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Abstract

Flat and profile-modulated permalloy films have been studied by the electron magnetic
resonance (EMR) method. In addition to ferromagnetic and spin-wave resonances, the
structures demonstrate low-field EMR signals of an unusual shape, which form a hysteresis
loop in sweeping fields. The low-field signals are attributed to a fast reorientation of
magnetic domains. The low-field EMR behavior is comparable to the behavior in magneto-
dependent photovoltage previously observed in the optical experiments. The shapes of
the loops and typical values of the switching fields depend on the profile modulation
parameters confirming the possibility of controlling magnetic properties and the coupling
of magnetic and optical effects with nanoscale geometry.

Keywords: metamaterials; magnonic structures; hysteresis; electron magnetic
resonance; permalloy

1. Introduction

Periodic magnetic systems with nanoscale elements can be described as magnetic
metamaterials—composite systems, whose properties are determined not only by intrinsic
material properties but with structural geometry as well [1-6]. At the nanoscale, shape-
imposed demagnetizing fields set orientations of easy axis (shape anisotropy), tune co-
ercivity, and reconfigure domain states; these effects scale with aspect ratio, thickness,
and patterning and play significant roles in dictating magnetic dc and radio frequency
properties of the whole structure.

On the other hand, in respect to spin-wave propagation nanoscale periodic magnetic
structures behave as magnonic crystals [7-14]. Even when frequencies of spin waves are in
the microwave range, their wavelengths can be comparable with characteristic dimensions
of inclusions and periodicity of the structure. In this case, the magnon propagation is
affected by Bragg scattering leading to the formation of magnonic bands. Variations in
lattice constants, inclusion shapes, and dimensionality (1D, 2D, 3D) can significantly alter
the spin-wave dispersion relations and band structures of magnonic crystals [9-18].

The combination of plasmonic and magnetic properties in the same structure provides
new opportunities for applications, such as plasmonic enhancements of magneto-optical
effects or tuning optical properties with a magnetic field [19-23]. In periodic structures with
both plasmonic and magnetic properties, one can expect that both magnetic and plasmonic
effects, as well as the results of their interplay, can be designed via system geometry.

Planar ferromagnetic periodic structures such as ferromagnetic films with one-
dimensional profile modulation, present a simple example of the systems discussed
above. The structures have uniaxial magnetic anisotropy with the easy axis along the
grooves [24,25], similar to natural materials with uniaxial crystalline anisotropy [26]. They
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demonstrate spin-wave resonances and magnonic bands dependent on geometric parame-
ters [13-17,27]. Some ferromagnetic metals, in particular permalloy (a nickel-iron alloy),
may have plasmonic properties, providing an opportunity for magneto-optical applications;
however, the Q factors of plasmonic resonances in permalloy are low [28].

It was recently shown that in response to laser light illumination, permalloy (Py)
and gold permalloy bilayer (Au | Py) films and gratings demonstrate significant electric
effects [29-32], which are maximized at the plasmon resonance conditions and depend on
a magnetic field with a characteristic hysteresis. The magneto-dependent component of
the photovoltage, Uy shows a sharp polarity switching when the magnetic field exceeds a
certain magnitude, Hpsyy [29,30]. Polarity switching fields are very different from flat films
and gratings, varying from a few Oe (200-400 A/m) in flat films to Hps, > 70 Oe (5.6 kA /m)
in gratings. Polarity switching can be affected by light intensity, indicating the possibility
to control magnetic properties with light illumination [31]. The mechanisms under the
magneto-dependent photovoltage are not yet fully clear and may include the anomalous
Nernst effect (ANE) or inverse-spin Hall effect (ISHE) [33,34].

