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Chapter 3

Experimental set-up and methods

Abstract

In this chapter the experimental set-up and methods used to obtain the results presented
in this thesis are explained. Starting from a brief introduction to yttrium iron gar-
net|platinum device fabrication, the following sections focus on characterization meth-
ods. First, electrical magnon generation and detection experiments are discussed, includ-
ing the electrical measurement set-up, lockin techniques, the typical measurement setting
and expected results. Thereafter, the microwave magnon excitation method is explained,
including the microwave set-up, the typical measurement setting and expected results for
the microwave reflection and spin pumping measurements.

3.1 Device Fabrication

In order to study the magnon spin transport, heterostructures composed of Pt bars
on top of YIG thin film (denoted as Pt∣YIG) are typically used in this thesis. A similar
device fabrication method has been used in the Physics of Nanodevices group [1–3]
and implemented in the NanoLabNL clean room in Groningen, the Netherlands.

The single crystal YIG films are commercially provided by the company Matesy
GmbH and the Université de Bretagne Occidentale in Brest, France. By the liquid
phase epitaxy (LPE) method, they are grown on both sides of 500µm-thick single
crystal gadolinium gallium garnet (GGG) substrates (YIG∣GGG∣YIG) [4]. The thick-
ness of the YIG film varies from tens of nanometers to tens of micrometers. The
crystallographic orientation of the terminating surface is either (111) or (110).

The Pt bars on top of YIG are generally in the size of nanometers and microme-
ters, which requires electron-beam lithography (EBL) patterning techniques together
with thin-film deposition methods such as sputtering or electron-beam evaporation.
But in the case of magnon spin transport experiments, sputtering is experimentally

†The notation of ”∣” represents a heterostructure throughout the whole thesis.
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Figure 3.1: Process chart of Pt-YIG nonlocal devices with optical images of representative
device topviews after each fabrication step: YIG cleaning, first EBL step (Ti/Au markers),
second EBL step (Pt electrode), third EBL step (Ti/Au leads) and sample bonding.

proven to have higher spin mixing conductance at the interface of Pt∣YIG [1]. This
gives rise to higher magnon injection and detection efficiencies.

3.1.1 Pt-YIG nonlocal device

In Fig. 3.1, the process of fabricating Pt-YIG nonlocal devices is explained in 5 steps.

• YIG cleaning. To prepare the fabrication, the YIG∣GGG∣YIG sample is cleaned.
It is almost transparent with a light yellow color when the the size of the gar-
net is within the range of micrometers as shown in Fig. 3.1a. The sample is
first dipped into deionized water, followed by a 5-minute warm acetone bath
at 45 oC. Then, together with the warm acetone in a beaker, the sample is soni-
cated for 30 s at power 9. After that, the sample is rinsed with isopropanol and
then with ethanol. Then it is again dipped into deionized water, followed by
a drying process using either a dry spinner or a N2-gun. Lastly, the sample is
baked on a hotplate for 30 s at 180 oC, in order to remove the water residue.

• EBL step 1: Ti∣Au markers. In order to have a reference system for multi-
step patterning, a set of Ti∣Au markers is made by electron-beam lithography
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(EBL) with thickness of 5∣75 nm as shown in Fig. 3.1b. It consists of four large
crosses at the edges of a 1000×1000µm writing field for rough alignment; a non-
equilateral triangle, the direction of which is used to orient the sample; two
concentric groups of four small crosses for precise alignment. The innermost
group of crosses is shown in Fig. 3.1c.

• EBL step 2: Pt bars. To perform the magnon spin transport experiment, Pt
nonlocal devices are patterned by EBL. There are two groups of them on the
top and bottom sides, which are both located within the region defined by the
innermost markers as shown in Fig. 3.1d. Each group consists of three Pt bars,
any two of which may be used to conduct the nonlocal measurement.

• EBL step 3: Ti∣Au leads. To connect the Pt bars with the electrical measurement
setup, Ti∣Au leads are patterned by EBL. On the side connected to the Pt bars,
they have a width of a few hundred nanometers as shown in Figs. 3.1g and
3.1h. However, on the other side they end in 100× 100µm square-shaped pads
to allow for bonding as shown in Fig. 3.1f.

