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ARTICLE INFO ABSTRACT

Keywords: We present images of spin-wave excitations in a patterned yttrium iron garnet (YIG) thin film obtained by use of

Yttrium iron garnet (YIG) near-field microwave microscopy, which can achieve spatial resolution as high as 50 nm. Visualization of

i;m-waves magnetic excitations is an enticing prospect for high-speed, high-density magnetic logic and storage applications,
icrowave

which has spurred the development of new magnetic microscopy and imaging techniques in recent years. Here
we present a novel approach for local imaging of magnetic modes excited at room temperature with sub-
diffraction-limited spatial resolution. This approach is based on a special atomic force microscope with broad-
band GHz capability for imaging the spatial distribution of dynamic magnetic excitations in patterned magnetic
structures. Due to the inherent sub-wavelength, nanometer-scale spatial resolution of near-field scanning probe
techniques, this approach has potential for a significant improvement in spatial resolution over optical

Near-field microscopy

techniques.

1. Introduction

The application of magnetic microscopies is critical for understand-
ing dynamic magnetic excitations in patterned magnetic nanostructures.
The ongoing push to increase the density of magnetic devices such as
magnetic memory and logics has led to the development of novel ap-
proaches to measurement and imaging of nanoscale magnetic structures.
Brillouin light scattering (BLS) — especially microfocus BLS [1,2,3] and
time-resolved magneto-optic Kerr effect [4,5] techniques — have led to
significant progress in understanding magnetic excitations. This exper-
imental progress was critical for the study of the contribution of higher
order magnon scattering processes to the damping in exchange biased
films, [6,7,8] and the characterization and design of novel magnonic
devices [9,10,11,12]. The constraining factor of the microfocus BLS
method is that it is diffraction limited. Therefore, there is an ongoing
effort to improve the spatial resolution and break the diffraction limit
with novel techniques. These techniques include ferromagnetic reso-
nance force microscopy, [13,14] scanning probe magneto-thermal mi-
croscopy, [15,16] time-resolved scanning transmission X-ray
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microscopy, [17] and near-field scanning microwave microscopy
(NSMM) [18]. Other alternative methods to image propagating spin
waves in magnonic devices are based on a scanning loop probes
[19,20,21,22]. In addition to its capability to visualize magnetic exci-
tations, microwave microscopy is an important experimental tool for
validation of micromagnetic simulations as well as measurements of
charge distributions in thin films and low-dimensional systems [18,23].

In this paper, our focus is on the application of NSMM to magnetic
excitations. We present a local, spatially resolved technique with spatial
resolution that is particularly suitable for micro- and nano-scale
patterned structures and devices. The technique is based on a modi-
fied atomic force microscope (AFM) that can deliver a signal in the
microwave frequency range (2 GHz to 26 GHz) to the AFM tip for local
high-frequency electromagnetic measurements in addition to standard
topographic imaging. The spatial resolution of this technique is on the
order of 10 nm to 50 nm [24]. Below, we describe the technique and its
application to measurements of spin-wave excitations in patterned 75
nm-thick yttrium iron garnet (YIG) films.
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Fig. 1. Schematic of the near field scanning microwave microsocpe (NSMM)
system used in the experiment. In reflection mode, the microwave signal path
(red arrows) begins at a network analyzer source (red VNA), is reflected at the
tip-sample junction, and is sent to the detectors via a circulator. In transmission
mode, the signal path (green arrows) begins at a re-positioned network analyzer
source (green VNA), is transmitted to the sample via a loop antenna, and
transmitted through the sample and tip to the detectors. A small electromagnet
generates an in-plane field H (blue arrow).

