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ABSTRACT

Ferromagnetic resonance force microscopy (FMRFM) is a powerful scanned probe technique that uses sub-micrometer-scale, spatially
localized standing spin wave modes (LMs) to perform local ferromagnetic resonance (FMR) measurements. Here, we show the spatially
resolved imaging of Gilbert damping in a ferromagnetic material (FM) using FMRFM. Typically damping is measured from the FMR
linewidth. We demonstrate an approach to image the spatial variation of Gilbert damping utilizing the LM resonance peak height to measure
the LM resonance cone angle. This approach enables determination of damping through field-swept FMRFM at a single excitation frequency.
The extreme force sensitivity of ~2 fN at room temperature can resolve changes of Gilbert damping as small as ~2 x 10~* at 2 GHz, corre-
sponding to ~0.16 Oe in FMR linewidth resolution. This high sensitivity, high spatial resolution, and single frequency imaging of Gilbert
damping creates the opportunity to study spin interactions at the interface between an insulating FM and a small volume of nonmagnetic

material such as atomically thin two-dimensional materials.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0023455

Magnetic resonance imaging (MRI) enables the study of spin
interactions and spin dynamics with spatial resolution unavailable
through bulk magnetic resonance measurements that are based on the
measurement of the global absorption of radio frequency (RF) excita-
tion. Advances in MRI have reached the single electron scale by various
techniques.” ~ Among these, magnetic resonance force microscopy
(MREM) is well-developed and has realized imaging of a single elec-
tron spin.” Its close relative, ferromagnetic resonance force microscopy
(FMRFM), extends the scope of nanoscale MRI to the study of ferro-
magnetic materials (FMs) where strong spin interactions are present.”
We have shown that FMRFM can image internal field profiles in FM
thin films using probe field localized standing spin wave modes (LMs)
with an ~100 nm spatial resolution.” This force-detected scanning field
gradient technique does not rely on electrical current injection in the
materials and, therefore, provides opportunities for the microscopic
study of spin pumping and spin torques in insulating FMs.”"’

In this Letter, we expand the capability of FMRFM to spatially
resolved imaging of Gilbert damping in a FM insulator Y;FesO;,
(YIG) thin film. When the resonance amplitude is small, and so in the
linear regime, the dissipative term described by Gilbert damping con-
tributes to the ferromagnetic resonance (FMR) linewidth,

AH = AHyy, + 4maf /\/37, 1)

where o is the dimensionless Gilbert damping constant, f the RF exci-
tation frequency, y the gyromagnetic ratio, and AHjy,, the inhomoge-
neous broadening. Gilbert damping is generally inferred from the
frequency dependence of the FMR linewidth, assuming AH;yy, is fre-
quency independent."’