• Gluing & Bonding. To connect the Ti∣Au pads with the electrical measurement
setup, the sample is glued onto a chip carrier which will be loaded on a sample
holder connecting the electrical measurement setup. With a Westbond wedge
wire bonding machine, AlSi wires (Al 99%, Si 1%) are made, which connect the
big pads with the contact on the chip carrier as shown in Fig. 3.1e.

3.1.2 Electron beam lithography (EBL)

In order to pattern the high-precision nanostructure, electron-beam lithography has
to be used. In Fig. 3.2, the process of EBL is explained in 6 steps.

• Spin coating. PMMA 950 K (polymethyl methacrylate) is spun on the surface
of the YIG film as shown in Fig. 3.2a. PMMA is a positive resist layer. The
resist is sensitive to electrons. Subjected to an electron beam of an appropriate
power, the long polymer chains of the material will break down into shorter
ones, which have different solubility. The attribute ”positive” means that the
exposed area has higher solubility in a given solution. The material used in
the EBL process described in this thesis is PMMA 950 K with a solid content
of 4 %, dissolved in ethylactate and purchased from Allresist GmbH, Germany.
The spinning procedure takes place at a speed of 4000 revolutions per minute
(rpm) for 60 s with a spin coater. To remove the solvent, the sample is baked
at 180 oC for 90 s on a hotplate immediately after the spinning. The resulting
PMMA layer is 270 nm thick. In Fig. 3.2a, a homogeneous PMMA layer shows
the rainbow pattern only at the edge of the sample due to the wedge shape of
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Figure 3.2: Process chart of electron-beam lithography process. Representative optical images
of device topviews at the three inspection steps represented by magnifier icons: a, after spin
coating; b, development and c, lift-off.

the PMMA layer at the edge and the transparent garnet substrate. The purple
color in between the markers is the PMMA residue on the other side of the
YIG∣GGG∣YIG sample. Note that sometimes a not completely homogeneous
PMMA layer shows some rainbow patterns in the middle of the sample as
shown in Fig. 3.2b. This can happen due to the inhomogeneity of solvent dis-
tribution on small samples. Depending on the position of this inhomogeneous
spots, the sample is still satisfactory for further processing, especially when
the inhomogeneity occurs at the area destinated for large structures as shown
in Fig. 3.2c 3.2d.

Since YIG is insulating, a conductive layer has to be put on top of the PMMA
resist to help dissipate the electrostatic charges generated during the expo-
sure process. This conductive layer is either aquaSAVE-53za from Mitsubishi
Chemical Corporation or Electra 92 from Allresist GmbH, which are both water-
soluble and can be removed easily after exposure. The same spinning condi-
tion as the one for PMMA is used without baking afterwards.

• Exposure. A focused beam of electrons scans through the area of the resist
where the custom shape is patterned. This is conducted with a Raith e-Line
150 EBL system. The electron beam used possesses an acceleration voltage of
30 kV and a dose of 450µC cm−2. The aperture size for the objective lens highly
depends on the size of the patterned structure. In general, using a smaller aper-
ture gives rise to higher resolution but longer patterning time. In EBL step 1, a
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60µm aperture is used to write both small and large markers. In EBL step 2, a
10µm aperture is used to write the Pt structure with a width of a few hundred
nanometers and a length of tens of micrometers. In EBL step 3, the aperture
size is chosen according to the size of the smallest leads: If the small leads are
designed to be of comparable size as the Pt bars (a few hundred nanometers in
width), one can first use the 10µm aperture for the small leads and then switch
to a large aperture of 120µm to write the large structures such as the pads.
Also, the resolution is substrate-dependent: YIG is a highly insulating mate-
rial, even with the conducting layer, meaning that electron accumulation in the
substrate reduces the patterning precision: The smallest distance between two
patterning structure is around 50 nm instead of 10 nm for more conductive sil-
icon substrates. Note that for the alignment of the EBL procedure EBL step 2
and 3 share the same markers patterned in EBL step 1.

• Removing the conducting layer. The exposed sample is first dipped into
deionized water to remove the conducting layer. This takes about 10 s. Be-
cause of the black color of this conducting layer, one can easily tell when the
layer is fully removed in the water.

