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Inverse spin Hall effect in structures based on yttrium iron garnet films

with reduced saturation magnetization
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The generation of EMF by the mechanism of the inverse spin Hall effect in platinum films deposited on the

surface of yttrium iron garnet films with different values of saturation magnetization 4πM = 1750−540G was

investigated due to the substitution of Fe ions by non-magnetic Ga and Sc ions. For the geometry of propagation

of surface magnetostatic waves, the values of the efficiency of spin pumping E, defined as the ratio of the EMF to

the power of the magnetostatic wave, were compared. At the bias field H greater than the saturation magnetization

field Hs , the values of E are E 6.5−1.44 · 10−3 V/W in the structures based on films with 4πM = 1750−850G and

1.44−2.5 · 10−3 V/W for films with 4πM = 565−540G. It is shown that the parameter of doped films determining

the efficiency of the ISHE in the structures based on them can be the nonuniform exchange constant α, with

E ∼ 1/α. At H < Hs , the efficiency of spin pumping is inferior to the case of H > Hs by more than an order of

magnitude and decreases with decreasing 4πM .
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Introduction

Mutual transformation effects of spin current and carrier

current in ferrite−heavy metal multilayer structures [1–15]
are actively studied due to future development of spintronic

components on their basis [16,17]. Experimental studies

most often cover the structures consisting of yttrium-iron

garnet (YIG) films, where spin wave (SW) decay is record

small, and platinum film deposited on their surface. In such

structures, when high-frequency resonant magnetization os-

cillations [1–6] or propagating spin waves [7–10] are excited

in YIG film, spin current Is through the YIG−platinum

interface can induce generation via the inverse spin Hall

effect (ISHE) [18] of the carrier current Ie in the platinum

film [7]:

Ie ∝ |Is ,n| [n×m], (1)

where n and m are unit vectors along the normal to YIG film

surface and magnetization vectors, respectively, Is ,n is the

spin current component along the normal n. Experiments

most often measure U = IeR, where R is the platinum film

resistance.

It should be noted that spin-dependent electron-magnon

scattering forms the basis of the ISHE mechanism [19].
The number of scattering channels N, which is defined

by the number of magnetic ions at the YIG−platinum

interface per unit area of the structure, is a key factor

affecting this process [20–22]. In doped YIG films with

low magnetization, where a part of iron ions in the lattice

are replaced by rare-earth metal ions, decrease in the spin

current can be expected due to reduction of the number of

scattering channels. Such effect has been detected in the

study of a YIG film structure with 4πM = 550G in [23]
at H > Hs , where Hs is the ferrite film saturation field,

and in [24] at H < Hs , however, the form of dependence

of ISHE on the degree of magnetic ion replacement in YIG

(i.e. on magnetization 4πM) hasn’t been investigated.

The purpose of this study is to investigate the inverse

spin Hall effect in YIG film structures with saturation

magnetizations in the range of 1750−540G with bias

magnetic fields corresponding to both the saturated film

state H > Hs and to formation of a domain structure in the

film at H < Hs . In addition, the behavior of dependence of

the spin pumping efficiency on 4πM is discussed.

1. Test structures and measurement
procedure

Structures were fabricated using YIG films grown via

liquid-phase epitaxy on gadolinium-gallium garnet (GGG)
substrates with the (111) crystallographic orientation and

saturation magnetizations of 1750−540G (see the Table).
Reduction of 4πM was achieved via doping with Ga and Sc

ions with various replacement degrees [25]. 12× 6mm

waveguides were cut from films in such a way that the
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Figure 1. Schematic image of the MSSW delay line mockup used to determine the EMA direction and for measurements (a); f 0(β)
curve plotted for film � 4 at H = 490Oe (b). Arrows correspond to the directions of H along the easy magnetization axis (EMA) and

hard magnetization axis (HMA). White arrow shows the direction of the wave vector q.

