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Dynamic converse magnetoelectric effect in ferromagnetic nanostructures
with electric-field-dependent interfacial anisotropy
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Magnetization oscillations excited by microwave voltages in ferromagnetic nanostructures having electric-
field-dependent interfacial anisotropy are described theoretically. By calculating frequency dependencies of
complex susceptibilities we show that this dynamic magnetoelectric effect acquires anomalous characteristics near
thickness-induced spin reorientation transitions (SRTs) in nanolayers of cubic ferromagnets. Most importantly,
the peak magnetoelectric susceptibilities may reach giant values exceeding 107% s/m, and the tunability of
the resonance frequency of the magnetization precession by a dc voltage increases drastically near the critical

thickness or voltage inducing an SRT.
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I. INTRODUCTION

High-frequency magnetization oscillations in ferromagnets
are usually excited by microwave magnetic fields [1] but this
technique suffers from high power consumption and large
spatial dispersion not suitable for nanoelectronic devices.
Another approach is based on the use of spin-polarized
currents created in conductive magnetic nanostructures, which
exert a spin-transfer torque (STT) on the magnetization [2,3].
The STT effect renders it possible to induce coherent high-
frequency magnetization dynamics in ferromagnetic films
even by a dc current [4-6]. This phenomenon is employed
in spin-torque nanoscale oscillators which create microwave
output voltages owing to the magnetoresistance (see Ref. [7]
and references therein). Importantly, the frequency of mag-
netization precession can be tuned over a range of several
gigahertz by varying the current density [5], and output powers
in the microwatt range compatible with applications for mobile
telecommunications may be generated by magnetic tunnel
junctions (MTJs) with MgO barriers [6]. Microwave currents
flowing through MT]Js have also been successfully employed
to induce steady-state magnetization precession and to observe
the STT-driven ferromagnetic resonance [8,9].

Although spin-polarized currents represent an efficient tool
for the high-speed manipulation of magnetic nanostructures,
the associated Ohmic losses are still too high for many
applications. Hence there is an increasing interest in other
methods that enable the control of magnetization dynamics
by electric fields rather than by currents and can therefore
greatly reduce the power consumption of spintronic devices.
Recently, it was shown experimentally and theoretically that
the surface/interface magnetic anisotropy of metallic ferro-
magnetic nanolayers is sensitive to the electric field created
in an adjacent medium [10-15]. This remarkable feature
opens the possibility to induce magnetization oscillations in
ferromagnetic nanostructures directly by the applied voltage.
Indeed, it has already been demonstrated that the ferro-
magnetic resonance can be excited by microwave-frequency
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voltages applied to MgO-based MTJs with an ultrathin free
layer [16,17]. The voltage-driven magnetization precession in
MTIs can be employed for the development of microwave
signal detectors with a high sensitivity [17,18].

In this paper, we describe theoretically the magnetization
oscillations induced by an ac voltage applied to a nanos-
tructure, where the magnetic anisotropy of a ferromagnetic
nanolayer varies with the electric field created in the adja-
cent insulating one. This dynamic converse magnetoelectric
effect is quantified by complex magnetoelectric susceptibil-
ities calculated as functions of the excitation frequency. To
demonstrate the role of the voltage-controlled anisotropy, we
focus on nanostructures where the STT effect is absent or
may be neglected (e.g., tunnel junctions comprising only one
ferromagnetic electrode). Importantly, the theory takes into
account the existence of thickness-induced spin reorientation
transitions (SRTs) in cubic ferromagnets and predicts the ap-
pearance of magnetoelectric anomalies near these transitions.

II. VOLTAGE-DRIVEN MAGNETIZATION OSCILLATIONS

We consider ferromagnet-insulator-metal trilayers, where
the interfacial magnetic anisotropy depends on the electric
field E created in the insulating interlayer by a voltage
source (Fig. 1). Our calculations are focused on ferromagnetic
layers with a nanometric thickness and nanoscale in-plane
dimensions. In such nanolayers, the interfacial anisotropy
represents a significant part of the total magnetic energy, and
a homogeneous spatial distribution may be assumed for the
magnetization M. Accordingly, we may describe the voltage-
induced magnetization dynamics in the macrospin approx-
imation using the Landau-Lifshitz-Gilbert (LLG) equation
dM/dt = —y uoM x Hegr + (o0/ Ms)M x dM/dt, where y is
the gyromagnetic ratio, 1 is the permeability of the vacuum,
« is the dimensionless damping parameter, M; is the saturation
magnetization regarded as a constant quantity independent of
the electric field E [19], and He¢ is the effective magnetic field
defined by the relation Hegr = —(1/19)0 F/OM, where F is the
Helmbholtz energy density of a ferromagnetic layer allowing
for the presence of interfacial magnetic anisotropy Fiva (see
Appendix A).
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FIG. 1. (Color online) Schematic representation of a magnetic
nanostructure having the form of a ferromagnet-dielectric-metal
trilayer connected to a voltage source.

