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The characters of spin torque ferromagnetic resonance (ST FMR) are systematically studied in the
nanoscale ring-shape confined magnetic tunnel junctions (MTJs). Different from the continuous magnetic
films, the confined structure shows two resonance states with different resonance frequencies at a given
external magnetic field. The two resonance states both originate from the free layer (FL) of MTJs and their
resonance frequencies show a blueshift behavior with an increase of the magnetic field. The two states
have been recognized by micromagnetic simulations and supported by theoretical analysis as the acoustic-
like and optical-like fundamental resonance modes, respectively. They correspond to the in-phase and
antiphase localized magnetization oscillation within the FL itself. In addition to the fundamental modes,
high-order harmonic signals are also theoretically predicted. This study provides deep understanding of
ferromagnetic resonance states in the geometrically confined MTJ structures, which may be applicable to
develop spin-torque-based dual-mode microwave detectors.
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I. INTRODUCTION

Seeking spintronics devices with high-performance and
low-energy consumption [1,2], for example, spin-transfer
torque-based magnetic random access memory (STT
MRAM) [3–6], inevitably requires minimizing the ele-
ment cell size, by which the critical switching current
can be reduced and the areal density of the memory
can be improved. However, the reduction of the element
size in turn produces an obvious confinement effect [7,8],
which inversely leads to some quite different magneti-
zation configurations and dynamic properties compared
with conventional macroscale devices. Therefore, inves-
tigation of magnetization states and magnetic dynamics
in the nanosize-confined magnetic structures is crucial for
both fundamental physics and practical applications.

The spin-torque ferromagnetic resonance (ST FMR)
technique is one of the most convenient methods that
can provide rich information about magnetic dynamics in
different kinds of magnetic systems [6,9–12]. In the last
few years, various magnetic dynamic properties, such as
effective damping constant and spin-transfer torquances,
have been investigated by ST FMR in nanosized magnetic
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tunnel junctions (MTJs). It has been found that the res-
onance field (Hres) can be shifted in comparison with
the continuous films. There are several mechanisms that
are related to the shift of Hres: magnetization homogene-
ity [6,13], demagnetizing field [14], exchange coupling
between the free layer (FL) and reference layer (RL)
[15]. Moreover, the geometric confinement effect in such
nanosized MTJs may also play an important role in con-
trolling magnetic dynamics properties [16–18], but it has
not been well understood until now. As one of the most
appropriate geometrically confined nanoscale devices, the
nanoring-shaped MTJs (NR MTJs) are noteworthy can-
didates. First, since the ring shape can provide a clo-
sure magnetic flux, the magnetic configuration, therefore,
can be easily controlled between vortex and onion states
[19–21]. Second, the magnetization dynamics of NR
MTJs can be directly controlled by spin-polarized cur-
rent through the spin-transfer torque effect (STT) effect
[22–24], and can be affected by the current-induced in-
plane circular Oersted field [21].

In this study, the confinement effect on magnetization
precession in the FL itself of NR MTJs is investigated
by ST FMR measurement together with micromagnetic
simulation in both time and frequency domains. Two
different fundamental resonance modes are experimen-
tally observed in ST FMR spectra under a given external
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magnetic field, which can be well reproduced by micro-
magnetic simulations. In conventional FMR experiments
in the coupled thin films, the bilayer exhibits two reso-
nance states: an acoustic mode with the magnetizations
in the two layers precessing in-phase and an optic mode
with the magnetizations precessing antiphase [25–28]. But
here we observe the two fundamental resonances origi-
nating from the same FL of the NR MTJs, forming the
acoustic-like in-phase precession mode (mode 1) and the
optic-like antiphase precession mode (mode 2), respec-
tively. These two modes can be well described theo-
retically by the exchange-interaction-dominated standing-
spin-wave model in a geometrically confined structure. In
addition to the two fundamental resonance modes, higher-
order harmonic resonances can also be excited, which
is believed to be a joint effect of the propagation of
nonuniform magnetization alteration and the NR-confined
periodic boundary condition in NR MTJs. This result sug-
gests the NR MTJs can be good candidates as microwave
detectors with double detecting modes—two different fre-
quencies at the resonance states (mode 1 and mode 2)
can be activated and detected. This is more advantageous
than the conventional ones, in which only one microwave
mode can be detected under a given external field [29–31].
Furthermore, the high-order harmonic resonance states of
these fundamental ones may further improve the sensi-
tivity of the detector, which needs to be experimentally
confirmed in future.

