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This Chapter is in preparation for submission as a manuscript.

Chapter 7

A ”magnon transistor” on 10 nm thick YIG
film

Abstract

This chapter provides the state of progress of an ongoing project: Three-terminal magnon
transistors on ultrathin YIG films, where a modulation efficiency of more than 200% is
achieved. Specifically, it documents the characterization of three terminal magnon tran-
sistors on 10 nm thick YIG films using the nonlocal method. Two approaches are used
to study the angle-dependent nonlocal results: An angle-dependent analysis, as used in
the proof-of-principle three-terminal magnon transistor work [1], and a polynomial anal-
ysis of nonlocal signals at specific angles, as employed in a recent work [2] on a magnon
transistor structure on a 13 nm thick YIG film. Both methods are developed in order to
obtain better insight into the dc-current-dependent behavior of magnon transistors. Ex-
amining the dataset on 10 nm thick YIG confirms the equivalence of these two methods.
At both low and high dc currents, the modulation shows symmetries with respect to the
current direction. This result provides contrast to the findings of Ref. [2] and different
perspectives.

7.1 Introduction

Athree-terminal magnon transistor consists of three Pt electrodes on top of a YIG
film as shown in Fig. 7.1. The left and right ones are used as magnon injector

and detector, which correspond to a source and a drain, respectively. The middle
strip plays the role of a gate: The magnon number in the transport channel between
source and drain can be modulated by running an electrical current through this
electrode. This design opens up a new way to manipulate magnon spin transport,
which has first been tested on 210 nm thick YIG [1]. For such an application, thinner
YIG is expected to have larger modulation efficiency, so that less current through
the modulator is needed to achieve the same modulation of the magnon transport.
In this chapter, a YIG film with thickness of 10 nm is used to build up the magnon
transistor.

However, the mechanism underlying a magnon transistor is to use the modu-
lator to change the magnon conductivities σm by altering the magnon densities nm.
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Similar to the Drude formula for electrons, the magnon conductivities can be written
as

σm = h̵
nmτm

mm
, (7.1)

where τm is the total scattering time and mm is the effective mass which can be de-
rived from the dispersion relation ω(k) as described in section 2.3.

In a typical experiment, a low-frequency ac current is sent through the injector
and the resulting magnon current is measured at the detector by the lockin tech-
nique. In addition to the ac current through the injector, a dc current is passed
through the middle Pt strip, the modulator, which can also inject magnons. The
detector is not sensitive to the dc current itself, but it registers the modulation of the
nonlocal signal due to changes in magnon spin conductivity as a result of the cur-
rent modifying the magnon density. A strong modulation of the nonlocal signal is
observed, as large as 200%. This modulation has two origins: One is due to the SHE
magnon injection which scales linearly with the dc current. The other is due to the
Joule heating of the current which scales quadratically with the dc current. They are
referred as the electrical and thermal magnon injection as introduced in section 2.4.3,
respectively. When the dc current is small, the responses of the magnon system to
Idc and I2dc are linear; however, when the dc current keeps increasing, the responses
become nonlinear. The corresponding regimes are called low and high dc current
regimes or the linear and the nonlinear regime of the magnon system in the rest of the
chapter. The crossover threshold dc current is expected to be lower in the thinner
YIG film due to a smaller volume available for magnon transport.

Nevertheless, the underlying physics is complex in such an ultrathin film device,
especially in the high dc current regime, so there are in principle many things to be
taken into account such as the temperature profile in the specific device geometries
and the spin absorption by the Pt strips. A highly nonlinear nonlocal voltage as
a function of the dc currrent has recently been observed on a 13 nm thick YIG film
grown by the pulsed laser deposition method [2]. Here, the characteristics of a 10 nm
thick liquid-phase-epitaxy grown YIG magnon transistor are examined.