• Development. The exposed area of the PMMA layer is dissolved in a devel-
oper solution. This is achieved by dipping the sample into a developer for 30 s,
namely a mixture of methylisobutylketon (MIBK) and isopropanol (IPA) with
a volume ratio of 3∶1. Immediately afterwards, the sample is dipped into IPA
for another 30 s, in order to stop the developing process. Finally the sample is
dried by either dry spinner or N2-gun. This leaves the developed area ready
for deposition, for example as shown in Fig. 3.2b.

• Deposition. Ti∣Au structures are grown by electron-beam evaporation with
a Temescal FC-2000 (TFC) e-beam evaporation system, while Pt bars are de-
posited by sputtering with a Kurt J. Lesker sputter machine (KJL).

To make Au better adhere to the YIG substrate, Ti is deposited at a rate of
1 Å/s. Subsequently Au is first deposited at a rate of 1 Å/s until the thickness
reaches 5 nm, then the rate ramps up to 3 Å/s. The deposition stops automati-
cally as the thickness eventually reaches 75 nm. A base pressure of 1×10−6 Torr
(∼1.33×10−4 Pa) is used. The resulting Au layer shows an opaque gold color.

The Pt layer is deposited at a rate of around 2 nm/s for 5 s. A power of 100 W
and a pressure around 3×10−3 mbar (3.0×10−1 Pa) with an argon plasma atmo-
sphere are used. This results in a Pt layer of about 10 nm, which shows a visible
transparent grayish color. At the lithographically patterned areas, Pt is directly
in contact with the YIG substrate, while in the unexposed region, Pt is on top
of the PMMA. Due to the undirectionality property of the sputtering, Pt also
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covers the edge of the PMMA layer at the boundary between the exposed and
unexposed areas. This feature makes the following lift-off process more diffi-
cult compared to that of e-beam evaporated structures with the same thickness.

• Lift-off. The unexposed PMMA together with the deposited materials on top
is lifted off the surface of YIG by immersing the sample into a bath of 45 oC
acetone for about 15 minutes. This process can be assisted by ultrasonication.

3.2 Electrical generation and detection of magnons

The magnon transport properties of the bonded devices are characterized electri-
cally. Magnons are generated by applying an electrical current in the first place. In
order to study their transport, the propagating magnon signals are then detected as
an electrical voltage at a distance. Due to the nanoscale character of the device, the re-
sponse is small compared with the noise; therefore, the lockin technique is employed
to resolve the signals as described in section 3.2.2. A typical electrical measurement
set-up and the expected measurement results are discussed in this sections 3.2.1 and
3.2.3.

3.2.1 Set-up

In this section, the electrical measurement set-up used in all the experiments de-
scribed in this thesis is introduced. It typically consists of multiple lockin amplifiers
(Stanford Research SR 830), one IV-VI meetkast together with a preamplifier, a switch
box, a sample holder and a pair of electromagnets (GMW 5403) as laid out in Fig. 3.3.
Based on the typical connection configuration shown in Fig. 3.3, the working princi-
ple of this set-up and corresponding signal flow are explained in the following:

• An ac voltage is supplied by a lockin amplifier. It has a sine wave form, a constant
root mean square (RMS) amplitude of 0.2 V and a frequency of 17.777 Hz.

• The ac voltage is converted into an ac current by a meetkast. The resulting ac current
has the same wave form and frequency as the voltage. With a conversion factor
of 1 mA/V, thr process results in a constant RMS amplitude of 200µA. This
is achieved by connecting the output of the bottom lockin amplifier with the
input of the IV-converter on the meetkast.

• The ac current is applied to a device controlled via a switch box. The resulting output
of the meetkast is connected to the terminal A of the switch box. +/-A are
contacted to a pair of terminals, such as 2 and 3, which are connected to the
pins numbered 2 and 3 on the chip-carrier. Those pins are in turn connected to
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Figure 3.3: Typical electrical measurement set-up. A typical measurement setting is shown
in detail in the black box at the top. Three zoom-in top-views of the sample, sample holder
and switch box are depicted outside the box. The specific numbers are chosen to illustrate
orders of magnitude: The lockin supplies an ac voltage with rms amplitude of 0.200 V with
frequency of 17.777 Hz. At a conversion factor of 1 mA/V, this produces an ac current with
rms amplitude of 200µA with the same frequency. The measured voltage is amplified by a
factor of 103, which is measured as first and second harmonic signals with magnitudes of
6.666 mV and 8.888 mV, respectively. On the switch box, ”-A” and ”-B” are connected to one
of the top blue points, which are in contact with the switch box. All the set-ups are grounded
to the common ground except the current source and the voltage amplifier on the meetkast.
In this way, the sample is isolated from the lockin, so that the unwanted signals on the ground
of lockin can be isolated from the ground of the sample.

the top left Pt strip. Therefore, in this setting the ac current is applied through
the top left Pt strip on top of the YIG film when switches 2 and 3 are on.

