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The effect of van Hove singularities on spin pumping in the magnonic
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Using the inverse spin Hall effect, spin pumping by magnetostatic backward volume waves (MSBVW) in a
structure based on a magnonic crystal from an yttrium-iron garnet film and a Pt microstrip has been studied.
A resonant increase in the EMF signal at the frequencies of Bragg resonances (BR) was detected, which reflects an
increase in the efficiency of spin pumping. The resonant amplification of spin pumping is explained by an increase
in the efficiency of electron-magnon scattering due to the formation of dispersion regions with a high density of
van Hove singularities in the MSBVW spectrum at BR frequencies.
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1. Introduction

Magnon insulator spintronics — is an area of spintronics
related to data processing technologies and devices where
spin current is applied flowing in the magnet insulator (MI)
materials by means of spin waves (SW) (or magnons) [1-3].
In MI film based and normal metal (NM) based struc-
tures [4-13] the exchange interaction of conductance elec-
trons with the spins of magnet ions localized on the MI/NM
interface and the spin-orbit interaction result in the spin-
dependent electron-magnon scattering and generation of a
spin current through the interface. The spin current Js,
transferred through a unit surface area is defined as a
difference of the interface reflectivity relative to the electrons
with opposite spin orientation in the electron-magnon scat-
tering [14]. The value Js is proportional to the number of
scattering channels defined by the number of magnetic ions
exchange-coupled with NM electrons on MI surface and
is defined by selecting the process parameters influencing
the roughness, elemental composition and microstructure of
the interface [15-17]. On the other hand, Js represents
an intensity of the electron-magnon scattering processes
in each of the channels and is defined by parameters of
the interacting electron and magnon sub-systems, including
the electron density of states (DS) at Fermi level gg and

the magnon DS g(w) depending on frequency (w) in SW
spectrum of MI/NM structure [18]:

Js ~ /ge| -g(w)dw. (1)

From (1) it follows that for efficient generation of Js it is
necessary to develop structures and find conditions which
could provide the existence of Van Hove singularities (VHS)
on MI/NM interface [19] for both, the electrons (ge — o0),
and the magnons (g(w) — o0).

Recently it has been demonstrated that the new conduc-
ting layers placed between the films of yttrium-iron garnet
(Y3FesO1, (YIG)) and platinum (Pt) may result in higher
DS of electrons g at the interface and this will also be
accompanied with increase of Js [20,21] and higher levels
of EMF signals generated due to the inverse spin Hall effect
(ISHE) Vispe (Misug ~ Js) [20]. It was also demonstrated
that by means of electric field the electrons density of states
at Fermi level can be controlled in Pt film [22,23].

To search the conditions of efficient spin pumping by
coherent SW it is convenient to use the match [19] of VHS
frequencies in the film spectrum where SW group velocity
is Vg = Vyw(k) — 0, where @ = w(k) — SW dispersion
law, k — wave vector in the film plane. A typical geometry
of the experiment for spin pumping suggests that the outer
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magnetic field H lies in the plane of structure [4-13]. The
spectrum of dipole magnetostatic waves (MSW) relative to
the magnetized film YIG consists of a magnetostatic surface
(MSSW) and backward volume waves (MSBVW) [24]. The
MSBVW with a wave vector k || H cover the frequency
band [w, @], where wo= /0 + ohom, ©n=yH,
om = yp4aM, py and 47M are the gyromagnetic ratio and
magnetization of YIG, respectively. MSSW at k L H occupy
the frequency band [wy, ws], where ws = wy + wm/2. The
frequency dependences of DS g(w) within the spectrum
of MSBVW and MSSW were described in paper [24]
and for the MSBVW, which is of interest to us, the
dependence g(w) can be expressed as follows:

W

g(w) = ——— (2)

wHw/wg—wz

The density of states g(w) within MSBVW spectrum has
singularity at a frequency of wy (g(wy) — o) matching the
frequency of homogeneous ferromagnetic resonance. The
pole at w — wy of function g(w) represents a frequency
degeneracy of dipole MSBVW with k L H. Experiments
for spin pumping in YIG/Pt structures by dipole MSBVW
showed that EMF frequency dependence Visue(f) (f = 5%)
correlates with expression (2) and EMF reaches maximal
values at frequencies f = f [25,26].

The purpose of this paper is to show that under spin
pumping by MSBVW in a structure composed of YIG film
with a periodic grating consisting of grooves (magnonic
crystal (MC)) etched on its surface, and contacting with Pt
microstrip, the dependence Visyg(f) may have additional
maximums to appear at Bragg resonance (BR) frequen-
cies fg.

