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Magnetization dynamics driven by displacement currents across a magnetic
tunnel junction
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Understanding the high-frequency transport characteristics of magnetic tunnel junctions (MTJs) is cru-
cial for the development of fast-operating spintronics memories and radio frequency devices. Here, we
present the study of a frequency-dependent capacitive current effect in CoFeB/MgO-based MTJs and
its influence on magnetization dynamics using a time-resolved magneto-optical Kerr effect technique. In
our device, operating at gigahertz frequencies, we find a large displacement current of the order of mA,
which does not break the tunnel barrier of the MTJ. Importantly, this current generates an Oersted field and
spin-orbit torque, inducing magnetization dynamics. Our discovery holds promise for building robust MTJ
devices operating under high current conditions, also highlighting the significance of capacitive impedance
in high-frequency magnetotransport techniques.

DOI: 10.1103/PhysRevApplied.22.024019

I. INTRODUCTION

Magnetic tunnel junctions (MTJs) serve as fundamental
components in various spintronics devices, mainly relying
on the tunneling magnetoresistance (TMR) effect [1–4].
In TMR devices, the electrical resistance depends on the
relative alignment of the moments in the magnetic lay-
ers, facilitating efficient data read-out in memory devices
such as hard disk drives [5] and magnetic random-access
memory (MRAM) [6]. Moreover, the spin torque effects
generated by current [7] or voltage [8] in MTJs can be used
to electrically switch the magnetization. The speed of both
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the reading and writing processes plays a pivotal role in
the development of fast-operating memories, as needed in
modern devices operating at gigahertz (GHz) frequencies.

In addition to data storage and memory applications,
MTJs are also building blocks for dynamic radio frequency
(rf) spintronic components. Primarily, these include spin
torque nano-oscillators [9–11] that exhibit autonomous
precession of the magnetization by leveraging antidamping
spin-transfer torques, energy harvesters [12], rf detectors
[13,14], and magnonic devices that utilize the propagation
and manipulation of spin waves in ferromagnetic materi-
als [15]. Regarding MTJ nano-oscillators, their capacity
to detect and manipulate rf signals at the nanoscale holds
promise for applications in rf signal processing, wireless
communication [16], and emerging neuromorphic tech-
nologies [17]. Magnonic devices are envisioned to be
pivotal for the development of low-power electronics in
the future [15]. In addition to these practical applications,
experimental rf magnetotransport techniques, such as spin
torque ferromagnetic resonance (ST-FMR) [18,19], have
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been extensively employed to gain insight into funda-
mental spintronics principles, particularly current-induced
magnetization dynamics in various systems. All these fac-
tors underscore the practical and fundamental significance
of studying frequency-dependent physical effects in MTJs.

A well-known frequency-dependent effect observed in
MTJs is the magnetocapacitance effect [20,21], where
MTJs can behave like leaky capacitors. Analogous to
TMR, they exhibit the tunnel magnetocapacitance (TMC)
effect [20,22], where the overall capacitance depends on
the relative alignment of the magnetization (parallel or
antiparallel) of the free and fixed magnetic layers within
the MTJ. The strength of the TMC is strongly dependent on
frequency [22] and has even been reported to reverse sign
within a specific frequency range [23,24]. Importantly, the
capacitive reactance of MTJs varies with frequency, with
low reactance expected at high frequencies [20,22–24] that
leads to significant displacement currents. The latter is not
an actual charge flow across a capacitor; instead, it was
introduced according to the Ampère-Maxwell equation
to explain the magnetic fields resulting from changing
electric fields in a dielectric medium, such as the MgO
tunnel barrier in our MTJ device. The large displacement
current in MTJ circuits at high frequencies can be har-
nessed to induce magnetization dynamics. To the best of
our knowledge, this observation has not been reported
previously.

In this article, using specially designed CoFeB/MgO/

CoFeB-based MTJ devices, we report an unprecedented
study of the magnetization dynamics induced by displace-
ment currents across an MTJ. Our findings reveal that
substantial displacement currents, in the range of mA,
flow through the MTJ circuit at GHz frequencies. Remark-
ably, this substantial current does not damage the MTJs,
as the displacement current does not constitute charge

passing through the dielectric of the capacitor (i.e., the
MgO barrier). This discovery offers great potential for the
development of robust MTJ devices capable of operating
under high current conditions. Additionally, our research
underscores the significance of considering capacitive
impedance when analyzing high-frequency magnetotrans-
port data.