2. Sample preparation and properties

The patterned, low-loss, 75 nm-thick YIG film elements were fabri-
cated using lithographically defined templates and radio frequency (RF)
sputtering. The details of the YIG sample preparation are described in
Ref. [25]. For the experiments presented in this work, the YIG sample
consists of an array of 3 um x 0.8 um x 75 nm nano bars patterned over
an area of 2 mm x 2 mm. The lattice spacing is 6 um along the length
direction and is 3 ym along the width direction. The aspect ratio of the
nano bars is approximately 4:1, which gives rise to shape anisotropy
along the length directions of the bars. The surface morphology of the
patterned YIG samples was analyzed by conventional AFM. The crys-
talline structure was characterized through X-ray diffraction and X-ray
reflection measurements. The magnetic hysteresis loop and ferromag-
netic resonance measurements acquired at room temperature with an
external magnetic field along the length direction of the YIG nano bars
indicate a coercivity of about 2.4 kA/m (40 Oe), an effective anisotropy
field of about 15.6 kA/m (195 Oe), and a ferromagnetic resonance
linewidth of about 320 A/m (4 Oe) [26].

3. Experimental technique

A schematic drawing of a near-field scanning microwave microscope
(NSMM) is shown in Fig. 1. This technique is sometimes referred to as
scanning microwave impedance microscopy (sSMIM) or simply scanning
microwave microscopy (SMM). The system consists mainly of (1) an
AFM with a specialized broadband cantilever (Rocky Mountain Nano-
technology®)*, (2) a cantilever holder mounted in a scanner head, (3)
control electronics, (4) microwave electronics that bring microwave
signals (2 GHz to 26 GHz) to the tip of the cantilever, and (5) an elec-
tromagnet that generates an in-plane magnetic field H. The cantilever is
designed to transmit the microwave signal in the given frequency range
and is connected to a half-wavelength resonator with a 50 Q shunt
resistor for signal enhancement. The microwave signal is typically
delivered by a commercial vector network analyzer (VNA). A phase
shifter (labeled ¢ in Fig. 1) is placed in series with the resonator. When
the NSMM is operated at a single, fixed frequency, the phase shifter is
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Fig. 2. Schematic representation of reflection S11 measurement with SMM.

used to match the impedance of the test platform to the impedance of the
probe (resonator, tip, and sample) and thereby optimize the sensitivity
of the NSMM. The system is equipped with a small electromagnet with a
2 mm gap between the two pole pieces, a winding for the sweep of the
DC magnetic field, and an additional winding for the AC field modula-
tion. The total field applied to the sample is the sum of the DC (H,) and
modulation (Hac sin(ot)) fields (Hac < H,). The maximum field that can
be achieved in the magnet gap is 2 T (1600 kA/m). The system measures
complex scattering parameters S; as well as the derivates dS;/dH, as
illustrated in Fig. 1. Direct detection of S;j can be carried out by use of an
I/Q mixer as described in Ref. [23], or directly via the VNA. The de-
rivatives dS;;/dH are measured by use of a lock-in technique in which the
Hac modulation field frequency o is used as the reference. The NSMM
system can operate in two modes: (1) reflection mode, in which Sy; is
measured (signal reflected from the sample under test, as illustrated by
red arrows in Fig. 1) or (2) transmission mode, in which So; is measured
(signal transmitted through the sample under test, as illustrated by green
arrows in Fig. 1). For lock-in detection of dS;1/dH (reflection mode) or
dS»1/dH (transmission mode), the modulation frequency o is in the few
hundred Hz range due to the frequency dependence of the inductance of
the modulation coil.

S11 and Sy are functions of the impedance, Z, or the admittance, Y =
1/Z, of the probe-sample system. Local variations in Z or Y give rise to
contrast in NSMM images. Z and Y depend on the local material prop-
erties at or near the tip position. These local properties include charge
density, conductivity, permittivity, and permeability. Since both the
reflection and transmission scattering parameters depend on Z, the fre-
quency- and field- dependences of the magnetic susceptibility will be
observable in the measured scattering parameters. For NSMM-based
ferromagnetic resonance (FMR) measurements, a complete detailed
description of the full contrast mechanism is quite involved and is
beyond the scope of this paper. A description of the probe-sample
interaction in an NSMM could be represented by an equivalent circuit
model [27,28], including the dependence of equivalent circuit elements
upon the complex magnetic susceptibility y =y —jy [29].

