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Detection of spin-wave excitations of a domain structure

in an yttrium-iron garnet film using the inverse spin Hall effect
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Using the inverse spin Hall effect, the generation of EMF in a waveguide cut from an epitaxial film of yttrium-

iron garnet (YIG) of crystallographic orientation (111) with a thickness of 15.6 µm and dimensions of 10× 5mm

was studied, on the surface of which a strip of platinum with a thickness of 4 nm, a width of 25 µm and a length

of 4mm was deposited, when used as a pump spin-wave excitations of the domain structure. The magnetization

field tangent to the surface of the structure was directed parallel to the crystallographic axis 〈11̄0〉 of the YIG film.

The possibility of EMF registration is shown both in the case of in-phase and antiphase magnetization oscillations

in domains and for domain walls’ displacement waves. The dependence of the measured EMF level on the type

of spin-wave excitation and the magnitude of the magnetization field is investigated. It is shown that the volt-watt

sensitivity (the ratio of EMF to the power of spin-wave excitation) can be comparable with a similar parameter for

saturated YIG films.
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1. Introduction

Generation of charge-carrier current in Platinum film

applied on yttrium-iron garnet (YIG) film surface due

to the inverse spin Hall effect [1] is of great interest

for creation of an energy-efficient element base using

spintronics principles [2]. In such a structure, both under

resonance microwave pumping [3–5], and excitation of spin

waves (SW) in YIG film [6–8] the charge-carrier current is

generated in the Platinum film

Ie ∝ |Is ,n| [n×m], (1)

where n and m — unit vectors along the normal to YIG

film surface and magnetization vectors, Is ,n — spin current

component along the normal n. The measured value in

this study is U = IeR, where R — resistance of Platinum

film. Most often ISHE is studied when magnetization fields

values are H which is sufficient for both, magnetization

of YIG film to saturation, and prohibition of the three-

magnon parametric instability processes [9] which limit

the value U [10]. When the field value H decreases to

H < Hs , where Hs — saturation field, in the YIG film there

arise the domain structures capable of supporting the spin-

wave excitation due to in-phase and opposite oscillations of

magnetization in domains (DS) as well as due to domain

boundaries displacement waves [11–20]. Small values H
necessary for their monitoring are interesting in terms of

perspective of ISHE use in DS in spintronics devices.

Possibility of EMF generation in YIG structures −Pt at

H < Hs was described in [21], however, ISHE singularity

and dependence of its efficiency for various kinds of spin-

wave excitations during bias field tuning was not analyzed.

This paper studies the generation of EMF in YIG

structure (111)−Pt based on inverse spin Hall effect when

the YIG film is magnetized in direction of easy axis 〈11̄0〉
with the values of bias field H , lower than saturation field.

2. Examined samples and experimental
procedure

The structure based on YIG film of crystal-lattice orienta-

tion (111) and thickness of 15.6 µm was studied, with mag-

netization saturation of 4πM = 1750 G. A waveguide was

cut from the film with flat dimensions 10× 5mm, on the

surface of which the magnetron sputtering, photolithography

and ion etching processes were used to fabricate a 4 nm

thick, 4mm long, 25µm wide Platinum strip oriented along
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the longer side of the waveguide, with its resistance equal

∼ 12 k�. The structure was placed into the magnetostatic

surface wave (MSSW) delay line mockup (further in the

text — mockup) with wire antennas of diameter 40µm and

7mm spacing between them which was placed between

the electromagnet poles. The bias field was oriented

perpendicular to the long axis of the waveguide which

corresponded to the equipped with a polarizer direction

of crystallographic axis 〈11̄0〉. A LED matrix was placed

under the mockup the light of which dropped on the YIG

structure−Pt through the hole in the mockup base. The

light that has passed through the structure dropped on

the polarization microscope analyzer where digital camera

was placed to the eyepiece to register the obtained image.

Wire contacts for EMF measurement were attached to the

platinum strip by means of conductive glue. Measurements

of frequency dependencies of module S12( f ) and phase

Sϕ
12( f ) of the mockup transfer coefficient were carried

out using a vector network analyzer M9374A with power

P in ≈ 30 dBm supplied to the antenna. Also frequency

dependencies of power S22( f ) reflected from the input

antenna were registered. EMF frequency dependencies

were measured at P in ≈ 7dBm for increasing the level of

registered signal. Microwave power modulation with a

11.3 kHz meander signal allowed measuring of EMF with

the help of synchronous detector.