II. DEVICE FABRICATION AND TMR
MEASUREMENTS

Figures 1(a) and 1(b) show an optical image and a cross-
section schematic diagram of the MTJ device used in this
study, respectively. First, a multilayer of W (5 nm)/CoFeB
(1.3 nm)/MgO (2.5 nm)/CoFeB (5 nm)/Ta (5 nm)/Ru
(5 nm) was deposited on top of an oxidized Si substrate
using magnetron sputtering. Then, using a two-step lithog-
raphy and etching process, the bottom W/CoFeB/MgO
heterostructure was patterned into a microwire, while the
following top CoFeB/Ta/Ru layers were patterned into
a nanopillar [Fig. 1(b)]. Subsequently, 20-nm SiO2 was
deposited to electrically isolate a 40-nm-thick Pt top elec-
trode from the bottom W/CoFeB electrode. In this study,
we used a device with an MTJ diameter of ∼1.5 μm and
a resistance-area product of the 2.5-nm-thick MgO tunnel
barrier of 1 M� μm2.

We then performed DC magnetotransport measurements
to determine the variation of the TMR as a function of the
in-plane magnetic field (By). Figure 1(c) shows the mea-
surements of the MTJ device used in this experiment. In
the bottom W/CoFeB/MgO multilayer, the CoFeB thick-
ness is 1.3 nm, for which the total magnetic anisotropy
is expected to be a mixture of bulk in-plane and inter-
facial out-of-plane anisotropy [25]. The bulk in-plane
anisotropy component is almost uniform along different

a) b) c)

FIG. 1. (a) Top view (optical micrograph) of the 1.5-μm-diameter device with the Pt top electrode in the center highlighted in yel-
low and the MTJ pillar in faint green, respectively. The bottom W/CoFeB/MgO microwire is perpendicular to the Pt electrode.
(b) Schematic diagram of the cross-section of the layer structure at the device region marked by white dotted line in panel (a).
(c) Magnetotransport measurements showing the variation of resistance (red, left-hand axis) and corresponding TMR (black, right-hand
axis) as a function of the in-plane magnetic field.
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in-plane directions in the x-y plane. The device was then
annealed at 400 °C in a high-vacuum furnace to improve
both TMR and interfacial out-of-plane anisotropy [26]
(see Sec. I of the Supplemental Material [34]). The top
CoFeB layer thickness is 5 nm and is, therefore, dom-
inated by bulk in-plane anisotropy. The combination of
anisotropies of the bottom and top CoFeB layers leads to
the observed TMR curve as a function of By shown in
Fig. 1(c), where the remanent in-plane magnetization of
the top CoFeB layer forms an angle between 0° to 90°
with the out-of-plane tilted remanent magnetization of the
bottom CoFeB layer, giving a high resistance state. The
bottom layer can be easily saturated into a parallel in-
plane magnetization direction by applying approximately
>|20| mT, producing low resistance states. A TMR ratio
of up to 70% was observed between the remanent and sat-
urated magnetic states. The large TMR proves an efficient
spin tunneling through MgO, while the variation of the
TMR with respect to the magnetic field confirms the rema-
nent magnetization states of the two CoFeB layers and
their variation under the applied magnetic field. The net
out-of-plane tilted anisotropy of the bottom CoFeB layer
is ideal for obtaining magnetization dynamics under volt-
age and current applications, which is discussed in later
sections.

