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Frequency dependence of the spin mixing conductance of YIG|Pt
structures upon MSSW spin pumping
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Spin pumping by traveling magnetostatic surface waves (MSSW) has been experimentally investigated in YIG|Pt
structures made on the basis of 0.9, 4, 8, 14 and 18 µm thick YIG epitaxial films. It is found that at frequencies

corresponding to the van Hove singularities in the density of states of the MSSW spectrum of the structure, the

EMF value generated due to the inverse spin Hall effect increases. This increase is associated with an increase

in the spin mixing conductance of the YIG|Pt interface due to an increase in the efficiency of electron-magnon

scattering at the frequencies of van Hove singularities in the spin wave spectrum.
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1. Introduction

Layered magnetic structures based on iron yttrium garnet

films (Y3Fe5O12, YIG) and platinum (Pt) films are conside-

red as one of the basic structures for developing pure spin

information and communication technologies in which mo-

ving charges are replaced by dynamic objects in the form of

coherent and incoherent spin waves (SW) [1–8]. Due to the

exchange and spin-orbit coupling, conduction electrons in

metal are bound to localized spins in a magnetic dielectric.

This coupling allows, through the spin Hall effect [9,10] the
conversion of electric current into a spin wave (spin current)
and its further conversion into electric current (detection)
using the inverse spin Hall effect [11]; detect ferromagnetic

resonance [12], running spin waves [13,14], and the results

of the SW interference [15]; generate coherent SW [16] and
control their propagation [17].
As a parameter determining the efficiency of spin current

transfer through the YIG|Pt interface, the spin mixing

conductance G↑↓ characterizing the difference in reflectance

of the interface towards electrons with opposite spin

orientations [18] is considered. The value of parameter G↑↓

significantly depends on the interface quality. It has been

reported that by selecting process parameters affecting the

roughness, elemental composition and microstructure of the

interface, the value of parameter G↑↓ in YIG|Pt structures
can be significantly increased [19–25].
On the other hand, parameter G↑↓ reflects the efficiency

of electron-magnon scattering and is determined by the

density of states of both electrons and magnons [26,27].

It has previously been shown that the introduction of thin

conducting layers, leading to an increase in the electron

state density at the interface, is accompanied by an increase

in spin conductivity G↑↓ [28,29]. In the present paper,

it is experimentally shown that a similar relation between

parameter G↑↓ and the SW density of states at the YIG|Pt
interface leads to an increase in spin pumping efficiency

by magnetostatic surface waves (MSSW) at van Hove [30]
singularity frequencies in the SW density of states.

2. Experiment technique and examined
structures

To explain the experimental procedure, we will use the

standard expression for the SW density of states in the

spectrum of the YIG|Pt [31] structure:

η(ω) =
∑

k

[

eβω(k) − 1
]−1

, (1)

where β = ~/kBT , and frequency dependence ω(k) on

wave number k are considered to be obtained for the chosen

geometry of structure magnetization in an external magnetic

field H and considering dipole, exchange, magnetoelastic

interactions and magnetic anisotropy fields in the YIG film

volume and when the boundary conditions for fields and

magnetization are satisfied. It is very difficult to obtain

an analytical expression for ω(k) when all interactions

in the film are taken into account without imposing any
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approximations. In dipole approximation, the character

of the frequency dependence of the η(ω) function in the

SW spectrum of a tangentially magnetized isotropic film

was analyzed in [32]. It has been shown that the density

of states in the MSSW spectrum experiences van Hove

singularities (η(ω) → ∞) [30] at frequencies corresponding
to the long-wave (k → 0) and short-wave (k → ∞) limits

of the spectrum, defined, correspondingly, by expressions

ω0 =
√

ω2
H + ωHωm, ωs = ωH + ωm/2, (2)

where ωH = γH , ωm = γ4πM, γ — gyromagnetic ratio in

the magnetic film, 4πM — magnetization. In the general

case, it is convenient to use the frequencies ω∗, at which

the group velocity of SW vg(ω
∗) = ∂ω/∂k → 0 [30], to

find corresponding frequencies of singularities in the density

of states. For MSSW, in addition to frequencies (2),
frequencies ω∗ may correspond to frequencies ωn of

resonant interaction of MSSW with exchange modes across

the YIG film thickness [33,34], which can be written in the

form

ωn =
√

(ωH + ωex)(ωH + ωex + ωm), (3)

where ωex = 2γAQ2/M, Q =
√

k2 + k2
⊥,n — total wave

number, k⊥,n = πn/d — wave number across the thick-

ness d of the film, n — mode number corresponding to the

number of half-waves across the thickness, A — exchange

stiffness.