II. EXPERIMENTAL METHOD

MgO-based in-plane MTJs film with the stack structure
of a seed layer/PtMn(20)/CoFe(2.5)/Ru(0.8)/CoFeB(3)
/MgO(1.3)/CoFeB(2)/cap layer (unit in nm) is deposited
on Si/SiO2 (300 nm) substrate, as shown in Fig. 1(a). The
film is annealed at 400◦C for 1 h before fabrication. NR
MTJs with outer and inner diameters of (2R1, 2R2) =
(120, 80) in nanometers are fabricated on a coplanar wave
guide (CPW) by electron-beam lithography, photolithogra-
phy, and Ar-ion milling processes. The top FL and bottom
RL are connected to the signal line (S) and ground line
(G) of the CPW, respectively. The SEM picture also shows
the good quality of the NR MTJ. Figure 1(b) shows the
homodyne-detection ST FMR setup. A microwave (MW)
modulated by a low-frequency pulse (< 300 Hz) is gener-
ated from a vector network analyzer (VNA) and injected
into the NR MTJs. The resulting ST FMR signal, the mix-
ing voltage (Vmix), is then extracted by the lock-in amplifier
(LiA). The ST FMR measurements are conducted at room
temperature in the frequency domain (0.5–18 GHz). Dur-
ing the measurements, a constant in-plane magnetic field
(H‖) with its direction deviating from the RL pinning
direction (+x) by 12◦ is applied, and by systematically
changing H‖ from ±0.6 kOe to ±3 kOe, a series of ST
FMR spectra are successfully obtained.

(a) (b)

Sine out

nm 50 nm

123 nm

FIG. 1. (a) The MTJ layer structure and (b) The ST FMR
measurement setup. The inset of (b) shows the SEM image of
the NR MTJ.

III. RESULTS AND DISCUSSION

Figure 2 shows a typical magnetization loop (M-H )
and a magnetoresistance loop (R-H ) (H long ±x direc-
tion), in which the synthetic antiferromagntic (SAF) layer
in the structure of PtMn(20)/CoFe(2.5)/Ru(0.8)/CoFeB(3)
switches as a single ferromagnetic layer with a large uni-
axial anisotropy. Since the SAF-pinned bottom RL is well
fixed unless H is higher than 3 kOe and the FL only has
a low coercivity field of less than 0.5 kOe, the switching
of the RL and FL can thus be well separated. The typical
magnetoresistance ratio (MR) is about 104% at room tem-
perature, indicating the high performance of the NR MTJs.
A severe shift of the R-H minor loop against H is observed
in Fig. 2(b), which can be attributed to the effect of the
stray field (Hstr) that is often observed in a SAF struc-
ture, due to the difficulty of completely compensating the
magnetization.

In the following, the ST FMR spectra under a series
of H‖ are summarized in Fig. 3(a). As shown, for both
positive and negative H‖, the resonant peaks gradually
blueshift with increasing H‖ magnitude, which is consis-
tent with the expectation derived from the Kittel formula
[32,33]. However, also notice that the resonance peaks
under negative H‖ always appear at the lower frequency
side compared with that measured in the same amplitude
of the positive field. This asymmetry can be attributed to
the stray field (∼ 100 Oe, along the +x direction), which
will enhance (decrease) the total effective field (Heff) for
the positive (negative) H‖ as Heff = Hstr ± H‖. Therefore,
when the negative H‖ is applied, the Heff sensed by FL is
always lower than that when the positive H‖ is applied,
resulting in a redshift of the resonant peaks at the negative
H‖. This has also been confirmed by the micromagnetic
simulation in S-I within the Supplemental Material [34].