III. STUDY OF MAGNETIZATION DYNAMICS

The magnetization dynamics in the bottom W/CoFeB
microwire region were explored under different electri-
cal excitations using time-resolved magneto-optical Kerr
effect (TR-MOKE) microscopy. Magnetization dynamics
were probed using ultrafast laser pulses derived from
a mode-locked fiber laser operating at a wavelength of
1040 nm and a repetition rate of 80 MHz. The laser pulses
with a nominal duration of 140 fs were frequency dou-
bled by means of optical second harmonic generation to
produce probe pulses with a wavelength of 520 nm. The
beam was passed along a quad-pass optical delay line for
up to 8 ns of optical time delay with subpicosecond tempo-
ral resolution. The beam was expanded ×2 to reduce beam
divergence, linearly polarized, and focused to a diffraction-
limited spot using a long working distance ×50 (numerical
aperture 0.55) microscope objective lens to achieve a spa-
tial resolution of ∼400 nm. The reflected probe laser pulses
were collected using the same lens and the change in
polarization was detected using a polarizing balanced pho-
todiode bridge detector. Measurements were made in the
polar MOKE configuration that allows the out-of-plane
component of the dynamic magnetization (�Mz) [27] to
be detected when the device is magnetized in-plane by an
in-plane field generated by a calibrated permanent magnet
assembly. The TR-MOKE microscope was used for two
types of measurements [20], i.e., to reveal either the tem-
poral or spatial evolution of magnetization dynamics by

fixing either the position or the time delay, respectively. In
the first case, the probe laser spot was fixed at a selected
position on the bottom electrode, as shown in Fig. 2(a),
and the variation in the TR-MOKE signal as a function of
time delay was recorded. In the second case, the sample
position was scanned beneath the probe laser spot while
the time delay remained fixed, allowing the spatial charac-
ter of magnetization dynamics at a particular time delay to
be imaged across the entire bottom electrode.

Magnetization dynamics were excited by applying
either an electrical voltage impulse or a microwave voltage
waveform to the device. Voltage impulses synchronized
to the laser repetition rate at 80 MHz were produced with
nominal rise time, duration, and amplitude of 30 ps, 70 ps,
and −5 V, respectively. The resulting broadband excitation
stimulates the precession of the bottom electrode magne-
tization at the ferromagnetic resonance (FMR) frequency
corresponding to the bias magnetic field applied to the
device. To isolate the spatial character of the FMR mode,
a microwave comb generator was used to apply a single
frequency microwave voltage waveform to the device. A
microwave comb containing multiples of 80 MHz from
160 MHz to 18 GHz was generated from an 80 MHz
input signal derived from the laser repetition rate. The
microwave comb was filtered using narrow pass notch fil-
ters with <80 MHz bandwidth to leave just the frequency
component corresponding to the FMR. The amplitude of
the microwave waveform was adjusted using a combi-
nation of microwave amplification and attenuation. For
each excitation type, the voltage impulse or waveform was
passed through a directional coupler for monitoring using a
sampling oscilloscope. A bias tee was used to decouple the
impulse and comb generators from the device, which min-
imized the risk of electrostatic damage to the device when
making electrical connections while allowing the TMR to
be monitored using the DC port of the bias tee. Finally,
the output of the impulse or comb generator was ampli-
tude modulated at ∼31.4 kHz, leading to a modulation of
the device excitation and resulting polar Kerr signal, which
was then recovered using a lock-in amplifier.

The unique geometry of our device, as illustrated in
Figs. 1(b) and 2(a), offers two distinct advantages. Firstly,
it enables the application of electrical input either verti-
cally through the MTJ from the top to the bottom elec-
trode, or horizontally through the top or bottom electrodes
separately. Secondly, since the bottom CoFeB electrode
extends beyond the width of the MTJ and nonmagnetic top
contact, it is possible to investigate magnetization dynam-
ics in the vicinity of the MTJ, namely, the propagation
of spin waves that may originate from beneath the pil-
lar and propagate along the bottom CoFeB electrode and
any steady-state magnetization dynamics in the entire bot-
tom CoFeB region [28]. Considering these possibilities, we
investigated magnetization dynamics within the microwire
region of the W/CoFeB by applying two types of electrical
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a)

c) d) e)

b)

