVERAGED WAVE NUMBER

Let us consider a nonrelativistic three-dimensional electron
gas described by the Schrodinger equation,

K*v2
) v +V@y =Ey,

(A1)
where V (z) = —e¢(z) is the electrostatic potential that varies
slowly along z. Let us use the following WKB-like ansatz:

¥ (r) = A)e?, (A2)

where the wave number |Q| = Qf(z) and the amplitude A(z)
are slowly varying functions of z. Replacing the above Ansatz

into Eq. (A1), one gets

5 2m,

VIQ-rD)" = F[E = V(@] (A3)
In the quasiunidimensional limit (Q — Qpe,, which is equiv-
alent to classical particles moving mainly along the z axis),
and at the Fermi level (E = Ef), the above equation reduces

to

d(zOr) 2m,
sz =,/ LB = V@l (Ad)
and then
0r(2) = / d ’,/ VL (AS)

which is the same Qf of Eq. (9) forV = —

[1] M. A. Ruderman and C. Kittel, Indirect exchange coupling of
nuclear magnetic moments by conduction electrons, Phys. Rev.
96, 99 (1954).

[2] T. Kasuya, A theory of metallic ferro- and antiferromagnetism
on Zener’s model, Prog. Theor. Phys. 16, 45 (1956).

[3] K. Yosida, Magnetic properties of Cu-Mn alloys, Phys. Rev.
106, 893 (1957).

[4] C.-Y. You and S. D. Bader, Prediction of switching/rotation
of the magnetization direction with applied voltage in a con-
trollable interlayer exchange coupled system, J. Magn. Magn.
Mater. 195, 488 (1999).

[5] C.-Y. You and S. D. Bader, Bias-voltage-controlled interlayer
exchange coupling, IEEE Trans. Magn. 35, 2967 (1999).

[6] C.-Y. You and S. D. Bader, Voltage controlled spintronic de-
vices for logic applications, J. Appl. Phys. 87, 5215 (2000).

[71 M. Y. Zhuravlev, A. V. Vedyayev, and E. Y. Tsymbal, Inter-
layer exchange coupling across a ferroelectric barrier, J. Phys.:
Condens. Matter 22, 352203 (2010).

[8] T. Newhouse-Illige, Y. Liu, M. Xu, D. R. Hickey, A. Kundu,
H. Almasi, C. Bi, X. Wang, J. W. Freeland, D. J. Keavney,
C.J. Sun, Y. H. Xu, M. Rosales, X. M. Cheng, S. Zhang, K. A.
Mkhoyan, and W. G. Wang, Voltage-controlled interlayer cou-
pling in perpendicularly magnetized magnetic tunnel junctions,
Nat. Commun. 8, 15232 (2017).

[9] C.-Y. You and Y. Suzuki, Tunable interlayer exchange coupling
energy by modification of Schottky barrier potentials, J. Magn.
Magn. Mater. 293, 774 (2005).

[10] P. M. Haney, C. Heiliger, and M. D. Stiles, Bias dependence
of magnetic exchange interactions: Application to interlayer
exchange coupling in spin valves, Phys. Rev. B 79, 054405
(2009).

[11] Y.-H. Tang, N. Kioussis, A. Kalitsov, W. H. Butler, and R. Car,
Controlling the Nonequilibrium Interlayer Exchange Coupling
in Asymmetric Magnetic Tunnel Junctions, Phys. Rev. Lett.
103, 057206 (2009).

[12] X. Wang, Q. Yang, L. Wang, Z. Zhou, T. Min, M. Liu,
and N. X. Sun, E-field control of the RKKY Interaction
in FeCoB/Ru/FeCoB/PMN-PT (011) multiferroic heterostruc-
tures, Adv. Mater. 30, 1803612 (2018).

[13] Q. Yang, L. Wang, Z. Zhou, L. Wang, Y. Zhang, S. Zhao,
G. Dong, Y. Cheng, T. Min, Z. Hu, W. Chen, K. Xia, and

M. Liu, Ionic liquid gating control of RKKY interaction in
FeCoB/Ru/FeCoB and (Pt/Co)2/Ru/(Co/Pt)2 multilayers, Nat.
Commun. 9, 991 (2018).