By fitting the spectra using a linear combination
of Lorenztian L(f ) = 1/[1 + (f − fr)2/�2

0] and anti-
Lorenztian A(f ) = [(f − fr)/�0]L(f ) as

Vmix(f ) = Cs × L(f ) + Ca × A(f ) (1)
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FIG. 2. (a) Magnetic hysteresis loop (M-H) with the magnetic
field applied in-plane along the pinning direction, (b) The minor
magnetoresistance loop (R-H) corresponding to the minor M-H
loop shown the insert of (a).

we can obtain �0 (spectra linewidth), Cs (intensity of
symmetric component) and Ca (intensity of asymmetric
component) [6]. Another noteworthy feature in the ST
FMR spectra is that, at a given H‖, it exhibits two res-
onance peaks with different frequencies (fr1 and fr2), as
shown in Figs. 3(a) and 3(b). This two-peak property
also exists in the series of NR MTJs with different size
parameters as (2R1, 2R2) = {(80,40), (100,60), (120,80),
(150,75)} in nanometers in our experiments (not shown
here), which means that this two-peak property is typical in
our NR MTJs. In the framework of macrospin approxima-
tion, where the magnetization of a nanomagnet is assumed
to be uniform and the magnetization precession is treated
coherently, it is known that only one resonant solution can
usually be obtained by solving the Kittel equation at each
magnetic field [35–39]. ST FMR spectra with multipeaks
have been reported in previous reports [40–44], in which
the extra peaks are usually considered to result from the
excitation of the RL resonance. However, in the results
shown in Fig. 2(a), the RL of the NR MTJs is firmly pinned

(a)

(b)

FIG. 3. (a) Typical ST FMR spectra measured from ±600 Oe
to ±1400 Oe, where two resonant peaks are clearly observed.
(b) Summary of resonance frequency as a function of the applied
field. The inset of (b) shows an example of resonance peak fitting.

by the SAF structure when the amplitude of the magnetic
field is between 600 and 3000 Oe. Therefore, the resonance
in RL can be excluded and the observed two peaks can
only originate from the FL. Moreover, it is noticed that
fr1 and fr2 are not harmonically related, implying that the
two resonance peaks correspond to two distinct resonance
modes.

To gain insight into these spin-torque-driven resonance
modes, micromagnetic simulations are performed using
the open source simulation software OOMMF [45], which
is based on the Landau-Lifshitz-Gilbert (LLG) equation,
including two spin-torque terms:

dm̂
dt

= −γ m̂ × �Heff + αm̂ × dm̂
dt

+ aJ m̂ × (m̂ × m̂p) + bJ (m̂ × m̂p) (2)

where m̂ = M/Ms is the unit magnetization vector of the
FL and Ms is the saturation magnetization. m̂p is the unit
magnetization vector of the spin polarizer (i.e., RL). γ is
the gyromagnetic constant and α is the Gilbert damping
factor. aJ and bJ are the torque factors of Slonczewski
STT [3] and field-like STT [46]. In order to enable a
quantitative comparison with the experimental results, we
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have chosen parameters as close as possible to the experi-
mental samples: Ms = 1000 emu/cm3 (saturation magneti-
zation), A = 2 × 10−11 J/m (exchange constant), Ku = 3 ×
104 erg/cm3 (magnetic anisotropy), α = 0.01 (damping
constant), P = 0.56 (spin polarization). The magnetiza-
tion of RL is assumed to be fixed along the −x direction,
and FL starts from a magnetization saturation state along
the +x direction. In this simulation, the mesh cell of
1 × 1 × 2 nm3 is used. The in-plane magnetic field H‖ =
2000 Oe. The effective MW current density is estimated
to be JMW = 2.0 × 107 A/cm2 based on our calibration
of the MW transmission and nominal MW power applied.
The frequency of the MW current-driving source (fMW) is
changed from 5 to 20 GHz. The simulations at each driving
frequency are taken over 20 ns to launch a stable mag-
netization precession and to obtain sufficient frequency
resolution (smaller than 0.1 GHz). In our simulations,
the MW current-induced Oersted field (HOe) is neglected,
as explained in detail in S-II within the Supplemental
Material [34,47–49]. Previous studies have reported that
in the nanocontact STT devices, the dc-current-induced
HOe may modify the local energy landscape and gen-
erate multimodes in the FMR spectra [47], or increase
the nucleation current of the droplet mode [48]. But, we
note that the typical current density in the nanocontact
devices is ∼ 108 A/cm2, i.e., one order higher than our
case (2 × 107 A/cm2). As shown in Supplementary Fig. S2
[34], the calculated maximum amplitude of HOe is around
69 Oe at the outer side of the ring, which is still one order
smaller that of the nanocontact case. On the other hand, the
HOe in our sample is caused by the ac current with GHz fre-
quency, which means that the HOe is inhomogeneous both
timewise and spatially. The effect of HOe would be aver-
aged in the NR MTJs in one period (∼ 0.1 ns for fMW = 10
GHz). As a result, the ac-current-induced Oersted field in
our case can be neglected.