A simplified sample geometry can be used to understand the fun-
damentals of probe response. Let’s assume that the tip is moving over a
sample with two different regions A and B that have distinct material
properties and consequently present different impedances to the mi-
croscope tip. Due to the design of the cantilever, a series of resonances in
the reflection coefficient S;; are detected in a broadband frequency
sweep as shown in cartoon form in Fig. 2. Note that while the resonances
in reflection mode appear as dips in the magnitude of S;;, resonances in
transmission mode appear as peaks in Sy;. Further, these resonances in
the probe-based measurement are distinct from resonant magnetic ex-
citations in the sample. For clarity, we refer to the latter as “modes” in
the remainder of the paper. The broadband frequency sweep over region
Ain Fig. 2 is shown in blue. The sweep over region B is in red. Due to the
change of the material properties, the set of resonant dips will shift in
frequency. This shift of any specific resonant dip may be quantified by
two parameters: the difference in the frequency Af and the change in the
magnitude ASq;. These changes represent the variations in the local tip-
sample impedance that result from the changes in the local material
properties. Their magnitudes, once measured, may be related to this tip-
sample impedance Z (or admittance Y) and correspondingly to changes
in the conductivity, the complex permittivity, and/or the complex
permeability. In the present case, the contrast mechanism arises from
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Fig. 3. Comparison of BLS and NSMM results ob-
tained on nano-SAF dots. (a) The image shows the
calculated field dependence of the dispersion rela-
tion for nano-SAF dots. Blue and gray circles
represent the frequency of the mode peaks deter-
mined from measured BLS spectra. Magenta tri-
angles and yellow squares represent the modes
determined from measured NSMM spectra taken
with the NSMM tip above nano-SAF dots (triangles)
\ and a continuous SAF film (squares). (b) A repre-
|

sentative BLS spectrum measured with an applied
field of poH = 0.59 T. Mode positions (i) and (ii) are
labeled in both (a) and (b). The magnetic field was
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variations in the permeability of the magnetic material, which is itself a
function of both H and operating frequency. In practice, one of the
resonant dips in Fig. 2 is selected as an operating frequency. Once the
operating frequency has been selected, the phase shifter is tuned to
minimize the corresponding dip in the reflection coefficient (S;1). With
the response of the NSMM tuned, sensitivity to changes in the local
material properties is maximized: small changes in the local tip-sample
impedance will lead to substantial Af and AS;;.

Both imaging and spectroscopic measurements are employed here.
To obtain an image of a magnetic excitation, the tip is raster scanned
over the sample at a constant magnetic field and a constant operating
frequency, and the signal (S11, S21, or the derivative of one of them) is
measured at each tip position. Alternatively, to obtain a spectroscopic
measurement, the magnetic field is swept at a fixed tip position and a
fixed frequency, while the signal (S11, S21, or the derivative of one of
them) is measured at each field value. For the initial approach of the
cantilever and the control of the tip-sample distance during imaging,
standard AFM feedback based on beam-bounce detection of the light by
a quadrant photodetector is implemented. Further details of applications
of this metrology can be found in review articles [18,27].