7.2 Experimental details

Magnon transistors as depicted in Fig. 7.1 are fabricated on 10 nm thick single crys-
tal yttrium iron garnet (YIG) films. Using the liquid phase epitaxy (LPE) method,
the YIG film is grown on top of a 500µm thick single crystal (110) gadolinium gal-
lium garnet (GGG, Gd3Ga5O12) substrate by collaborators from University of Brest
in France. The saturation magnetization of the YIG film corresponds to µ0Ms =

174 ± 4 mT. For the in-plane magnetized film, the measured Gilbert damping pa-
rameter is on the order of 5 × 10−4. All the Pt strips, including the magnon injector,
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Figure 7.1: Typical experiment schematic. 10 nm YIG film is on top of GGG substrate. Pt (red)
strips with thickness of about 10 nm are contacted to Ti/Au leads (grey), which are connected
with measurement setups. An ac current with rms value of Iac is sent through the left Pt strip,
the magnon injector. Using a lockin-technique, both the first and second harmonic voltages are
measured simultaneously by the right Pt strip, the magnon detector. Additionally, a dc current
is passed through the middle Pt strip, which serves as a magnon modulator. An external
magnetic field Hex is applied to orient the in-plane YIG magnetization with an angle α. The
gray rectangle is a scale bar representing 40µm. Typically, Iac = 200µA and µ0Hex = 50 mT.

modulator and detector, are contacted to Ti∣Au leads for electrical connection. The
center-to-center distance between the injector and detector is 3µm. The width of all
the Pt strips is 0.4µm, while the length of the injector/modulator/detector Pt strips
are 80/84/80µm. The device is patterned by electron beam lithography: 9-nm-thick
Pt strips are deposited on YIG by dc sputtering. After that Ti∣Au layers with thick-
nesses of 5∣75 nm are deposited by e-beam evaporation. The sample is positioned
between a pair of magnetic poles and is rotated by a step motor. The resulting exter-
nal static field Hex orients the magnetization of YIG M0 in the film plane at different
angle α with respect to the Pt strips as shown in Fig. 7.1.

A low-frequency (<20 Hz) ac current is passed through the magnon injector with
an rms amplitude of Iac, so that magnons are electrically or thermally injected as
introduced in section 3.2 and the resulting magnon spin currents are measured as the
first and second harmonic signals by the magnon detector with the lockin technique,
respectively. At the modulator, the dc current Idc is applied. As a result, both first
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and second harmonic nonlocal signals are recorded at different dc currents Idc. In
each angle-dependent measurement, the angle α is changed by a step motor in the
same way as introduced in section 3.2.3.

7.3 Results
The angle-dependent nonlocal first harmonic signals are shown in Fig. 7.2a: Differ-
ent colors, i.e. from blue to red, are nonlocal signals recorded at different dc currents
through the modulator. The white dataset in the middle is the one without any dc
current through the modulator, which has a cos2 α angle dependence as a result of the
magnon injection and detection as described in section 3.2. However, when the dc
bias is non-zero, it can clearly be seen that the magnitude and the angle dependence
of the first harmonic signals are modulated. This modulation is much more promi-
nent than in the case of 210 nm thick YIG [1], especially at the largest dc currents,
i.e. +/-1500µA (the darkest blue/red), where the first harmonic signals R1ω

nl show
the most significant difference between α ≈ 0 and α ≈ ±π. Depending on the relative
orientation of the dc current and the magnetic field, R1ω

nl is enhanced or suppressed.
Specifically, the amplitude of the enhancement can be as big as 200% of the first har-
monic signal in the absence of any dc current, whereas the suppression is much less
significant. Simultaneously, the second harmonic signals are recorded, which also
show modified amplitudes and angle dependences due to the dc current through
the modulator. In the scope of this chapter, the focus will be on the analysis of the
first harmonic signals. The reason for this choice is that the corresponding electrical
injection and electrical detection processes are relatively straightforward compared
to the thermal origin of the second harmonic signals (cf. section 3.2), which depend
more heavily on the geometry and temperature profile of the sample.

7.4 Discussion

7.4.1 Angle dependent analysis

The data considered here provides an opportunity to recap the analytical techniques
established for magnon transport in chapters 4 and Ref. [1]. The angle-dependent
nonlocal resistances read