〈11̄0〉 easy magnetization axis (EMA) projection on the

film plane is oriented along the short side. (In this case

for measurements in a magnetostatic surface wave (MSSW)

configuration, the generated EMF in the range of H < Hs

is the highest compared with other directions of H relative

to the crystallographic axes of YIG films [26].)

EMA direction was determined in accordance with [27].

YIG film disc 1 (Figure 1, a) on the GGG substrate was

laid over input microstrip antenna 2 and output microstrip

antenna 3 and placed in the permanent magnetic field H

tangent to the film surface (angle α between H and the

normal to film surface n is 90◦) parallel to the microstrip

transducers. Such experimental configuration corresponds

to MSSW distribution in YIG film. Long-wavelength

boundary of the MSSW f 0 spectrum was determined. Then

the mockup with antennas was turned in the electromagnet

bore so that α was equal to approximately 45◦ . By

turning the film on the microstrips towards β (Figure 1, a),

curve f 0(β) was built. Film orientation, at which f 0 reached

its maximum was identified with magnetization along the

EMA projection. Figure 1, b illustrates such dependence

obtained for film � 4 from the table at H = 490Oe.

Waveguide 4 was cut from the test YIG disc in such a

way that its long side is perpendicular to a particular EMA

Parameters of test YIG films

� d, 4πM, Hs , E = U/P, H∗

exp, H∗

calc , α,

film No. µm G Oe 10−3 V/W Oe Oe 10−11 cm2

1 15.6 1750 54 6.1 590 580 3.5

2 12 1750 60 6.5 600 580 3.5

3 15 1000 6 5.9 300 330 8

4 20 850 10 5.8 300 290 11

5 26 565 46 2.5 200 200 23

6 17 540 25 1.5 200 190 25

direction (Figure 1, a). Measurements were performed for

all tested YIG films.

The waveguides were used for making YIG−Pt struc-

tures. Preparation for Pt deposition included chemical

treatment of the YIG film surface (ultrasonic bath treatment

in acetone; treatment in aqueous solution of nitric acid)
followed by rinsing in deionized water in the ultrasonic bath.

Immediately before Pt deposition, the film was degassed in

vacuum 5 · 10−6 Torr at ≈ 300 ◦C during 20min. A Pt strip

4 nm in thickness, 4mm in length and 25µm in width was

deposited along the long side of the waveguides using a

magnetron sputtering mask technique. Wire contacts 6, 7

(Figure 1, a) to the strip for EMF measurement were made

using conducting adhesive, strip resistance varied between

samples within 5.5−8 k�.

After sputtering, the YIG−Pt structures were examined

in the MSSW delay line (Figure 1, a at α = 90◦, the

arrow shows the wave vector q direction) with microstrip

antennas with a width of w≈ 40µm, spaced at 7mm. The

mockup was placed between the electromagnet poles and

in a measurement module, for measurements at H < Hs , to

allow additional detection of the type of domain structure

(DS) using a polarization microscope coupled with a digital

camera [28].

Frequency dependences of the modulus of transmission

coefficient of the mockup S( f ) and power reflected from

the input antenna Sre f ( f ) were measured using the vector

network analyzer at the generator output power P ranging

from −30 to +10 dBm. Frequency dependences of EMF

U( f ) were measured at P = 10 dBm. To increase the sensi-

tivity of these measurements, synchronous detection method

was used, for which microwave power was modulated by

a 11.3 kHz square wave signal.

The following approach was used for comparing the spin

pumping efficiency in structures with various YIG film

properties. Inset in Figure 2, a shows typical frequency

dependences S( f ) and U( f ). It can be seen that the

maximum of U( f ) (with an asterisk) is observed near

the low-frequency (long-wavelength) boundary f 0 of the
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Figure 2. Dependences on the bias field H of the low-frequency ( f 0) boundary of the MSSW existence region (a), and of the spin

pumping efficiency (b) calculated using (2) the dependence on H of frequencies f 0 for structures � 1, � 3 and � 6 (c). Numbers on

the curves and in indices correspond to structure numbers in the table.