The type of domain structure was studied using a

polarization microscope (during measurements of both

S12( f ) and U( f )), at that, using the eyepieces of various

magnification degree allowed both, looking at the DS in

details, and monitoring of a larger area across the platinum

strip to control possible formation of a block structure [12].
The surface morphology of DS was studied using atomic

force microscopy (AFM).

During measurements the studied structure was mag-

netized in field H = 110Oe, and after that the value

H decreased. With selected values H the frequency

dependencies of the spin-wave excitations (SWE) and DS

image were recorded similar to [12–17]. In our case we

have additionally registered the frequency dependence of

EMF induced in the Platinum strip.

3. Measurement results

In Figure 1, a the curve 1 shows dependence S12( f ) of

MSSW for H = 110Oe, when YIG film is in saturated

state. The lower edge of MSSW monitoring bandwidth

is illustrated in Figure 1, a by arrow and designated as

f 1 = 1.23GHz. Let’s designate the MSSW monitoring

bandwidth in YIG film as SWE1 (spin-wave excitation 1).

When H changes to Hs ≈ 61Oe (Figure 1, b)
frequency f 1 goes down to 0.945GHz. Further decrease of

H to H1 ≈ 60Oe leads to SWE1 monitoring bandwidth sep-

aration in two areas SWE2 and SWE3 with low-frequency

boundaries f 2 and f 3 — see curve 1 in Figure 1, c for

H = 55Oe. SWE2 monitoring bandwidth is observed when
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Figure 1. Frequency dependencies of the modulus transfer

coefficient S12( f ) (curves 1) and EMF (curves 2) for the input

power ∼ 30 and ∼ 7 dBm respectively, with the values shown

in H .

H decreases to H2 = 32Oe, while frequency f 2 increases to

1.07GHz (see curves 1 in Figure 1, c−e). SWE3 monitoring

bandwidth cannot be recorded when H goes down to

H = 40Oe, while frequency f 2 = 0.78GHz. In the range

H3 = 26 < H < H2 = 32Oe no any induction signals were

observed at the output antenna.

When 3Oe < H < H3 in 0.3−0.35GHz band the SWE4

is observed (see Figure 1, f for H = 17Oe). Dependence of
frequencies f 1− f 4 from H is illustrated in Figure 2, a. It is

seen that for SWE f 1− f 3 they have an almost monotonous

nature, while frequency f 4, equal at 26Oe to 0.329GHz
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when H decreases to 15Oe increases to 0.35GHz, while

further it goes down to 0.3 GHz at H = 3Oe.

It should be noted that harmonics in the spectrum of

output signal of network analyzer may have impacted the

measurements results. Thus the third order harmonic

was only by 10 dB lower than the pumping level sig-

nal f gen. Thus, when scanning in the bandwidth near

f gen ≈ 0.3GHz the third harmonic frequencies ∼ 0.9GHz

within 40 < H < 60Oe entered into SWE2 and SWE3 band

which resulted in registration at frequencies ∼ 0.3GHz of

both, the signal S12( f ) and U( f ) (see highlighted windows

in Figure 1, c and d). Further in this paper these spurious

signals are not considered.

It shall be stressed that for SWE1 at 110Oe > H > Hs

caused by third harmonic the signals are not observed

(see Figure 1, a), apparently because of limited power of

MSW due to three-magnon processes [9]. In case of SWE2

and SWE3 the spurious signals may occur because in the

domain structures the threshold power for development

of non-linear processes are higher than for the saturated

films [12].
It shall be noted that the levels of the second, fourth and

further harmonics were at least by 20 dB lower than for f gen.

The presence of these harmonics in the experiment didn’t

influence the measurement results.

In Figure 1, a−f the curves 2 illustrate for the given

values H the frequency dependencies U( f ). It is seen

that EMF is induced in all described SWE. Dependencies

of maximal value U∗ for each kind of SWE (designated
by asterisks in figures) from H are given in Figure 2, b.

It can be seen that for curves 2−4 corresponding to the

unsaturated state of YIG film the registered values may

exceed the results shown in curve 1 for a saturated film.

Figure 3 shows the image of DS of the studied structure

for several values H .