It should be noted that MSBVW propagation in YIG-film
based magnonic crystal was reviewed in papers [27-30].
It was found that formation of a grating with period A
on the surface of YIG film at frequencies fg will lead to
appearance of signal rejection bands in the MSBVW trans-
mission spectrum [27-30], and in dispersion law K(f) —
appearance of abnormal dispersion areas [30]. These pecu-
liarities in MSBVW propagation demonstrate the existence
of band gaps in MC spectrum at frequencies fg. At that,
on the edges of the band gap the dispersion areas with
Vg — 0 [31-33] were formed which was a characteristic
attribute of van Hove singularities (VHS). Our purpose
was to demonstrate that in MC-Pt structure the growth of
efficient spin pumping at frequencies fg is associated with
the DS growth in the frequencies band corresponding to the
band gap.

2. Experiment description

The experiments were carried out for a structure based
on YIG film d=7.4um thick, effective magnetization
of 47M = 1860G and 2D-dimensions of 6 mm x 10 mm.
Using photolithography and ion etching methods a grating

Lock-in

Figure 1. Scheme of experiment and MC/Pt structure. An insert
image in Figure 1 shows a photo of MC surface with Platinum
microstrip. Numbers / and 2 show SW antennas connected to the
vector network analyzer’s outputs.

with grooves w = 10um wide, § = 0.2um deep, 6 mm
long and period A = 170 um was formed across the entire
film surface. After that, using photolithography and ion
etching methods on the surface of MC crystal a Pt mi-
crostrip 4 nm thick, 25 ym wide, 6 mm long was fabricated,
see Figure 1. The MC-Pt structure was placed on the copper
strip antennas 5 mm long and w = 40 um wide. At that the
grooves were parallel to the spin waves (SW) antennas. The
distance between antennas was S= 5mm. The contacts
to Pt microstrip were fabricated using a current-conducting
paste. The structure was placed in the electromagnet gap,
the field H of which was oriented perpendicular to the
SW antennas and etched grooves, thus corresponding the
MSBVW geometry.

MSBVW characteristics were measured using a vector
network analyzer. The transmission spectra S;(f) and
reflectance Sy,(f) at the incident power Py, = —20dBm
were measured. The frequency dependences of EMF
Visue(f) were measured under modulation of the incident
microwave power Pi, = 7dBm with frequency of 11 kHz.
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Micromagnetic simulation of MSBVW propagation was
carried out using a shareware program Object Oriented
Micromagnetic Framework (OOMMEF) [34], and post-
processing of the obtained data was executed similarly
to [35]. A periodic structure with parameters identical
to the experimental ones was taken in the calculations.
Exchange stiffness was taken Ay = 3.5-1077 erg/cm and
SW attenuation parameter — @ = 10~>. The length of the
sample was taken as 64 grating periods and was 10.880 mm.
The cell size was dx x dy x dz=1um x 1um x 0.2 um.
Periodic boundary conditions were applied along the axis
Oy. MSBVW were excited by a field pulse directed along
the axis Oz:

hin = A-sinc(2m f ¢t —to]), (3)

where A= 100A/m — pulse amplitude; f.=5GHz —
maximal possible frequency of MSBVW excited by
pulse (3); t — time; to = 50ns — time delay. This pulse
was applied to the film region { = 2um wide, located in
the center of the sample (X;, = 5440 um) considered as an
input antenna. The film area { =2um wide located at
Xout = 2720 um was used as an output antenna.

The obtained distributions 4mwM(X, Y, z,t;) across the
entire structure and an averaged signal (full field) under
input antenna h;,(tj) and output antennas hgy(tj) remained
the same every tj = 100 ps during 1us. Further, to plot
maps of the dispersion characteristics f = f (k) the two-
dimensional Fourier transformation in time and space from
the set 47M (X, t;) (with averaging on y and z) was used.

To analyze the MSBVW propagation in the structures
shown in Figure 1 the amplitude-frequency response char-
acteristics (AFR) of ,,delay lines* formed by the ,,input”* (2)
and ,output® (/) antennas were calculated. At that, the
AFR S,(f) was calculated as [36]:

Si2 = 201g(FFT[Nou] /FFT[Nin]), (4)

where FFT[hy,] and FFT[hy — amplitudes of Fourier
transformation from time hi,(t) and hgy(t), respectively.