However, this broadband FMR measurement routine introdu-
ces significant difficulty in FMRFM spatially resolved imaging. A
key issue is the systematic linewidth broadening due to cantilever
oscillation, which will be discussed in detail later. Here, we demon-
strate an approach to achieve spatially resolved imaging of Gilbert
damping using the LM resonance amplitude in the FMREM spec-
trum. Our approach focuses on the resonance cone angle of the LM
since it determines the dipolar force applied on the cantilever tip
and, hence, the signal amplitude in the FMRFM spectrum. It is also
applicable to many other scanned probe techniques since, in many
cases, the resonance cone angle is directly related to the signal
amplitude. This approach can resolve Gilbert damping variation as
small as ~2.0 x 10~* with sub-micrometer spatial resolution in a
field-swept FMRFM measurement performed at a single excitation
frequency. It offers immediate application in studying spin dynam-
ics and interfacial spin interactions in mesoscopic samples such as
van der Waals heterostructures containing ferromagnetic
materials.'” '
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FMRFM uses LMs confined by a strong probe field to accomplish
FMR imaging [Fig. 1(a)]. The measurements below are performed
with an external magnetic field oriented out of the sample plane.
These LMs resemble the standing spin wave modes found in a perpen-
dicularly magnetized FM disk'” with different radii associated with
various LM indices. We use the n = 1 LM for spatially resolved imag-
ing since it has the smallest mode radius and can achieve the highest
spatial resolution [Fig. 1(a)]. We acquire FMRFM spectra at a constant
RF excitation frequency while sweeping the external magnetic field.
The cantilever is continuously driven by a piezoactuator at the cantile-
ver fundamental frequency f. ~ 19kHz and its oscillation amplitude
is monitored by fiber interferometry and measured as a lock-in voltage
signal A. When the resonance condition for the LM is met, the out-
of-plane magnetization M, is locally reduced, altering the magnetic
dipolar force F1u exerted on the tip. We modulate the RF excitation
amplitude at f. and tune its phase relative to the cantilever displace-
ment to generate the largest signal amplitude [Fig. 1(b)]. In this case,
Fry drives the cantilever along with the piezoactuator, thereby
increasing the signal amplitude by AA = A,, — Ao, where Ay is the
off resonance amplitude when driven solely by the piezoactuator and
Aon is the on-resonance amplitude driven by the combination of
piezoactuator and modulated dipolar field from the LM. Due to the
reduced active area in FMRFM detection and the capability of imaging
spatial variation of resonance field with high spatial and spectral
resolution, it is possible to find a uniform region in the sample and
eliminate inhomogeneous broadening contribution to the linewidth.
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However, in the following, we will discuss another important source of
resonance line broadening, AH,, due to the cantilever oscillation.

A low damping YIG thin film is used in our experiment since
multiple LMs can be resolved.® Figure 1(c) shows several FMRFM
spectra measured on a YIG(20 nm)/Gd;GasO;, (GGG) (111) thin film
with different piezoactuator drives, and hence, different cantilever
oscillation amplitudes indicated by Aog. The increase in the n = 1 LM
resonance linewidth AH,, with the cantilever oscillation amplitude is
evident. The strong field spatial gradient of the dipolar magnetic field
of the micromagnetic tip causes the field experienced by the sample to
vary with its separation from the tip: the sample experiences a range of
magnetic fields as a consequence of the oscillation of the cantilever,
which broadens the FMR line. To verify this, we perform a variational
calculation® to find the #n = 1 LM resonance field H; ; at varying probe
heights using parameters corresponding to the experimental condi-
tions: tip magnetic moment #1,q, = 4.48 nemu, probe sample separa-
tion ~4pm, YIG saturation magnetization 4nM, = 1700G, YIG
effective magnetization 4nM.s = 2370G, YIG film thickness
tem = 20 nm, RF excitation frequency f = 2 GHz, and gyromagnetic
ratio y = 2m x 27.958 GHz/T. The calculation result is shown in Fig.
1(d). A 50 nm change of tip height, close to the typically used cantile-
ver oscillation amplitude, leads to ~7 Oe variation of H, , indicated
by the blue dashed lines in Fig. 1(d). This change of H, ; is comparable
to the intrinsic FMR linewidth of the 20 nm YIG film. Therefore, even
though inhomogeneous broadening is negligible in the FMRFM mea-
surement, we cannot rely on measurement of the LM linewidth
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FIG. 1. FMRFM linewidth measurement and variational calculation. (a) FMRFM probe o, generates a field well immediately beneath the probe, confining multiple LMs with dif-
ferent radi. In this diagram, the n = 1 LM is on resonance driven by the transverse RF field hy at angular frequency e. LM with index n has different resonance field H; , from
the uniform FMR mode resonance field Hres, which follows ¢/ = Hres — 47tMeg. (b) FMRFM measurement sequence. The cantilever equilibrium position is indicated by the hor-
izontal black dashed line. The vertical red dashed line shows that the n = 1 LM is on-resonance at cantilever equilibrium position. In order to induce the largest on-resonance
amplitude A + AA, RF excitation phase is tuned so that F does positive work to the cantilever at each cycle, as indicated in the gray window. (c) FMRFM spectra acquired at
different off resonance cantilever oscillation amplitude Ao Aot and AApeak are labeled for the lowest spectrum. Broadening of the n = 1 LM resonance peak with increasing Ao
is evident. (d) Variational calculation results of the n = 1 LM resonance field as a function of probe height. (e) Variational calculation results of the on-resonance Fyeax as a func-