MSSW spectrum [29]:

f 0 = γ
√

H(H + 4πM), (2)

where γ is the gyromagnetic ratio, which is attributed

to high density of magnon states caused by formation of

the Van Hove singularity in this frequency region [30,31].
Frequency f i corresponding to the highest value of Ui

was measured for some value of the bias field Hi , then

the MSSW power Pswi was calculated at this frequency

as a difference of values of Sre f ( f ) obtained at Hi

and at H ≫ Hi . When using the obtained values, the

pumping efficiency (volt-watt sensitivity) was calculated as

Ei = Ui/Pswi . Measurements were performed for a set of

values of H from the range of 0−1 kOe. The data was used

to build curve E(H).

2. Measurements and discussion

2.1. H > Hs

We first consider the EMF generation for the case of YIG

films magnetized to saturation. Figure 2 shows dependences

on H of the long-wavelength boundaries of the MSSW

observation region f 0 (Figure 2, a) and of the spin pumping

efficiency E determined as described above (Figure 2, b)
obtained experimentally for structures � 1, � 3 and � 6

Numbers on the curves correspond to structure (film)
numbers in the table. Figure 2, b shows that all given curves

E(H) demonstrate maxima. The table shows maximum

values of E = U/P from the measurement range for each

structure, and the corresponding values of the bias field

H∗

exp. We discuss conditions that define the positions of

these maxima.

Figure 2, c shows curves f 0(H) calculated using (2)
for structures � 1, � 3 and � 6, and curves f = 2γH ,

where γ is the gyromagnetic ratio. It can be seen that

positions of dashed lines corresponding to H∗

exp correlate

well with H∗

calc calculated using (2), at which f 0i ≈ 2γH ,

where i is the structure number (Figure 2, b, c and the table

listing the calculations for all structures).
We consider the influence of MSSW excitation and

propagation conditions on the spin pumping efficiency. It

is known that parametric instability processes displayed in

the form of pumping spin wave decay into parametric spin

waves (PSW) can develop in YIG films at MSSW power

levels higher than a threshold value and when the laws of

conservation of energy are obeyed

f p = f 1 + f 2, k = k1 + k2,

where f p and k are the pumping frequency and wave

vector; f 1,2 and k1,2 are the PSW frequencies and wave

numbers. Nonthreshold processes of PSW coalescence to

form secondary spin waves (SSW) are also possible in

turn [32,33]:

f 1 + f 2 = f 3, k1 + k2 = k3,

where f 3 and k3 are the SSW frequency and wave vector.

Analysis of ISHE in YIG−Pt structures in parametric

instability conditions has detected an effect of spin current

generation acceleration due to three-magnon decays, that oc-

curred when a maximum was observed on U
(

f 0(H)
)

[34–
36] and was attributed to the transfer of angular momentum

from the lattice to magnetic system [34–36], and to the

influence of PSW on the magnetization relaxation rate in

magnetic film [35,36]. However, it was shown in [37]
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that this effect could be explained by the fact that the

electron-magnon scattering process involved SSW formed

in nonthreshold PSW coalescence processes [33]. We show

that it is the reason why the above-mentioned maxima

in E(H) are observed in our measurements.

Figure 3 shows the signal spectra at the output antenna

of the MSSW delay line mockup for structure � 6 with

the fixed pumping frequency f ∗ = 1.07GHz (shown in the

figure) and MSSW power P higher than the threshold power

for three-magnon decays P th with supercriticality 25−30 dB.