Taking into account the positions of frequencies

f ∗ = ω∗/(2π) in the MSSW spectrum, one can formulate

requirements for the YIG films parameters and the tech-

nique of experiments with spin pumping by propagaing

MSSW, at which the correlation between η(ω) and the

spin conductivity of the YIG|Pt interface can be detected.

Firstly, it is necessary to ensure that the MSSW is

excited throughout the frequency band [ f 0, f s ], which

can be realized by using microstrip antennas of width

w < d [31]. Secondly, it is desirable to experiment with

YIG|Pt structures based on
”
thick“ and

”
thin“ YIG films,

in terms of providing conditions for resonant interaction

between MSSW and exchange modes [33–35]. In this

case, we will consider the EMF U( f ) induced in Pt by

the inverse spin Hall effect as a parameter characterizing

the spin mixing conductivity value of the interface. It is

also important to note, that the low volt-watt sensitivity of

YIG|Pt structures (S < 10−2 V/W)) forces to conduct the

experiments at applied fields H > 2πM = 875Oe, when the

three-magnon processes of MSSW decay are prohibited and

cannot limit MSSW power [36]. The results obtained at

H = 939Oe are considered in the paper.

Spin pumping by propagating MSSW in delay line (DL)
type structures based on YIG|Pt films was studied experi-

mentally, see Fig. 1. DL were fabricated using magnetron

sputtering, photolithography and ion etching techniques

using YIG epitaxial films of thickness d = 0.9, 4, 8, 14 and

18µm. Films with d = 8, 14 and 18µm were considered

”
thick“, while films with d = 0.9 and 4µm —

”
thin“, as

YIG

1

2

3

4

Pt

200 µm

H

Figure 1. Photo of DL based on YIG|Pt structure. Numbers 1

and 2 denote microstrip antennas with contact pads for micro-

probes, 3 and 4 — contact pads to Pt film for EMF measurement.

they exhibited typical dipole-exchange resonance oscillations

in MSSW transmission through DL. [34,35]. The platinum

films were 8−10 nm thick, 200µm wide and 400−800µm

long. MSSW were excited and received by copper antennas

that were 250µm long, w = 4µm wide and 500 nm thick.

The antennas together with the contact pads (designated 1

and 2 in Fig. 1) for the microprobe connection, as well as

the 3, 4 contacts to Pt, were fabricated by lift-off lithography.

Simultaneously with the DL structures, Hall bridges were

manufactured which exhibited a spin Hall effect induced

magnetoresistance of ∼ 0.01−0.05%.

3. Results and discussion

The results shown in Fig. 2 illustrate the character of

the frequency dependencies of the MSSW transmission

coefficient S12( f ), dispersion dependence k = k( f ) and

EMF U( f ) for the case of structures based on
”
thick“

YIG films. The vertical dashed lines in Fig. 2 show

the position of the long-wave f 0 = 4.43GHz and short-

wave f s = 5.09GHz limits of the dipole MSSW spectrum

calculated with (2) at the chosen field value H = 939Oe.

From Fig. 2, it can be seen that the frequency interval in

which the MSSW transmission and EMF generation are

observed corresponds to the frequency band where Damon–
Eschbach MSSW exist, and the measured dependence

k = k( f ) almost coincides with one calculated by the

formulas [32]. In the frequency dependence of EMF

U( f ), it is possible to observe maxima near long-wave

( f 0 = 4.43GHz) and short-wave ( f s = 5.09GHz) borders

of a spectrum, Fig. 2, c that indicates the increase of

efficiency of electron-magnon scattering on the interface

at these frequencies. The dotted curve in Fig. 2, c

shows the result of calculating the η(ω) dependence in

the dipole MSSW spectrum of the YIG film for the

H = 939Oe field, carried out using the formulae [32]. It

can be seen that the frequencies f 0,s , at which the EMF

maxima are observed, correspond to the frequencies of

singularities in the η(ω) density of states in the spectrum

of dipole MSSWs.
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Figure 2. For YIG|Pt structure based on
”
thick“ film with

d = 8 µm, H ≈ 939Oe, the measured frequency dependencies

of: a) transmission coefficient modulus S12( f ); b) wave number

of MSSW k = k( f ); c) the solid line — the generated EMF

U( f ) at P in ≈ −5 dBm, the dashed line — the calculation by

the formulas [32] for the function η( f ) of density of states in

the MSSW spectrum. The vertical dashed lines show the position

of the longwave ( f 0) and shortwave ( f s) limits of the MSSW

spectrum.

