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The exchange stiffness constant denoted by A4y is one of the fundamental physical quantities from the
Heisenberg exchange Hamiltonian for ferromagnetic materials. A recent theoretical prediction shows the
possibility that 4.« in ferromagnetic metal films can be effectively tuned by the application of an electric
field at the surface. In this paper, we demonstrate that the thermally excited spin-wave modes in magnetic
tunnel junctions contain modulations upon application of an electric field through a MgO tunneling barrier.
Different modulations of different spin-wave eigenmodes provide quantitative information regarding the
electric field effects on the exchange stiffness, perpendicular anisotropy energy, and saturation magnetiza-
tion. An electric field of 1 V/nm modulated Acx by 8.1% at room temperature. The results are significantly

higher than those predicted from the Slater-Pauling curve and recent theoretical work.
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L. INTRODUCTION

The electric field control of the magnetic properties in
metallic ferromagnets has attracted considerable attention
owing to its potential as a key technology in the produc-
tion of ultralow-energy-consumption spintronic devices.
The electric field control of magnetic anisotropy in a fer-
romagnetic metal system at room temperature [1,2] is of
particular interest for ultralow-power magnetic random
access memory (MRAM) applications [3—10]. Further-
more, Chiba et al. reported a significant electric field effect
on the Curie temperature 7¢, in Co ultrathin films [11].
Oba et al. theoretically predicted the electric field control
of the Heisenberg exchange constant in a ferromagnetic
layer without capping layer (i.e., ferromagnetic metal in
the vacuum) [12]. This theory successfully describes the
electric field dependence on 7T¢. However, two groups
have recently reported the electric field control on maze
domain size [13,14] that is determined by the minimiza-
tions of the total system energy, including the exchange,
perpendicular magnetic anisotropy, and dipole interaction
energies. These two studies provided different conclusions
from analyses of experimental observations; the estimated
change in the exchange stiffness constant, 4., differs in
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magnitude and sign for each study, although similar mag-
netic systems were employed, i.e., Co and Co-Fe-B. There-
fore, the electric field control of the exchange interaction in
3d ferromagnets must be addressed with more considera-
tion of the experimental technique and analysis. With the
appropriate modeling, the contribution of the change in Ay
could be separated from those of the perpendicular mag-
netic anisotropy and saturation magnetization. The electric
field control of 4.y may provide the additional function-
ality for magnetic materials, such as the electric field
switching of ferromagnetism [4], creation and annihila-
tion of skyrmions (working together with the electric field
control of the Dzyaloshinskii-Moriya interaction [15,16]),
control of the magnon velocity, and T¢ [11]. For example,
the electric field control of the skyrmion has already been
demonstrated under an STM tip [17] and in a junction [18§].
However, in these experiments, the quantitative informa-
tion regarding the modulation in A¢ is lacking. Therefore,
a quantitative evaluation technique is required for the
exchange interaction in ferromagnetic films under electric
field applications based on an independent experimental
approach.

In our previous research, the spin-wave eigenmodes on
a 2-nm-thick FeB free layer with 120-300-nm-diameter
magnetic tunnel junctions (MTJs) with perpendicular
magnetization were classified with various nodal circles
(n) modes and nodal diameter (/) modes [19,20]. The
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fundamental uniform resonance frequency of the cell
[similar to the ferromagnetic resonance (FMR) mode with
a zero spin-wave vector] is mostly determined by the sat-
uration magnetization (My), perpendicular magnetic uni-
axial anisotropy, and external magnetic field (Hey). In
the experimental spectrum, additional higher nodal modes
appear with a finite nonzero spinwave vector and the split-
ting between different nodal modes is determined primarily
by A, as a non collinear spin configuration is required
within a nanostructure. Conversely, the splitting between
modes with different propagation directions (directional
splitting between £/ modes) is caused by dipole coupling
that is governed by the size of M. The characteristic
appearance of M, A, and perpendicular magnetic uni-
axial anisotropy in the mode frequency splitting provides
an effective method to selectively analyze the electric field
effect on Aey.