FIG. 2. (a) Schematic view of the TR-MOKE experiment in which the input is either applied in the form of a voltage pulse (black) or
rf wave (green). The red, blue, and gray arrows represent the current paths for the input signals applied through the MTJ, top electrode,
and bottom electrode, respectively. For the first case (red), the current path also includes part of the top and bottom electrodes. (b) Plot
of the Kerr rotation versus time delay taken after fixing the laser spot at the left-hand side of the top electrode, as shown in Fig. 1(b),
and applying an input voltage pulse across the MTJ (red), top electrode (blue), and bottom electrode (gray). Spatially resolved TR-
MOKE images taken at a fixed time delay correspond to the first +antinode (+AN), node (N), and –antinode (−AN) of the plot shown
in (b), after applying the input voltage across the (c) MTJ, (d) top electrode, and (e) bottom electrode. The optical reflectivity image
of the device is shown in the top panel of (c), where the bottom CoFeB microwire electrode (gray with tapered section to the left and
right of the center), on which the TR-MOKE scanning was performed, and the position of the top electrode (orthogonal white line at
the center) are indicated.

input signals: (i) a voltage impulse with a rise time of 30 ps
and a duration of 70 ps and (ii) an rf excitation of fixed fre-
quency (i.e., 2 GHz). The results of each of these cases are
separately discussed below.

IV. MAGNETIZATION DYNAMICS UNDER A
VOLTAGE PULSE

In the presence of By = 75 mT, a 70-ps voltage pulse
with an amplitude of 930 mV was applied across the MTJ,
with the expected current path indicated by the red arrow
in Fig. 2(a). Subsequently, we measured the correspond-
ing TR-MOKE variation on the left-hand side of the MTJ,
a distance ∼1 μm from the top electrode [Fig. 2(a)]. As
shown by the red curve in Fig. 2(b), we observed an
oscillating TR-MOKE signal that gradually decayed over
time, confirming the detection of magnetization preces-
sion. The time required to complete one cycle of precession
is ∼0.5 ns, corresponding to a frequency of approximately
2 GHz. Subsequently, we confirmed that this frequency
matched the resonance frequency at By = 75 mT (see
Sec. II of the Supplemental Material [34]). This means that

while the broadband voltage pulse can, in principle, induce
magnetization precession at random multiple frequencies,
only the precessional component at 2 GHz, that is, at res-
onance for the applied field of By= 75 mT, contributes to
the observed TR-MOKE signal.

To understand the spatial distribution of the magnetiza-
tion precession, we then conducted TR-MOKE scans of the
entire W/CoFeB microwire region, as shown in Fig. 2(c),
at three different time delays that correspond to nodes and
antinodes of the time-varying signal in Fig. 2(b). Interest-
ingly, we observed a predominant spin precession in the
immediate vicinity of the top electrode (vertical strip at the
center of the reflectivity image), with opposite �M z on its
left-hand and right-hand sides. Any magnetization dynam-
ics beneath the top contact were not observed since the Pt
top contact thickness was larger than the optical skin depth,
resulting in a narrow vertical strip of negligible signal in
the TR-MOKE images.

To identify the mechanism giving rise to the results
shown in Fig. 2(c), we first need to consider four dif-
ferent scenarios through which the applied voltage pulse
can induce magnetization dynamics, as illustrated in
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a)

e) f)

b) c) d)

FIG. 3. Schematic diagram illustrating the possible origins of magnetization dynamics (white arrows) under and on the two sides of
the top electrode: (a) VCMA, (b) STT, (c) SOT, and (d) the Oersted field. (e) Polar MOKE signal versus time delay when applying an
input voltage of 2 GHz across the MTJ (red) and the top electrode (blue). (f) Corresponding spatial scans for the same input voltage
applied across the MTJ (above) and the top electrode (below) taken at a fixed time delay indicated in panel (e).