In our formulation, the energy density Fiya has the form
Fova = Ksmg /tr, where K is the coefficient defining the total
specific energy of two surfaces of a ferromagnetic layer having
the thickness 7, and mj3 is the projection of the unit vector
m = M/M; on the x3 axis orthogonal to these surfaces. Since
the first-principles calculations demonstrate a linear variation
of K, with the field intensity E3 [11], the dependence of
this coefficient on the applied voltage V may be described
by the relation K; = Ky + k;V /t,, where ky = 0K /0Ej3 is
the sensitivity of K to the electric field E, and 1, is the
thickness of the insulating layer (barrier). Hence the effective
magnetic field contains a voltage-dependent term of the form
AHST(V) = =2k (oMt 115) " (Vae + Vae)ms, where the ap-
plied voltage is taken to be the sum of dc and ac contributions.
This relation immediately shows that weak ac voltages cannot
induce magnetization oscillations when M has an in-plane
(IP) orientation (m3 = 0). Neither can the perpendicular-
to-plane (PP) magnetic states (m3 = =£1) be destabilized
because the voltage-dependent torque in the LLG equation
vanishes (M x AH.¢ = 0). Therefore, we concentrate below on
magnetic states with the vector M inclined to the layer surfaces
(0 < |m3| < 1), which usually requires the application of a
suitably oriented magnetic field H. It should be noted that,
in nanolayers of cubic ferromagnets subjected to sufficiently
strong voltages, magnetization oscillations may be induced
even at the IP and PP static orientations of M. This particular
situation, which is discussed in Appendix B, occurs when the
total applied voltage V = V4.4V, periodically exceeds the
critical voltage characterizing a voltage-driven SRT [11,19].

The most convenient way to solve the LLG equation is
to rewrite it in the spherical coordinates 6 and ¢ defining
the magnetization direction (see Fig. 1) [20]. Expressing the
effective field Hes through the angular derivatives of the nor-
malized free energy density f = F/(uoM?) and introducing
the dimensionless time 7, = y uoM,t /(1 + o%), we obtain the
following system of differential equations:

d ) B
sin29—¢ = —a—f +sin9—f,
dt, 0 200 )
. de af . of
sinf— = ——— —qa sinf—.
dt, ¢ 00

For small deviations 8¢ = ¢ — ¢ and 860 = 6—6p from
the initial equilibrium magnetization orientation defined by
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the angles ¢y and 6y, Eq. (1) can be linearized by replacing
partial derivatives of f by appropriate terms in their Taylor
expansions. Under the condition 6y # {0, 7 /2}, the calculation
of the linearized system of equations yields

dse
T = A118¢ + A1260 + b1(1o),
dso
= A218¢ + A0 + by(1y), 2
where
P 92 fy a3 fy
"7 Sin6y 9990 sin26p 9¢?
A — 1 azfst o 32fst
27 Sindy 962 sin26, 9490
1 9% fy 9 fu
Ay = —— —a ,
sinfy 9¢? 9¢ a0
1 3? a2
A22=— . fSl — fsl’ (3)
sin 6y 336 0602
1 of o« of 1 af  of
= _ = —a—.
sinfy 00  sin2 6, d¢ sin 6y 3¢ a6
(€]
In Eqgs. (3) and (4), all derivatives are taken at ¢ = ¢y

and § = 6, and f represents the energy density in the
absence of excitation, which does not vary with time and
has zero derivatives dfy/d¢ and dfy/00 in equilibrium.
In our case of magnetization dynamics driven by voltage-
dependent interfacial magnetic anisotropy, the quantities b »
are directly proportional to the applied ac voltage, namely,
b1,2 = 151,2Vac with 51 = —2k, cos 90/(MOMszlflb) and 52 =
2akg cos B sin 00/(/JL0M321‘flb).