[14] Q. Yang, Z. Zhou, L. Wang, H. Zhang, Y. Cheng, Z. Hu,
B. Peng, and M. Liu, Ionic gel modulation of RKKY inter-
actions in synthetic anti-ferromagnetic nanostructures for low
power wearable spintronic devices, Adv. Mater. 30, 1800449
(2018).

[15] P. A. Griinberg, Nobel Lecture: From spin waves to giant
magnetoresistance and beyond, Rev. Mod. Phys. 80, 1531
(2008).

[16] M. Baibich, J.-M. Broto, A. Fert, F. Nguyen Van Dau, F. Petroff,
P. Etienne, G. Creuzet, A. Friederich, and J. Chazelas, Giant
Magnetoresistance of (001)Fe/(001)Cr Magnetic Superlattices,
Phys. Rev. Lett. 61, 2472 (1988).

[17] G. Binasch, P. Griinberg, F. Saurenbach, and W. Zinn, En-
hanced magnetoresistance in layered magnetic structures with
antiferromagnetic interlayer exchange, Phys. Rev. B 39, 4828
(1989).

[18] M. D. Stiles, Interlayer exchange coupling, J. Magn. Magn.
Mater. 200, 322 (1999).

[19] P. Bruno, Theory of interlayer exchange interactions in mag-
netic multilayers, J. Phys.: Condens. Matter 11, 9403 (1999).

[20] P. Griinberg, Layered magnetic structures: facts, figures, future,
J. Phys.: Condens. Matter 13, 7691 (2001).

[21] J. H. Smet, R. A. Deutschmann, F. Ertl, W. Wegscheider, G.
Abstreiter, and K. von Klitzing, Gate-voltage control of spin
interactions between electrons and nuclei in a semiconductor,
Nature 415, 281 (2002).

[22] S. Diaz and A. S. Nunez, Current-induced exchange interac-
tions and effective temperature in localized moment systems, J.
Phys.: Condens. Matter 24, 116001 (2012).

[23] F. Parhizgar, M. Sherafati, R. Asgari, and S. Satpathy,
Ruderman-Kittel-Kasuya-Yosida interaction in biased bilayer
graphene, Phys. Rev. B 87, 165429 (2013).

[24] M. Zare and E. Sadeghi, Exchange interaction of magnetic
impurities in a biased bilayer phosphorene nanoribbon, Phys.
Rev. B 98, 205401 (2018).

[25] I. V. Krainov, I. V. Rozhansky, N. S. Averkiev, and E.
Lahderanta, Indirect exchange interaction between magnetic
adatoms in graphene, Phys. Rev. B 92, 155432 (2015).