3. Experimental results and discussion

Figure 2 shows the results of measurements of frequency
dependencies of MSBVW transmission spectrum Sp»(f)
and reflectance ratio Sy (f) of the structure and EMF
Visue(f) when the bias field was equal H = 6200e. It
can be seen that in dependencies Spx(f) and Sy(f)
the resonance singularity is observed that was absent
in the initial YIG film, see curves / and 2 in Fig-
ure 2,a,b. For better illustration the frequencies of
resonance singularities are highlighted by vertical dotted
lines in Figure 2. The resonance singularities correspon-
ding to frequencies fg; ~ 3355; fgy =~ 3275; fgs ~ 3198,
fes = 3130 MHz and wave vectors kg; ~ 184 kg, ~ 368;
Kgs =~ 550; Kg4 ~ 736cm™~! are marked by asterisks. The
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Figure 2. Frequency dependences: a) reflection coefficient Sy (f)
in the magnonic crystal (curve /) and initial YIG film(curve 2);
b) MSBVW transmission coefficient Sj»(f) in MC (/) and
YIG film (2); ¢) EMF Vigue(f) — curve I and density of
states analysis g(f) in MSBVW spectrum in YIG film as per
formula (2) — curve 2. Magnetic field H = 6200e. Position
of frequency fo is shown in Figure 2,c as a vertical dotted line.
The asterisks denote the BR frequencies for the fundamental mode
of the MSBVW.

obtained values kg comply with the Bragg resonance
condition:

kt + k™ =nQ, (5)
k™ and k— — wave vectors of the incident and reflected
waves, Q = %”e — wave vector of grating, e — unit

vector oriented along the grating axis, N — order of Bragg
reflection.

In frequency dependence of EMF Vigyg(f) at frequencies
f > 3.2 GHz the specified resonance singularities in Sj»(f)
and Sy (f) may be comparable with the resonance peaks.
Amplitude of resonance peaks depending on Vigyg(f)
changes in the non-monotonous way with the MSBVW
frequency. EMF signal at frequencies f < 3.2 GHz drops
down to the noise level ~ 10nV, which may be associated
here with low efficiency of MSBVW excitation by antennas
applied, as well as fast decrease of DS within MSBVW
spectrum, see curve 2 in Figure 2,c. The singularities
identified in dependencies Sj»(f), Sy (f) and Visge(f)
remained the same during variation of the bias field,
whereas the frequencies at which they were observed were
displaced together with the MSBVW excitation band.

To find the mechanism of maximums formation in
dependence Vispg(f) let’s see the results of micro-magnetic
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Figure 3. (a) Results of micro-magnetic simulation of MSBVW spectrum in YIG film magnonic crystal (MC) having the following

parameters d = 7.4 um, 47M = 1850 G, exchange hardness — A = 3.5 - 1077 erg/cm, SW attenuation — a = 1073, width of grooves
w = 10um, depth § = 0.2um, period A = 170 um, length 10.88 mm. Magnetic field H = 590 Oe. Digits /—4 show the numbers
of the most intensive modes of MSBVW, the dispersion curves of which correspond to initial YIG film. () Digits / and 2 denote,
respectively, frequency dependence from expression (4) and experimental frequency dependence of MSBVW transmission characteristic
Si2(f). Curve 3 experimental dependence of EMF Vigug (f ). Horizontal lines indicating the frequency (GHz) of MSBVW on curves /—3
illustrate compliance of calculated and empirically identified resonance singularities with the Bragg resonance frequencies, for various

MSBVW in Figure 3, a.

simulation of spectrum f (k) and calculation using (4) of the
frequency dependence of transmission spectrum Sy, (f) of
MSBVW in MC, as shown in Figure 3,a and b, respectively.
Figure 3, b apart from the calculated frequency dependence
Si2(f), shown in curve 1, illustrates the experimental
dependencies Sjp(f) and Vigng(f) as curves 2 and 3,
respectively. The experimental dependencies Sj(f) and
Visue(f) were displaced down by 15 MHz, to include the
highest number of resonance singularity frequencies. It can
be seen that positions of most of the resonance singularities
of calculated and experimental dependencies are matching,
which is illustrated by horizontal lines in Figure 3, b.