To find the steady-state solution of Eq. (2) describ-
ing the magnetization precession induced by an oscillating
voltage V,., we employ the complex representation V,. =
0 Vinax exp(iwt) = § Vinax exp(iwyT,) with a real amplitude
8 Vmax for the voltage and seek for the solutions in the form
8¢ = SPamp eXxpliwgTy) and 86 = 86,mp exp(iwy ), Where
wy = w(l + az)/(yqus). Then Eq. (2) reduces to a system
of equations for the complex amplitudes d¢amp and 60ump,
which gives

—(Ag —iwy)by + Apnby

8(1) = N 8V X 9
T AN A — ApAy — 0k —iwg(An + An)
(5)
Asiby — (A1 —iwy)b
86ump = 21b1 — (A lft)a) 2 SV
A11Apn — ApAy — w2 —iwg (Al + Ax)
(6)

Using Eqgs. (3)—(6) together with an appropriate relation for
the free energy density fy(¢,0), one can calculate the real
and imaginary parts of d¢,mp and 60,mp as a function of
the frequency v = w/2x of the ac voltage applied to a
ferromagnetic nanostructure.

In this work, we focused on nanostructures comprising
(001)-oriented single-crystalline layers of cubic ferromagnets
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FIG. 2. (Color online) Magnitudes of the angular deviations §¢
(curve 1) and 86 (curve 2) of the magnetization from the static
orientation calculated as a function of frequency v of the applied
ac voltage. The voltage amplitude 6 Vp,y is taken to be 0.01 V, and
the out-of-plane magnetic field H; equals 100 Oe. The CoFeB layer
has the thickness of 1.629 nm and almost in-plane magnetization
orientation (¢ = 0, 6y = 77°).

and employed an explicit expression for their energy den-
sity given in Ref. [21] (see Appendix A). The numerical
calculations were performed for CoFeB alloys coupled to
MgO using typical values of the involved material parameters:
Ko = —1.3 x 1073 J m™2 [22], k, = —50 wuJ m™2
(V nm= )~ [23], My = 1.15 x 10° A m~! [23], and @ =
0.01 [22]. Using Egs. (3)-(6) together with Eq. (Al), we
calculated the frequency dependencies of the magnitudes of the
magnetization’s angular deviations 8¢ and 36 from the static
orientation. The results obtained for the maximum angular
deviations during the magnetization precession at 6 Viax =
0.01 V for a CoFeB layer coupled to MgO are presented in
Fig. 2. It can be seen that these deviations show a peak at almost
the same frequency but have different maximal values, which
indicates an elliptical trajectory of the end of the magnetization
vector M.

III. MAGNETOELECTRIC SUSCEPTIBILITIES AND
THEIR EXPERIMENTAL DETERMINATION

Since the voltage-driven magnetization precession repre-
sents a dynamic converse magnetoelectric (ME) effect, the
most important characteristics of this phenomenon are the
complex ME susceptibilities «;3 = uodM;/6E3 (i = 1,2,3).
Expressing the magnetization projections M; on the coordinate
axes x; via the orientation angles ¢ and 6, we find

M1, ( — sin By singn S22 4 cosfy cos gy 5 2
= oty | — sin @ sin cos By cos ,
a3 = oMty o O(Svmax o 05Vmax
(7
8 86
a3 = oMty (sin 6o cos ¢y Panp + cos 6 sin ¢ P ) ,
max 8Vmax
®)
. 06amp
as; = —poM;t, sinty v 9

max
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Equations (7)—(9) were used to numerically calculate the
real and imaginary parts of «;3 for heterostructures comprising
CoFeB-MgO bilayers. Representative frequency dependencies
of these quantities, which correspond to a CoFeB layer with
the static magnetization lying in the (x;,x3) plane (¢o = 0),
are shown in Fig. 3. It can be seen that the imaginary part
of the coefficients ;3 and o33 displays a symmetric peak at
the resonance frequency v, while the real part crosses zero
at the frequency vp=v. and has an antisymmetric dispersion
with respect to vy. In contrast, op3 shows an opposite behavior
[Fig. 3(b)], which can be explained by the similarity of this
ME susceptibility to the off-diagonal components of the tensor
of magnetic susceptibilities characterizing conventional ferro-
magnetic resonance. Furthermore, the analysis shows that the
ME response curves of the two discussed types can be fitted by
symmetric and antisymmetric Lorentzians with good accuracy.

It should be noted that, since My = v M? + M3 + M3 is re-
garded as a fixed quantity, ME coefficients satisfy the condition
sin Byp(cos ¢oar13 + sin poazz) + cos Bgasz = 0, which reduces
to a3 = —cotfpazsz at oy = 0.