014403-5


https://doi.org/10.1103/PhysRev.96.99
https://doi.org/10.1103/PhysRev.96.99
https://doi.org/10.1103/PhysRev.96.99
https://doi.org/10.1103/PhysRev.96.99
https://doi.org/10.1143/PTP.16.45
https://doi.org/10.1143/PTP.16.45
https://doi.org/10.1143/PTP.16.45
https://doi.org/10.1143/PTP.16.45
https://doi.org/10.1103/PhysRev.106.893
https://doi.org/10.1103/PhysRev.106.893
https://doi.org/10.1103/PhysRev.106.893
https://doi.org/10.1103/PhysRev.106.893
https://doi.org/10.1016/S0304-8853(99)00233-4
https://doi.org/10.1016/S0304-8853(99)00233-4
https://doi.org/10.1016/S0304-8853(99)00233-4
https://doi.org/10.1016/S0304-8853(99)00233-4
https://doi.org/10.1109/20.801049
https://doi.org/10.1109/20.801049
https://doi.org/10.1109/20.801049
https://doi.org/10.1109/20.801049
https://doi.org/10.1063/1.373299
https://doi.org/10.1063/1.373299
https://doi.org/10.1063/1.373299
https://doi.org/10.1063/1.373299
https://doi.org/10.1088/0953-8984/22/35/352203
https://doi.org/10.1088/0953-8984/22/35/352203
https://doi.org/10.1088/0953-8984/22/35/352203
https://doi.org/10.1088/0953-8984/22/35/352203
https://doi.org/10.1038/ncomms15232
https://doi.org/10.1038/ncomms15232
https://doi.org/10.1038/ncomms15232
https://doi.org/10.1038/ncomms15232
https://doi.org/10.1016/j.jmmm.2004.12.008
https://doi.org/10.1016/j.jmmm.2004.12.008
https://doi.org/10.1016/j.jmmm.2004.12.008
https://doi.org/10.1016/j.jmmm.2004.12.008
https://doi.org/10.1103/PhysRevB.79.054405
https://doi.org/10.1103/PhysRevB.79.054405
https://doi.org/10.1103/PhysRevB.79.054405
https://doi.org/10.1103/PhysRevB.79.054405
https://doi.org/10.1103/PhysRevLett.103.057206
https://doi.org/10.1103/PhysRevLett.103.057206
https://doi.org/10.1103/PhysRevLett.103.057206
https://doi.org/10.1103/PhysRevLett.103.057206
https://doi.org/10.1002/adma.201803612
https://doi.org/10.1002/adma.201803612
https://doi.org/10.1002/adma.201803612
https://doi.org/10.1002/adma.201803612
https://doi.org/10.1038/s41467-018-03356-z
https://doi.org/10.1038/s41467-018-03356-z
https://doi.org/10.1038/s41467-018-03356-z
https://doi.org/10.1038/s41467-018-03356-z
https://doi.org/10.1002/adma.201800449
https://doi.org/10.1002/adma.201800449
https://doi.org/10.1002/adma.201800449
https://doi.org/10.1002/adma.201800449
https://doi.org/10.1103/RevModPhys.80.1531
https://doi.org/10.1103/RevModPhys.80.1531
https://doi.org/10.1103/RevModPhys.80.1531
https://doi.org/10.1103/RevModPhys.80.1531
https://doi.org/10.1103/PhysRevLett.61.2472
https://doi.org/10.1103/PhysRevLett.61.2472
https://doi.org/10.1103/PhysRevLett.61.2472
https://doi.org/10.1103/PhysRevLett.61.2472
https://doi.org/10.1103/PhysRevB.39.4828
https://doi.org/10.1103/PhysRevB.39.4828
https://doi.org/10.1103/PhysRevB.39.4828
https://doi.org/10.1103/PhysRevB.39.4828
https://doi.org/10.1016/S0304-8853(99)00334-0
https://doi.org/10.1016/S0304-8853(99)00334-0
https://doi.org/10.1016/S0304-8853(99)00334-0
https://doi.org/10.1016/S0304-8853(99)00334-0
https://doi.org/10.1088/0953-8984/11/48/305
https://doi.org/10.1088/0953-8984/11/48/305
https://doi.org/10.1088/0953-8984/11/48/305
https://doi.org/10.1088/0953-8984/11/48/305
https://doi.org/10.1088/0953-8984/13/34/314
https://doi.org/10.1088/0953-8984/13/34/314
https://doi.org/10.1088/0953-8984/13/34/314
https://doi.org/10.1088/0953-8984/13/34/314
https://doi.org/10.1038/415281a
https://doi.org/10.1038/415281a
https://doi.org/10.1038/415281a
https://doi.org/10.1038/415281a
https://doi.org/10.1088/0953-8984/24/11/116001
https://doi.org/10.1088/0953-8984/24/11/116001
https://doi.org/10.1088/0953-8984/24/11/116001
https://doi.org/10.1088/0953-8984/24/11/116001
https://doi.org/10.1103/PhysRevB.87.165429
https://doi.org/10.1103/PhysRevB.87.165429
https://doi.org/10.1103/PhysRevB.87.165429
https://doi.org/10.1103/PhysRevB.87.165429
https://doi.org/10.1103/PhysRevB.98.205401
https://doi.org/10.1103/PhysRevB.98.205401
https://doi.org/10.1103/PhysRevB.98.205401
https://doi.org/10.1103/PhysRevB.98.205401
https://doi.org/10.1103/PhysRevB.92.155432
https://doi.org/10.1103/PhysRevB.92.155432
https://doi.org/10.1103/PhysRevB.92.155432
https://doi.org/10.1103/PhysRevB.92.155432

ALEJANDRO O. LEON et al.

