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We numerically calculated ferromagnetic resonance (FMR) spectra taken on a single-domain nano-size ferromagnetic island structure in the
configuration of radio-frequency (RF) scanning tunneling microscopy, where RF electromagnetic waves are introduced into the tunneling gap
through the probe tip. In this scheme, near-field in-plane azimuthal RF magnetic field induces FMR of an out-of-plane magnetized island situated
below the tip under the external out-of-plane magnetic field. The amount of the magnetization of the island is effectively reduced by the resonance
and the reduction can be detected from the spin-polarized tunneling conductance. From the calculated spectra we found that the FMR signal
becomes larger with a smaller tip-sample distance and a sharper tip. It is also revealed that the azimuthal RF magnetic field exerted on the island
and therefore the FMR signal are enhanced when a tip is located near the edge of the island. © 2022 The Japan Society of Applied Physics

1. Introduction

Nano-sized magnetic materials have been studied extensively
for fundamental sciences of magnetism and future applications
of magnetic storage devices such as highly integrated magnetic
random access memories and largely dense hard disk drives.
The control and detection of dynamics in individual magnetic
materials are key ingredients for designing and fabricating
desired magnetic materials.1–3) Ferromagnetic resonance
(FMR) spectroscopy, which enables the detection of collective
magnetic excitations, is a powerful technique to investigate
magnetic materials. FMR allows measuring the magnetization,
local dynamical fields, and relaxation times of magnetic
materials. FMR can generate spin currents by spin pumping
in ferromagnetic/paramagnetic hybrid systems.4–6) FMR has
also been utilized for investigating an ensemble of nano-sized
magnets.7–9) On the other hand, because of the poor sensitivity
of conventional FMR spectroscopy, it is still challenging to
perform an FMR experiment on an individual nano-sized
magnetic material. As a result, the roles of many details in
nano-sized magnetic materials, including sizes, shapes, and
local structures on their magnetism and dynamics, have been
largely unexplored.
In this paper, we discuss a method to perform FMR

investigation on individual nano-sized ferromagnetic island
structures using radio-frequency scanning tunneling spectro-
scopy (RF-STM). In the experiment of RF-STM, an RF
electromagnetic wave is introduced into the tunneling gap
through the probe tip of spin-polarized STM (SP-STM). When
the magnetic resonance is induced on the spin situated just
below the tip by the RF-modulated magnetic field, enhanced
Larmor precession angle effectively reduces the spin compo-
nent of the sample along the external magnetic-field direction,
which can be detected through the measurement of the
tunneling conductance using the spin-polarized tip.
Electron paramagnetic resonance (EPR) of single

atoms10,11) and molecules12) have already been demonstrated
using RF-STM. However, the mechanism of the single-atom/

molecule resonance is not straightforward, since the ampli-
tude of modulated RF magnetic field generated by RF electric
field exerted between the tip and sample is zero just below
the tip because of the rotational symmetry. The resonance is
therefore believed to be caused by RF-modulated magnetic
field induced by the presence of the magnetic tip; the
modulated electric field vibrates the atomic/molecular posi-
tion via the piezoelectric effect of the substrate, and then the
local gradient of the effective exchange field due to the
magnetized tip converts the vibration into the modulated
magnetic field.13) Despite the success of EPR on single atoms
by RF-STM, utilizing the piezoelectronic coupling as a
driving mechanism may not be applicable for larger magnetic
structures such as magnetic nano islands. In fact, in the case
of magnetic island structures, because of their finite lateral
size, a significant amount of RF magnetic field is exerted on
the sample away from the tip apex, enabling it to drive FMR
directly. The detection of FMR has been indeed achieved on
mm-size magnetic thin disks by using an RF probe tip.14)

The primary goals of this paper are to calculate the amount
of RF magnetic field below and around the tip apex in the
configuration of RF-STM setup and to estimate the suitable
condition for the FMR detection. For the nano-size magnetic
sample, we consider a circular Co island with a thickness of
two monolayers situated on a Cu(111) substrate, which
exhibits perpendicular magnetic anisotropy.15,16) The RF
magnetic field around the tip apex was estimated from the
calculation of near-field electromagnetic fields from the probe
tip. Then, we solved the Landau–Lifshitz–Gilbert (LLG)
equation,17,18) which phenomenologically describes the pre-
cession of magnetization under magnetic fields, to obtain the
amount of the reduced magnetization under the FMR and to
simulate the FMR spectra of the individual nano-sized
ferromagnetic island measured by RF-STM.

