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ABSTRACT 

 

 

 

SPIN CURRENTS AND FERROMAGNETIC RESONANCE IN MAGNETIC THIN FILMS 

 

 

 

Spin currents represent a new and exciting phenomenon. There is both a wealth of new 

physics to be discovered and understood, and many appealing devices which may result from this 

area of research. To fully realize the potential of this discipline it is necessary to develop new 

methods for realizing spin currents and explore new materials which may be suitable for spin 

current applications. Spin currents are an inherently dynamic phenomenon involving the transfer 

of angular momentum within and between different thin films. In order to understand and optimize 

such devices the dynamics of magnetization must be determined. 

This dissertation reports on novel approaches for spin current generation utilizing the 

magnetic insulators yttrium iron garnet (YIG) and M-type barium hexagonal ferrite (BaM). First, 

the light-induced spin Seebeck effect is reported for the first time in YIG. Additionally, the first 

measurement of the spin Seebeck effect without an external magnetic field is demonstrated. To 

accomplish this the self-biased BaM thin films are utilized. 

Second, a new method for the generation of spin currents is presented: the photo-spin-

voltaic effect. In this new phenomenon, a spin current may be generated by photons in a non-

magnetic metal that is in close proximity to a magnetic insulator. On exposure to light, there occurs 

a light induced, spin-dependent excitation of electrons in a few platinum layers near the 

metal/magnetic insulator interface. This excitation gives rise to a pure spin current which flows in 

the metal. This new effect is explored in detail and extensive measurements are carried out to 

confirm the photonic origin of the photo-spin-voltaic effect and exclude competing effects. 
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In addition to the spin current measurements, magnetization dynamics were probed in thin 

films using ferromagnetic resonance (FMR). In order to determine the optimal material 

configuration for magnetic recording write heads, FMR measurements were used to perform 

damping studies on a set of FeCo samples with different numbers of lamination layers. The use of 

lamination layers has the potential to tune the damping in such films, while leaving the other 

magnetic properties unchanged. 

Finally, the sensitivity of the vector network analyzer FMR technique was improved. The 

use of field modulation and lock-in detection, along with the background subtraction of a Mach-

Zehnder microwave interferometer working as a notch filter, is able to increase the sensitivity and 

lower the background noise of this measurement technique. This improved system opens the 

possibility of probing previously difficult samples with extremely low signals. 
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CHAPTER 1 Introduction 

1.1 Background and motivation 

The electron has formed the foundation for technology in the 21st century. From computing 

to data storage, as well as telecommunications, signal and information processing, and scientific 

instrumentation, the electron is central to how our world operates. While electronics started by 

utilizing the charge property of the electron, increasingly the spin property of the electron has 

become a key feature. Thus, the study of electron spins has become important, both fundamentally 

and technologically. 

The work performed for this dissertation was motivated primarily by two important 

problems. First, as the capabilities and capacities of electronic devices grow, so too does their 

power consumption. To address this issue, there is the possibility of driving electrons with different 

spins to flow in opposite directions, producing a pure spin current. Such spin currents do not suffer 

from the same high losses associated with charge currents, and can potentially be used to inspire a 

new generation of spin electronics, or spintronics, with significantly lower power consumption. 

By developing new methods to generate and detect spin currents this new field of 

spintronics may be advanced. Additionally, the discovery of new material systems will also help 

propel this research and allow for further device optimization. Currently one common magnetic 

materials used in spintronics is yttrium iron garnet (Y3Fe5O12, YIG), due to its very low intrinsic 

damping. While this is a very good candidate material, other magnetic insulators, for example M-

type barium hexagonal ferrite (BaFe12O19, BaM), have unique advantages of their own, such as 

large anisotropy and remanence magnetization, which will enable new devices and applications. 
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The second motivation for the research presented here is the fact that the motion of 

magnetic moments does not follow a simple linear path. Instead the fundamental motion of 

magnetic moments is circular, like that of a precessing top. This property is of fundamental 

importance in magnetic recording, which stores information as a sequence of “up” or “down” 

magnetic moments. When one wishes to change a bit the magnetization needs to change its 

orientation, and how it does that involves the field of magnetization dynamics. 