PHYSICAL REVIEW B 100, 014403 (2019)

[26] E. S. M. Guimaraes, J. Duffy, A. T. Costa, R. B. Muniz, and
M. S. Ferreira, Dynamic RKKY interaction between magnetic
moments in graphene nanoribbons, Phys. Rev. B 94, 235439
(2016).

[27] N. Klier, S. Sharma, O. Pankratov, and S. Shallcross, Electrical
control of the RKKY interaction in bilayer graphene, Phys. Rev.
B 94, 205436 (2016).

[28] B. Ghosh, R. Dey, L. F. Register, and S. K. Banerjee, Voltage-
controlled low-energy switching of nanomagnets through
Ruderman-Kittel-Kasuya- Yosida interactions for magnetoelec-
tric device applications, J. Appl. Phys. 120, 034303 (2016).

[29] M. Oba, K. Nakamura, T. Akiyama, T. Ito, M. Weinert,
and A. J. Freeman, Electric-Field-Induced Modification of the
Magnon Energy, Exchange Interaction, and Curie Temperature
of Transition-Metal Thin Films, Phys. Rev. Lett. 114, 107202
(2015).

[30] M. Ishibashi, K. T. Yamada, Y. Shiota, F. Ando, T. Koyama,
H. Kakizakai, H. Mizunol, K. Miwa, S. Ono, T. Moriyama, D.
Chiba, and T. Ono, Electric field effect on exchange interaction
in ultrathin Co films with ionic liquids, Appl. Phys. Express 11,
063002 (2018).

[31] F. Ando, K. T. Yamada, T. Koyama, M. Ishibashi, Y. Shiota,
T. Moriyama, D. Chiba, and T. Ono, Microscopic origin
of electric-field-induced modulation of Curie temperature in
cobalt, Appl. Phys. Express 11, 073002 (2018).

[32] S. Miwa, M. Suzuki, M. Tsujikawa, K. Matsuda, T. Nozaki,
K. Tanakal, T. Tsukahara, K. Nawaoka, M. Goto, Y. Kotani,
T. Ohkubo, F. Bonell, E. Tamura, K. Hono, T. Nakamura, M.
Shirai, S. Yuasa, and Y. Suzuki, Voltage controlled interfacial
magnetism through platinum orbits, Nat. Commun. 8, 15848
(2017).

[33] J. H. Mentink, K. Balzer, and M. Eckstein, Ultrafast and re-
versible control of the exchange interaction in Mott insulators,
Nat. Commun. 6, 6708 (2015).

[34] K. Nawaoka, S. Miwa, Y. Shiota, N. Mizuochi, and Y. Suzuki,
Voltage induction of interfacial Dzyaloshinskii-Moriya interac-
tion in Au/Fe/MgO artificial multilayer, Appl. Phys. Express 8,
063004 (2015).

[35] Y. Shiota, T. Maruyama, T. Nozaki, T. Shinjo, M. Shiraishi, and
Y. Suzuki, Voltage-assisted magnetization switching in ultrathin
FegyCoy alloy layers, Appl. Phys. Exp. 2, 063001 (2009).

[36] Y. Suzuki, H. Kubota, A. Tulapurkar, and T. Nozaki, Spin
control by application of electric current and voltage in FeCo-
MgO junctions, Philos. Trans. R. Soc. London A 369, 3658
(2011).

[37] T. Nozaki, Y. Shiota, S. Miwa, S. Murakami, F. Bonell, S.
Ishibashi, H. Kubota, K. Yakushiji, T. Saruya, A. Fukushima,
S. Yuasa, T. Shinjo, and Y. Suzuki, Electric-field-induced fer-
romagnetic resonance excitation in an ultrathin ferromagnetic
metal layer, Nat. Phys. 8, 491 (2012).