The spectrum of MSBVW in MC as seen in Figure 3,a
is characterized by a variety of Braggs resonances. Prac-
tically for every resonance singularity in the calculated
dependence Sj»(f), shown as curve / in Figure 3,5 some
Bragg resonance can match in the spectrum as illustrated in
Figure 3,a. The resonance-like oscillations at frequencies
fg1 ~3.209; fgy,~3.129; fg3~3.06; fgs~2.99 and
fgs ~ 2.93 GHz have resonances of fundamental mode
(m = 1) of MSBVW matching to them. Resonance singular-
ities on curve I (Figure 3,b) at frequencies fo > f > fpg;
correspond to BR of MSBVW modes with numbers
m=2,3,4, as well as resonances of these modes with
the fundamental mode m = 1. The selected parameters of
3D grid and length of time realization do not allow to get
sufficient spectrum resolution at frequencies fo > f > fg.
However, as can be seen from spectrum in Figure 3,a

we may make a conclusion that near frequency fo the
band gaps in the spectrum at BR frequencies may form
a wide absorption band in transmission spectrum. Another
singularity of MC spectrum shall also be emphasized as
seen in Figure 3,a, which looks like an ,insert“ BR. This
singularity is most clearly observed for BR at frequency
fgy ~ 3.129 GHz, where the fundamental mode BR area
m = 1 the modes m = 3 are involved. At that, the band
gaps being formed are local.

In general, looking at the MSBVW-in-MC spectrum we
may suggest that dispersion areas are formed in the band
gaps, where Vg — 0 and where DS growth in spectrum can
be expected, which will result in higher efficiency of spin
pumping by the travelling MSBVW. Dependencies Visug( f)
in Figure 2,c¢ and Figure 3,5 demonstrate a resonance
growth of EMF at BR frequencies. At that, the amplitude
of resonance peaks of EMF at frequencies fg; and fpgy,
corresponding to BR of fundamental mode of MSBVW
m = 1, is sufficiently lower than peaks of amplitude at
frequencies f > fgy, see curve 3 in Figure 3,5 and curve /
in Figure 2, c. This singularity can be explained by a large
group velocity of mode m = 1 compared to the modes with
numbers m > 2, which for BR with modes m > 2 leads
to broadening of a dispersion area with low group velocity.
As a result the density of states in the vicinity of such BR
becomes higher than for BR of the fundamental mode.

Now let’s discuss the MSBVW propagation at frequencies
fgr and fpgy, which is because the BR of the mode

Physics of the Solid State, 2024, Vol. 66, No. 7
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Figure 4. Charts of MSBVW amplitude and magnetization phase distribution in MC at BR frequencies with fg; ~ 3.206 GHz
(Figure 4,a) and fg; ~ 3.127 GHz (Figure 4,b). A film area 350 um long located 1.52mm away from the input antenna is shown.
MSBVW propagation orientation along OX axis is shown with arrow. The insert windows on the left illustrate the MSBVW spectrum
areas in MC as shown in Figure 3, a. The horizontal dotted line in the insert windows indicates position of frequencies fg; &~ 3.206 GHz
and fg, ~ 3.127 GHz. Indices m1, m2, m3 designate the numbers of MSBVW modes.

m = 1 with the modes of other numbers m. In this case,
the frequencies band corresponding to the band gap at
BR mode frequency m = 1, may include the modes of
MSBVW m > 2 formed by Bragg reflections of |n| >3
order.  Figure 4 shows micro-magnetic simulation of
Furrier distribution of MSBVW magnetization amplitudes
on a 350um long film area 1.52mm away from the
excitation antenna for BR frequencies fg; =~ 3.206 GHz
(Figure 4,a) and fpg, =~ 3.127 GHz (Figure 4,b). Here we
can see, that MSBVW magnetization amplitude decreases
in direction of propagation shown by arrow in Figure 4.
The distribution of amplitude and phase in Figure 4,a
demonstrates that distribution nature is mainly defined by
MSBVW modes with numbers ml and m2. For BR at
frequency fgy ~ 3.127 GHz the nature of amplitude and
phase distribution is determined by modes m =1 and
m = 3, see Figure 4, b.

It shall be noted that time realization t = 1 us and length
of structure L = 1 cm determine the resolution in MSBVW
spectrum in terms of wave number Ak = 27/L ~ 6cm™!
and frequency Af =t~! = 1MHz. The results shown in
Figure 3 and Figure 4 were obtained at attenuation of
a = 1073 which is more than by order lower than real losses
on YIG. With the value a = 3-10~* typical for YIG and

Physics of the Solid State, 2024, Vol. 66, No. 7

selected parameters of micro-magnetic simulation only BR
for principal mode can be settled.

4. Conclusion

Thus, this paper outlines the spin pumping with traveling
MSBVW waves in a YIG-film magnonic crystal — platinum
structure (MC-Pt). It is demonstrated that effectiveness
of spin pumping with running MSBVW waves can have
a rising resonance at Bragg resonance (BR) frequencies
due to growth of the density of states in SW spectrum at
the band gap edges. The multimode nature of MSBVW
propogation is found to lead to formation of local band
gaps. At that, the band gap at BR frequencies of MSBVW
principal mode (m = 1) may include the resonances of
MSBVW modes with numbers m > 2.
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