2. Model

The configuration of our calculated model is shown in Fig. 1.
We simplify our sample, i.e. a nano-size ferromagnetic island
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as a thin circular disk whose radius is islandr situated on an
infinitely large conducting non-magnetic substrate. The probe
tip is situated above the disk with the gap separation of h. We
presume that the shape of the tip is symmetric rotationally
with respect to the normal z-axis, and the curvature radius of
the tip apex is given as r .tip In the operation of RF-STM, RF-
modulated voltage is added to dc bias voltage VDC and
connected to the probe tip using appropriate cables, and thus
the tip apex is biased at V V e ,DC RF

i t+ w where VRF and
f= 2πω are the amplitude and frequency of the applied RF
voltage at the tip apex, respectively, with respect to the
grounded sample.

3. Results

3.1. Electric and magnetic fields in the tunnel junction
When the tip-sample distance is much smaller than the
curvature radius of the tip apex, and both are much shorter
than the wavelength of the applied RF wave, the electro-
magnetic RF wave near the tip apex is reasonably assumed
with the fields generated by an electric dipole pei tw that points
in the normal direction situated in vacuum at the position of
the tip apex center, as shown in Fig. 2(a).19–22) In a vacuum,
the wave number is given as k c2 w= / using the speed of
light c. On the other hand, in a substrate whose permittivity
and conductivity are 1e and ,1s respectively, the wave number
is k c1 1 0w e e= / /˜ using the complex permittivity

i ,1 1 1e e s w= - /˜ where 0e is the permittivity of the vacuum.
Here, we assume the permeability is uniform and the same as
that of the vacuum 0m throughout the system, neglecting the
presence of the magnetic sample and the magnetic tip apex.

For the calculation of the electromagnetic fields around the
tip-sample junction, the infinite conductive substrate can be
replaced with an image dipole whose oscillatory frequency and
polarity are the same as the original one. The amplitude of the
image dipole is determined so that the boundary conditions for
the electric field are satisfied at the substrate surface.
In this model, it is found that three components of the near-

field electromagnetic wave are non-zero; z component of
electric field E ,z radial component of electric field E ,r and
azimuthal component of magnetic field Bf in the cylindrical
coordinates (Fig. 2). The other components are zero due to
the rotational symmetry. According to previous papers that
discuss the near-field scanning microwave microscopy,19–22)

the three components of the electromagnetic field generated
by the two dipoles are described below:23–25)
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Fig. 1. (Color online) Configuration of the tip and sample in our
calculation.

Fig. 2. (Color online) Schematic of electric image dipoles in our model.
Blue and green arrows indicate z and radial components of generated electric
fields at the position of (ρ, j, z). The red arrow indicates generated magnetic
field along the azimuthal direction. r1 and r2 indicate the distance from the
image dipole and the electric dipole, respectively.
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In our case, k k 02 1 0 1we s~ ~∣ ∣ is satisfied because

the substrate is conductive and ω/2π is much smaller than its
plasma frequency. In addition, the area we have interested in,
where z is from 0 to h and r is in the order of the island size
(∼10 nm), is much smaller than the RF wavelength

k22 2l p= ( 2l z, h, r). r h z,tip is also satisfied as
we assume r 100 nmtip ~ and h 1 nm.~ These inequalities
simplify Eq. (1) at z 0= and Eq. (2) for 0r = in the
following manner:
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In RF-STM we can experimentally measure the amplitude of
the RF modulated voltage at the tip apex VRF from the
variation in tunneling spectra taken with RF and without
RF,10–12) as the RF-modulated bias voltage broadens tun-
neling spectra through the sinusoidal convolution. Since VRF

is equal to E z h0,z( ) as E z0,z ( ) is constant with respect to z,
we can estimate B , 0rf ( ) from VRF by eliminating p from