Figures 4(a)–4(f) show the spatially averaged magneti-
zation over the whole FL of the NR MTJs 〈mx〉 response
to the driving current source at a different frequency of
fMW. The procession is forced to launch as long as the
MW current is injected, even though sometimes the oscil-
lation amplitude is quite small. One can see that, when
fMW is much lower from fr1, the precession amplitude is
also very small ((δ〈mx〉) ≤ 0.02), as shown in Figs. 4(a)
and 4(b), suggesting that the magnetization of FL is only
slightly driven away from its equilibrium position. As fMW
is increasing and approaching fr1, the magnetization pro-
cession is also enhanced. An intensive precession with a
relatively large amplitude ((δ〈mx〉) ≥ 0.15) is then excited
when fMW is taken as 13.2 GHz, which corresponds to the
first FMR state (mode 1), as depicted in Fig. 4(c). After
that, the magnetization procession is suppressed again
(Fig. 4(d), (δ〈mx〉) ≤ 0.02). But with further increasing of
fMW close to fr2 of 17.4 GHz, the second resonance state
(mode 2) is observed [Fig. 4(e)], at which the precession

(a)

(b)

(c)

(d)

(e)

(f)

(a′)

(b′)

(c′)

(d′)

(e′)

(f′)

FIG. 4. (a)–(f) Spatially averaged magnetization 〈mx〉 proces-
sion driven by MW current at different frequencies. Two times
of resonance states are clearly shown in (c),(e). (a′)–(f′) The
corresponding frequency spectra calculated by FFT.

amplitude reaches an extremum ((δ〈mx〉) = 0.1) again. For
fMW higher than fr2, no more resonance state is found in our
simulated MW driving-frequency range (fMW ≤ 20 GHz).

The time-dependent magnetization evolution in real
space for the two resonance modes is also simulated and
is shown in the Supplemental Video 1 [34], which can
provide a clearer sight into the resonance states. We espe-
cially choose two typical regions A and B. We find that
for mode 1, all the local magnetization almost precesses
simultaneously in the same direction, including in part A
and part B. While for mode 2, the local magnetizations
in parts A and B precess in opposite directions. Accord-
ingly, the phase evolution for my is discussed in Figs. 5(a)
and 5(b), because the amplitude of magnetization preces-
sion in the movie is larger in the y direction. In mode 1,
there are no obvious phase differences between points A
and B, showing a synchronous in-phase precession. On the
contrary, points A and B show antiphase states—a differ-
ence of 180◦. This can be analogous with the movement
of the lattices in the three-dimensional elementary cell,
where the synchronous vibration of the lattices is regarded
as an acoustic branch while the gravity center remains
unperturbed during the complementary lattice vibration
and is considered to be an optic branch [50]. As a result,
mode 1 and mode 2 can be considered as acoustic-like and
optic-like modes, respectively. This feature is very similar
to the acoustic or optic mode observed in the coupled
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(a) (c) (d)

(b)

FIG. 5. Different types of local magnetization (my ) precessions taken at point A (blue curve) and point B (black curve) in the nanoring
sample: (a) In-phase precession for the acoustic-like mode 1; (b) Antiphase precession for the optic-like mode 2. The mappings of the
resonance signal as a function of the injected MW frequency are shown in (c) for NR MTJs and (d) for NP MTJs. Here, the outer
diameter of the two samples is fixed to 150 nm and H‖ = 2 kOe.

bilayer system [25–28], but the difference is that in our NR
MTJs, both modes originate from the FL.