The results shown in Fig. 3 illustrate the features of

propagation, EMF generation and dipole-exchange MSSW

spectrum in a structure based on a
”
thin“ YIG film

of d = 0.9µm thickness. Fig. 3, a show the frequency

dependence of transmission coefficient S12( f ) of the MSSW

signal in the DL based on YIG|Pt structure and YIG film,

respectively, by the curves 1 and 2. At the frequencies

highlighted by asterisks on the curve 2, the S12( f ) depen-

dences show characteristic [34,35] narrow
”
dips“, reflecting

an increase in MSSW losses due to resonance interaction

with the exchange modes at frequencies (3). The curve 3 in

Fig. 3, a shows the frequency dependence of EMF U( f )at
incident power level P in = −5dBm. It can be seen that

oscillations of a resonant nature are observed at the dipole-

exchange frequencies in the U( f ) dependence. To show

that the resonant EMF growth at frequencies (3) can be

matched by singularities in the SW density of states, we turn

to Fig. 3, b, which shows the results of numerical calculation

of the dipole-exchange wave spectrum performed in the

dissipative-free approximation within the approach [33–35].
From the insert in Fig. 3, b, it can be seen that at

resonant frequencies, the dispersion curves of the dipole and

exchange waves repulse, leading to sections of dispersion

where vg → 0. With sufficiently strong SW attenuation, the

repulsion of the dispersion curves disappears, an anomalous

region is formed in the MSSW dispersion law, and the

MSSW loss resonantly grows [34,35]. In this case, the

standard approach to calculate group velocity may not be

applicable due to the inability to neglect the contribution

of dispersion spreading over the signal propagation time

between antennas [37]. However, the very fact of a resonant

growth of losses in the experiment can be interpreted as

a decrease of the MSSW propagation speed, which must

reflect an increase in the SW density of states n( f ) at

frequencies f n and be accompanied by an increase in the

electron-magnon scattering efficiency.

To show that the EMF generated in the structures is

due to spin current injection through the YIG|Pt interface,
let us turn to Fig. 4, which shows U( f ) dependences

for structures based on d = 8µm and d = 0.9µm films,

obtained by reversing the magnetic field direction H and/or

the MSSW propagation direction k. In Fig. 4, the curves 1

and 4 correspond to the applied field direction shown by

the arrow in Fig. 1. The curves 1 show the dependencies

for the case where the antenna 1 is taken as input and

the MSSW propagates along the YIG|Pt boundary. The

curves 4 show the dependencies when the antenna 2 excites

the MSSW, and the wave is pressed to the boundary of

the YIG film with a gadolinium gallium garnet (GGG)
substrate.

The results shown in Fig. 4 with curves 2 and 3

are obtained when the structure is magnetized in the

opposite direction to that shown by the arrow in Fig. 1.

The curves 3(2) correspond to the case, where the

antenna 2(1) is taken as input and the MSSW prop-

agates along the YIG|Pt (YIG|GGG) boundary. From

the results shown in Fig.4, it follows that the sign

of the generated EMF is determined by the mag-

netic field direction, while the change of the MSSW
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Figure 3. YIG|Pt structure based on
”
thin“ film with d = 0.9 µm, H ≈ 939Oe. a) Results of the S12( f ) transmission modulus

measurements in the YIG|Pt structure (curve 1) and YIG film (curve 2), where asterisks indicate
”
dips“ due to resonant interaction of

MSSW and exchange modes with number n, see Fig. 3, b. The curve 3 shows the frequency dependence of the generated EMF U( f ) at

P in ≈ −5 dBm. b) The calculated spectrum of the dipole-exchange MSSW in an YIG film within the approach [34−36]. The number n
at the horizontal curves corresponds to the exchange mode number. The figure insert illustrates the nature of the dispersion curves in the

vicinity of the MSSW resonance with exchange mode with number n = 6 and the formation of a
”
gap“ δ f ≈ 5MHz in the spectrum.
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Figure 4. Dependences U( f ) for structures based on films

with a) d = 8 µm and b) d = 0.9 µm, obtained by reversing the

magnetic field direction H and/or MSSW propagation direction k.