Eqs. (4) and (5) as follows:
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Equation (6) indicates that the azimuthal RF magnetic
field, which induces FMR under the application of out-of-
plane magnetic field,14) is enhanced by using a sharp tip and
by locating the tip close to the sample. The equation also
indicates that the azimuthal component is zero just below the
tip (r = 0) and increases proportionally to the distance from
the tip apex (i.e. B r~Æ ).
We here assume that the magnetic island has a single

domain processing uniformly in a concerted manner. This
assumption is reasonable for nano-size islands whose mag-
netostatic energy is smaller than the domain wall formation
energy, which is obviously satisfied for ∼10 nm radius
islands. In the case of the single-domain magnets, the FMR-
driving field is given effectively by the RF magnetic field
averaged over the magnetic island. Since the RF magnetic
field is a function of ρ, as shown in Eq. (6), the effective RF
magnetic field depends on the position of the tip. Figure 3
shows a calculated two-dimensional map of the averaged
magnetic field BRF exerted on a circular disk as a function of
the tip position. Here we assume the radius of nano-island is
10 nm, tip height h= 1 nm, RF-modulated bias voltage
VRF= 15 mV, and the radius of tip rtip= 100 nm, 50 nm
and 20 nm for Figs. 3(a)–3(c), respectively. At the center of
the disk, the field is zero because of the rotational symmetry.
With the distance from the center, the averaged in-plane
magnetic field increases and is maximized around the disk
edge. Since a significant in-plane RF-modulated magnetic
field is exerted on the disk FMR can be driven under the
external out-of-plane magnetic field, even when the tip is
located outside of the disk.
The averaged magnetic field is polarized linearly in the

direction perpendicular to the line connecting the tip position
and the island center. The linearly-polarized RF field can be
decomposed into two circularly-polarized magnetic fields
with the amplitude of BRF rotating in the clockwise and
counter-clockwise directions with the RF frequency. Under
the external magnetic field pointing upwards in the out-of-
plane direction, the counter-clockwise field, which rotates in
the same direction as Larmor precession, induces the

Fig. 3. (Color online) Calculated magnetic field averaged over a nano island (BRF). Black dashed circle indicates the nano island whose radius is 10 nm. In
this calculation we assume that the tip height h is 1nm, VRF is 15 mV, and the tip radius rtip is 100 nm, 50 nm, and 20 nm for (a)–(c), respectively. The
calculated area is 80 × 80 nm2.
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resonance. In the next section, we numerically solve the LLG
equation using BRF as an amplitude of the RF rotational
magnetic field to elucidate the behavior of the resonance
spectra.
3.2. FMR of nano-size magnetic disk
In RF-STM, where a spin-polarized tip is used as a probe, the
amount of the spin-sensitive tunneling conductance is pro-
portional to the component of sample magnetization parallel
to the tip magnetization. At the resonance, the polar angle of
the Larmor precession increases, resulting in the reduction in
the effective magnetic moment along the precession axis. The
resonance is, therefore, detected as a reduction in the spin-
polarized tunneling conductance using a tip magnetized in
the direction of the precession axis.
The FMR frequency and the precession angle under the RF

magnetic field with a frequency of ω/2π can be obtained by
solving the following LLG equation:

m
m B m

md

dt m

d

dt
, 7

0
g

a
= - ´ + ´ ( )

where m m m m, ,x y z= ( ) is a magnetization vector of the
sample, m0 is the amplitude of m, and a is a damping
constant. g is gyromagnetic ratio, equal to g Bm / , where g is
g-factor and assumed 2.0 here, Bm is Bohr magneton, and  is
the Planck constant divided by 2π. B is a total magnetic field
exerted on the sample that includes external static field
B B0, 0, ,0 0= ( ) internal effective field induced by magnetic
anisotropy B B0, 0, ,a a= ( ) and in-plane rotational RF
magnetic field B t B t B tcos , sin , 0 ,RF RF RFw w=( ) ( ( ) ( ) )
which was discussed in the previous session. In the case of
the Co islands, which exhibits strong out-of-plane magneto-
crystalline (or surface/interface) anisotropy over in-plane
shape anisotropy, the anisotropic field is described as
B K cos m2 ,a a0 0m q= / where Ka is an anisotropic coefficient.
Actually, in the case of single domain magnets like the Co
nano islands K m2 a0 0m is equal to a coercivity B ,c which can
be directly obtained with SP-STM through the measurement
of the magnetic hysteresis.
Here we use the rotating frame t t,q f( ( ) ( )) around the z-

axis with a frequency of ω/2π to describe the equation.26–28)