4. Validation

To validate the NSMM technique for characterization of magnetic
excitations, we compare the BLS and NSMM measurements of nanoscale,
synthetic antiferromagnets (SAFs). The SAFs are multi-layered struc-
tures consisting of two or more ferromagnetic layers that are separated
by metallic spacers or insulating tunnel barriers and have antiparallel
magnetizations [30]. In our case, they are represented by a stack of Ru 2
nm / CoFe 2nm / Ru 0.8 nm / CoFe 4 nm / Ru 0.8 nm / CoFe 2 nm / Ru
2 nm, following the approach in [31]. The circular dot diameter was 1
pm and they formed a square array. The magnetic field was applied in
the plane of the dots. The results of the comparison are shown in Fig. 3.
The lines in Fig. 3a represent the calculated dispersion relation solving
the Landau-Lifshitz equation applied to SAF dots [32]. The color bar
indicates the low and high calculated signal amplitude. Blue and gray
circles represent the spin-wave frequency for a given field as obtained
from the mode peaks from measured BLS spectra. Magenta triangles and
yellow squares correspond to the spin-wave modes determined from the
NSMM spectra. NSMM spectra were acquired with the NSMM tip above
the circular nano-SAF dots (triangles) and a continuous SAF film
(squares). The spectra were acquired by measuring dS;;/dH at fixed
NSMM operating frequencies as a function of the applied field. From the
NSMM spectra the resonant field strength and mode amplitude can be
extracted. Based on comparison of the BLS and NSMM measurements
with the calculated dispersion for nano-SAF dots, we attribute the
resonant modes observed in NSMM measurements to the excited spin-
wave modes of the system. More broadly, this supports the extension
of the technique to imaging of magnetic modes excited in patterned
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Fig. 4. a) Optical image of the patterned 2 mm x 2 mm YIG structure. b) AFM
topography image of a single element of the array shown in (a).

magnetic nanostructures.
5. Results

Having validated that the NSMM approach is sensitive to magnetic
excitations, we applied it to thin-film, patterned YIG nanostructures to
characterize the spatial distribution of magnetic excitations. Experi-
mental results are obtained on a single element of the patterned array.
An optical image of the array is shown in Fig. 4a and the AFM topog-
raphy image of a single element from the array is shown in Fig. 4b.

The detailed topographic image of the single element shows the in-
fluence of the dry etching used to form the patterned structure. Note the
roughness around the edges of the element. Fig. 4b also shows the
orientation of the static (H,) and modulation (Hac) fields parallel to the
long side of the patterned YIG element. Also note Hac < Ho. As we
discuss below, the field orientation shown in Fig. 4b has a strong in-
fluence on the observed spectrum and the excited spin-wave modes. The
FMR linewidth of the patterned YIG nano bars is on the order of 320 A/m
(4 Oe), which is low enough to obtain a clean local FMR response on a
75 nm-thick film.

Spatially resolved, spin excitation images were obtained in trans-
mission mode (Sz;) with the microwave signal transmitted to the tip
(port 1) through the sample from by a 50 um-diameter loop antenna
(port 2) below the sample, as indicated in Fig. 1. The loop antenna has
one end grounded and the other connected to the center conductor of a
microstrip line. The system is designed in a way that the loop antenna is
always under the cantilever tip in the scanner. An example of |dSy;/dH]|
vs. field is shown in Fig. 5a. The displayed measurement was done at a
fixed frequency of 6.62 GHz. The spikes in the image labeled with an
arrow as “mode” correspond to the FMR response at the given field
value. The non-resonant, off-mode response is labeled with an arrow as
“background” in Fig. 5a. The inverted contrast at negative field values is
due to the vectorial addition of the static and modulation fields, leading
to a 180° phase change in the lock-in response between positive and
negative static field values. As follows from the image in Fig. 4b there is
a signal distribution over the sample even at the field corresponding to
the background when the field is close to 0 mT. The image in Fig. 5c
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Fig. 5. a) Derivative signal in the middle of the sample as a function of the field; b) the image of the signal at each grid point at the background field value close to
0 mT; c) the image across the sample at the mode field value of ~ 200 mT. The images in b) and c) are 3 pm long.

Fig. 6. dS21/dH signal magnitude distribution at 5.59 GHz for: a) 500 mT, b) 1300 mT, c¢) 1700 mT, and d) 2500 mT. The images were obtained from the mea-
surement on the mentioned grid; in the post processing only the section around the patterned element is displayed, with the lateral dimension of 3 pm and the vertical
dimension of 1 pm. The patterned YIG element boundary is illustrated as a thin green line. The dispalyed images are not to 4:1 scale and were adjusted to fit into the

page width.

corresponds to the mode excitation at the field close to 200 mT.
Therefore, to obtain the true mode distribution across the sample it is
critical to acquire the images at both the mode and background field
values. The spectral images like the one in Fig. 5a form the basis for
extracting the image of mode distributions in patterned elements.