tion of resonance cone angle 0, at the center of the n = 1 LM.
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obtained by sweeping field at a single RF frequency to calculate Gilbert
damping. In order to find the local Gilbert damping using FMREM, a
broadband measurement needs to be done while keeping cantilever
oscillation amplitude unchanged.”"”

Another way to measure Gilbert damping is to directly determine
the cone angle of the FM resonance. In FMREFM, the LM precession
cone angle determines the magnitude of Fyy;, which is sensitively mea-
sured through its influence on the amplitude of cantilever oscillation
AA = Ay — Ao.”” Therefore, AA contains information about the local
Gilbert damping in the FM. We now test the validity of this experimen-
tal method for measuring damping using two theoretical approaches: (a)
an analytical variational study of the relationship between the peak value
LM resonance amplitude AApe and the local Gilbert damping o
[results shown in Fig. 1(¢)]; and (b) micromagnetic simulations using
MuMax3”' shown in Fig. 2. First, we perform a variational calculation
using the same parameters as used in Fig. 1(d) to show the dependence
of |[Fpum| on the LM resonance cone angle. Figure 1(e) shows the magni-
tude of Fpey, which denotes the peak value of |Fyy|(H) when the n =
1 LM is on resonance during a field sweep as a function of resonance
cone angle 0. Here, 0, is the resonance cone angle at the center of the
localized mode where it reaches the maximum. Note that the minimum
force detectable in our FMRFM is Fyn ~ 2 N, and the 7 fN change of
Fpeak in Fig. 1(e) from less than 0.5° difference of 0 indicates detectable
AA variation. We show below that AA is more sensitive than AH to
Gilbert damping in the FMREM measurement, and it is possible to
achieve a single RF excitation frequency measurement of Gilbert damp-
ing, which greatly eases the process of spatially resolved imaging.

We now use micromagnetic simulation to examine the determi-
nation of damping from AA. In what follows, we set the RF excitation
frequency and power constant and assume small on-resonance cone
angle 0 < 3°. We calculate the peak value of the force on the cantilever
|Fim|(H) exerted by the ng, LM when it is on resonance, which is
termed Fpeak n

2
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where h. is the amplitude of the right circularly polarized component
of the RF field, H, ,, is the resonance field of the ng, LM, and V;Bprqp
is the out-of-plane component of the probe field gradient. The spatial
distribution of the out-of-plane component of LM magnetization is
described by Jy ,(anr/Ry), the zeroth Bessel function truncated at its
M, Z€ro a,, and R, is the radius of the ny, LM. Here, we focus on the
n =1 LM and use Fyek as the peak value of |Frp1| when the n = 1
LM is on resonance. As shown in Fig. 1(e), Fpea o< 03 is evident from
the variational calculation. And using 0y = |h.; |/%Hes, Fpeax o 1/
in Eq. (2) is confirmed. To further corroborate Eq. (2), we perform
MuMax3 simulation on |Fyy|(H) centered around the 7 = 1 LM res-
onance field H; ; using the same parameters as used in the variational
calculation. Figure 2(a) shows the simulated |Fyy|(H) near resonance
for several values of o. The calculated Fe decreases rapidly as «
increases. Comparison with Fig. 1(e) shows that the value of Fpq is in
the regime of small cone angle 0y < 3°. In Fig. 2(b), we show the lin-
ear relationship between Fpe, and 1/a2, consistent with our theoreti-
cal conclusion in Eq. (2). Therefore, this shows that the measured
resonance peak amplitude AA e o< 1/02.