Remarkably, the peak values of ME susceptibilities strongly
increase near the thickness-induced SRTs occurring in
nanolayers of cubic ferromagnets. In epitaxial films of CoFeB
alloys and other ferromagnetic materials with positive bulk
magnetocrystalline anisotropy, this SRT in the absence of
magnetic fields usually has the form of an abrupt transition
between IP and PP magnetization orientations taking place
at a critical thickness t;i [21]. For the discussed unstrained
CoFeB layer coupled to MgO, the calculation gives 73(V =
0) = 1.604 nm (see Appendix A). Since K;9 < 0, the PP
orientation stabilizes at 1, < tj’ﬁ, whereas the IP one becomes
stable at 7y > t7. In the presence of a magnetic field H
needed to create an inclined magnetization orientation, the
critical thickness ¢} changes (see Appendix A) and an abrupt
(first-order) SRT may transform into a gradual (second-order)
one [24].

Figures 4-6 show the real and imaginary parts of the ME
coefficients o3, a3, and o33 plotted as functions of frequency
of the driving ac voltage at different thicknesses ¢, > 13 of
the CoFeB layer. It can be seen that the ME peaks become
higher and narrower as ¢, approaches 1%(H3) from above in
the presence of a perpendicular-to-plane magnetic field Hs. A
similar evolution is displayed by the ME coefficients when the
CoFeB thickness increases up to ¢3(H;) at a nonzero in-plane
magnetic field H; needed to tilt the magnetization. The max-
imum values of Re[¢;3] and Im[e¢;3] increase monotonically
with decreasing difference [f; — t";;| at both 7y < t";(H) and
ty 2 t7(H) when the magnetic field H is inclined to the layer
surfaces. In contrast, the ME susceptibilities become zero at
tr > th(Hl) and 1y < t]’i(Hg) because under these conditions
the CoFeB magnetization acquires IP (H3 = 0) and PP (H, =
0) orientations, respectively.

The inspection of Figs. 4—6 also demonstrates that all
characteristic frequencies decrease as the CoFeB layer thick-
ness t; approaches the critical value ¢} corresponding to
the size-driven SRT. The theoretical analysis shows that the
thickness dependencies of these frequencies can be calculated
analytically. However, the derived analytical relations are very
cumbersome, except for the formula giving the frequency
Vo at which Re[wss] goes to zero. This formula can be
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FIG. 3. (Color online) Frequency dependencies of the real (curve
1) and imaginary (curve 2) parts of the dynamic magnetoelectric
coefficients o3 (a), 23 (b), and a33 (c) calculated for the CoFeB-MgO
nanostructure subjected to the out-of-plane magnetic field H; = 100
Oe. The CoFeB layer has the thickness #; = 1.629 nm, negligible
lattice strains, demagnetizing factors Ni; = Ny = 0.008, N33 =
0.984, Ni;, = N;3 = N3 = 0, and almost in-plane magnetization
orientation (¢g = 0, 6y = 77°). The MgO thickness is assumed to be
0.8 nm.
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FIG. 4. (Color online) Evolution of the ME susceptibility o3
with the CoFeB layer thickness near the size-induced SRT. The real
(a) and imaginary (b) parts of «,3 are plotted as functions of the
frequency v of the driving ac voltage. The thickness of the CoFeB
layer subjected to the magnetic field H; = 100 Oe increases from
17 = 1.624 nm (curve 1) to 7 = 1.674 nm (curve 3) with the step
8ty =0.025 nm.

written as

o ¥ oM \/(AnAzz—Alezl)(Azl+OlSin90A11)
0

T 2n(14a?) (Az1 — a sinfyAa) ’
(10)

where A;; are defined by Eq. (3). The numerical calculations
indicate that Eq. (10) renders it possible to estimate with good
accuracy the frequencies corresponding to the peaks of Im[a33]
and Re[a3] as well.