[38] S. Kanai, M. Yamanouchi, S. Ikeda, Y. Nakatani, F. Matsukura,
and H. Ohno, Electric field-induced magnetization reversal in
a perpendicular-anisotropy CoFeB-MgO magnetic tunnel junc-
tion, Appl. Phys. Lett. 101, 122403 (2012).

[39] J. Zhu, J. A. Katine, G. E. Rowlands, Y. J. Chen, Z. Duan, J. G.
Alzate, P. Upadhyaya, J. Langer, P. K. Amiri, K. L. Wang, and
I. N. Krivorotov, Voltage-Induced Ferromagnetic Resonance
in Magnetic Tunnel Junctions, Phys. Rev. Lett. 108, 197203
(2012).

[40] D. Chiba, M. Sawicki, Y. Nishitani, Y. Nakatani, F. Matsukura,
and H. Ohno, Magnetization vector manipulation by electric
fields, Nat. Lett. 455, 515 (2008).

[41] A. O. Leon, A. B. Cahaya, and G. E. W. Bauer, Voltage Control
of Rare-Earth Magnetic Moments at the Magnetic-Insulator-
Metal Interface, Phys. Rev. Lett. 120, 027201 (2018).

[42] R. Verba, V. Tiberkevich, I. Krivorotov, and A. Slavin, Paramet-
ric Excitation of Spin Waves by Voltage-Controlled Magnetic
Anisotropy, Phys. Rev. Appl. 1, 044006 (2014).

[43] L. Gerhard, T. K. Yamada, T. Balashov, A. F. Takacs, R. J. H.
Wesselink, M. Dine, M. Fechner, S. Ostanin, A. Ernst, 1.
Mertig, and W. Wulfhekel, Magnetoelectric coupling at metal
surfaces, Nat. Nanotechnol. 5, 792 (2010).

[44] Y. Yamada, K. Ueno, T. Fukumura, H. T. Yuan, H. Shimotani,
Y. Iwasa, L. Gu, S. Tsukimoto, Y. Ikuhara, and M. Kawasaki,
Electrically induced ferromagnetism at room temperature in
cobalt-doped titanium dioxide, Science 332, 1065 (2011).

[45] A. Sekine and T. Chiba, Electric-field-induced spin resonance in
antiferromagnetic insulators: Inverse process of the dynamical
chiral magnetic effect, Phys. Rev. B 93, 220403(R) (2016).

[46] A. B. Cahaya, A. O. Leon, and G. E. W. Bauer, Crys-
tal field effects on spin pumping, Phys. Rev. B 96, 144434
(2017).

[47] N. W. Ashcroft and N. D. Mermin, Solid State Physics
(Brooks/Cole, Belmont, 1976).

[48] C. Kittel, Introduction to Solid State Physics (John Wiley &
Sons Inc, New York, 2005).

[49] F. Matsukura, Y. Tokura, and H. Ohno, Control of magnetism
by electric fields, Nat. Nanotechnol. 10, 209 (2015).

[50] D. J. Griffiths, Introduction to Quantum Mechanics (Cambridge
University Press, Cambridge, 2017).