Building on this theoretical foundation, we obtain the Gilbert
damping o by measuring the peak amplitude AA . of the LM reso-
nance. We note that this approach of determining the local damping o
at a specific location relies on the knowledge of the LM damping in
the reference area o, which is assumed to be equal to the broadband
FMR measured value, and then this approach measures the change in
o at the target location relative to the reference location. Therefore,
this measurement scheme requires uniform M; and FM thickness tgy
in the scanned area since they affect the value of |F1y| and is suitable
for measuring Gilbert damping in a heterostructure composed of a
FM thin film and a micrometer-sized nonmagnetic material (NM)
layer. We choose a 20 nm YIG film epitaxially grown on a (111)-ori-
ented Gd;GasO;, (GGG) substrate using off-axis sputtering, whose
Gilbert damping oy can be measured as a reference using broadband
EMR. The Gilbert damping opp/ny in the micrometer-sized FM/NM
area can be locally probed by comparing the LM resonance amplitude
AApeak, pv/nm in the EM/NM bilayer area and AA e rv in the bare
FM area. According to the previous discussion, we can use the

(b)
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FIG. 2. Mumax3 simulation on n = 1LM atdifferent Gilbert damping and different probe height. (a) |,E|_M|(H) simulated around H, 4 with different Gilbert damping. Fpeax is
labeled for o = 1 x 10~% and it decreases as « increases. (b) The dependence of Fpeak 0N o extracted from (a).
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following equation to calculate the Gilbert damping in the FM covered
by NM:

OEM/NM = OEM X \/ AApeak M/ AApeaic Ev/NM- (3)

The above-mentioned assumption that the effective Gilbert
damping in a localized area equals the broadband FMR measured
global Gilbert damping in the entire film requires the two-magnon
scattering and inhomogeneous broadening contributions to be small.””
The two-magnon scattering contribution can be easily excluded: we
are doing the measurement with the magnetic field aligned normal to
the sample plane, and the LMs have even lower resonance frequency
than the uniform mode [Fig. 1(a)], so there is no degenerate magnon
mode for LMs to scatter into. The effect of inhomogeneity is also
excluded if the measurement is performed in a uniform area, which
can be identified by an FMREM scan. In order to confirm that there is
no other intrinsic or extrinsic contribution that reduces the AA ek, rm»
we resort to experimental examination of the soundness of the
assumption.

As a proof of principle experiment, 5 um x 20 m heavy metal
patterns a few nanometers thick (sample 1: 5nm Au, sample 2: 3nm
and 6 nm Pt, and sample 3: 5nm Ag) are deposited on a 20 nm YIG
film using standard electron beam lithography (EBL) and sputtering
[Fig. 3(a)]. We focus on the YIG/Au (5nm) sample in the main text.
In order to examine the accuracy of the scanned probe measurement,
the YIG/Au (5nm) sample we focus on also has another 1 mm
x1mm x 5nm Au pad patterned simultaneously on a separate area

(a) (c)

g Mégnetic
rker

H (Oe)

(b) (d)

O YIG/Au
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for the broadband FMR measurement. Figure 3(b) shows the RF fre-
quency dependence of the linewidth obtained from broadband FMR
measurements of both bare YIG and YIG/Au bilayer. We use
y = 21 x 27.958 GHz/T for YIG to fit the broadband FMR result to
Eq. (1) and get otyig = 1.09 x 1072 for a bare YIG film and oyig/au
=1.29 x 107* for the YIG/Au bilayer. The damping enhancement
due to spin pumping asp = dtyig/au — %yic = 2.0 X 107* is slightly
smaller than that observed earlier,”” possibly due to lower interface
quality caused by our EBL process or the elimination of two magnon
scattering in our field out-of-plane geometry.”"*’