Importantly, strong enhancement of maximum susceptibil-
ities can also be achieved by applying a dc voltage Vg to
the MgO layer (see Fig. 7). This ME anomaly, with peak
values exceeding 107 s/m, appears when V. approaches the
critical voltage V*(¢ ) inducing an SRT in a CoFeB layer with
sufficiently small |7, — %[ [19]. In the presence of a dc voltage,
the ME peaks also shift to higher or lower frequencies. Figure 8
shows the resonance frequency v maximizing the imaginary
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FIG. 5. (Color online) Evolution of the ME coefficient a3 with
the CoFeB layer thickness near the size-induced SRT. The real (a) and
imaginary (b) parts of ap3 are plotted as functions of the frequency v
of the driving ac voltage. The thickness of the CoFeB layer subjected

to the magnetic field #; = 100 Oe increases from 77 = 1.624 nm
(curve 1) to t; = 1.674 nm (curve 3) with the step 6¢; = 0.025 nm.

parts of the coefficients o3 and a3 plotted as a function of
Vie. It can be seen that v, varies with voltage nonlinearly
and strongly decreases near the critical value V*(¢y). Hence
it is possible to achieve an efficient electrical tuning of the
resonance frequency, with changes as high as 500%-1000%
at Vg < 1 V. Interestingly, the shift of the ME peak to lower
frequencies is accompanied by a significant reduction of its
width near the critical voltage V* inducing the magnetization
reorientation. This feature is illustrated by Fig. 9 which shows
the full width at half maximum (FWHM) of the peak of
Im[a33(v)] plotted as a function of the applied voltage V..
Moreover, the electrical tuning of the resonance frequency
becomes much more efficient near the voltage-induced SRT.
Indeed, Fig. 10 shows that the tunability |0v.s/0E3| of
this frequency increases drastically at voltages Vy. close to
the critical voltage V*, reaching about 100 GHz/(V/nm)
at Vy. = V*. Therefore, ferromagnetic nanostructures with
the voltage-controlled magnetic anisotropy are promising for
the development of electrically tunable signal processing
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FIG. 6. (Color online) Evolution of the ME coefficient o33 with
the CoFeB layer thickness near the size-induced SRT. The real (a) and
imaginary (b) parts of 33 are plotted as functions of the frequency v
of the driving ac voltage. The thickness of the CoFeB layer subjected
to the magnetic field H; = 100 Oe increases from t}‘» = 1.624 nm
(curve 1) to ty = 1.674 nm (curve 3) with the step 6z, = 0.025 nm.

microwave devices with high tuning speed and low energy
consumption, such as bandpass filters, phase shifters, resonant
circuits in tunable oscillators, mixers, and frequency multipli-
ers.

In the case of MTIJs, the current created by the ap-
plied voltage is spin polarized so that an STT acts on
the magnetization in addition to the torque caused by the
effective field Het. Therefore, the Landau-Lifshitz-Gilbert-
Slonczewski equation should generally be used to describe
the voltage-driven magnetization dynamics [17]. However, the
analysis shows that the STT becomes comparable to the torque
resulting from AHc#(V) only in junctions with sufficiently
high electrical conductances. Indeed, the STT factor tsyr
(see Ref. [19]) for elastic tunneling in symmetric MTJs in
the approximation of constant torkance [3] can be written as
st = Y (h/2e)[P/(1 + PZ)]GPV/tf, where e is the electron
charge, h is the Planck constant, P is the spin polarization,
and Gp is the MTJ conductance per unit area in the parallel
state. Accordingly, the ratio % = ISTT/(y/J,OMSAHfff/mQ
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FIG. 7. (Color online) Peak values of the ME susceptibilities
Re[;3(v)] plotted as a function of the dc voltage applied to the
CoFeB-MgO heterostructure. Panel (a) corresponds to the CoFeB
layer with the thickness 7, = 1.545 nm < ¢} subjected to the magnetic
field H; = 100 Oe, whereas panel (b) shows the results obtained for
the CoFeB thickness #; = 1.73 nm > 17 at the field H; = 700 Oe.
Curves 1,2, and 3 show Re[o;3(Vies)], Re[t23(Vres)], and Re[or33(Vees) 1,
respectively. The dashed line indicates the critical dc voltage V*(7,)
inducing SRT.

characterizing the relative importance of two discussed torques
may be estimated as R = —(h/4e)[P/(1 + P?)|(ty/k;)Gp.
Using the parameters ks = —50 uJm=2 (Vom~")"!, #, = 1 nm,
and P = 1/+/3 typical of CoFeB-MgO junctions, we find that
R equals unity at a high conductance Gp =~ 5 x 10! Q7! m~2.
Therefore, there is a wide range of conductances, where
the influence of STT on the voltage-driven magnetization
dynamics can generally be neglected. This conclusion applies,
for example, to the FegyCoyg/MgO junctions with Gp~108
Q™! m~? studied by Nozaki et al. [16]. On the other hand,
the CoyoFegoB2o/MgO/CogoFes9Boo junctions with Gp = 3
x 10" Q7' m=2, 1, = 0.83 nm, P = 0.54 (Ref. [17]), and
ks = —33 uT m=2 (Vnm~")~! (Ref. [15]) have i ~ 0.52 so
that the STT effect cannot be ignored, which agrees with the
conclusion made in Ref. [17].