Of particular importance is the ferromagnetic resonance (FMR) measurement technique, 

which uses a small transverse AC magnetic field to drive the magnetization precession. The 

frequency of the AC magnetic field, and thus that of magnetization precession is in the microwave 

frequency range. By measuring the power absorption of the driving microwaves, it is possible to 

examine the relaxation, or damping, processes at work in a magnetic material. As devices become 

ever smaller it is important that measurement techniques improve apace to properly characterize 

and provide valuable feedback on how best to improve them. 

1.2 Dissertation outline 

This dissertation presents new work on the generation of spin currents and measurement 

of magnetization dynamics. The first half of this dissertation focuses on spin currents and presents 

three experiments in this field. The second half focuses on characterizing magnetization dynamic 

using FMR and is supported by two experimental projects. 

 Chapter 2 introduces the concept of spin currents and how they differ from traditional 

charge currents. The current means for generating and detecting spin currents are discussed, 

including the spin Hall effect, the inverse spin Hall effect, microwave spin pumping, and the spin 

Seebeck effect. The relative advantages and shortcomings of each method are addressed. 
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 The spin Seebeck effect is examined in greater detail in Chapter 3, which gives 

experimental evidence of the effect in Pt/YIG and Pt/BaM thin films. The use of BaM in this work 

is the first report of the spin Seebeck effect in a self-biased magnetic insulator. This work is also 

the first demonstration of the spin Seebeck effect using light as a heat source. 

 Chapter 4 introduces an entirely new method for generating spin currents using un-

polarized light in a Pt/YIG system: the photo-spin-voltaic (PSV) effect. In order to confirm this 

new effect, extensive measurements were carried out to exclude parasitic effects. Such 

measurements included temperature measurements, different illumination configurations, 

different magnetic insulator films, wavelength dependent measurements via optical filters, and 

other control measurements. A mechanism for the physical origin of the PSV effect is proposed 

and the experimental results are compared with the theoretical calculations, showing good 

agreement. 

 The PSV effect is further explored in Chapter 5. In this work, the PSV effect is 

experimentally demonstrated in additional nonmagnetic metals, including Pd, Au, and Cr. The 

PSV effect is also combined with the SSE and separated, introducing further evidence that the PSV 

effect is not of thermal origin. Finally, the wavelength dependence of the PSV effect in each metal 

is examined and shown to be rather different, indicating that the critical wavelength changes for 

different metals. 

 Chapter 6 gives an introduction to magnetization precession and the key experimental 

method for exploring magnetization dynamics – FMR. The mathematical framework for 

describing magnetization dynamics and damping are explained, including the Gilbert and Kittel 

equations. The experimental technique of FMR is described and the practical measurement 

methods of microwave cavity and vector network analyzer (VNA) FMR are discussed. 
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 In Chapter 7 the effects of lamination on damping in FeCo thin films is studied using FMR. 

Films with no lamination, and with one, two, or three Al2O3 lamination layers are studied using 

shorted waveguide and cavity FMR techniques. The magnetic properties, including damping and 

anisotropy, of these films are determined through frequency- and field angle- dependent FMR 

measurements. 

 Chapter 8 shows how the sensitivity of the VNA-FMR measurement technique can be 

improved by utilizing field modulation and lock-in detection as well as background subtraction 

with the use of a microwave interferometer. The experimental data for cavity FMR, standard VNA-

FMR, and the improved VNA-FMR techniques are compared, demonstrating the advantages of 

this new measurement method. 

 The final chapter, Chapter 9, summarizes the work completed in this dissertation and 

proposes several possible future investigations which utilize the discoveries and new techniques 

presented in this dissertation. Of note is potential work related to the PSV effect and utilizing the 

improved VNA-FMR measurement system. 
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CHAPTER 2 Spin currents 

2.1 Introduction to spin currents 

Electronics form the basis of many modern technologies. It is used both to power and 

control a wide variety of different devices at all length scales and to transfer, process, and store 

data. As the demand for more and better electronics grows, the demand for more power 

consumption grows as well. One of the primary avenues of loss in electronic devices is resistance 

induced heating due to the flow of charge current through channels with a finite resistance. 