The magnetization m m m m, ,x y z= ( ) is written as:.
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Eq. (7), simultaneous differential equations of tq ( ) and tf ( )
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are obtained. By eliminating cot 0f from Eq. (10), we can
obtain the equation of cos 0q as follows:26,27)
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( ) When the intensity of the RF
field ( BRF∣ ∣) is small (i.e. 00q ~ and cos 10q ~ ), the right
side of Eq. (11), and 0q as well, are maximized at

B B ,c0w g= +( ) which satisfies 0,d = and this corresponds
to the resonance.
In order to investigate the behavior of m m cosz 0 0q~

beyond the restriction of 0,0q ~ we numerically calculated
cos 0q as a function of ω/2π by numerically solving the
following biquadratic equation, which was expanded from
Eq. (11):28)
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As already described, BRF can be adjusted thorough VRF and
Ba is given as a coercivity of the sample, which can be
determined from a magnetic hysteresis measured by SP-
STM. It has been known that the coercivity of Co nano-sized
islands is dependent on the island size; e.g. 1.25 T for an
island whose area is 130 nm2 and 1.625 T for 250 nm2

island.16) In our calculation, we use these two values for B .c

B0 is an experimental parameter. a and m0 are unknown
parameters; they can be obtained from the fitting of experi-
mentally obtained FMR spectra.
Figures 4(a)–4(b) shows the calculated spectra of cos 0q as

a function of the RF frequency. In the calculation, the tip
position is set at 5 nm from the center of the island. The other
parameters are listed in Table I. Note that the amount of cos 0q
is the z component ratio of the magnetization, and therefore,
proportional to the amount of the spin-polarized tunneling
conductance with a tip magnetized in the z direction. We can
see a dip in the spectra due to the resonance. For small RF
amplitude VRF (30 mV), the dip is small and its shape is
symmetric. The dip frequency is almost equal to that
estimated from B Bc0w g= +( ) as q is negligibly small.
Since the resonance frequency is proportional to B B ,c0 + an
island with large coercivity shows a dip at higher frequency.
With increasing in V ,RF q increases, and the spectra basically
follow the line of B B cos .c0w g q= +( ) Thus, the dip shifts
to lower frequency, resulting in an asymmetric shape. For
largeVRF (60 mV), the spectra exhibit a hysteresis known as a
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foldover effect.27–31) The downward sweep takes a deeper
trace than the upward sweep. Note that the asymmetric shape
and the folding effect are caused by the effective magnetic
field due to the out-of-plane magnetic anisotropy. Since the
damping term aw g/ [see Eq. (11)] is proportional to the
frequency, dips at lower frequency are deeper than higher
frequency dips.
The frequency of RF required for the detection of these

FMR spectra is rather high (>28 GHz). This is simply due to

large coercivity Bc of the Co islands, as the resonance
frequency is basically given by B B .c0w g= +( ) In order
to reduce the frequency down to the range experimentally
feasible, the coercivity should be reduced. It is recently
reported that alloying with Fe significantly reduces the
coercivity of the Co islands.32,33) Strong electric field, which
can be achieved by situating the tip closer to the sample, may
also reduce the coercivity by field-induced reduction in
perpendicular magnetic anisotropy.34)

4. Conclusion

In this paper, we first numerically calculated the amount of
in-plane magnetic field exerted on a nano-sized circular
disk, which drives FMR when the disk is out-of-plane
magnetized, in the configuration of RF-STM, where RF
electromagnetic waves are introduced into the tunneling gap
through the STM tip. We found that a sharp tip and small
tip-sample gap distance enhance the amount of the RF
magnetic field. It is also found that the field is maximized
when the tip is located at the edge of the island. Then using
the amount of the RF-modulated magnetic field, we
numerically simulated the FMR spectra expected on Co
nano islands formed on Cu(111) substrate. The spectra
demonstrate that the resonance frequency strongly depends
on the coercivity of the island. When the amount of the RF
magnetic field is small the spectrum is symmetric, but with
the increment in the RF field, the spectrum becomes
asymmetric and further increase makes the spectrum exhibit
a hysteresis due to the folding effect. Our results reveal the
conditions to induce and detect FMR on nano-sized
magnetic structures using RF-STM.
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