R1ω
nl (α) =

C1

Iac
σ1ω

m (α) cos2(α + φ1ω) (7.2)

where Iac are the applied ac current through the injector, φ1ω are the angle offsets
in the first harmonic signals, and C1 are the constants capturing the conversion ef-
ficiency from charge to magnon spin current and back for electrical injection. The
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Figure 7.2: Angle analysis of R1ω
nl . a Raw data of the first harmonic signals R1ω

nl as a function
of the field angle at different dc currents. b Fitting curves of A1ω cos2(α + φ1ω) +O1ω to the
raw data. c Residues of A1ω cos2(α + φ1ω) +O1ω fits, i.e. the difference between the raw data
in a and the fitting curves in b. d Fitting curves of B1ω cos3(α + φ1ω) to the data in c. The
color gradient from red to blue represent corresponding data at dc currents from -1500µA to
+1500µA with a step size of 50µA.

magnon spin conductivity in the linear response regime is

σ1ω
m (α) = σ0

m +∆σJI
2
dc +∆σSHEIdc cos(α + φ1ω), (7.3)

where Idc is the dc current through the modulator, σ0
m is the magnon spin conduc-

tivity between the injector and detector without dc current, ∆σJ and ∆σSHE are the
parametrized modulations of magnon spin conductivity via Joule heating and mag-
non spin Hall injection, respectively. Plugging Eq. 7.3 into Eq. 7.2 gives rise to

R1ω
nl (α) = A

1ω cos2(α + φ1ω) +B1ω cos3(α + φ1ω) +O1ω, (7.4)

where A1ω captures the modulation of the amplitude of the first harmonic nonlocal
signals due to the Joule heating from the modulator dc current (A1ω ∼ I2dc), whereas
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Figure 7.3: Fitting parameters of the angle-dependent analysis. a A1ω (red dots), O1ω (blue
dots) and c B1ω (blue dots) as a function of the dc currents. In the low dc current regime
(∣Idc∣ < 400µA), A1ω and B1ω are fitted by a quadratic and linear function (blue and red lines)
in a and c, respectively. The inset figures show the residues of these fits. b A1ω + B1ω as a
function of dc currents (green dots). In the same dc current regime (∣Idc∣ < 400µA), the sum of
A1ω and B1ω is fitted by a polynomial function (green curve). The residue of this fit is given
in d.

B1ω shows the change of the first harmonic signals with a modified angle depen-
dence due to the SHE magnon injection (B1ω ∼ Idc). O1ω is an additional offset,
which might be related with the electrical conductivity of the YIG film. The angle
analysis is carried out in two steps: First, fitting the data in Fig. 7.2a by the first and
third terms in Eq. 7.4, one obtains the fitting curves as shown in Fig. 7.2b. Next, the
residues of the above fittings, shown in Fig. 7.2c, are fitted by the second term in
Eq. 7.4, which gives rise to the fitting curves in Fig. 7.2d. The resulting fitting param-
eters of A1ω , O1ω from Fig. 7.2b and B1ω from Fig. 7.2d are plotted against the dc
current in Fig. 7.3a and 7.3c, respectively. Here, the angle offset of φ1ω = 0.1 rad is
due to the alignment of the Pt strips and magnets, which is not changed for all the
measurements at different dc currents. Thus, φ1ω is a constant obtained by fitting all
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the data in Fig. 7.2a and taking the average of the resulting angle offsets.
From Figs. 7.3a and 7.3c, it emerges that in the low dc current regime A1ω and

B1ω depend quadratically and linearly on dc currents, respectively. They are fitted
with:

A1ω
(Idc) = A

1ω
0 +A

1ω
2 I2dc (7.5)

B1ω
(Idc) = B

1ω
0 + B

1ω
1 Idc, (7.6)

where resulting fitting coefficients are: A1ω
0 = 15.5 mΩ, A1ω

2 = 5.3 × 10−6 mΩ/µA2,
B1ω0 = 0.02 mΩ and B1ω1 = 6.3 × 10−3 mΩ/µA. However, in the high dc current regime
these dependences do not hold anymore. This is in contrast with the results on
210 nm thick YIG in the low dc current regime [1], where only linear dependences of
A1ω and B1ω on I2dc and Idc are observed.

First focusing on the low dc current regime, a modulation efficiency η1ω , i.e.
∆σSHE/σ

0
m, can be obtained from B1ω based on:

η1ω =
dB1ω/dIdc

A1ω
0

, (7.7)

where A1ω
0 = A1ω(Idc = 0). The resulting efficiency is around 40.4%/mA, which is

more than three times larger than that was theoretically predicted in Ref. [1] for a
10 nm thick YIG film.