Importantly, MTJs with low conductances providing % <
1 allow determining ME coefficients experimentally. This
feature results from the phenomenon of magnetoresistance
converting magnetization oscillations into an output dc voltage

PHYSICAL REVIEW B 90, 064429 (2014)
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FIG. 8. (Color online) Resonance frequency of the magnetiza-
tion precession as a function of dc voltage applied to the CoFeB-
MgO heterostructure. The thickness of the CoFeB nanolayer equals
1.579 nm (¢t; < t_’;) (a) and 1.629 nm (¢ > t}) (b). The applied
magnetic field is H; = 100 Oe (a) and H; = 700 Oe (b). The dashed
line here and below indicates the critical dc voltage V*(¢,) inducing
SRT.

Vour measured by the homodyne detection technique [16]. In
asymmetric MTJs, the conductance varies with the angle
between the magnetizations of two electrodes having the effec-
tive spin polarizations P; and P, as G = Go(1 + Py P> cos {r)
[2]. Using this formula together with Eqs. (7)—(9), we derived
relations between Re[¢;3] and Vo For an MTJ with the PP
fixed magnetization Mgxeq (3 = 60), the calculation yields
20 M;t,(1 + Py P> cos 0p)

Reloss] 2 — e Vou.  (11)
1 2 max

If the applied magnetic field ensures the orientation of the
free layer magnetization M in the (x,x3) plane (¢9 = 0),
the formula Re[o13] = — cotOgRe[w33] renders it possible to
evaluate Re[wj3] via Eq. (11) as well. Alternatively, it can be
found as

2o Mty
P, P,5V?2

max

Re[a3] = — Vout (12)
from the output voltage of an MTJ with M4 parallel to the
x; axis and M orthogonal to the x; one. Finally, Re[oy3] =
—2uoM;ty Vour/(Py P26 Vnzlax), where Vi, should be generated
by a junction with Mgxq and M parallel and orthogonal to the
X; axis, respectively.
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FIG. 9. (Color online) FWHM of the peak of Im[c33(v)] plotted
as afunction of dc voltage applied to the CoFeB-MgO heterostructure.
The thickness of the CoFeB nanolayer equals 1.579 nm (¢, < 17) (a)
and 1.629 nm (t; > t;‘.) (b). The applied magnetic field is H; = 100
Oe (a) and H; = 700 Oe (b).

IV. CONCLUDING REMARKS

In this paper, we described theoretically the ME effect
in the form of voltage-induced magnetization oscillations
in ferromagnetic nanostructures with electric-field-dependent
interfacial anisotropy. Our calculations demonstrated that the
real and imaginary parts of complex ME susceptibilities char-
acterizing this effect display peaks at very close frequencies
of the driving ac voltage. These characteristic frequencies
may reduce dramatically near thickness-induced SRTs in
ferromagnetic nanolayers, which is accompanied by a strong
increase in the heights of ME peaks and their sharpness.
Remarkably, the tunability of resonance frequency by dc
voltages rises drastically near the critical voltage inducing
an SRT. It should be emphasized that the precise control of
nanolayer thickness ensuring 7=t} is not necessary for the
observation of giant ME susceptibilities since the proximity to
the SRT can be enhanced at a given ¢, by applying appropriate
dc voltage to an insulating layer.

The practical importance of our theoretical results is
ensured by potential applications of considered nanostructures
in various electronic devices. In particular, the predicted
giant ME susceptibilities indicate that the sensitivity of
microwave signal detectors based on MTJs [17,18] can be
increased dramatically by making the free layer thickness 7,
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FIG. 10. (Color online) Tunability |dv.s/d E3| of the resonance
frequency as a function of dc voltage applied to the CoFeB-MgO
heterostructure. The thickness ¢ ; of the CoFeB nanolayer equals 1.545
nm (fy < 3)(a)and 1.73nm (75 > 17) (b). The applied magnetic field
is H; = 100 Oe (a) and H; = 700 Oe (b).

close to the critical thickness t} or by applying a voltage
approaching the critical voltage V*(¢;). For the detector
sensitivity Sy given by the ratio of the output dc voltage Vo
to the signal power W = GAS8V?2, (A is the electrode area),
the calculation yields Sy = — P; P,Re[o3]/(noM;G Aty,) and
SW = —Pl PzGoRe[Oé33]/(,bL0MYG2At;,) for MTJs with Mﬁxed
parallel to the x; and x3 axis, respectively. Substitut-
ing here Re[w;3(ves)] given in Fig. 4, we find that, for
CoFeB/MgO/CoFeB junctions similar to those studied in
Ref. [17], the sensitivity Sy (ves) may exceed 104V /W, which
is about 20 times higher than the measured value reported in
Ref. [17].