Figs. 3(a)–3(d): (i) voltage-controlled magnetic anisotropy
(VCMA) variation at the CoFeB/MgO interface under-
neath the pillar region, launching propagating spin waves
[29]; (ii) spin-transfer torque (STT) in the pillar region
inducing propagating spin waves [30]; (iii) spin-orbit
torque (SOT) inducing magnetization precession in the
entire W/CoFeB microwire region [31] (see Sec. IV of the
Supplemental Material [34] for details); and (iv) an Oer-
sted field from the top electrode inducing spin precession
in the W/CoFeB microwire region. We have performed
micromagnetic simulations (shown in the Supplemental
Material [34], Sec. VIII) to further verify the expected
magnetization dynamics depicted in Figs. 3(a)–3(d).
Among the above four possibilities, we can conclusively
determine that the observation in Fig. 2(c) is related to case
(iv). For cases (i) and (ii), we would see spin wave propa-
gation toward both sides of the top electrode with the same
sign for �M z. For case (iii), we should observe steady-
state spin precession with the same sign of �M z along
the entire W/CoFeB microwire region in which the current
flows (from the left-hand side to the top electrode). Thus,
the only effect that can result in spin precession with oppo-
site �M z on the two sides of the top electrode, as observed
in Fig. 3(a), is related to case (iv). This is because the
Oersted field induced by the current on the left-hand and
right-hand sides of the top electrode is pointing in opposite
directions. However, to generate a large enough Oersted
field to create such magnetization dynamics, a high cur-
rent of the order of mA is typically required (see Sec. III of
the Supplemental Material [34]). Considering that the MTJ
resistance is ∼490 k� for By > 20 mT, as determined in the
DC-TMR measurement [Fig. 1(c)], the maximum current
expected from a voltage pulse of 930 mV is ∼1.86 μA.

This current is too small to generate a strong enough Oer-
sted field, suggesting that a much larger current must flow
through the top electrode when applying a high-frequency
pulse.

To verify the above scenario, we repeated the same TR-
MOKE measurement protocol with the voltage pulse being
applied solely through the top electrode [indicated by the
blue arrow in Fig. 2(a)], which has a resistance of ∼110 �.
We then adjusted the amplitude of this voltage pulse to
∼375 mV to achieve a similar TR-MOKE signal ampli-
tude to that observed when applying 930 mV across the
MTJ, as shown in Fig. 2(b). This corresponds to a cur-
rent flow of ∼3.5 mA, which unambiguously confirms that
when applying a 930-mV pulse across the MTJ, the actual
current flowing through the top electrode is more than
three orders of magnitude larger than the expected current
extracted from DC measurements (1.86 μA), indicating the
presence of a frequency-dependent impedance effect in our
MTJ circuit.

When a voltage pulse is applied across the MTJ, the cur-
rent also flows through both the top and bottom electrodes,
as indicated by the red arrow in Fig. 2(a). In addition
to the TR-MOKE contrast observed due to the Oersted
field-induced magnetization dynamics near the top elec-
trode, TR-MOKE contrast was also observed in the bottom
electrode (W/CoFeB) region, as shown in Fig. 2(c). The
MOKE contrast is more pronounced on the left-hand side
of the top electrode, where a large current flows. The bot-
tom electrode consists of three regions: a straight wire
region in the middle where the current is expected to
flow along the x-axis, and two triangular-shaped regions
on either side where the current flow has both x and y
components. Two important features were observed in the
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TR-MOKE images shown in Fig. 2(c): (i) a large con-
trast where the current diverges from the middle straight
wire region to the triangular regions and (ii) opposite con-
trasts along the two diagonals of the triangular region. Both
features can be indistinguishably attributed to either the
Oersted field or SOT-induced magnetization dynamics (for
details, see Secs. IV and VIII of the Supplemental Material
[34]). If an Oersted field is generated due to current flow-
ing through the bottom electrode, its y-component acts on
the magnetization in the middle wire region, while both the
x and y components act on magnetization in the triangu-
lar region. However, since magnetization is fixed along the
y-axis by the external applied field, only the x-component
of the Oersted field creates magnetization dynamics along
the z-axis, resulting in the observed MOKE contrast being
larger in the triangular region. The x-component of the
Oersted field is opposite along the two diagonals in the
same triangular region, resulting in the observed opposite
contrasts. Interestingly, the action of damping-like SOT
creates an effective out-of-plane field and, thus, magne-
tization dynamics along +z and –z directions have the
same symmetry as the Oersted field-induced magnetiza-
tion dynamics (for details, see Sec. IV of the Supplemental
Material [34]). Therefore, it is not possible to distinguish
between the two effects. However, as for the case of the top
electrode explained earlier, only a current on the order of
mA generates the large Oersted field required for magne-
tization dynamics. Similarly, SOT-induced magnetization
dynamics in W/CoFeB usually require a large current den-
sity on the order of at least 1010 A/m2 [32] and, considering
the dimensions of our device, a current on the order of mA
will be required. This further confirms a large current flow
of the order of mA in our MTJ circuits.