This frequency corresponds to H = H∗

exp 6 = 200Oe in

Figure 2, b. It can be seen that, besides f ∗, the spectrum

contains a noise signal in the 1 f region (Figure 3) caused

by occurrence of SSW. At H = 200Oe, f ∗ falls within

the 1 f band (Figure 3, b), which allows SSW to populate

a spectrum segment, increasing the density of magnon

states at f 0 and, thus, facilitating the increase in EMF

generation efficiency similar to [30]. At the same time

at H = 150Oe (Figure 3, a) and 210Oe (Figure 3, c),
noise signal frequency regions don’t overlap the pumping

frequency and don’t contribute to the density of magnon

states.

We discuss the behavior of the dependence of spin

pumping efficiency on saturation magnetization of the test

films as shown by curve 1 in Figure 4. It can be seen that

the trend of this curve E = E(4πM) considerably differs

from line 2, which was plotted on the assumption that the

pumping efficiency decreases linearly from 6.5 · 10−3 V/W

at 4πM = 1750G to E = 0 at 4πM = 0. Difference

between dependences 1 and 2 is probably attributed to

the fact that, in doped films, not only does the saturation
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Figure 3. Frequency dependences of the signal spectrum at the

output antenna of the MSSW delay line mockup for structure

� 6 at the pumping frequency f ∗ = 1.07GHz (marked with an

asterisk in the figure). H = 150 (a), 200 (b), 210Oe (c).

0 500 1000

0

4

8

1500 2000

–
3

E
, 
1
0

 V
/W

1

3

4πM, G

0

0.4

–
3

E
, 
1
0

 V
/W

2

4

5

0 0.1 0.2 0.3

11 –21/α, 10  cm

Figure 4. Dependences of experimental values of E on 4πM

(curve 1); dependence of E on 1/α (curve 3). Number 2 marks

the simulated linear dependence E = E(4πM). Dependences

E(4πM) for films � 2 (curve 4) and � 6 (curve 5) at H < Hs .

magnetization vary, but also do the exchange hardness A

and related nonuniform exchange constant α = A/M2 [25].
We evaluate qualitatively the dependence of E on the YIG

film properties. It was noted above that the generated

EMF is proportional to the number of electron-magnon

scattering channels (N ∼ M). Scattering eficiency in each

channel ρ depends on the density of inversely proportional

to the group velocity of spin waves Vg [38]. Vg( f ) in

turn is related to A and M as Vg ∼ A/M [29,39]. Thus,

E ∼ Nρ ∼ M2/A ∼ 1/α can be expected.

Figure 4 shows the dependence of spin pumping effi-

ciency E on 1/α (curve 3) plotted using α calculated similar

to [25] for YIG films with various degrees of replacement

by gallium and scandium (see the table). The scale and

relative positions of the 4πM and 1/α axes were selected

so that to match the values of 4πM from the third column

of the table for each film with the values of 1/α calculated

from the data in column 8 of the table. It can be seen that

curves 1 and 3 almost coincide. Thus, it is suggested that α

is an integrated parameter that takes into account the effect

of doped YIG film properties on the ISHE efficiency.

2.2. H < Hs

We turn now to the results obtained with H reduced

to H < Hs . For each film, this parameter was determined

via decreasing H by a combination of attributes — variation

of the course of field dependence of frequency boundaries

of the MSSW observation region, occurrence of additional

signal transmission regions in the MSSW spectrum, obser-

vation of DS using a polarization microscope. The obtained

values of Hs are shown in the table. It can be seen that Hs

Technical Physics, 2026, Vol. 71, No. 3
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in the normal magnetization films is 54−60Oe. For films

with low magnetization, Hs decreases, and the degree of

reduction can be either low (film � 5) or drastic, where DS

can be observed only at H on the order of several oersteds

(film � 3).

Figure 5, a uses structure � 1 to illustrate the de-

pendences on H of low-frequency boundaries of MSSW

(curve 1 sat (saturated)), in-phase (curve 1 in (in-phase))
and out-of-phase (1 out (out of phase)) magnetization

oscillations in domains, and of spin-wave excitation

(SWE) induced by domain boundary displacement waves

(curve 1w) [40,41]. For all SWE, EMF generation was

detected (curves 1 sat, 1 in, 1 out, 1w in Figure 5, b).
Domain structure demonstrated good contrast and retained

a strip form as H decreased to 0. These results are typical

when using YIG films with normal magnetization with

the (111) orientation [26,28].