In this study, a 65-nm-diameter MTJ with perpendic-
ular magnetic anisotropy was prepared by electron-beam
lithography to investigate the electric field modulation of
Aex. In smaller samples, higher nodal modes require a large
wave number k, providing larger exchange splitting, and
are sensitive to small changes in 4. The thermally excited
ferromagnetic resonance (TE FMR) measurements were
employed to measure the electric field effect on the spin-
wave eigenmodes in the free layer of the MTJ. Using the
electric field dependence of the higher-mode spin-wave

spectra, each contribution of A, M, and perpendicular
magnetic anisotropy in the electric field can be identified
with proper spin-wave modeling.

II. EXPERIMENTAL DETAILS

Figure 1(a) shows the schematic structure of the 65-
nm-diameter MTJ device. The stack consisted of a PtMn
(15 nm)/CoroFesp (2.6 nm)/Ru (0.86 nm)/Coj,Fe7,Big (2.8
nm)/MgO barrier (1.2 nm)/Co,Fes;Big (1.5 nm)/MgO
capping (1.0 nm)/Ru (5 nm)/top electrode on a Si sub-
strate or buffer layer. The composition of CoFeB was
evaluated by an x-ray fluorescence measurement. The
CopoFe;39/Ru/CorFenBig layers had a synthetic ferri-
magnetic structure, with the CosFesy and CojrFenBig
magnetization aligned antiparallel. For the free layer
(CoyFes3Big 1.5 nm) and using a vibrating sample mag-
netometer (VSM), M;=1.35 MA/m. The perpendicu-
lar saturation field was estimated as 200 mT by the
VSM. From these values, the estimated surface perpen-
dicular magnetic anisotropy (K,) of the free layer was
1.5 mJ/m?. The electric field effect in MgO-based MTJ
was caused by purely electronic effects as reported in
our previous work [7,8]. To maximize the electric field
modulation in Ae, 65-nm-diameter MTJ devices and
a 1.5-nm-thick free layer were utilized. The ferromag-
netic layer thickness employed here was the thinnest
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possible for the MTJ with a certain MR ratio, pro-
viding a reliable frequency shift in the spectrum. To
avoid spin-transfer torque and/or thermal effects, we chose
~125 Q um? resistance-area products for the devices.

The measurement geometry is shown in Fig. 1(b)
[19,20]. Hext was applied in the direction perpendicu-
lar to the sample. The measurements were performed
at fixed frequencies from 1.0-6.5 GHz and a sweeping
Hey from 4000 mT with a bias voltage ranging from
—0.65 to 0.65 V. The critical current is the limit value
for fluctuation divergence and the occurrence of steady-
state precession, and was determined as 5.7 x 10'0 A/m?.
This value is much larger than the applied current den-
sities [(0.9—4.3) x 10° A/m?] in the MTJ. The regions of
the applied current densities were near equilibrium states,
far from any transition [21]. Therefore, the spin-wave
excitation source was the thermal energy at room temper-
ature [22]. We repeated measurements in three different
devices (MTJ1, MTJ2, and MTJ3). All devices essentially
provided the same results.

III. RESULTS AND DISCUSSION

Figure 1(c) shows a typical TE FMR spectrum observed
for the MTIJ. The spectrum was obtained at a microwave
frequency of 6.0 GHz as a function of Hy under a dc
bias of 0.52 V. A positive voltage is defined as a volt-
age that accumulates electrons in the free layer. The open
black circles are experimental results and the red line is
the Lorentzian fit result. By comparison with our previ-
ous study [20], all resonance peaks belonged to the lowest
nodal circle mode, i.e., n =1, because of the very small
size of the magnetic cell. The nodal radius mode indices
[ are indicated on top of the peaks. The highest inten-
sity peak is the fundamental peak, i.e.,the n=1and /=0
mode. The next two peaks appearing at ~175 mT are
[ ==+1 peaks. The smallest peaks at ~130 mT are /= +£2
modes, as indicated in Fig. 1(c). In Fig. 1(d), schematic
diagrams for each mode are shown. As previously men-
tioned, exchange splitting occurs between /=0, 1, and 2,
while dipole splitting occurs between the 4/ modes [20].