The curves 1, 4 and 2, 3 correspond to opposite magnetization

directions. The curves 1, 3 and 2, 4 correspond to the MSSW

propagation along the YIG|Pt and YIG|GGG boundaries, respec-

tively.

propagation direction at unchanged H affects the sig-

nal value because of the nonreciprocal MSSW propa-

gation.

Fig. 5 shows the frequency dependences of EMF for

YIG|Pt structures based on YIG films of thickness d = 18,

14, 8, 4 and 0.9µm marked by numbers 1−5 respectively.

It can be seen that the frequencies at which the maxima

in the dependences U( f ) are observed correlate with the

frequencies of van Hove singularities in the density of

states of the SW spectrum of the film. It should be

noted that in the structure based on the film with the

thickness d = 8µm, the frequency dependence U( f ) in the

upper part of the range shows oscillations at frequencies

of dipole-exchange resonances, see insert to the curve 1

in Fig. 4, a. This shows that the approach used here

to divide YIG films into
”
thick“ and

”
thin“ based on

the manifestation of dipole-exchange resonances in the

characteristics of the propagating MSSW is not suitable for

spin pumping. Indeed, increasing the thickness of the YIG

film leads only to the disappearance of resonance features

in the MSSW spectrum, but hybridization of the dipole

MSSW with the exchange modes of the film having a low

group velocity is retained and manifests, for example, in

the form of radiation exchange losses of MSSW [38,39].
It is possible that the divergence in the character of the

dependences of the measured EMF U( f ) and the calculated

density of states η( f ) at frequencies near the short-wave

limit of the MSSW spectrum f s in Fig. 2 is due to this

effect.

When comparing the character of the U( f ) and η( f ) de-

pendences near the long-wavelength limit of the MSSW f 0

spectrum, it must be considered that magnetic anisotropy

fields in the vicinity f 0 can lead to anisotropic volume

magnetostatic waves (AVMSW) appearing in the film

spectrum. Van Hove singularities at frequencies other

than f 0 can form in the spectrum of such AVMSWs,

which can noticeably affect the nature of the frequency

dependence of the EMF U( f ) [36].
It should be noted that the spin conductivity of the

YIG|Pt interface is only affected by van Hove singularities

for which a high density of states in the SW spectrum is

reached exactly near the interface. In the case where at

6 Physics of the Solid State, 2023, Vol. 65, No. 6
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Figure 5. Frequency dependencies of EMF in YIG|Pt structures
based on a)

”
thick“ and b)

”
thin“ YIG films. Numbers 1−5

correspond to structures based on YIG films of thickness d = 18,

14, 8, 4 and 0.9 µm. In curve 5 (Fig. b), the interval 1 f n,n+1

between the EMF peaks corresponds to the frequency difference

for n-th and (n + 1)-th modes of spin-wave resonance in YIG.

Incident power P = −5 dBm. Magnetic field H = 939Oe. The

frequencies f 0,s and the vertical dashed lines show the position

of the long-wave and short-wave limits of the dipole MSSW [33]
spectrum.

the singularity frequency in the density of states η( f ), the
SWs are localized in the volume of the YIG film, their

contribution to the spin conduction of the interface will be

small. An example of a singularity in the density of states

which does not contribute to electron-magnon scattering

would be the frequency of
”
bottom“ ωbot = ωH + ωex in

the spectrum of a tangentially magnetized film [36].

4. Conclusion

Thus, by the example of spin pumping by propagating

magnetostatic surface waves in YIG|Pt structures, the

relation of spin current transport efficiency through the

interface with van Hove singularities in the density of states

of the spin wave spectrum at the interface of the structure

is demonstrated. The increase in spin conductivity results

from an increase in electron-magnon scattering efficiency

at singularity frequencies. It should be noted that at

frequencies of van Hove singularities, the effective mass

of magnons must increase simultaneously with the density

of states, which, in turn, can also enhance the electron

scattering [40].
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