The simulation reproduces the experimental results well,
showing that two different resonances can be excited by
the ST FMR technique in the NR MTJs under a given
H‖. And since the two resonances are independent and
can be separately excited, we recognize these two reso-
nance states as fundamental resonances. Interestingly, in
addition to the large amplitude of the magnetization oscil-
lation shown in the time domain, it is also noteworthy
in Figs. 4(c) and 4(e) that a noticeable small ripple of
magnetization oscillation is superimposed over the res-
onance curves. This means that in addition to the two
fundamental ones, additional precessions with frequencies
differing from fr1 and fr2 are also simultaneously excited
at a fixed driving frequency fMW. However, the amplitudes
of these additional oscillations are very small, therefore,
we consider them to be secondary precessions (high-order
harmonics), corresponding to the fundamental ones.

The above spin-torque-driven resonance features can
be seen more straightforwardly by translating the time-
domain simulations into frequency-domain simulations
with the FFT technique. The frequency spectrum is cal-
culated from 〈mx〉, as shown in Figs. 4(a′)–(f′). Consistent
with the magnetization precession amplitude, the peak of
the frequency spectra also reach the extremum value when
the resonance condition fMW = fr1 or fr2 is satisfied; oth-
erwise, the precession amplitude always remains low. In
addition to the fundamental resonances of mode 1 and
mode 2, it is also clearly seen that the first-order harmon-
ics (1st harm.) with a frequency twice that of fr1 and fr2
is shown in the frequency spectra (26.4 GHz and 34.8
GHz), see Figs. 4(c′) and 4(e′), respectively. These high-
order harmonics may correspond to the small ripples of
〈mx〉 curves shown in Figs. 4 (c) and 4 (e).

The detailed ST FMR response frequency signal as a
function of the driving frequency fMW for the NR MTJs

is summarized in Fig. 5(c), in which the applied mag-
netic field H‖ is fixed at 2000 Oe. Generally speaking, the
first-order harmonic precession is accompanied by even
higher order harmonics [6]. This is confirmed by Fig. 5(c),
showing the occurrence of the two fundamental modes and
first-order harmonics, as well as the even higher-order har-
monics modes. We find that these resonance states can also
be observed in the circular geometric confined NP MTJs,
as shown in Fig. 5(d). The difference is that the frequency
of mode 1 is shifted to 14.4 GHz, while that of mode 2
is shifted to 18.2 GHz. We also simulated a series of NR
MTJs with different inner diameters (2R2 = 0, 50, 75, 120,
in nanometers), as shown in S-III within the Supplemen-
tal Material [34], in which the outer diameter 2R1 is fixed
to 150 nm. As the inner diameter increases (i.e. ring width
decreasing) from 0 to 120 nm, fr1 decreases from 14.4 to
12.5 GHz, showing a redshift. But for the very thin NR
MTJ case as shown in Fig. S3(f) within the Supplemental
Material [34], an intermixed resonance mode appears in
the response of the resonances, which could be the result
of the increase of demagnetization energy of system since
the magnetic onion state could fall into a nonuniform state
with the shrinking of the ring width. This is evidence of the
geometrically confined effect.

Generally, the peaks in the frequency domain of Fig. 4
represent different kinds of oscillation modes, which can
be analyzed individually. This can be done by means
of windowed Fourier transform, described in detail in
Ref. [51–53]. First, the oscillations of magnetization at
each mesh cell are transformed into the frequency domain.
Then, a small frequency range at the objective mode is
selected and the oscillations with the frequencies within
this range are transformed back to the time domain. In
this way, the spatiotemporal evolution of local magneti-
zation oscillations δmx which contributes to the selected
frequency mode can be reconstructed by using the ampli-
tude and the phase of local magnetization oscillations.
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(a)

(b)

(c)

(d)

FIG. 6. Snapshot evolutions of the reconstructive magnetiza-
tion component δmx for the (a) mode 1, (b) first-order harmonic
of mode 1, (c) mode 2 and (d) first-order harmonic of mode 2.
The dashed red ray in (c) is for view guiding to show the rotation
of the quadrant structure.