The Hx dependence of the mode frequency of MTJ1
is shown in Fig. 2(a). The peaks were measured under
a bias voltage of 0.52 V. The H¢ dependence of the
resonance peaks is almost straight and all modes are par-
allel to each other. The slope provides the gyromagnetic
ratio y = —2m x 28.3 GHz/T for the fundamental mode
(n, )=(1, 0). This is typical behavior for perpendicularly
magnetized films [20].

The bias-voltage dependence of MTJ1, represented as
the frequency shift of the resonance peak under a fixed H eyt
of 200 mT, is plotted in Fig. 2(b). For each plot, the corre-
sponding mode index is shown in the same graph. Voltage
effects on the resonance frequency are clearly observed.
As observed in previous work, the voltage effect is not

always linear, and a biquadratic component may appear
[10]. Therefore, in Fig. 2(b), the experimental points are
fitted using quadratic functions.

Micromagnetic simulations were performed to estimate
the sensitivity of the resonance frequencies for a small
change in Ay, i.e., df /dA«, by using the object-oriented
micromagnetic framework (OOMMEF) [23] and superim-
posed a sinc function to investigate FMR simulations [24].
We selected a disk shape with dimensions of 65 nm x 65
nm X 1.5 nm with a cell size of 1 nm x 1 nm x 1.5 nm for
the CoFeB free layer of the nanomagnet at zero tempera-
ture. A more detailed simulation method can be found in
our previous results [20].

In Figs. 3(a)-3(c), the parameter dependence of the res-
onance frequency under 200 mT of Hy for each mode is
shown. A higher 4.4 provides more exchange splitting, as
shown in Fig. 3(a). A higher K; increases the perpendicu-
lar anisotropy field and resonance frequencies. A higher
M; causes a large demagnetization field and a decrease
in the resonance frequencies. For the calculations of Figs.
3(a) and 3(b), M value as 1.35 MA/m is employed. K,
is determined by reproducing the experimentally obtained
/=0 mode frequencies in the simulations. The determined
value was K, = 1.40 mJ/m?, less than that obtained in the
experimental evaluations (K = 1.5 mJ/m?). The origin of
the deviation may be a particular property of the magnetic
disk, such as a damaged or dull edge, that was not con-
sidered in the simulations. Finally, 4., was found to be
3.25 pJ/m by fitting the size of the exchange splitting
between different nodal radius modes. Owing to the MgO
capping layer in our film, the residual concentration of B
may be higher than that of other experiments [25,26]. In
addition, in a very thin Coj;Fe7;Bj6 (1.5 nm) film, a small
distribution in the film thickness may cause a substantial
reduction of the atomic bond lengths between ferromag-
netic atoms, causing a significant reduction in Ae.
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FIG.2. (a)External field dependence of the eigenfrequency for
each mode under a bias of 0.52 V. (b) Voltage dependence of
eigenmode frequencies at H ¢y at 200 mT. The nodal radius mode
indices are written at the side of the graph. The lines represent
least squares fitting curves using a quadratic function.
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mental results (symbols) with errors for H . =200 mT and zero
bias voltage. (a) Aex dependent spin-wave frequencies at fixed K
and M. (b) K dependent spin-wave frequencies at fixed 4¢x and
M. (c) M dependent spin-wave frequencies at fixed A¢x and K.

From Fig. 3, we also obtained the slope of the eigen-
frequencies as a function of each parameter. In Fig. 4(a),
the mode dependence of df;/04cx, 0f;/0K,, and df;/ M,
is shown. As shown in the figure, df;/0K; and df;/dM; are
almost independent of the mode indices, particularly for
[=1 and 2. Conversely, df;/0A4.x shows a strong mode
dependence. Therefore, if the experimentally obtained
voltage dependence of the resonance frequency shows
a clear /-mode dependence, there is strong evidence for
the modulation of A4.x by the voltage application. The
simple perturbation theory for spin waves semiquantita-
tively agrees with the simulation results (see Supplemental
Material [27]) and provides physical meaning of those
slopes.
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FIG. 4. (a) Slope of the spin-wave eigenfrequencies as a func-
tion of M (top panel), K (center panel), and A¢x (bottom panel)
calculated from the micromagnetics. The black open rectangles
represent the average values of the £/ modes. (b) Representation
of df;/dV from the experimental and fitted results as a function
of each / mode. The open black rectangles, blue circles, and
magenta triangles represent the experimental results of the aver-
age values of the =1 mode with standard deviations of the whole
measured device. The red filled circles are the fitted results with
errors.