It shall be noted that it is possible to observe the

domain structure using Faraday effect due to a difference

in signs of normal magnetization component in adjacent

domains. However, EMF registration according to ISHE

mechanism suggests that there’s a magnetization component

in the film surface being tangent thereto. In our opinion,

this component has the same signs in the domains, since,

otherwise averaging of the effect along the strip length shall

lead to zero EMF. Also change of the sign of the generated

EMF itself during change of direction H also speaks in favor

of this theory [21].
It shall be noted that in studies with the help of polariza-

tion microscope the domain structures at H < Hs become

distinct only when H is reduced to ∼ 33Oe (see Figure 2),
the DS period being 3 ≈ 10µm, an the domain structure

itself is a strip structure non-symmetrical with the ratios

of
”
light“ and

”
dark“ domains ∼ 2 (Figure 3, b). When

H < 31Oe the DS was a symmetrical strip with a period

of 3 ≈ 10µm, which remained the same until H = 0 (see
Figure 3, c and d). Dark horizontal strip in Figure 3, a−d —
is Platinum strip with the width of (25µm) that may be

used as a scale mark. (Images are obtained with lenses of
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Figure 2. Dependencies from H a) frequencies f 1− f 4, b) EMF,

c) power consumed for excitation of SWE. The numbers next to

the curves correspond to the number of SWE.

various magnification). It shall be noted that presence of

Platinum on the surface of YIG film in the studied samples

doesn’t’ influence the type of DS.

It shall be emphasized that in the interval

33Oe < H < Hs the domain structure could be observed

using magnetic force microscopy method (MFM) — see

Figure 3, e for H ≈ 50Oe. Moreover, this method also

allows observing the thin surface domain structure (see
Figure 3, f for H ≈ 10Oe). The study of its impacting the

SWE characteristics is beyond the scope of this paper.

4. Discussion

First of all, we shall say that both, described changes

of domain structure, intervals of magnetic fields proving

the existence of specific DS, and the nature of the spin-

wave excitation frequencies variation with the change of H
are well consistent with the known results [14–16]. At

that, we may suggest that SWE2 and SWE3 observed in

the experiment occur due to opposite-phase and in-phase
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Figure 3. The images of domain structures obtained with the help of a polarization microscope in a) 110Oe, b) 33Oe, c) 28Oe, d) 3Oe
using magnetic force microscopy in e) 50Oe and f) 10Oe. The width of the dark horizontal strip in a−d is equal 25 µm.

magnetization oscillations in the domains, while SWE4 is a

domain boundaries bias wave [17–19].

In Figures 1 and 2 we may see that all SWE observed

in the studied structure are accompanied with generation

of EMF, whereas within H interval of monitoring this or

another SWE the plotted curves U(H) have maximum (see
Figure 2, b). Let’s discuss possible reasons of U dependence

for SWE2−SWE4 from H .

It is well known that the level of generated EMF is

proportional to MSW power P [10]. We have assessed the

value P as a difference of power reflected from the input an-

tenna at values H ,complying with the experiment conditions

and at H0 ≫ H using S22( f ) dependence. In Figure 2, c we

have obtained results shown for SWE1−SWE4. We may see

that in H interval of observing SWE2 the power P changes

in 1.5 times, while EMF changes in 3.5 times, and for SWE4

the value P changes in 1.1 times, and EMF changes in

7 times. Thus, the described changes of value U are not

related to the power versus frequency ratio P . Also it should

be noted that for SWE2 the volt-watt sensitivity (EMF to

power ratio P) reaches 2 · 10−4 V/W, which is equivalent

to the similar parameter for saturated YIG films [10]. We

suppose that U(H) dependence traces the magnetization

direction change m — in domains when rearranging the

DS with change H and, thus, may influence the value Ie ,

defined according to (1).

5. Conclusion

EMF generation in Platinum film applied on YIG film

surface in saturated state was studied. It is demonstrated

that generation is possible for all considered kinds of spin-

wave excitations of domain structures. In the studied

structure the most efficient generation is observed with the

values of bias field by 5−10Oe lower than the values of

saturation field, as well as in case of formation of a strip-like

symmetrical domain structure in YIG film. In the first case

the volt-watt sensitivity (EMF to spin-wave excitation power

ratio) may be of the same level as equivalent parameter for

saturated YIG films [10].

We suppose that the study of domain structures by

ISHE method may be useful for diagnostics of domains

magnetization state along with other methods of its study.
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