Thus, the parts of the domains as well as the details of
precession under the special frequency can be clearly rec-
ognized. Figures 6(a)–6(d) show the reconstructed oscilla-
tion mode profiles from the Fourier filtering at the different
modes or harmonics with their respective frequencies, in
which the model structures in δmx evolution in one period
(T) are presented. All these snapshots are taken from the
videos in Supplemental Videos 2–5 [34], in which the
motion of δmx is much more intuitive and obvious. For
example, for the fundamental resonance mode 1 shown
in Fig. 6(a) (snapshots taken from movie M2), the period
T1 = 1/fr1, which records from an initial state with δmx
aligned to the −x direction (δmx < 0) and magnetization
domain is divided into two blue half-rings (1T1/16) due
to the different oscillation amplitudes. Then, δmx is grad-
ually transformed into a quadrant structure (7T1/16), in
which the two red parts of δmx are distributed along the
positive direction (δmx > 0) while the other blue parts are
distributed along the negative (δmx < 0) direction. After
that, the red area of the positive δmx is further enlarged
and erodes the quadrant state until two new positive δmx
half-ring states are established (9T1/16). In the next half
period, δmx is then transformed back to the same negative
direction state as the initial one, also with a quadrant state
at 15T1/16 during the evolution. The periodical evolution
of magnetization precession in this modal structure con-
tributes to fundamental resonance mode 1 with a frequency
of fr1, which equals 13.2 GHz.

In contrast, for the fundamental resonance mode 2,
which has a higher resonance frequency fr2 of 17.4 GHz,
the simulation reveals that it has different modal structures
with increased azimuthal nodal lines and a different rota-
tional mode. This can be seen from the supplementary

Movie 4 [34] and the corresponding snapshots shown in
Fig. 6(c), in which, δmx of the FL retains an asymme-
try quadrant structure for the whole period (T2 = 1/fr2).
Four separated regions with δmx > 0 and δmx < 0 alter-
nately show up in the ring, forming a quadrant structure.
Actually, different from the circumstance in mode 1 men-
tioned above, the four regions are driven into rotation in a
counterclockwise direction, shown by the dashed red rays.
The negative blue parts start to enlarge from 1T1/12, until
5T1/12 to the extreme amplitude. Then they tend to be
eroded by the positive red parts and shrink to a minimum
until 10T1/12. In addition, the two states located along the
H‖ direction are always smaller than the other two, which
are vertical to H‖, which may be due to the constraint effect
of H‖.

A similar analysis is also conducted on the first-order
harmonic resonances, as shown in Fig. 6(b) and 6(d). It
is found that the magnetization dynamic structures and
the time-evolution features of the harmonic resonances are
similar to those of the corresponding fundamental modes,
except that the time period is half that of the fundamental
modes. Unfortunately, however, these high-order harmon-
ics can not be observed in our experiments due to the small
oscillation signal and limited detecting frequency of the
instruments. Details of the evolution of δmx for the first-
order harmonics resonance of mode 1 and mode 2 can
be found in the Supplemental Video 3 and Video 5 [34],
respectively.

Finally, an analytical theory based on a standing spin
wave (SSW) is developed to explain the acoustic-like
mode 1 and optic-like mode 2. From the basic FMR princi-
ples [27,28,54,55], the resonance frequency can be written
as follows:

ω = γ

Ms sin θ

√
∂2F
∂θ2

∂2F
∂ϕ2 −

(
∂2F
∂θ∂ϕ

)2

(3)

where γ (= 1.76 × 1011 s−1 T−1) is the gyromagnetic ratio
and θ and ϕ are the angles in spherical coordinates corre-
sponding to the magnetization vector M. F is the system
free-energy density. Considering that the samples pre-
sented in this study are geometrically confined, the spin
wave could be excited. In our case, the 2 nm-thick FL
cannot possibly support the SSW propagating in the per-
pendicular direction. But the spin waves can travel through
the in-plane film to the (inner or outer) side surfaces of
rings, at which they are reflected and return back to the
FL, forming the SSWs. Due to the nonuniform oscillation
in the SSW modes, the frequency should depend on the
exchange interaction. Therefore, F reads

F = −Ku sin2 θ cos2 ϕ − μ0MsH‖ sin θ cos ϕ

+ 1
2
μ0M 2

s cos2θ
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+ A
M 2

s
[(∇mx)

2 + (∇mz)
2 + (∇mz)

2] (4)