• The YIG sample is glued onto a 16-pin chip carrier, which is loaded onto a
sample holder with a step motor. An external static magnetic field (Hex) is
applied by a pair of electrostatic magnets, while the sample holder rotates. The
resulting angle between the Pt strip and Hex denoted by α.

• A voltage response is measured using the bottom right Pt strip, which is connected
to pins numbered 1 and 4 and controlled by the switch box.
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• The measured voltage signal is amplified by a factor of 103 by an amplifier of the
meetkast. The resulting voltage signals are connected to the input of the am-
plifier on the meetkast via terminal +/-B of the switch box, if the switches 1
and 4 are on.

• The amplified voltage response is analyzed by the lockin amplifiers: first and second
harmonic signals (V 1ω and V 2ω) are recorded simultaneously. By connecting the
output of the meetkast amplifier with the input of the lockin amplifiers. Two
lockin amplifiers record the voltage responses measured across the Pt strip in
the windows x-comp and y-comp in the Fig. 3.3 for the first and second har-
monic signals, respectively.

• Note that the reference end of the top lockin amplifier is connected to the TTL
of the bottom one. Two lockin amplifiers, one meetkast and the power supply
of the magnet are controlled by a computer through GPIB cables.

3.2.2 Lockin technique for nonlocal measurement

Devices of nanometer scale are employed to study the transport physics of the com-
parable scale. Often the noise is large compared to the quantity of interest. The lockin
technique provides a way to filter out the relevant signals from the noise. In the work
documented in this thesis, such a method is applied to the excitation current, as laid
out in the following: An applied current (I) varies sinusoidally at a single frequency
as a function of time (t), following

I =
√

2I0 sinωt + Ioffset, (3.1)

where I0 is the root-mean-square amplitude of the ac current, ω is the angular fre-
quency and Ioffset is an offset, i.e. a dc current. As a result, the system studied here
gives a voltage response which depends linearly on the applied current,

V ′
= C ′I (3.2)

= C ′
√

2I0 sinωt +C ′Ioffset, (3.3)

where C ′ is the coefficient which describes the amplitude of the response from the
system. The first term is measured by the lockin as the first harmonic signal V 1ω .
Besides, the system responses to the Joule heating due to the applied current. This
gives rise to a voltage response which depends quadratically on the applied current,

V ′′
= C ′′I2 (3.4)

= C ′′
((

√
2I0 sinωt)2 + 2

√
2IoffsetI0 sinωt + I2offset) (3.5)

= −C ′′I20 cos 2ωt + 2
√

2C ′′IoffsetI0 sinωt +C ′′
(I2offset + I

2
0), (3.6)
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where C ′′ is the coefficient which describes the amplitude of this second-order re-
sponse from the system. The first term is measured as the second harmonic signal
(V 2ω), which is orthogonal to the source current. This is why we see the second har-
monic response in the y-component response as shown in Fig. 3.3. Moreover, when
the applied current has a dc component (Ioffset ≠ 0), the second term is measured as
the first harmonic signal V 1ω , even though it is a result of the second-order current
dependent effect [5]. The rule of thumb is that given an existence of a dc component
any higher order response to the current will present in the lower order harmonic
signals, which should be taken into account.

3.2.3 Typical results

So far, the fabrication and characterization of Pt nonlocal devices on YIG has been
discussed. As the next step, typical results of the nonlocal experiment are discussed
as illustrated in Fig. 3.4.

Angle dependent measurement Overall, the nonlocal first and second harmonic
voltages show 180 o- and 360 o-periodic sinusoidal angle dependencies as shown in
Fig. 3.4a and 3.4c, respectively. The precise mechanism leading to this angular de-
pendency is laid out in section 2.4. There, it is seen to arise from the fact that electrical
magnon injection and detection efficiencies are both proportional to the component
of the YIG magnetization (black arrows in Fig. 3.4) parallel to the magnetic moments
associated with the spin accumulation in Pt (red arrows in Fig. 3.4).