We now turn to the experimental demonstration of damping
measurement using FMREM. First, a line scan across the Au bar along
the trace as indicated in Fig. 3(a) is obtained. The RF excitation fre-
quency and power are fixed at 2 GHz and 1dBm, respectively. After
subtracting the background cantilever oscillation amplitude A4 mea-
sured when the applied field is away from the FMR resonance, we
show only the change of signal amplitude AA due to the LM resonance
in Fig. 3(c). Our focus is on the n = 1 LM resonance since it provides
the highest spatial resolution.”® In Fig. 3(c), the # = 1 LM resonance
field H, ; is almost constant in the region X < —4 ym and X > 4 um,
indicating the constant probe height and high uniformity of the YIG
film in the scan area. In the area —2 um < X < 1 um, a decrease in
H,; by ~80e is resolved. Our previous studies of this interface-
induced anisotropy find that a 5nm Au overlayer induces a change of
uniaxial anisotropy in 20 nm YIG™ and that this anisotropy depends
on both the overlayer material and the YIG thickness.”® Therefore, the
shift of H, ; is an indicator of the Au bar position.

-
o
N

o YG

AH(Oe)

Frequency (GHz)

0 4 8
Probe Position (um)

0
X (Hm)

FIG. 3. Broadband FMR measurement and FMRFM spatially resolved imaging of YIG/Au spin pumping. (a) Optical picture of the 5 um x 20 um x 5nm Au bar grown on a
20nm YIG thin film. The magnetic marker is used to locate the position of the Au bar. (b) Broadband FMR measurement of the bare YIG and YIG/Au(5 nm) bilayer. (c) FMRFM
scan along the scan path labeled as the red dashed line in (a). A background is subtracted to show the change of cantilever oscillation AA due to LMs. The shifting of the n = 1
LM resonance field H; 1 is used to indicate the location of the Au bar. (d) The n = 1 LM resonance peak in (c) is fit to Eq. (4) and the symmetric Lorentzian amplitude is used as
the indicator of the peak height and plotted to show its spatial variation. Reduction of AA is evident in —4 um < X < 3 um where the Au bar is located. (e) Two-dimensional
mapping of H; 4 clearly shows the shape of the Au bar. (f) Two-dimensional mapping of o shows the spin pumping induced Gilbert damping increase in the Au bar region.
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To obtain AApcy of the n = 1 LM in the FMRFM spectrum, we
fit its resonance peak to an asymmetric Lorentzian line shape,”

AH? . AH(H —H,y)

AAH :S ’
(#) (H—H,}1)2+AH2+ (H — H;,)* + AH?

4
where the first term is the symmetric Lorentzian function of field H
centered at the resonance field H, ; with linewidth AH and amplitude
S; the second term is the antisymmetric Lorentzian function with the
same resonance field H,; and linewidth AH but different amplitude
D. We use the approximation AAy = S since the antisymmetric
component D is small in our experiment. We plot the change of
AA ik along the line scan in Fig. 3(d). A decrease in AA e is evident
in the region —4 yum < X < 3 um. As our previous paper’’ showed,
the decrease in AAx near the internal field step is partly due to the
deformation of LMs. Therefore, we choose the uniform areas, where
the probe is far away from the Au bar edge, to extract the spatial aver-
age of AAy in both bare YIG and the Au-covered YIG region. We
obtain AApe yig/aw = 3:21mV in —1.7 um < X < 0.4 um, where
the YIG/Au bilayer is located, and AApexyic =4.39mV in
—4.6 um < X < 8.8 um, the bare YIG area. Using Eq. (3) and
oyig = 1.09 x 1073, we obtain a Gilbert damping in the YIG/Au
bilayer of ayig/an = 1.27 ¥ 1073, close to the value measured by the
broadband FMR. We note that RF field screening by a nanometer-
thick metallic film™*" could also potentially lead to AApey reduction.
To address this issue, we replace Au with Ag and perform the same
measurement (sample 3). Compared to Au, Ag exhibits negligible spin
pumping'' but has similar conductivity. We patterned a 5nm Ag bar
on 20 nm YIG and find no observable change in AA,c,., demonstrat-
ing RF field screening is negligible.