To further confirm the origin of the magnetization
dynamics of the bottom electrode, we repeated the TR-
MOKE experiment by applying a voltage pulse (corre-
sponds to a current of ∼1 mA) only across the bottom
electrode [indicated by the gray arrow in Fig. 2(a)], the
resulting TR-MOKE image is shown in Fig. 2(e). Again,
a large TR-MOKE contrast was observed in a triangular
region, as well as opposite contrasts along the two diag-
onals of the triangular region. This further confirms the
action of either the Oersted field and/or SOT-induced mag-
netization dynamics in the bottom electrode (see Sec. IV of
the Supplemental Material [34]).

V. MAGNETIZATION DYNAMICS FOR RF WAVE
INPUT

As shown above, the application of a 70-ps voltage
pulse initiates magnetization dynamics at the resonance
frequency of 2 GHz. However, given that a voltage pulse
should excite a broad band of frequencies, it is possible that
only a fraction of the voltage amplitude (930 mV across
the MTJ and 375 mV across the top electrode) contributes

to the magnetization dynamics at 2 GHz, resulting in a
smaller TR-MOKE signal (per input voltage). To validate
the full effect of the amplitude of the high-frequency input
signal, we conducted the same experiments as shown in
Fig. 2, but this time using a sine wave input signal at 2 GHz
[indicated by the green wave in Fig. 2(a)]. As expected, the
magneto-optical signal:input voltage ratio is larger in this
case [Fig. 3(e)]. A continuously oscillating TR-MOKE sig-
nal without decay was obtained, confirming the one-to-one
correlation between the continuous precession of magneti-
zation and the continuous input wave signal. Importantly,
similar to the observation in Fig. 2, the TR-MOKE spatial
scan [Fig. 3(f)] displays opposite precession signals near
the two sides of the top electrode, confirming the Oersted
field-induced magnetization dynamics. The amplitudes of
the TR-MOKE signals, when applying the input wave with
a peak-to-peak voltage (Vp−p) of ∼550 mV across the MTJ
(corresponding to I ≈ 1.1 μA) and 250 mV across the top
electrode (corresponding to I ≈ 2.2 mA), were almost the
same, as shown by the red and blue curves in Fig. 3(e),
respectively. This again confirms that, at high frequencies,
the total impedance in our circuit is more than three orders
of magnitude lower than in the DC resistance case.

VI. DISCUSSION

To elucidate our findings, it is necessary to examine an
MTJ circuit model in which the overall impedance dimin-
ishes as the frequency increases. One plausible approach
involves accounting for the capacitance effect of the MTJ.
In this context, we can regard the MTJ as a parallel
resistance-capacitance (RC) circuit, with MgO function-
ing as the dielectric of the capacitor. An expression for the
overall magnitude of the impedance of the MTJ is given as
follows:

Z = 1√
(1/R)2 + (2π fC)2

,

where f and C are frequency and capacitance, respectively.
For a parallel plate capacitor with one plate having an infi-
nite area, the geometrical capacitance (C) can be written
as follows (for details, see Sec. V of the Supplemental
Material [34]):

C = 2ε0εr A
d

,

where A and d are the area of MTJ pillar and MgO thick-
ness, respectively. Thus, Z depends on the frequency and
area that is proportional to the square of the radius of the
device, which is ∼750 nm for our MTJ. For V = 930 mV,
we calculated the overall current flow at different frequen-
cies (I = V/Z), as shown in Fig. 4 for different MTJ sizes
with the green curve representing our MTJ. We clearly
see that in the GHz regime (indicated by the gray area
in Fig. 4), the current flow in the circuit is on the order
of a few mA instead of the μA range expected from the
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FIG. 4. Plot of current versus frequency for an MTJ modeled
as a parallel RC circuit.

DC measurements. In our device, the substrate Si/SiO2
can also act as a capacitor, allowing displacement cur-
rent across them in parallel to the MTJ circuit, depending
on the resistivity of Si. This may influence the total dis-
placement current in the MTJ circuit, as explained in the
Supplemental Material, Sec. IX [34].