The magnetization of the YIG is aligned by the static external field. On the other
hand, the orientation of the magnetic moments in the Pt at the interface with YIG
is perpendicular to the current direction and mostly parallel to the interface as dis-
cussed in section 2.4.2. In the angle dependent measurement, the angle between the
external field and the Pt strip (α as shown in Fig. 3.3) is varied by rotating the sample
at a given ac current and an external magnetic field.

The first harmonic signal involves both electrical magnon injection (∼ cosα) and
detection (∼ cosα), which gives rise to the dependency of cos 2α. In contrast, for the
second harmonic signal, the injection part makes use of Joule heating and thus does
not depend on the angle α but the electrical magnon detection part of the magnons
still does (∼ cosα). Therefore, the angle dependencies for the signals due to magnon
transport injected either electrically or thermally and both detected electrically are
observed in accordance with Fig. 3.4a and 3.4c, respectively. When α is 0 o or ±180 o,
the field used to align the magnetization of YIG is perpendicular to the Pt bars, and
the maximum magnon injection and detection efficiencies are realized. In contrast,
when α is ±90 o, no magnons are electrically injected or detected.

The magnitudes of the nonlocal magnon spin transport signals are extracted from
the amplitude of the cos 2α- and cosα-fitting of the first and second harmonic angle
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Figure 3.4: Conceptual illustration of typical nonlocal results. a, b First and c, d second har-
monic signals. a, c Typical angle-dependent results at a fixed external field. The insets illus-
trate the Pt∣YIG∣Pt device topviews in five different configurations with angles α of ¬ −180 o,
 −90 o, ® 0 o, ¯ 90 o, °180 o. The black arrows represent the magnetization of YIG and the
red arrows describe the magnetic moments associated with the spins of the mobile electrons
in Pt. The red Pt bars in c describe the thermal magnon injection by Joule heating. b, d Typical
field dependent results when the external field is perpendicular to the Pt strips (α = ±180 o).
In both angle and field sweeps, the excitation current is kept fixed.

dependent results. Nonlocal resistances are defined to quantify the ability of magnon
spin transport by normalizing the nonlocal voltages by the excitation current as

R1ω
nl =

V 1ω
nl

I0
(3.7)

R2ω
nl =

V 2ω
nl

I20
, (3.8)

where I0 is the rms-amplitude of the ac current.
Distance dependent measurement Multiple devices are made with different dis-
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tances d between injector and detector. Relevant magnon spin transport quantities
are extracted from the distance dependent behavior of nonlocal resistances, such as
the magnon diffusion length λm =

√
Dmτm where Dm is a magnon diffusion con-

stant and τm is the magnon spin relaxation time. This is based on the assumption
that magnon spins transport diffusively in the magnetic insulator as introduced in
section 2.5,

Rnl =
C

λm

exp(d/λm)

1 − exp(2d/λm)
, (3.9)

where C is a parameter capturing the conversion efficiency of the electron charge
current to/from the magnon spin current for magnon injection/detection and λm

determines the distance dependent behavior.
Field dependent measurement The typical field dependent results are shown in

Fig. 3.4b and 3.4d. Generally, in this type of measurement the sample is positioned at
an angle where the magnon injection and detection efficiencies are maximal, namely
at α = 0, that is, the external field being perpendicular to the Pt bars. Different aspects
of the magnon spin transport can be obtained: First [6], the nonlocal signals decrease
with increasing the field at room temperature, which correspond to the reduction
of the parameter C in Eq. 3.9. This may be attributed to the reduction of magnon
population as a result of the magnon gap lifting. Also, the magnon diffusion length
λm is suppressed, but it is difficult to identify role of magnon number and magnon
diffusion constant. Secondly, by looking at the switch of the second harmonic signals
as shown in 3.4d, one finds that YIG has a small coercive field on the order of 0.1 mT.
Thirdly, a magnon polaron resonance field can be observed at the resonance field
where the nonlocal signals show a small kink in both first and second harmonic field
dependent results [7] as shown in Fig. 3.4.