Furthermore, we propose a magnetic field sensor which
utilizes the described dynamic converse ME effect in combina-
tion with the magnetoresistance of MTJs. Since the resonance
frequency of the voltage-driven magnetization precession
is highly sensitive to the external magnetic field H, the
output dc voltage V,, generated by the junction subjected
to a microwave voltage V,. of a fixed frequency v should
vary with the field intensity H. Taking into account that
Vout 18 directly proportional to Re[a;3], we predict that the
sensitivity o Vo /0 H ~ (0Re[w;3]/0v)(dv/d H) will increase
drastically near the frequency vg. This feature demonstrates
that CoFeB/MgO/CoFeB junctions can be employed as ultra-
sensitive sensors of weak magnetic fields.
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APPENDIX A

The numerical calculations of voltage-induced magnetiza-
tion oscillations were performed for (001)-oriented single-
crystalline layers of cubic ferromagnets. The derivatives of
the normalized free energy density f = F/(oM?) involved
in Egs. (3) and (4) were calculated via the formula [21]

K
) (m} -+ )+ Kot + e
f

B c12

+ B (ulm% + Ltzm%) + Byugmim, — By |:— + — (u + uz)] m%

2
— poMy(Hym + Hymy + Hzms),

where Fy is the part of the energy density independent of
the magnetization orientation, and m; = cos¢ sinf, m, =
sing sinf, ms3 = cosf are the direction cosines of the
magnetization M with respect to the principal cubic axes x;
shown in Fig. 1 (note that m% + m% + m% = 1). In Eq. (A1),
N;y, are the components of the tensor of demagnetizing factors
[25], K; and K, are the bulk magnetocrystalline anisotropy
constants of fourth and sixth order at constant strains u [26],
K; = Ko + k;V /1, is the surface anisotropy parameter, B
and B, are the magnetoelastic coefficients, and ci;, ¢2, and
c44 are the elastic stiffnesses at fixed M (we use the Voigt
matrix notation for strains and elastic constants). Since in this
work the magnetization is taken to be uniformly distributed
within the ferromagnetic nanolayer, the gradient energy
A [(Vm))? + (Vmy)? 4+ (Vm3)?] caused by the exchange
coupling [27,28] was omitted in Eq. (A1). This approximation
does not allow the description of inhomogeneous magnetic
states and excitations, such as domain structures and spin
waves, but is valid for magnetic layers with nanoscale in-plane
dimensions and thicknesses smaller than the exchange length
Aex [27,28]. Since the thicknesses 7y assumed in theoretical
calculations are below 2 nm, whereas the exchange length of
CoFe alloys is about 4 nm [28], the condition 7y < A¢ is
satisfied in our case.

For the material parameters involved in Eq. (Al), we
employed the following values typical of CoFeB alloys: K| =
13x10*Tm3, K, =0, By =—-294x10° T m™3, B, =
—3x10Tm3, ¢;; =2.8%x 10" Nm™2, ¢, = 1.4 x 10'!
Nm2, and c44s = 1 x 10" N m~2 [21]. The lattice strains in
a CoFeB layer were assumed to be absent (u; = u, = ug =
0), and the demagnetizing factors were taken to be N;; =
N22 = 0008, N33 = 0984, and N12 = N13 = N23 = 0, which
correspond to square ferromagnetic layers with the in-plane
dimensions of about 400 nm at the considered thicknesses
tr ~ 1.6 nm [29]. The MgO thickness 7, was set equal to
0.8 nm.