To better understand the magnetic behavior of such structures at low magnetic fields
and get more information on the mechanism behind the observed coupling of plasmonic,
magnetic and electric effects, we performed a systematic electron magnetic resonance (EMR)
study of permalloy structures with different profile modulations like those used in pho-
tovoltage studies [30]. In ferromagnetic materials, EMR/ferromagnetic resonance (FMR)
technique provides information on magnetization, anisotropy type, effective anisotropy
fields and spin-wave resonances [18,27,35,36]. EMR has been previously applied to nanos-
tructured permalloy gratings [27], revealing (i) a strong in-plane uniaxial anisotropy aligned
to the grating/profile axis, evidenced by angular shifts of the uniform resonance, and (ii)
multiple spin-wave resonances whose positions are determined by profile geometry. In
the current study particular attention is paid to the low-field regime, corresponding to the
range of the photovoltage switching.

2. Materials and Methods

Permalloy is a nickel-iron magnetic alloy, typically composed of about 80% nickel
and 20% iron, known for its exceptionally high magnetic permeability and low coercivity.
It exhibits a high saturation magnetization of approximately 800 kA /m, allowing it to
achieve strong magnetic responses under low external fields. Due to its low coercive force—
typically less than 1 A/m—Permalloy can be easily magnetized and demagnetized, making
it ideal for use in magnetic sensors, cores, and shielding applications. Its soft magnetic
behavior arises from its well-ordered crystalline structure and minimal magneto-crystalline
anisotropy [37]. Thin films of permalloy with the thickness of 40 nm are deposited via dc
sputtering onto three substrates: a flat glass slide and polymer profile-modulated substrates
with different profile modulation. The profile-modulated polycarbonate substrates are
derived from commercial digital memory DVD and Blu-ray discs following [38]. Film
thicknesses are verified using a stylus profilometer and a flat film, which is deposited at
the same deposition run. The profiles of the structures are shown in Figure 1a. The film
deposited on the Blu-ray substrate, Py/BR, has a period of 320 nm and modulation height
of 20-30 nm, while the film on the DVD substrate, Py /DVD, has a nearly rectangular profile
modulation with the period of 740 nm and a height of 60-80 nm as confirmed by Atomic
Force Microscope (AFM) characterization.
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Py/DVD

Figure 1. (a) Schematics of the structures; (b) vertical and (c) horizontal orientation of samples in the
microwave resonator. The arrows show the direction of the external field H.

In the experiment, we used the Bruker EMX-Plus Electron Magnetic Resonance Spec-
trometer with the rectangular resonator cavity ER 4102ST operating in the TE102 mode at
the microwave frequency of 9.8 GHz (X Band). The orientations of the samples (vertical or
horizontal) inside the microwave resonator are illustrated in Figure 1b,c. Since standard
EPR spectrometers use field modulation and phase-sensitive detection for enhanced sensi-
tivity, recorded signals correspond to the first derivative of the microwave absorption over
field, which is modulated with the frequency of 100 kHz and amplitude of 0.1-1 Oe.

3. Results

The results obtained in flat films are presented in Figure 2. The film is placed vertically
in the resonator and oriented at different angles ¢ in respect to external magnetic field
as shown in Figure 1b. Typical FMR signals (derivatives of the microwave absorption)
are shown in Figure 2a. The position of the absorption maximum, Hj (determined as
the middle point between maximum and minimum of the signal) strongly depends on
the orientation angle Figure 2b. Theoretically, in flat films, the ferromagnetic resonance
condition reads [35]

(wo/7)? = (Hycos (¢ — o) — Meﬁcosz(p) (Ho cos (¢ — a) — Meggcos2¢), 1)

where wy is the microwave frequency, - is the gyromagnetic ratio, Hy is the magnetic field,
M, is the effective magnetization, which is determined by the saturation magnetization
M; and may have contributions from crystalline anisotropy, « = /2 — 8 is the angle
between the external magnetic field and direction z, which is normal to the film plane.
¢ is the angle between direction of the magnetization and z, and can be found by the
equilibrium condition:

Hsin (¢ — a) — 1/2 Mg sin (2¢) = 0. 2)
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Figure 2. EMR in flat films at vertical orientation. (a) FMR at various angles as indicated; (b) angular
dependence of the FMR position, experiment (points) and fitting (solid trace); (c) typical experimental
recording with low-field hysteresis (magnified at inset); (d,e) low-field signals at various angles
as indicated. Arrows show the direction of the field sweep (red—up, blue—down). (f) Angular
dependence of switching fields.