3.3 Micowave excitation of magnons

Magnons, whose theory is described in section 2.4, can be excited in more ways than
just one. Here, the focus will be on using a radio-frequency (rf) alternating magnetic
field. Unlike the case of the electrical excitation in section 3.2, the rf-field generated
magnons can be made to possess a single frequency, such as the rf frequency, which is
rather close to the bottom of the magnon band, where the distribution is the highest.
These magnons with long wavelength can propagate coherently in magnets. Among
them, the uniform precession mode has been extensively studied [8]. In Chapter 6,
a method is developed to use long-wavelength magnons to gain insight into electri-
cally generated magnons, and especially their transport properties. This is achieved
by conducting the nonlocal experiment from section 3.2 in the presence of an rf field.
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The specific numbers are chosen to illustrate orders of magnitude involved here: The lockin
frequency of 17.777 Hz to trigger the VNA so that the spin pumping measurement can be
conducted by using lockin technique.

A typical rf set-up is discussed in the section 3.3.1, which can be combined with
the nonlocal electrically setup as shown in Fig. 3.3. To characterize the microwave
excitations, two methods are used: Microwave reflection measurement and spin
pumping measurement, as discussed in sections 3.3.2 and 3.3.3, respectively.

3.3.1 Setup

The microwave set-up used in this thesis mainly consists of a vector network an-
alyzer (VNA, Rohde & Schwarz ZVA-40) and a picoprobe (type 40A-GS-400-LP by
GGB INDUSTRIES INC.) as shown in Fig. 3.5. The VNA have frequencies (frf) rang-
ing from 100 MHz to 40 GHz with powers (Prf) up to 19 dBm, corresponding to
∼ 80 mW. Based on the connection shown in Fig. 3.5, the working principle of this
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set-up is explained as following:

• An rf frequency ac current is supplied by a VNA from the Port 1, which is
connected to the input of a picoprobe.

• The output of the picoprobe, i.e. a GS probe (G stands for ground and S stands
for signals), is in contact with two ends of a on-chip stripline. The stripline is
designed to have an impedance close to 50 Ω, which is made by Ti/Au with
thickness of 5/75 nm using electron-beam lithography.

• At the shorted end of the stripline where the stripline has the smallest cross-
section, a resulting rf field reaches its maximum magnitude.

• This shorted end stripline is in the vicinity of the nonlocal device. Under an rf
field oscillating at a certain frequency (frf) with a certain power (Prf), magne-
totransport is studied by using the electrical lockin technique as introduced in
section 3.2 under the influence of the presence of the rf field.

• Note that the cable between the VNA and picoprobe is a special rf cable con-
nected via the SMA connector for lowing the loss of the rf signals. Two lockin
amplifiers, one meetkast and the power supply of the magnet are controlled by
a computer through GPIB cables.

Besides, in order to probe a small response due to the microwave power, the
lockin technique is used by modulating either the rf frequency or rf power with a
lockin frequency. This method is especially powerful in the spin pumping measure-
ment with electrodes of small size, such as typical Pt strips in the nonlocal devices
for magnon transport measurements. The method to combine the rf set-up with the
lockin is explained according to Fig. 3.5:

• The trigger of the VNA is connected to the output of a frequency doubler,
whose input is in contact with the TTL of a lockin amplifier. When the lockin
frequency of the lockin amplifier is set at 17.777 Hz, the output of the frequency
doubler is 35.554 Hz, which can both be monitored by the oscilloscope. The
reason to do this is because the VNA can only be triggered by the upgoing
signals.

• The result is that in the frequency modulating mode the rf field oscillates at two
chosen rf frequencies (f1rf and f2rf), which is modulated by the lockin frequency
(flockin). For example: When f1rf = 3 GHz, f2rf = 6 GHz and flockin = 17.777 Hz, the
rf frequency switches between 3 GHz and 6 GHz with the lockin frequency of
17.777 Hz.
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• Similarly, in the power-modulating mode the rf field alternates between two
chosen rf powers (P 1

rf and P 2
rf) with a lockin frequency. For example: When

P 1
rf = 10 dBm, P 2

rf = −40 dBm and flockin = 17.777 Hz, the rf power switches
between 10 dBm and −40 dBm with the lockin frequency of 17.777 Hz.