For doped film structures, measurements differed qualita-

tively. Thus, in structures � 3, � 4 with Hs = 6−10Oe,

SWE couldn’t be detected, and the domain structure had

low contrast and was poorly defined.

Spectra of structures � 5 (Hs = 46Oe) and � 6

(Hs = 25Oe) contained SWE corresponding to out-of-

phase magnetization oscillations in domains (curves 5 out,

6 out in Figure 5, a). In addition, for structure � 5 — SWE

induced by in-phase magnetization oscillations in domains

(curve 5 in in Figure 5, a), and for � 6 — SWE induced

by domain boundary displacement waves (curve 6w in

Figure 5, a). Domain structure images had good contrast.

In structure � 6, DS was observed at H < 25Oe and

retained a strip form with a period of about 10µm as

H decreased to 0. At the same time, rearrangement of

the DS form in structure � 5 had particular features. It

could be observed as H decreased to 40Oe in the form of

asymmetric strip DS with a period of 8µm (Figure 5, c).
Within 28 > H > 23Oe, DS took on a

”
dashed form“ —

strip domains were broken into segments with different

lengths (Figure 5, e). When H was rearranged, the form of

DS varied (Figure 5, e,d), and at H < 20Oe, DS took on a

symmetric strip form with a period of 8µm (Figure 5, f );
such form of DS was maintained when H decreased

to 0 with its period increased to 10µm. Note that when

”
dashed“ DS was formed, SWE were not detected any

longer and were not observed until H decreased to 0.

The described differences in domain structure formation

conditions and rearrangement behavior during bias field

variation are probably attributed to variations between films

of both the uniaxial (growth) anisotropy and the anisotropy

axis direction relative to the normal to the film surface

described in [42] for YIG films with normal magnetization.

The presence of dopants in the lattice of the test films

with low magnetization can contribute to occurrence of

additional features in the above-mentioned differences.

EMF generation in structure � 6 was observed only

during excitation of the domain boundary displacement

wave (curve 6w in Figure 5, b), while the spin pumping

efficiency was equal to approximately 0.1 · 10−3 V/W, which

is comparable with the result of a similar calculation for
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structure � 2 (0.2 · 10−3 V/W). In structure � 5, only

for SWE induced by in-phase magnetization oscillations

in domains, a weak EMF signal was detected (curve 5 in

in Figure 5, b), which corresponds to E < 10−4 V/W. Note

that, though the obtained data are insufficient to evaluate the

form of dependence of pumping efficiency on the YIG film

parameters, decrease in E as 4πM decreases agrees with

results obtained for H > Hs .

Conclusion

The study has investigated the spin pumping efficiency

E using the inverse spin Hall effect mechanism in YIG−Pt

structures with MSSW propagating in them as the saturation

magnetization of YIG film 4πM decreased from 1750 G

to 540G. It is shown that at the bias field H > Hs for

films with 4πM = 1000−850G, E is comparable with the

case of film with normal magnetization and decreases by

a factor of 2−3 for films with 4πM = 565−540G, while

E = E(4πM) differs from the linear dependence, and the

form of dependence of E on the degree of doping can be

described as E ∼ 1/α, where α is the nonuniform exchange

constant of the film. Note that the maximum pumping

efficiency for all test structures is observed with bias fields

corresponding to the fulfilment of f 0i ≈ 2γH .

With H < Hs , EMF generation in doped film structures

can be detected only for some SWE of domain structure,

while the spin injection efficiency is twice as low as in the

case of 4πM = 1750G, and the obtained values in absolute

magnitude are lower than those of the saturated film case

by more than an order of magnitude.
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