The current flowing through the capacitor at high fre-
quencies, i.e., the displacement current, does not involve
the actual flow of charges through the dielectric barrier.
The RC time constant defines the charging and discharging
of the capacitor (see Sec. VI of the Supplemental Material
[34]), which is ∼55 ns for our device. This time constant
is significantly larger than the period of the input wave,
which is 0.5 ns at 2 GHz. At such a short timescale, the
accumulation of charge responsible for the resistance in
the capacitor (MgO) is expected to be extremely low. This,
in turn, permits a significant displacement current flow in
the outer circuit of the MTJ capacitor; the top and bottom
electrodes are included in this outer circuit. It is this large
displacement current that gives rise to the observed mag-
netization dynamics attributed to the induced Oersted field
and SOT effects.

Our findings will be applicable to various MTJ-related
applications and rf measurement schemes. The large
displacement current we have observed holds signifi-
cant potential for inducing magnetization dynamics for
device applications, such as SOT-induced magnetization
switching and the propagation of Oersted-field-driven spin
waves. Notably, this displacement does not cause a charge
current to flow across the MgO barrier, thus posing only
a low risk for barrier breakdown in MTJ devices. How-
ever, while these advantages are evident, the displacement
current may not be desirable in certain applications, such
as high-frequency TMR reading. To address this concern,
reducing the capacitance effect can be achieved by shrink-
ing the size of the MTJ pillar (i.e., the area of the parallel
plate capacitor). To explore this relationship, we conducted

calculations to determine the net current flow for MTJs
with radii of 100 and 10 nm under the same voltage con-
ditions as those used in our experiments, as depicted in
Fig. 4. For sub-100-nm MTJs, the displacement current in
the mA range is expected to be beyond the 100 GHz range.

Finally, our finding also impacts rf techniques such as
spin torque [18] or voltage-FMR [33], which are often
measured at GHz frequencies, where MTJs of a similar
size to those in our experiments are commonly employed.
Here, the current flow is usually calculated by assuming
MgO as a resistive barrier. However, we conclude that it
is important to reevaluate this assumption by considering
the MTJ as an RC circuit, where the current flow can be
significantly higher. Given that this displacement current
does not pass through the MgO barrier, STT might not be
present, while the influence of SOT or the Oersted field
becomes a defining factor in magnetization dynamics, as
unequivocally demonstrated in our experiments.
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[35] W. Skowroński, T. Nozaki, D. D. Lam, Y. Shiota, K.
Yakushiji, H. Kubota, A. Fukushima, S. Yuasa, and Y.
Suzuki, Underlayer material influence on electric-field con-
trolled perpendicular magnetic anisotropy in CoFeB/MgO
magnetic tunnel junctions, Phys. Rev. B 91, 184410
(2015).

[36] A. Vansteenkiste, J. Leliaert, M. Dvornik, M. Helsen, F.
Garcia-Sanchez, and B. Van Waeyenberge, The design and
verification of MuMax3, AIP Adv. 4, 107133 (2014).

[37] M. Abbasi, B. Wang, S. Tamaru, H. Kubota, A. Fukushima,
and D. S. Ricketts, Accurate de-embedding and measure-
ment of spin-torque oscillators, IEEE. Trans. Magn. 53,
1400904 (2017).

[38] D. Jiang, H. Chen, G. Ji, Y. Chai, C. Zhang, Y. Liang, J.
Liu, W. Skowronski, P. Yu, D. Yi, and T. Nan, Substrate-
induced spin-torque-like signal in spin-torque ferromag-
netic resonance measurement, Phys. Rev. Appl. 21, 024021
(2024).

024019-9

https://doi.org/10.1038/nphys2298
http://link.aps.org/supplemental/10.1103/PhysRevApplied.22.024019
https://doi.org/10.1103/PhysRevB.91.184410
https://doi.org/10.1063/1.4899186
https://doi.org/10.1109/TMAG.2017.2752004
https://doi.org/10.1103/PhysRevApplied.21.024021

	I. INTRODUCTION
	II. DEVICE FABRICATION AND TMR MEASUREMENTS
	III. STUDY OF MAGNETIZATION DYNAMICS
	IV. MAGNETIZATION DYNAMICS UNDER A VOLTAGE PULSE
	V. MAGNETIZATION DYNAMICS FOR RF WAVE INPUT
	VI. DISCUSSION
	ACKNOWLEDGMENT
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