Computing is one very power intensive technology sector, with one large data center consuming 

as much power as 25,000 individual households.1,2 Of this power consumption roughly half goes 

into the cooling of devices and systems.3 

One approach to alleviate this large demand for energy is to reduce the amount of energy 

lost to resistance. In addition to using the charge property of the electron to enable devices it is 

also possible to use the electron’s spin property. It is possible to drive electrons with different spins 

to flow in opposite directions, producing a so-called spin current. The different types of spin 

currents are shown schematically in Figure 2.1. The red spheres represent electrons moving in the 

direction of the green arrows. The electrons possess both a charge and a spin property. The spins 

are represented by the blue arrows, showing up- and down-spins. A typical charge current is shown 

in Figure 2.1(a). In this case the electrons are randomly spin polarized, with equal amounts of up-

spins and down-spins. This results in a net flow of charge, represented by the orange arrow, and 

no net flow of spins. In the case where there are unequal amounts of up-spins and down-spins 

moving there will be both a net flow of charge and of spin, a so-called spin-polarized current. The 
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case where there are more up-spins than down-spins flowing in a certain direction is represented 

in Figure 2.1(b), resulting in both a charge current, represented by the orange arrow, and a spin 

current, represented by the purple arrow. If equal amounts up-spins and down-spins are flowing in 

opposite directions there is no net flow of charge, but there is a net flow of spin. This case, known 

as a pure spin current, is shown in Figure 2.1(c), which shows that there is only a spin current, 

represented by the purple arrow. 

When such pure spin currents are generated with no associated charge currents there are 

no losses associated with electrical resistance, thus it is possible to design a new generation of low-

power devices harnessing the spin of the electron. This field has been called spin electronics, or 

spintronics, and represents an exciting new area of innovation. 

The generation and detection of such spin currents, however, remains a challenging and 

pioneering research field. At present, there are three primary means of generating pure spin 

currents: the spin Hall effect, spin pumping, and the spin Seebeck effect. These three effects will 

Figure 2.1 Different types of electric currents. The red spheres represent electrons with spin 

orientation shown in blue moving in the direction of the green arrows. (a) When equal amounts of 

up- and down-spins are traveling in the same direction, the result is a net flow of charge, hence a 

charge current, shown as the orange arrow. (b) In this case an unequal number of up- and down-

spins are traveling in the same direction there is a net flow of both charge and spin, resulting in a 

spin-polarized current, represented by orange (charge) and purple (spin) arrows. (c) If equal 

amounts of up- and down-spin are flowing in opposite directions there is no net flow of charge but 

there is a net flow of spins, which is a pure spin current and is shown as the purple arrow. 

(b)(a) (c)
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be covered in detail in this chapter. Each of these effects has both advantages and challenges as 

means of spin current generation. An entirely new method of spin current generation, the photo-

spin-voltaic effect, will be discussed in detail in Chapters 4 and 5. 

2.2 Spin Hall effect 

The classical Hall effect, discovered by Edwin Hall in 1879, refers to the creation of an 

electric potential across a conductor which is transverse to an electric current and a magnetic field 

perpendicular to the current.4 A spin version of this effect was first proposed in 1971,5 first dubbed 

the spin Hall effect in 1999,6 and first demonstrated experimentally in 2012.7 In the spin Hall effect 

(SHE) when a charge current flows in a heavy metal with strong spin-orbit coupling, such as Pt or 

W, a spin-dependent accumulation of electrons is generated perpendicular to the current direction.8 

The simple result of the SHE is a method to translate a charge current into a pure spin 

current, and, via the inverse effect, translate back from a pure spin current to a charge current. The 

SHE, and its inverse effect, are both important cornerstones of spintronics research because of 

their ability to convert between charge and spin currents. The SHE is critical not only for 

fundamental research, but also for the integration of spintronics with traditional electronics. 

