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Abstract—The ferromagnetic resonance in an array of permalloy microstrips 3000 × 500 × 30 nm3 in size,
which are ordered on a rectangular 3.5 × 6 μm2 lattice, is studied using magnetic resonance force microscopy
with strong probe–sample interaction. This interaction induces intricate modifications of the observed spectra, which are manifested both in line splitting and in changes in shape. The dependences of the observed
spectra on the sample–probe distance and the orientation of the magnetic moment of the probe are analyzed.
DOI: 10.1134/S1063783418110306

1. INTRODUCTION
Magnetic resonance force microscopy (MRFM) is
a new high-resolution technique for studying the
microwave properties of ferromagnetic nanostructures. This method, which has been developing rapidly
in the recent years, is based on the detection of highfrequency oscillations of sample magnetization by a
sensitive mechanical sensor in the form of a low-stiffness cantilever with a magnetic probe at the tip [1–9].
The experimental MRFM setup is shown in Fig. 1. In
MRFM experiments, amplitude-modulated microwave field h is used to pump the sample at the resonance frequency of mechanic oscillations of the cantilever.
The basic idea behind MRFM is that the magnetic
probe functions as a mechanical detector with its operating band in the kilohertz range. Under microwave
pumping modulated at the natural oscillation frequency of the cantilever, the amplitude of its oscillation is proportional to the high-frequency magnetic
susceptibility of the sample. This provides an opportunity to measure the ferromagnetic resonance (FMR)
spectra. The MRFM technique is described in more
detail below. The MRFM spectra are recorded in the
form of dependences of either the amplitude or the
phase of cantilever oscillations on the microwave
pumping frequency or the external magnetic field.
MRFM images are recorded at a constant pumping
frequency by scanning the sample surface with the
probe. Thus, an MRFM image represents the variation of amplitude of forced cantilever oscillations with

the probe position. This variation corresponds to the
amplitude distribution of magnetization oscillations at
a given frequency of the microwave field. The spatial
resolution of MRFM is set by the size of the region of
magnetostatic sample–probe interaction and the
width of the magnetic resonance line.
Owing to strong exchange interaction, the absorption of microwave radiation in ferromagnetics results
in the excitation of collective magnetization oscillations (spin waves), which may be studied by MRFM.
The FMR frequencies for metallic ferromagnetics lie
above 0.1 GHz. Nanostructuring is an efficient technique for modifying the absorption spectrum and spatial modes of spin-wave resonances [10–12].
The results of MRFM studies of the ferromagnetic
resonance in an array of permalloy microstrips in a
longitudinal bias field are reported below. Since it is
known that the probe may exert a considerable influence on the equilibrium magnetization distribution
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Fig. 1. Geometry of MRFM measurements.
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and, consequently, the FMR spectra [13–15], specific
attention was paid to this effect in the experiments.
2. MRFM EXAMINATION OF AN ARRAY
OF PERMALLOY MICROSTRIPS
An FMR-array of planar permalloy Ni80Fe20
(NiFe) microstrips fabricated by lift-off lithography
[16–18] was studied.
The SEM image of a part of the array is shown in
Fig. 2. The strips are 3000 × 500 × 30 nm3 in size and
are ordered on a rectangular lattice with periods of 6
(in the direction of the long axis) and 3.5 μm (in the
transverse direction).
A magnetic resonance force microscope [19] was
used in the measurements. A standard NSG-1 (NTMDT) cantilever with a magnetic CoSm particle with
a characteristic diameter of 10 μm glued to it served as
the probe. The sample was positioned on a planar strip
line in such a way that the magnetic component of the
microwave pumping field was directed along the short
axis of the strips. External bias field H was oriented
along their long axis. The recorded MRFM spectra
were room-temperature dependences of the amplitude of cantilever oscillations on the external bias field.
The measurements were performed at different distances L between the magnetic probe and the sample.
The pumping power was 20 dBm, and pumping frequency f was set to 5.8 GHz. The microwave field was
modulated in amplitude at the resonance frequency of
the cantilever. The measurements were performed in
vacuum (10–3 Torr). The Q-factor of the probe was
then 1000.
The force of sample–probe magnetic interaction,
which induces cantilever oscillations, is written as

F = −∇

∫

(mh p )dV ,

(1)

Vsample

where m is the quasistatic magnetization component,
which oscillates (under microwave pumping) with a
frequency equal to the resonance frequency of the
cantilever, and h is the magnetic probe field in a segment of the sample (integration is performed over
sample volume Vsample). The z component of the force,
which drives cantilever oscillations, has the following
form in the case of a uniformly magnetized sample:

∂h
∂h ⎞
⎛ ∂hpx
+ my py + mz pz ⎟ dV .
⎜ mx
∂z
∂z
∂z ⎠
Vsample ⎝

Fz = −

∫

(2)

It can be seen that the force depends to a considerable
extent on the degree of nonuniformity of the probe
field in a segment of the sample. Note that the sign of
this force is opposite to the sign of the magnetic-field
gradient. The simplest model of the probe is a uniPHYSICS OF THE SOLID STATE

Vol. 60

No. 11

2018

Fig. 2. SEM image of a part of the NiFe microstrip array.
The strips are 3000 × 500 nm2 in size.

formly magnetized sphere with magnetic moment μ
given by

(3)
μ = 4 πR 3 M s ,
3
where R is the sphere radius and Ms is the saturation
magnetization. This probe produces a field that corresponds to the field of a point-like magnetic dipole
located at the center of the sphere:
3r(rµ) µ
(4)
− .
3
r
r
Since this field is significantly nonuniform and anisotropic, the nature of interaction between the probe and
the sample in MRFM depends strongly on the orientation of the magnetic moment of the probe relative to
the sample magnetization.
It should be noted that the microwave field in the
working gap of the microscope gives rise to the
nonmagnetic sample–cantilever interaction (force
Fnonmagnetic), which is induced by the potential difference between the coplanar line and the probe, Foucault currents, and the probe heating [20]. Since the
microwave signal is modulated in amplitude, this
interaction may also lead to the resonance cantilever
oscillation build-up. Thus, the resulting force acting
on the probe is the sum of magnetic and nonmagnetic
forces:
h=

F = Fnonmagnetic + Fmagnetic.

(5)

However, the force of magnetic interaction
between the sample and the magnetic probe depends
on the external field and arises only under FMR excitation, while the nonmagnetic force is constant. As a
result, the FMR spectrum obtained by scanning over
the external magnetic field strength has a constant
background associated with the excitation of nonmagnetic cantilever oscillations [20]. If magnetic force (2)
arising the FMR region is in phase with the nonmagnetic force, peaks are detected; if the magnetic and
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Fig. 4. Geometry of the experiment. The magnetic
moment of the probe is perpendicular to the sample surface. The dashed lines represent the boundaries of conical
regions with different signs of projections of the magnetic
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Fig. 3. MRFM spectra of FMR NiFe microstrips measured at sample–probe distances L = 0.5, 1, 1.5, and 3 μm
with the probe magnetized perpendicularly to the sample
surface. The spectra are shifted along the vertical axis for
clarity. The resonances are numbered.

nonmagnetic forces are in anti-phase, dips form in the
spectrum. The phase shift between the magnetic and
nonmagnetic forces depends on the sign of the gradient of the probe magnetic field and changes by 180° if
the gradient sign is reversed.
In the first series of experiments, the probe with its
magnetic moment aligned with axis z (i.e., the normal
to the sample surface) was used in MRFM measurements. The probe was positioned above the central
region of one of the microstrips. The CoSm magnetic
particle has large coercitivity (>2.5 T). This implies
that the direction of its magnetic moment is preserved
in external magnetic fields of any direction and
strength used in the experiments. Figure 3 shows the
MRFM spectra obtained at probe–sample distances
L = 0.5, 1, 1.5, and 3 μm. It can be seen that the
MRFM spectrum measured at L = 0.5 μm has two
well-marked peaks at 30 and 100 mT and two dips at
10 and 80 mT.
The spectrum has a complex shape, since the bias
field, which sets the FMR conditions for microstrips,