In Fig. 4(b), the experimentally obtained voltage depen-
dence of the resonance frequency is shown for different
[ modes, shown by the open symbols. The value of the
experimentally obtained df;/dV (blue open circles) was
calculated from the slope of the fitting curve in Fig.
2(b) at a zero bias voltage. The other two experimen-
tally obtained df;/dV values were calculated using the
same method. To simplify the analysis, averages of the
/=21 and /=+2 modes were obtained. A clear /-mode
dependence undoubtedly reveals the existence of the mod-
ulation of A, by the voltage, as discussed previously.
For simplicity, we assumed df;/dK, and df;/d M, were con-
stant for the /=1 and 2 modes and estimated dA../dV as
follows,

| de
dAcx _ av expt av expt
v ofi ot
ey | OAex | gim
=0.23 4 0.02pJ/V m. (1)

This corresponds to an 8.6% change in A for the appli-
cation of 1 V. By assuming a 1.2-nm-thick MgO barrier,
the electric field derivative of Aey is 0.28 +0.03 x 10721
J/V. The fitted results are shown in Fig. 4(b) (red cir-
cles).

In general, the voltage modulation of the resonance
frequency, (df;/dV)dV, may originate from the voltage
modulation of A¢y, K, and M . Such a contribution can
be approximated using the following linear expansion:

dfi dAe Ofi | dK; 0fi  dM; 9f;
dv  dV 34  dV 3K,  dV M|’
1=0,+1,+2. )

Through use of the experimentally obtained voltage
modulation of the eigenfrequencies for five indepen-
dent eigenmodes, i.e., dfi/dV]exp, [ =0, £1, £2, and
the numerically obtained 15 modulation coefficients,
0f1/0Aex|sim> 0/1/0Kslgims 0f1/O0Mlgm, I = 0,£1,£2, we
obtain the three unknown voltage coefficients, i.e.,
0f1/0A4ex, 9f1/0K, and 9f;/0M, through a least-squares
method. The results are summarized in Table I by employ-
ing the electric field derivative representation (dyeo = 1.2
nm). The general least-squares method provided a similar
value of dde/dE, i.e., 0.304+0.04 x 1072! J/V. In addi-
tion, the analysis provided the size of the voltage control
of the magnetic anisotropy (VCMA); dK,/dE = —60 £+
24 fJ/V m. The obtained value of VCMA was a reasonable
value for the system. Typical values are of a few tens of
fJ/V m [28]. dM,/dE was also evaluated but was negligible
so we will not comment further.

In Table I, the electric field modulation values of Aex
determined from the domain-size observation [13,14] are
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TABLE L.

Experimentally and theoretically obtained values of the electric-field-induced magnetic parameters. The data include

the FMR measurements using /=1 and 2 modes and all peaks (this work), maze domain size (Refs. [11] and [12]), and ab initio

calculations (ref. [10]).

dAex/dE
dAe/dE for IML
[10-2! [10~2! dM,/dE
(J/m)/ dAe/dE  (J/m)/ dK ;/dE [(mA/m)/
Method (V/m)] (%) (V/m)] [(fT/m?)/(V/m)]  (V/m)] Reference
CoFenBig FMR (/=1,2) 028+0.03 8.6 ~2.8 - - This work
1.5nm
(65nm MTJ)
CoFennBig FMR (all 026+0.04 8.1 ~ 2.6 —60+24 —0.018+0.012 This work
1.5 nm peaks)
(65nm MTJ)
Co 0.27 nm Maze domain 0.12 100 ~ (.16 27 0.26 Ando et al. [13]
near T¢ size
CoygoFeq9Bao Maze domain —14 —15 ~ —15 —-82 0.11 Dohi et al. [14]
1.5nm size
(1 mm
junction)
Co 1 ML/Pt Ab initio 0.70 1.9 0.70 —114 - Oba et al. [12]
(111) calculation