014403-6


https://doi.org/10.1103/PhysRevB.94.235439
https://doi.org/10.1103/PhysRevB.94.235439
https://doi.org/10.1103/PhysRevB.94.235439
https://doi.org/10.1103/PhysRevB.94.235439
https://doi.org/10.1103/PhysRevB.94.205436
https://doi.org/10.1103/PhysRevB.94.205436
https://doi.org/10.1103/PhysRevB.94.205436
https://doi.org/10.1103/PhysRevB.94.205436
https://doi.org/10.1063/1.4959089
https://doi.org/10.1063/1.4959089
https://doi.org/10.1063/1.4959089
https://doi.org/10.1063/1.4959089
https://doi.org/10.1103/PhysRevLett.114.107202
https://doi.org/10.1103/PhysRevLett.114.107202
https://doi.org/10.1103/PhysRevLett.114.107202
https://doi.org/10.1103/PhysRevLett.114.107202
https://doi.org/10.7567/APEX.11.063002
https://doi.org/10.7567/APEX.11.063002
https://doi.org/10.7567/APEX.11.063002
https://doi.org/10.7567/APEX.11.063002
https://doi.org/10.7567/APEX.11.073002
https://doi.org/10.7567/APEX.11.073002
https://doi.org/10.7567/APEX.11.073002
https://doi.org/10.7567/APEX.11.073002
https://doi.org/10.1038/ncomms15848
https://doi.org/10.1038/ncomms15848
https://doi.org/10.1038/ncomms15848
https://doi.org/10.1038/ncomms15848
https://doi.org/10.1038/ncomms7708
https://doi.org/10.1038/ncomms7708
https://doi.org/10.1038/ncomms7708
https://doi.org/10.1038/ncomms7708
https://doi.org/10.7567/APEX.8.063004
https://doi.org/10.7567/APEX.8.063004
https://doi.org/10.7567/APEX.8.063004
https://doi.org/10.7567/APEX.8.063004
https://doi.org/10.1143/APEX.2.063001
https://doi.org/10.1143/APEX.2.063001
https://doi.org/10.1143/APEX.2.063001
https://doi.org/10.1143/APEX.2.063001
https://doi.org/10.1098/rsta.2011.0190
https://doi.org/10.1098/rsta.2011.0190
https://doi.org/10.1098/rsta.2011.0190
https://doi.org/10.1098/rsta.2011.0190
https://doi.org/10.1038/nphys2298
https://doi.org/10.1038/nphys2298
https://doi.org/10.1038/nphys2298
https://doi.org/10.1038/nphys2298
https://doi.org/10.1063/1.4753816
https://doi.org/10.1063/1.4753816
https://doi.org/10.1063/1.4753816
https://doi.org/10.1063/1.4753816
https://doi.org/10.1103/PhysRevLett.108.197203
https://doi.org/10.1103/PhysRevLett.108.197203
https://doi.org/10.1103/PhysRevLett.108.197203
https://doi.org/10.1103/PhysRevLett.108.197203
https://doi.org/10.1038/nature07318
https://doi.org/10.1038/nature07318
https://doi.org/10.1038/nature07318
https://doi.org/10.1038/nature07318
https://doi.org/10.1103/PhysRevLett.120.027201
https://doi.org/10.1103/PhysRevLett.120.027201
https://doi.org/10.1103/PhysRevLett.120.027201
https://doi.org/10.1103/PhysRevLett.120.027201
https://doi.org/10.1103/PhysRevApplied.1.044006
https://doi.org/10.1103/PhysRevApplied.1.044006
https://doi.org/10.1103/PhysRevApplied.1.044006
https://doi.org/10.1103/PhysRevApplied.1.044006
https://doi.org/10.1038/nnano.2010.214
https://doi.org/10.1038/nnano.2010.214
https://doi.org/10.1038/nnano.2010.214
https://doi.org/10.1038/nnano.2010.214
https://doi.org/10.1126/science.1202152
https://doi.org/10.1126/science.1202152
https://doi.org/10.1126/science.1202152
https://doi.org/10.1126/science.1202152
https://doi.org/10.1103/PhysRevB.93.220403
https://doi.org/10.1103/PhysRevB.93.220403
https://doi.org/10.1103/PhysRevB.93.220403
https://doi.org/10.1103/PhysRevB.93.220403
https://doi.org/10.1103/PhysRevB.96.144434
https://doi.org/10.1103/PhysRevB.96.144434
https://doi.org/10.1103/PhysRevB.96.144434
https://doi.org/10.1103/PhysRevB.96.144434
https://doi.org/10.1038/nnano.2015.22
https://doi.org/10.1038/nnano.2015.22
https://doi.org/10.1038/nnano.2015.22
https://doi.org/10.1038/nnano.2015.22