The four terms in Eq. (4) stand for the uniaxial anisotropy
energy, Zeeman energy, demagnetization energy, and
exchange energy (Fexc), respectively. Here, A is the
exchange constant with a value of 2 × 10−11 J/m. Consid-
ering the effect of exchange interaction, the magnetization
can be described as a plane wave with the form of e−(ωt−k·r)
at position r with the wavevector k in a resonance state,
supposing that the magnetization oscillates in the xOy
plane, with H‖ along the x direction. The sample bound-
ary condition determines the value of the k vector for the
node order of the SSW [56]:

k = nπ

d
(n = 0, 1, 2, . . .) (5)

where d represents the size of the MTJs. In our case, the
magnetization forms an onion state in the ring under H‖,
which is along the −x direction, resulting in Mx ≈ Ms and
Fexc is reduced to [57]:

Fexc = A
M 2

s
k2M 2

y − k2A(m2
y + m2

z ) (6)

Thus, the resonance frequency for the standing SW modes
can be written as

f = γ

2π

√(
2Ku

Ms
+ μ0Ms + μ0H‖ − 2k2A

Ms

)

×
√(

2Ku

Ms
+ μ0H‖ − 2k2A

Ms

)
(7)

For the NP MTJs, the diameter 2R1 = 150 nm and the
SSW node n = 1. Taking other parameters as mentioned
in the main text for the CoFeB free layer, we get μ0Hk =
2Ku/Ms ∼ 0.006 T, μ0Ms = 1.25 T, μ0H‖ = 0.2 T, and
2k2A/Ms = 0.0175 T. By taking A as a positive value (2 ×
10−11 J/m) for the in-phase precession mode 1 [Fig. 5(a)],
fr1 is obtained as 14.3 GHz. For mode 2, since there are
antiphase precession regions, A should be taken as a nega-
tive value of −2 × 10−11 J/m and we get fr2 = 16.1 GHz.
These theoretical values are consistent with those shown in
Fig. 5(d).

For the NR MTJs, we notice that the existence of an
inner side surface will decrease the effective area for prop-
agating spin waves. Without loss of generality, we intro-
duce a confinement factor σ for this change, which could
influence the exchange interaction contribution, as

FNR MTJ
exc = σFNP MTJ

exc (8)

Thus, by adding = 2.5 for the NR MTJs with (2R1, 2R2) =
(150, 75), we get fr1 = 13.3 GHz and fr2 = 17.4 GHz,

respectively, in which the exchange constants A are taken
as positive and negative values for mode 1 and mode
2, respectively. These are perfectly consistent with the
simulated values shown in Fig. 5(a), evidencing the
shape-confinement effect of the MTJs on the ST FMR
spectra.

If we consider the homogeneously precessing magneti-
zation within the entire sample, in which case all the spins
rotate coherently, the system can be treated as a macrospin
model. Then, the exchange interaction effect is neglected
(A = 0). By evaluating the realistic in-plane precession
case with θ = π/2, Eq. (7) is reduced to the Kittel for-
mula as shown in Eq. (9), which makes the SSW-based
theoretical analysis coherent.

ω = γ

√(
2Ku

Ms
+ μ0Ms + μ0H‖

) (
2Ku

Ms
+ μ0H‖

)
(9)

Thus, we reach the conclusion that the experimentally and
theoretically observed dual-mode ST FMR signal comes
from the exchange-dominated spin waves together with the
shape confinement effect.

Based on the observation of the acoustic-like and optic-
like modes in the same NR MTJ device under one fixed
magnetic field, the MW detector can be extended to
a double-detecting mode—two different frequencies can
launch the resonance states in the NR MTJs and both can
be detected. Additionally, with the observation of the har-
monic resonance modes, it is itself a strong confirmation
of the detecting results, which means the sensitivity of the
dual-mode detector can be improved.

IV. SUMMARY

In summary, by launching the ST FMR measurement
in the ring-shape confined NR MTJs, two resonance states
are observed under a given external magnetic field, which
can be driven independently and separately. These two res-
onance modes correspond to the acoustic-like resonance
mode 1 and optic-like resonance mode 2, respectively,
which is supported by our simulations and analytical the-
ory. Higher-order harmonic resonances are also observed
for each fundamental one. Additionally, for all the reso-
nances, the magnetization domain is driven into a rotation
state, which is a direct result of the spinwave propagation
and NR-confined effect. Based on these results, a dual-
mode MW detector with higher sensitivity is proposed.
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