also listed together with a theoretical prediction [12].
A positive electric field (depression of electrons at the
surface) significantly enhances the exchange interaction,
except for in the case reported by Dohi er al. [14].
The determination of the exchange modulation from the
domain-size observation may be difficult as all modu-
lations, i.e., df;/0Aex, 0f1/0K;, and 9f;/0M, affect the
domain size. The separation of the exchange modulation
requires independent measurements of the other contribu-
tions. Conversely, in our experiments the modulation of
Aex can be clearly distinguished from the K and M, mod-
ulations, as was explained previously. Therefore, dA../dV
data could be could obtained that allow direct comparison
with first-principle theories. In Table I, an 8.6% electric
field modulation of 4., under a 1 V/nm electric field for
the 1.5-nm Co;Fe;;Bj¢ film was obtained in the experi-
ments. If this is a surface effect, then an 85% modulation
is possible for a 1 atomic layer Coj;Fe7;By¢ film, as was
shown in Ando’s experiments [13]. The impact of the
electric field effect on the exchange interaction may be
significant.

We will now briefly discuss the mechanism of the
electric-field-induced A.x changes. Theoretically, Taka-
hashi et al. reported the relationship between the number of
d electrons and T¢, which behaves like the Slater-Pauling
curve for the 3d magnetic alloy [29], where the increase
in valence d electrons causes an increase in T¢ for Fe-rich
Fe-Co alloys, and vice versa for Co-rich Fe-Co alloys. For
Fe-rich alloys, electron doping of 0.01 electrons to 1 atom
results in a T¢ increase of ~17 K. This represents ~1%
of T¢. Therefore, an electron doping of 1% is required to
modulate 4ex by 1%. For Co-rich Fe-Co alloys, electron

doping of 0.01 electrons to 1 atom results in a 7¢ decrease
of ~4 K. Therefore, an electron doping of 1% is required to
modulate 4¢x by —0.25%. The composition of our sample
is Co:Fe = 14:86. Therefore, an enhancement of 4., due to
electron doping is expected.

The charge doping per unit cell in the Fe interface can
be expressed as

S
Q =CrV= 808}’31/; (3)

where C is the capacitance of the MgO barrier, V is
the applied voltage, ¢y (&) is the permittivity of free
space (dielectric constant), S is the surface area, and d
is the thickness of MgO. In our system, a variation of
40.03 electrons per ferromagnetic atom on the surface of
the Co,Fe7;Bj¢ layer can be produced by applying +1
V. If those electrons are doped in the d shell, applying
+1 V may cause a 0.3% increase in A¢x of the surface
magnetic layer [29] by considering the free-layer thick-
ness [~10 monolayers (ML)]. In contrast, we observed a
change greater than 9% for 1 V. This change is 30 times
greater than that expected from the discussion based on the
Slater-Pauling curve.

Oba et al. calculated a 1.9% increase in A, for 1 ML Co
when 1V is applied [12]. This is greater than that expected
from the Slater-Pauling curve and opposite in sign. The
difference in sign was explained by the shielding of the
electric field, owing to the sp electrons and the decreased
number of d electrons that are present when sp electrons
accumulate. The large number of electric field modulations
in Ao from the calculations was discussed, with men-
tion of the sp-d hybridization and pseudogaps appearing
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in the spin-spiral states. However, the mechanism was not
clearly explained in the paper. Although the theory pre-
dicts an enhancement in the electric field modulation in
Aex, our observations provided an even larger modulation.
To understand this, further analysis using first-principle
calculations and analytic models are required.

IV. CONCLUSION

In conclusion, the electric-field-induced A changes in a
65-nm-diameter Coj;Fe7,B ¢ nanomagnet were observed
using TE FMR measurements. The electric field depen-
dence of the spin-wave eigenfrequencies showed a differ-
ent electric field change for different radius nodal modes.
Such properties made it possible to independently evaluate
the electric field dependence of 4. The analysis provided
an electric field modulation in A, of 0.26 £ 0.04 x 102!
J/V for the 1.5 nm Coj,Fe;;Bjg film. This corresponded
to an 8.1% change in A¢x under a 1 V/nm electric field.
The effect is useful for controlling the domain size, T, and
other magnetic properties by the application of an electric
field.
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