In order to visualize the magnetic excitations at different mode fre-
quencies the topography image is divided into n x n pixels creating a n
x n grid. At center of each pixel the spectral distribution as a function of
the field at a given frequency are obtained. The obtained mode distri-
bution images are processed from the acquired spectral distribution. For
the presented mode distributions, a 16 x 16 pixel (1 pixel = 0.25 pm x
0.25 pm) grid that covers the sample and the surroundings represents
the spatial resolution on the order of the optical methods. Naturally, the
use of a finer grid with more points would improve the spatial resolution
significantly below the optical resolution, albeit at the cost of increased
detection time. To obtain the mode distribution across the patterned
element, from each spectrum, the height of the mode at 200 mT is
extracted and the background is subtracted, which is the value plotted at
each pixel. Examples of processed NSMM images at an operating fre-
quency of 5.59 GHz and at different field values are shown in Fig. 6a-d.
The sequence of images in Fig. 6 corresponds to the measured |dSy;/dH]|
pattern at 5.59 GHz for four different field values ranging from 550 mT
to 2500 mT. The dSz;/dH amplitude distribution corresponds to the
spatial profiles of magnetic modes at the respective fields. The red in the
false color scheme corresponds to the high amplitude of the excitation.
The shape of the patterned YIG element is represented by the thin green
line.

6. Discussion

The results in Fig. 6 demonstrate the capability of the presented
approach to visualize field- and frequency -dependent, magnetic exci-
tations in patterned nanostructures. The images provide a detailed
visualization of mode patterns within the single element as a function of
the frequency and the field. The observation of a perturbed mode pattern
is attributed to the local nonuniform field distribution of the patterned
element that arises from shape nonuniformity and edge roughness. The
observed patterns are not atypical; similar pattern distributions were
predicted by finite element modeling as shown in [33].

The spatial resolution of the NSMM technique enables spatially
resolved imaging of detailed mode patterns through the sample that
clearly present the nonuniform excitation distribution usually predicted

only by micromagnetic modeling at room temperature. The NSMM is a
table-top system that operates under ambient conditions and is more
straightforward to implement than other techniques, such as e.g., syn-
chrotron X- ray dichroism spectroscopy. The discussed technique is
based on a broadband atomic force microscope in the near field. Here,
we demonstrated its applicability to local imaging of excitations in
magnetic nanostructures. In [13] the local signal is detected as a force
between the micromagnetic probe at the tip of the cantilever and the
excitation, in the present case the signal detection is based on direct
sensitivity to the change in the tip sample impedance due to the excited
magnetization dynamics.

In conclusion, we demonstrated a scanning near-field microwave
microscopy for sub-micrometer magnetic excitations in patterned
structures and devices. Processed NSMM images that map the derivative
of Sy; with respect to H allow for local measurements of both the
amplitude and phase of the magnetic excitations in nanometer scale
structures. This information is not easily accessible with optical mea-
surements, making the NSMM method an important complementary
technique for characterization of micromagnetic structures. The tech-
nique does not require specialized sample preparation and is applicable
to a variety of different materials and devices operating at and poten-
tially above room temperature. The NSMM-based technique is compat-
ible with conducting, semiconducting, and dielectric samples. The
technique therefore provides an approach to high-resolution imaging of
magnetic structures in a broad range of application areas, including
spintronic, magnonic, sensing, neuromorphic, and biomagnetic appli-
cations, with spectroscopic precision and the potential for subsurface
detection. Beyond the initial demonstration described here, future op-
portunities exist to fully model the NSMM probe-sample interactions for
magnetic materials in the presence of magnetic fields. In turn, more
detailed modeling will enable the development of calibrated, quantita-
tive measurements of local susceptibility and permeability.
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