The experimental points can be fitted with calculations assuming Mg =7.2 x 10° A/m
which is in the range of typical saturation magnetization of permalloy [24,37].

Besides the FMR signals, some additional features can be observed at low-fields, see
Figure 2c—e. These signals demonstrate an interesting “memory” behavior, depending on
the previous magnetic exposure of the sample. If the film is not exposed previously to
the magnetic field, the low-field EMR signal recorded at the increasing external magnetic
field (during the sweep upward) strongly differs from that recorded during the sweep
downward. This difference is observed only during the first sweep. If the sweep is repeated,
the signal is the same as that recorded at the sweep downward during the first sweep. Thus,
the evolution of the signal at the sweeping field depends on the initial state of magnetization
as it commonly takes place during the recording hysteresis loop in ferromagnetic materials.

Since a standard EMR spectrometer does not provide the option of changing the
magnetic field in the opposite direction, we use the following procedure in recording
low-field signals: After first experimental runs “up” and “down”, we rotate the sample in a
zero field by 180 degree and sweep the field upward and downward again considering now
the direction of the field to be negative and multiplying the signals by —1. The procedure
with the rotation of the sample by 180 deg in a zero field can be repeated, producing a
hysteresis loop at low fields, see inset in Figure 2c. There is no hysteresis in the main FMR
signals observed in larger fields, where upward and downward runs produce the same
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curves. The difference between upward and downward runs is observed only at low fields
(less than hundred Oe in flat films).

Low-field microwave absorption is reported in manganite films [39] and ascribed to
the reorientation of magnetic domains. Effects observed in our work can be of similar
origin. This hypothesis can explain the presence of the hysteresis. During the first sweep
upward, magnetic domains become oriented. If the sweep is repeated in the same direction,
it does not affect the domain orientation, and signals on the consecutive runs coincide with
each other. However, if after the first run, the sample is rotated by 180° at a zero field,
domains become magnetized in the opposite direction. The upward run would reorient
the domains, and the signal observed at the increasing field would be different from that
observed during decreasing field.

Note that the shape of our signal is highly unusual for typical EMR signals and could
not be fully associated with the derivative of the microwave absorption commonly recorded
by EPR spectrometers. The signal (see inset in Figure 2c) is mostly positive at the upward
sweep formally corresponding to an increase in the sample absorbance (associated with
the imaginary part of magnetic susceptibility, x”’) and fully negative at the downward
sweep, which would again correspond to an increase in . Continuing sweeping over
the loop, each run up and down would formally result in an increase in x”. This does not
have any physical meaning and is not expected in common EMR experiments. Changing
parameters of EMR detection (varying sweep rates between 1 Oe/s and 0.03 Oe/s and
modulation amplitude between 1 Oe and 0.1 Oe) does not significantly affect the signal
shape. Higher rates and amplitudes distort the signal. This unusual shape might be due to
a contribution from the dispersion caused by a sharp and fast magnetization change like
switching magnetic domains. According to [40], the domain switching rates in permalloy
are in the nanosecond range. This is much faster than the characteristic response times of
the spectrometer, and comparable with the period of the microwave field.

Let us estimate the effective switching field, Hs, as the midpoint between maximum
and minimum during the sweep up. For common EMR signals, this point approximately
corresponds to the absorption peak position. This interpretation cannot be fully applied to
our case. Besides, the positions of maxima and minima are not always obvious. However,
let us use these estimations for a qualitative comparison of the samples under study,
keeping in mind that these are very rough estimations. In flat films, the hysteresis loops
are relatively narrow, with Hgyy = 9 Oe observed for in-plane magnetic field. With an
increase in 6, Hgyy gradually increases reaching ~30 Oe observed when H is perpendicular
to the plane.