We perform two-dimensional mapping using the n = 1 LM in
the range —8um < X <8um and Oum <Y < 11 um with an
~500 nm step size using the same RF excitation frequency and power.
At each position, H,; and AAc are simultaneously extracted using
Egs. (3) and (4). Figure 3(e) shows the spatial variation of H, ;, where
the shape of the Au bar is clearly resolved as the area of blue color,
indicating an ~8 Oe decrease in H, ; relative to the bare YIG shown as
the red color. We use the spatial average of AApc in the bare YIG

area, AA ek G, as the reference and calculate the Gilbert damping at

each location using o(x,y) = ayig X \/ Hp&kyym /AA(x,y), where
oyig = 1.09 x 1073, The spatial mapping of (x,y) is shown in
Fig. 3(f), which clearly resolves the increase in Gilbert damping in the
YIG/Au bilayer region.

We further obtain one-dimensional FMREM scans at different
RF frequencies and use the same analysis to obtain the Gilbert damp-
ing in the YIG/Au bilayer. Figure 4 shows the calculated oyig/a, at all
frequencies measured; we find their average value of Gyig/ay
= 1.36 x 1073, reasonably close to the values measured by broadband
FMR and reported in the literature.”” This indicates that our assump-
tion that the effective damping of a localized mode in bare YIG equals
the Gilbert damping of bare YIG measured globally is sound.

The clearly resolved Gilbert damping variation of order
2.0 x 107" corresponds to a difference in linewidth AHyg /Au
—AHyg ~ 0.16 Oe at f = 2 GHz. This high sensitivity is achievable
because of the extreme force sensitivity of the FMRFM. The minimum
detectable force in our FMREM is F.i, ~ 2N, smaller than the

scitation.org/journal/apl
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FIG. 4. RF Frequency dependence of Gilbert damping measured using FMRFM.
The red dashed line represents the Gilbert damping of bare YIG oy =
1.09 x 10~3 measured using broadband FMR. Blue data points and error bar rep-
resent oy /au and its standard deviation measure from one-dimensional FMRFM
scans at different RF frequencies.

modification of Fye, due to the Gilbert damping difference Ao = 2.0
x10~*. Assuming the resonance cone angle 0 yic = 2° in bare YIG,
the resonance cone angle will change to 0y yig/au = 2 X %yi6/%y1G/Au
~ 1. 7° when the probe is over the YIG/Au bilayer. This reduction of
resonance cone angle will lead to ~7 fN change of Fpeq indicated by
the blue dashed line in Fig. 1(e), which is greater than Fyy,. The value
of Fyyin is determined by the FMRFM working temperature and the
cantilever quality factor.

Although the data in Fig. 4 cannot rule out a slight frequency
dependence, it is most likely due to measurement error, this experi-
ment shows the possibility of studying the relation between relaxation
and resonance frequency. Improving our control over the interferome-
ter setpoint and reducing spurious drive of the cantilever by the RF
field will improve the signal to noise ratio and improve our ability to
resolve the delicate damping frequency dependence.

In conclusion, we theoretically proposed, numerically examined,
and experimentally demonstrated an alternative method of local
Gilbert damping measurement using the LM resonance amplitude in
FMRFM. Using this measurement scheme, we report the nanoscale
imaging of Gilbert damping spatial variation in a FM. This technique
is useful when studying spin dynamics in insulating FM thin films and
FM/NM bilayers, especially when the NM layer has a small lateral size
such as van der Waals materials. The capability to measure Gilbert
damping at a single RF excitation frequency also opens the possibility
to study the frequency dependence of magnon relaxation due to inter-
facial spin transport.

See the supplementary material for the illustration of variational
calculation, analytical derivation of Eq. (2), MuMax3 simulations
setup, FMRFM experimental data and fitting, experiments on other
samples, and calculation of FMRFM force sensitivity.
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