When the amplitude of Idc becomes larger than 400µA, coefficients A1ω and B1ω

both start to deviate from the quadratic and linear fits based on Eqs. 7.5 and 7.6. One
important feature to notice is that the deviations of A1ω and B1ω from the quadratic
and linear dependences of dc current are symmetric and inversely symmetric with
respect to the dc current, as seen in the insets of Figs. 7.3a and 7.3c, respectively. It is
crucial to carefully examine whether this emergent nonlinear response is symmetric
or not with respect to dc currents, because these symmetries of the observation can
provide important insight into its orgin: Drawing upon the relation between current
polarities and magnon creation/annihilation, i.e. changes in magnon number, in
section 2.4.3, if the underlying effect has comparable amplitudes for dc currents with
opposite directions, it would suggest that interpretations of the nonlinear response
at high dc current as a result of magnon BEC would not be applicable [2]. After all,
one expect magnon BEC to only occur at one current polarity, where the magnon
number increases until it reaches the critical number.

In 7.3b, the sum of A1ω and B1ω is plotted against the dc currents and fitted by a
polynomial function as follows:

[A1ω
+B1ω

](Idc) = S
1ω
0 + S

1ω
1 Idc + S

1ω
2 I2dc, (7.8)

where the resulting fitting coefficients are: S1ω0 = 15.5 mΩ, S1ω1 = 6.4 × 10−3 mΩ/µA
and S1ω2 = 5.0 × 10−6 mΩ/µA2. Comparing with the quadratic and linear fitting pa-
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Figure 7.4: Polynomial analysis of R1ω
nl at specific angles for Device 1. a Relative amplitudes

of the first harmonic nonlocal signals at α+φ1ω = 0 ( ● δR1ω
nl (0)) and α+φ1ω = ±π ( ● δR1ω

nl (±π))
as a function of dc current. b δR1ω

nl (0), δR1ω
nl (π/12), δR1ω

nl (π/6), δR1ω
nl (π/4) and δR1ω

nl (π/3) as
a function of dc current (green dots with different brightness). In the low dc current regime
(∣Idc∣ < 400µA), data in both a and b are fitted by polynomial functions (curves with color
coding corresponding to the data points). The residuals of all the polynomial fits in a and b
are plotted as a function of dc current with color coding corresponding to the original data in
c and d, respectively.

rameters based on Eqs. 7.5 and 7.6, one obtains the following consistent relations:
S1ω0 ∼ A1ω

0 + B1ω0 , S1ω2 ∼ A1ω
2 and S1ω1 ∼ B1ω1 . However, in contrast to the symmet-

ric quadratic and linear fitting residues of A1ω and B1ω in Figs. 7.3a and 7.3c, the
polynomial fitting residue of the sum of A1ω and B1ω as shown in Fig. 7.3d does not
preserve the symmetric properties with respect to the dc current. It features a single
peak at positive current around 800µA.

7.4.2 Polynomial analysis of nonlocal signals at specific angles

The magnon three-terminal experiment has recently been conducted on a 13 nm thick
YIG film [2]. In that work, a different data analysis approach has been used, from
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Orange curves are fitting
functions: a P1ω

0 (α), b P1ω
1 (α)

and c P1ω
2 (α), respectively.

which magnon BEC arose as an interpretation for the high dc current results.
Here, the data in Fig. 7.2a is examined by the same method used in Ref.[2]: The

differences between the signals at specific angles of α + φ1ω = 0,±π (maximum mag-
non spin transport signals) and those at α + φ1ω = ±π/2 (minimum magnon spin
transport signals) are read at different dc currents as shown in Fig. 7.4a. For conve-
nience, a relative amplitude of the nonlocal signals at any measured angle is defined
as

δR1ω
nl (α + φ1ω) = R1ω

nl (α + φ1ω) −R1ω
nl (±π/2), (7.9)

where R1ω
nl (α + φ1ω) stands for the absolute amplitude of the nonlocal signals at α +

φ1ω . The notation of R1ω
nl (±π/2) represents the average amplitudes of R1ω

nl when
α + φ1ω equals +π/2 and −π/2, which applies also for R1ω

nl (±π). The angle offset φ1ω

is obtained from the angle-dependent fitting, which is around 0.1 rad for the data in
Fig. 7.2a. The relative amplitudes of the first harmonic nonlocal signals are read for
α + φ1ω = 0 and ±π in Fig. 7.4a and for α + φ1ω = 0, π