Design of the on-chip stripline

For the efficiency of power delivery, the impedance of the stripline should match
the impedance of the power source, which is 50 Ω. The impedance of the stripline
depends on the geometry of the stripline and the substrate, the frequency of the rf
field and the dielectric constant of the materials. Details of the design can be found
in

3.3.2 Microwave reflection measurement

A ferromagnet can be driven into ferromagnetic resonance (FMR), namely the uni-
form precession mode or Kittel mode, by applying an rf field perpendicular to the
static magnetization. This configuration is achieved in the setup as shown in Fig. 3.5:
The magnetization of the YIG thin film is aligned in-plane by the external static field
and the rf field is produced by the on-chip stripline with an out-of-plane component
at the regime of interest. The resonance condition for a thin film with an in-plane
magnetization is given by

ω0 = γµ0

√
H0(H0 +Ms) (3.10)

where ω0 is the angular frequency at resonance, γ is the gyromagnetic ratio, µ0 is
the vacuum permeability, H0 is the static magnetic field and Ms is the saturation
magnetization. This formula is called Kittel equation, which can be obtained from
Eqs. 2.18 and 2.19.

In a typical FMR experiment, two measurement modes can be employed. One is
the field mode, where the static field strength (H0) is varied under an rf field with a
fixed frequency (ωrf = ω0). The other is the frequency mode where the rf frequency
(ωrf) is scanned under a given static field (H0). The VNA supplies the rf power and
in the mean time it measures the reflected rf power by a S11 parameter. In both
modes, when the resonance condition is reached (Eq. 3.10), the magnet absorbs more
rf power to keep the larger precession angle in the uniform precession mode. This
gives rise to a reduction of the reflected rf power, so that the reflection dips are ob-
served at the resonance condition.

The typical results of the microwave reflection (S11) measurement is shown in
Fig. 3.6a. In this case, the field mode is used. At each rf frequency, the amplitude
of the static field is read at each resonance dip, which is plotted in Fig 3.6c. The
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Figure 3.6: Conceptual diagrams of typical microwave reflection measurement results. a Field
dependent microwave reflection measurement at a few fixed rf frequencies from 1 GHz to
7 GHz, represented by the colors of the rainbow, from red to purple. The dips correspond to
the ferromagnetic resonances at given rf frequencies. b Full-width at half minimum (FWHM)
of the reflection dips (µ0∆H0) against the rf frequencies (frf). The black line is a linear fit.
c Dip positions at the resonance condition (µ0H0) against the rf frequencies (frf). The black
curve is a fit to the Kittel equation 3.10. The colors in b and c correspond to the rf-frequency
colors used in a.

measured resonance field as a function of the rf frequency can be fit by the Kittel
equation (Eq. 3.10), from which the gyromagnetic ratio and saturation magnetization
of the magnet are obtained.

Besides, the linewidth of the resonance dip is related with the damping of the
material based on

∆H0 = ∆Hi +
αω

µ0γ
(3.11)

where ∆H0 is the full width at half minimum (FWHM) of the reflection dips, ∆Hi

is the linewidth related to the non-intrinsic damping of the sample induced by in-
homogeneities and impurities, γ is the gyromagnetic ratio and ω is the angular fre-
quency of the microwave field. Most importantly, α is the Gilbert damping parame-
ter, which is obtained from the slope of the linear relation between rf frequency and
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Figure 3.7: Conceptual diagram of typical spin pumping measurement results. Spin-pumping
voltages measured by a Pt strip as a function of the external field. A few fixed rf frequencies
are used, from 1 GHz to 7 GHz, represented by the colors of the rainbow, from red to purple.

the linewdith as shown in Fig. 3.6b.

3.3.3 Spin pumping measurement

Spin pumping is the phenomenon in which FMR acts as a source of spin current []
(see section 2.4.4). Given a Pt∣YIG heterostructure, the spin current produced from
the FMR of YIG can enter the attached Pt. Due to the ISHE of Pt, a voltage response
can be measured under an open circuit condition. Taking into account the symmetry
of ISHE, the configuration showed in Fig. 3.5 can reach a maximum spin-pumping
voltage, because the magnetization of YIG is perpendicular to the voltage probe di-
rection of the Pt. When the magnetization of YIG flips its sign, the voltage measured
across the Pt strip also changes sign.

The typical results of the spin pumping measurements are shown in Fig. 3.7: At
the resonance condition associated with each rf frequency, a spin pumping voltage
dip or peak is measured for a positive or negative magnetic field. The resonance field
for each rf frequency is the same as the one in the microwave reflection measurement
as shown in Fig. 3.6a.
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