Besides the calculations of voltage-induced magnetization
oscillations, Eq. (Al) was used to determine the critical
thickness tji(V = 0) of the CoFeB layer and the critical dc
voltage V*(7,) inducing the SRT in the presence of nonzero
magnetic field H. To this end, the magnetization orientations

6ci1 cn

1
+ =~ oM (NyimT 4+ Nypm3 + Nysm3 + 2Nipmimy + 2Nyzmyms + 2Nazmaoms)

(AD)

(

corresponding to relevant local minima of the energy F(¢,0)
were calculated numerically as a function of the thickness
ty at a given H, and the value of tjé(H) was then found
as the thickness at which these minima acquire the same
energy. This threshold situation is illustrated by Fig. 11, where
the dependence of the energy density on the magnetization
orientation is shown by a distribution of colors over the unit
sphere for a representative CoFeB layer not subjected to any
magnetic field.

The results obtained for CoFeB layers subjected to
perpendicular-to-plane magnetic fields (Hz> 0) are shown
in Fig. 12. In this situation, one of the energy minima is
associated with the perpendicular-to-plane magnetization (6 =
0), whereas the other corresponds to a nonzero orientation
angle 0(H3) that gradually decreases with increasing field
intensity, as shown in Fig. 12(a). This variation is accompanied
by a monotonic increase of the critical thickness t;f-(H3)
continuing until the SRT disappears at the field H = 770 Oe
[Fig. 12(b)].

To check the validity of Eq. (A1) in the case of ultrathin
ferromagnetic films, we calculated the critical thickness

x 10*
4.6

1 - 4.55
4.5

0.5

" ‘ .

4.45
-0.54 N\ . /
-1

4.25
4.2

4.4
i

4.35
13
o N,
™ 11

Om'

FIG. 11. (Color online) Dependence of the energy density on the
magnetization orientation in a CoFeB layer with the critical thickness
r;(H=0)=1.604 nm.
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line indicates the critical field intensity H; = 770 Oe above which
the SRT disappears.

t;(V = 0) for the CoyoFegoB2o/MgO heterostructures studied
in Ref. [22]. With the measured magnetization M; = 1.26 x
10° A m~! and the interfacial anisotropy Ko = —1.3 x
1073 T m~2 [22], the calculation gives r; ~ 1.4 nm, which
is in good agreement with the measured value of about
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1.5 nm [22]. The coercive field H.(ty) of the perpendicular-
to-plane magnetization state, determined from the condition
82F/36% = 0, was found to be in the order-of-magnitude
agreement with the values H, ~ 1 kOe observed for the
CoFeB/MgO/CoFeB junctions with the 40 nm diameter [22],
where the magnetization switching is expected to develop
through the coherent mode. These results support the validity
of our approach.

APPENDIX B

We also studied the magnetization oscillations induced by
voltages periodically exceeding the critical voltage V*(¢y).
Since at V = V* the initial energy minimum transforms into
a maximum, the magnetization will be destabilized even if
its equilibrium direction at zero voltage is parallel or perpen-
dicular to the surfaces of the ferromagnetic layer. Hence the
magnetization will start to rotate towards another orientation
corresponding to the adjacent energy minimum. This rotation,
however, may be reversed by reducing the applied voltage
back to a value well below V* after a sufficiently short
time. Indeed, the magnetization will be attracted to the initial
energy minimum if the potential barrier between two energy
minima reappearing during the voltage downswing was not
crossed. Accordingly, a periodic voltage-driven motion of the
magnetization can be excited.

Using an implicit Runge-Kutta method, we performed nu-
merical simulations of the magnetization oscillations induced
in the CoFeB-MgO heterostructure (at H = 0) by a sequence of
unipolar voltage pulses with the magnitude Vp.x > V*(#y). It
was found that the voltage-driven oscillations have the form of
an unsmooth rotation of the magnetization vector M around the
equilibrium direction. This feature is demonstrated by Fig. 13,
where we plotted typical trajectory of the end of the unit
vector m = M/M; projected on the plane perpendicular to
the equilibrium direction. Moreover, our simulations showed
that a very precise control of the voltage time dependence is
needed to induce steady magnetization oscillations of this sort.
Therefore, it would be rather difficult to create such oscillations
experimentally.

0.04

0.03f

0.02f

0.01r

-0.01}
-0.02}

-0.03f

-0.04

-0.04 -0.02 0 0.02 0.04
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FIG. 13. (Color online) Typical trajectories of the end of the unit vector m = M/M; projected on the plane perpendicular to an equilibrium
direction of M. The left panel corresponds to the unsmooth motion around the in-plane [100] direction induced by a sequence of unipolar
voltage pulses with Vix > V*(2 ), whereas the right panel characterizes the magnetization precession around an inclined equilibrium direction

driven by a weak ac voltage V,. < V*(ty).
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