12
, π
6

, π
4

and π
3

in Fig. 7.4b.
In the low dc current regime (∣Idc∣ < 400µA), all the dc-current dependent δR1ω

nl (α+
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φ1ω) in Figs. 7.4a and 7.4b are fitted by polynomial functions with a form of

δR1ω
nl (Idc) = P

1ω
0 +P

1ω
1 Idc +P

1ω
2 I2dc, (7.10)

where P1ω
0 , P1ω

1 and P1ω
2 are the coefficients of terms which depend on I0dc, I1dc and

I2dc. The residues of the polynomial fitting in Fig. 7.4a and 7.4b are given in Fig. 7.4c
and 7.4d, respectively. For δR1ω

nl (0) where α + φ1ω = 0, the resulting coefficients
P1ω
0 , P1ω

1 and P1ω
2 are 15.3 mΩ, 6.2×10−3 mΩ/µA and 5.3×10−6 mΩ/µA2, which have

decent agreement with S1ω0 , S1ω1 and S1ω2 in Eq. 7.8, respectively. This suggests the
equivalency of two analysis methods.

Comparing the results of two methods, the δR1ω
nl (0) data in Fig.7.4a and the cor-

responding polynomial fitting residue in Fig.7.4c resemble the sum of A1ω and B1ω

in Fig. 7.3b and its polynomial fitting residue in Fig. 7.3d, respectively. This agree-
ment confirms the equivalency of these two analytical methods. Moreover, it indi-
cates that the asymmetric features in the polynomial fitting methods are results of
the sum of two nonlinear modulations: One is due to the Joule heating and is sym-
metric with respect to dc currents, and the other is caused by SHE magnon injection
and is inversely symmetric to the dc currents.

For convenience in the rest of the chapter, the dc current where the residue of the
fit in Figs.7.4c and 7.4d shows a peak, is called critical dc current, denoted as Ic

dc.
The peak feature is called anomaly of the nonlocal signals, which corresponds to the
maximal deviation ofA1ω andB1ω from the quadratic and linear fits in Figs. 7.3a and
7.3b.

As shown in Fig. 7.4d the amplitudes of this critical dc current are increased by
changing the angles from the one with larger injection efficiencies to the one with
smaller efficiencies, i.e. from 0 to π/3. This suggests that the anomaly is related
with the magnon number changes caused by the SHE-injection from the modulator.
The exact origin of this anomaly needs further investigation. But this finding shows
contrast with the results reported in Ref. [2]: In the high dc current regime, instead of
getting saturated, the component of the nonlocal signals beyond the influence of Idc

and I2dc first reaches a maximum and then decreases with increasing the dc currents,
i.e. it shows a peak instead of a plateau.

Finally, if both methods describe the same physical phenomena, in the low dc-
current regime the relation P1ω

2 I2dc and P1ω
1 Idc obtained from the polynomial fitting

based on Eq. 7.10 should correspond to A1ω ∼ I2dc and B1ω ∼ Idc from the angle-
dependent analysis based on Eq. 7.4, respectively. This can be examined by looking
at the angle dependences of the polynomial fitting parameters as shown in Fig. 7.5:
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P1ω
0 , P1ω

1 and P1ω
2 are fitted by the following functions:

P
1ω
0 (α) = Q1ω

0 cos2(α + φ1ω) (7.11)

P
1ω
1 (α) = Q1ω

1 cos3(α + φ1ω) (7.12)

P
1ω
2 (α) = Q1ω

2 cos2(α + φ1ω), (7.13)

where Q1ω
0 , Q1ω

1 and Q1ω
2 are the fitting parameters. First, P1ω

0 does not depend on
the dc current. Thus, it corresponds to the nonlocal signal without any dc current
in Fig. 7.2a. It can be fitted nicely by Eq. 7.11, which has the same angle dependence
as the first term Eq. 7.4 and a comparable modulation peak-to-peak amplitude of
around 15 mΩ for the case without any dc current. Next, the second and third terms
in Eq. 7.10 scale linearly and quadratically with the dc current. Thus, P1ω