The EMR results obtained in gratings are shown in Figures 3 and 4 for Py/DVD and
Py /BR structures respectively. The gratings are mounted horizontally in the resonator
(Figure 1c), corresponding to the magnetic field in-plane. In this geometry, the angle 6 is
the angle between the magnetic field and the direction of grooves. Typical EMR signals are
shown in Figure 3a. In addition to the fundamental FMR, multiple spin-wave modes are
observed, with their angular dependence mapped in Figure 3b.

The FMR and spin waves in the structures with the same geometry (permalloy flat
films and DVD-based gratings with the rectangular profile modulation, modulation height
of 80 nm, modulation period of 740 nm and permalloy film thickness of 50 nm) have
been studied experimentally and theoretically in [27]. It was shown that similarly to
the crystalline films with growth-induced in-plane uniaxial anisotropy [26], the angular
dependence of the main resonance in the gratings corresponds to in-plane uniaxial magnetic
anisotropy and can be fitted with

(wo/7 %= (Hy + M + Hy cos® 0) (Hy + Hy cos 26) (3)
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with the anisotropy field of Hy = 120 Oe (9.56 kA /m).
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Figure 3. EMR in Py/DVD: (a) main FMR and spin resonances at various orientations, (b) angular
dependence of the line positions (Green Hy, Red Hy, Blue Hy); (c) typical low-field signals at the
sweeping field up (red) and down (blue), 8 = 30°; (d) angular dependence of the Hgyy.

(@) (b)

2.5 1450
E 15 0de 1400 |
£ /
£ 05 [\ ,»?‘:\asnex g 1350 | Com
" — = 4 4
% -
205 ¢ 1000 Y7000 T 1300
o
& -15 1250 |
_— 1200 P G gy
H [Oe] 90 45 0 45 90 135 180 225
Angle [deg]
(c) (d)
o : ) ) 140
120 }
100 200 300 .
< -00s w00 | K Ak‘h w
8 01 i s TS A
Es|” e ; ‘
. ~ 60
z
£ -02 W a0
£ 20
= -0.25 =y 0 deg. P . . .
03 HOe] —90 -45 0 45 90 135 180 225
Angle [deg]

Figure 4. EMR in Py/BR: (a) FMR and spin resonances at various orientations, (b) angular dependence
of FMR position; (c) typical low-field signals at the sweeping field up (red) and down (blue), 6 = 0°;
(d) angular dependence of the Hgyy.

Micromagnetic simulations were performed in [27] based on the Landau-Lifshitz—-
Gilbert equation. Considering the same geometry as in the EMR experiment, absorption
at the 10 GHz frequency was calculated following the approach in [11] as the function of
the external magnetic field. The numerical simulations predicted a single FMR peak in
flat films and several additional resonance peaks in profile-modulated structures with the
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positions dependent on the orientation. The peaks were ascribed to the resonance modes
formed by the magnetic surface spin (MSSW) waves with k-vectors corresponding to the
condition, k = N 7t/d cos 6, where d is the grating period and N is an integer. The angular
dependence of the peak positions (Hy, Hy, H, in Figure 3) observed in the current work
closely correspond to those previously observed and calculated in ref. [27].

Let us now concentrate on the low-field signals which are not predicted by the simu-
lations [27] and display a clear hysteresis between upward and downward field sweeps
(Figure 3c). The signal recorded at the sweep “up” is much higher than that recorded at the
sweep “down” with a sharp peak. Rough estimations of Hgyy in Py/DVD as the function
of the sample orientation are shown in Figure 3d. The typical fields are 75-80 Oe for low 6
and sharply grow when the field becomes perpendicular to grooves.

In Py/BR structures the signals are broader than in Py /DVD structures. Spin-wave
resonances are present there as well; however, clear assignment of their positions is not
possible because of their broadness. The angular dependence of the main resonance is
shown in Figure 4b. Fitting with the Equation (3) gives H4 = 45 Oe (=3.6 kA/m). The
low-field signals show the same hysteresis behavior. The estimated switching fields are
shown in Figure 4d.