is a combination of the external field and the magnetic
probe field. Let us examine five microstrips closest to
the probe (one lying directly below the probe, two
microstrips positioned along the short axis, and
another two along the long axis) that are likely to produce the dominant contribution to the observed spectrum. The probe field varies in strength and direction
in different regions of the sample. The following three
effects are essential to interpreting the shape of the
spectrum: (i) since the vertical component of the
probe field is transversal at any point of the sample to
the shape-induced magnetic anisotropy axis of the
strips, it shifts the ferromagnetic resonance toward
stronger fields (see Table 1.1 in [21]); (ii) horizontal
component hpk of the probe field reduces or enhances
the resonance field if this component is codirectional
with the external magnetic field or directed opposite to
it, respectively; (iii) since the magnetic field gradient,
which sets the sign of the magnetic force, varies from
one region of the sample to the other, the FMR of
these regions may manifest itself as a peak or a dip in
the spectrum.
Let us examine the experimental MRFM spectrum
(Fig. 3). The resonances form two pairs: 1–2 and 3–4.
Each pair is a dip with a peak next to it. The weak-field
dip and peak (1–2) include resonances resulting from
the excitation of spin-wave modes. The second pair of
strong-field resonances (3–4) corresponds to edge
modes. Figure 4 provides an insight into splitting
within a resonance pair. The strength and the direction of probe field hpx and the sign of field gradient
∂h
h'px = px have different values in regions A and B.
∂z
Field hpx in the strips located in region A is codirectional with the external field of the electromagnet, and
its gradient is positive. Therefore, these resonances
have the form of dips and are shifted toward weaker
fields. The converse is true in the strips located in
region B: field hpx is directed opposite to the external
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Fig. 5. Geometry of the experiment. The magnetic
moment of the probe is directed along the sample surface.
The dashed lines represent the boundaries of conical
regions with different signs of projections of the magnetic
field of the probe and its gradient onto axis x.

field, and its gradient is negative. This is why the resonances have the form of peaks and are shifted toward
stronger fields. Thus, the difference in hpx orientation
results in resonance splitting; different signs of the hpx
gradient correspond to resonance peaks and dips.
When the probe moves closer to the sample, hpx
increases in all parts of the sample, thus shifting the
spectrum as a whole toward stronger fields. The
boundaries of regions A and B are determined from
the following condition:

∂hpx
(6)
= 0.
∂z
It follows that the relation between probe height d
and coordinate x of the region boundary on the sample
surface is written as
(7)
x= d .
2
If the magnetic moment of the probe is directed along
the sample surface (Fig. 5), the observed MRFM
spectra (Fig. 6) have a distinctly different shape. This
is attributed to changes in the spatial structure of the
field and the field gradient produced by the magnetic
probe. The space above the sample is divided in this
scenario into three regions with different signs of the
longitudinal component of the hpx gradient.
It can be seen from Fig. 6 that a broad dip, which
corresponds to several resonance excitations near
35 and 47 mT (1–3), and a dip near 85 mT (4) emerge
in the spectrum if the probe is located at a considerable distance (L = 3 μm) from the sample. When L
decreases to 1.5 μm, the adjacent resonance excitations 1, 2 (35 mT) and 3 (65 mT) are resolved clearly.
Apparently, dips 1 and 2 in the curve for L = 3 μm correspond to resonances associated with spin-wave
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Fig. 6. MRFM spectra of FMR NiFe microstrips measured at sample–probe distances L = 0.7, 1.5, and 3 μm
(from bottom to top) with the probe magnetized along the
sample surface. The spectra are shifted along the vertical
axis for clarity. The resonances are numbered.

oscillations, while resonances 3 and 4 are related to
edge modes [16]. The variance of probe–strip distances translates into the spread of resonance magnetic fields in the array, thus broadening the dips in the
experimental data. The lack of peaks is attributable to
the fact that the particles producing the dominant
contribution to the MRFM signal are located in region
A, where the probe field gradient is positive. As L
decreases further, the strips aligned with the long axis
of the array (axis x in Fig. 1) enter the probe field
regions with the opposite direction of the projection of
the hpx field gradient (region B). As a result, the corresponding resonance (1 in Fig. 6) is manifested as a
peak at 27 mT. Height d and coordinate x of the
boundary of region A on the sample surface are related
in the following way in this experimental configuration:

x = ±d.
2

(8)
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Fig. 7. MRFM spectra of FMR NiFe microstrips measured at sample–probe distance L = 3 μm with the probe
magnetized along the sample surface. The external magnetic field is codirectional with the magnetic moment of
the probe (open symbols) or is directed opposite to it
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Figure 7 shows the MRFM spectra obtained when
the external magnetic field is codirectional with the
magnetic moment of the probe and directed opposite
to it. The probe is located at a distance of 3 μm and
magnetized along axis x. When the direction of the
external magnetic field is reversed, peaks change to
dips, and vice versa. Such changes are in complete
accord with formula (2).
3. CONCLUSIONS
The results of MRFM studies of NiFe microstrip
arrays with easy-plane anisotropy were presented.
Local measurement of FMR spectra was demonstrated. The dependence of MRFM spectra on the
direction of the probe magnetic moment and the
external magnetic field was revealed.
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