1 (α) and
P1ω
2 (α) correspond to the second and first term in Eq. 7.4, namely B1ω cos3(α + φ1ω)

and A1ω cos2(α + φ1ω), respectively. They capture the modification of the first har-
monic signal due to the SHE-injection and the Joule heating of the dc current through
the modulator, respectively. P1ω

1 (α) andP1ω
2 (α) can be fitted by Eq. 7.12 and Eq. 7.13,

respectively. The resulting fitting parameters Q1ω
1 and Q1ω

2 have comparable ampli-
tudes to the fitting paramters of B1ω1 andA1ω

2 in Eqs. 7.5 and 7.6, i.e. ∼ 6×10−3 mΩ/µA
and ∼ 5 × 10−6 mΩ/µA2, respectively. This quantitatively validates the fact that these
two methods essentially capture the same physical phenomena.

7.4.3 Magnitude of the nonlocal signals

The magnitudes of the nonlocal signals on 10 nm and 210 nm thick YIG with the same
injector-to-detector distance are compared in Table 7.1. The nonlocal resistances are
scaled by the length of the Pt strips. The device on 10 nm thick YIG shows a larger
first harmonic signal even though it has a modulator, which may also be a good spin
sink, in between the injector and detector, while the 210 nm thick one does not. A
large first harmonic signal measured in the 10 nm thick YIG is consistent with a trend
of the thickness-dependent results reported in Ref [3] for YIG films with thicknesses
from 100 nm up to 50µm: The thinner the YIG film, the larger the first harmonic sig-
nals. However, this result cannot be explained well by either the magnon chemical
potential model [4] or the viscous magnon flow theory [5]. Therefore, the thickness
dependence of the nonlocal magnon transport, especially for the electrical genera-
tion remains unclear. One possibility is that there are more efficient surface trans-
port channels than there are in the bulk, which needs further investigation. Another
possibility is the influence of the GGG substrate, which is a good spin sink at low
temperatures [6] but is of unclear functionalities at room temperature, i.e. it is not
known whether it is a spin absorber, conductor or insulator.
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Table 7.1: Comparison of the nonlocal signal magnitudes in 10 nm and 210 nm thick YIG film.

YIG thickness (nm) 10 210[7]

R1ω
nl (Ωm−1) 198 125

R2ω
nl (MVA−2m−1) 0.09 4

7.5 Summary and outlook

Large modulation effects of the nonlocal magnon transport signals have been ob-
served on a 10 nm thick YIG film by applying a dc current through the modulator. In
the low dc current regime, the modulation of the SHE injection and the Joule heat-
ing scale with Idc and I2dc, respectively, whereas in the high dc current regime, these
dependences do not hold anymore. Thus, with increasing dc current the modulation
goes from the linear regime to the nonlinear regime. From the angle-dependent anal-
ysis, the nonlinear modulation is symmetric with respect to the direction of the dc
current. This symmetry provides an important insight into the underlying physics
of the nonlinear modulation: Phenomena which only occur at one current polarity
should be excluded. However, it is still an open question what the origin of this
nonlinear modulation is. Moreover, this angle-dependent analysis is proven to be
equivalent to the polynomial fitting method used in Ref. [2].

There are a few points calling for attention in the future investigation of the non-
linear regime:

• First, temperature increase at the modulator is significant. This may result in
substantial changes of the electrial and magnetic properties of YIG films [8, 9].
Indeed, measurements on two other devices show that with a further increase
of the dc current both first and second harmonic nonlocal signals start to de-
crease until they vanish. This may also be related to the change of the magnetic
ordering of the YIG film, but careful temperature measurements should be car-
ried out.

• Secondly, the temperature enhancement changes the occupation of the magnon
spectrum as shown in section 2.3, where high-energy optical magnons start to
contribute to propagation with opposite sign.

• Thirdly, it is important to gain knowledge about the magnon spin accumula-
tion profile set by the temperature gradient [10] in such a thin film. This is
likely to be different from the previous generation of devices with thicknesses
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of 210 nm and above: On the 10 nm thick YIG device, the width of the electrode,
i.e. ⩾ 400 nm, is much wider than the thickness of the YIG.

• Last but not least, so far the possible spin absorption effect of the modulator has
not been considered. This can be systematically studied on magnon transistors
with modulators of different widths.
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