Thus, our experiments in permalloy films and gratings reveal the presence of low-
field EMR signals, which have an unusual shape and depend on the previous exposure
of the sample to the magnetic field. The origin of these effects can be attributed to the
fast switching of magnetic domains which may contribute to both the absorption and
dispersion of the EMR signal.

This low-field behavior strongly depends on the geometry of the structure and its ori-
entation vs magnetic field. The switching fields are the lowest in flat films with Hgyy =9 Oe
for the field in plane. In gratings, the lowest switching fields are in the range of 80 Oe
and observed when the field is parallel to the direction of grooves. The orientation depen-
dence of Hsyy grows resembles the orientation dependence of the FMR signals, compare
Figure 2b,f (flat film), Figure 3b,d (Py/DVD) and Figure 4b,d; however, the character of
this dependence can be different, indicating the role of domain shapes in each case.

Let us now compare the low-field EMR results with the switching effects observed in
photovoltage experiments. In Figure 5, we plot the photovoltage hysteresis curves observed
in the flat films and gratings (these results are reported in [30]) and typical low-field signals
observed in our structures which have the same geometry (and were obtained in the same
fabrication batch as samples in [30]). The curves are measured at the H in-plane (which
corresponds to the magnetic field orientation in the photovoltage setup). As one can see,
the hysteresis loops observed in the photovoltage and EMR signals are the narrowest in flat
films, having the width of a few Oe. They become broader in the gratings reaching several
tens Oe. In Py/DVD, the photovoltage and EMR loop widths approximately correspond to
each other; however, in Py/BR, the loop of the photovoltage looks narrower than that in
the EMR signals, indicating that the direct comparison of such hysteresis loops may not be
fully correct.

In Table 1, we list typical photovoltage switching fields observed in various experi-
ments [29-32] with permalloy films and gratings and gold permalloy bilayers of the same
geometry. We compare them with characteristic fields estimated from the EMR experi-
ments: (i) Hgyy estimated as discussed above, (ii) the peak position, Hy, recorded during
the upward sweep, and (iii) the irreversibility field, H;, above which the sweep upward
starts to coincide with the sweep downward. As one can see, the peak position, Hy, is
the best candidate to fit the results observed in the photovoltage and can be considered
as a signature of the most efficient domain switching. H; fields are the fields at which all
domains are reoriented in the field direction.
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Figure 5. Photovoltages [30] (top) and low-field signals (bottom) in (a) flat films, (b) Py/BR and
(c) Py/DVD structures. Arrows show directions of magnetic field sweep.

Table 1. Characteristic fields for photovoltage and low-field EMR in permalloy films and gratings.

S Photovoltage Low-Field EMR
tructures Hysw (Oe) Hgw (00) H, (Oe) H; (Oe)
Flat Py 3-51[30,32] 9t14 5.8 £0.6 12+ 4
Flat Au/Py 2-5[32]
Py /Br 19-25 [30] 80£8 33+0.3 220 £ 50
Au/Py/Br 4050 [32]
Py/DVD 70-90 [29,30] 82 £8 63 £ 0.6 190 £ 40
Au/Py/DVD 70-90 [32]

In conclusion, the low-field EMR in permalloy films and gratings demonstrates signals
which depend on the previous magnetic exposure of the sample and form a hysteresis loop
in sweeping fields. The signals are attributed to the sharp switching of magnetic domains
and are likely to have both absorption and dispersion contributions. We believe that
such low-field signals may exist in various magnetic materials or materials with magnetic
inclusions but are overlooked in common EMR experiments, since the observation requires
specific steps including slow sweeps up and down and the rotation of the sample by 180°
in zero fields between sweeps.

The shapes and widths of the loops are very different for permalloy films and grat-
ings, which is similar to the results of the photovoltage experiments, thus confirming
the possibility to design magnetic properties and photovoltage switching effects with
nanoscale geometry.
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