The typical explanation for the origin of the SHE is the spin-orbit coupling induced spin 

dependent scattering, however, other mechanisms have also been proposed.8 The influence of spin-

orbit coupling can be explained by considering an electron interacting with a non-magnetic ion. It 

will experience an effective magnetic field 

 𝐁 = −
1

𝑐2
𝐯×𝐄 = −

1

𝑐2
𝐯×(

𝑘𝑞

𝑟3
𝐫) 

2.1 
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in the frame of the moving electron, where E is the electric field of the ion, v is the velocity of the 

electron, r is the position vector of the electron relative to the ion, q is the charge of the ion, and k 

is Coulomb’s constant. The scattering process due to the Lorentz force is shown schematically in 

Figure 2.2. If the electron spin is not exactly perpendicular to the trajectory plane, it will precess 

around B during the scattering event. The Zeeman energy of the electron, in the frame of the 

electron, is 

 𝐸𝑧 = −𝛍 ∙ 𝐁 =
𝜇𝐵𝑘𝑞

𝑐2𝑟3
(𝐯×𝐫) ∙ �̂� 

2.2 

where μ is the magnetic moment of the electron which is pointing along �̂�, and μB is the Bohr 

magneton. Note, however, that the magnetic field, B, is inhomogeneous in space because both v 

and E change as the electron moves along its path. For this reason, there is a spin-dependent force, 

which is proportional to the gradient of the Zeeman energy, acting upon the electron. This spin-

dependent force is the origin of the spin Hall effect. 

Figure 2.2 Schematic of electrons scattering from negatively charged ion. The electron 

experiences an effective magnetic field B ~ v × E perpendicular to the path of the electron. 

v 

v 

E E 

B 

B 

e 

e 

- 
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The result of this spin-dependent force is an asymmetry in the scattering of electrons with 

opposite spins, where, in this case, spin-up electrons will mostly go to the right and spin-down 

electrons will mostly go to the left. The cumulative effect is the separation of spin-up and spin-

down electrons, which will generate a pure spin current which is proportional to 

 𝐣𝒔 ∝ Θ𝑆𝐻𝐣𝒄×�̂� 2.3 

where js is the spin current density, jc is the charge current density, and ΘSH is the so-called spin 

Hall angle which is related to the strength of the spin-orbit coupling in the material. 

The SHE is shown schematically in Figure 2.3(a) where a charge current, with no spin 

polarization traveling in the y direction, has its up-spins deflected to the left and the down-spins 

deflected to the right, creating a spin current in the x direction. Note that no external magnetic field 

is required to generate this spin current, only a charge current and a material with a strong spin-

orbit interaction. 

Typically, it is not possible to use traditional electronics equipment, such as a voltmeter, to 

detect a pure spin current, as there is no associated charge current. However, by utilizing the 

(b)(a)

y

x

z

jc

js

js

jc

Figure 2.3 Diagram of spin Hall and inverse spin Hall effects. (a) A charge current with no 

spin polarization, jc, traveling in the y direction in Pt generates a spin current, js, in the x direction 

via the spin Hall effect. (b) A pure spin current traveling in the y direction, js, generates a charge 

current in the x direction, jc, via the inverse spin Hall effect. 
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inverse spin Hall effect (ISHE) a pure spin current can be converted to a charge current and 

detected by conventional means. The relationship for the ISHE can be obtained by inverting 

Equation 2.3 

 𝐣𝒄 ∝ Θ𝑆𝐻𝐣𝒔×�̂� 2.4 

Figure 2.3b) shows the case where a pure spin current, with up-spins flowing in the y 

direction, is converted to a charge current in the x direction. The down-spins, not shown in Figure 

2.3, are flowing in the -x direction and are also deflected in the same direction as the up-spins. 

Thus, a charge accumulation would develop in the x direction and thus a charge current, which 

may be detected by conventional electronic means. The inverse spin Hall effect is a very common 

method for detecting spin current, and will be utilized repeatedly in this work to detect spin 

currents generated by other methods, such as the spin Seebeck effect and photo-spin-voltaic effect. 

While the SHE is an easy method for spin current generation and detection it still relies on 

charge currents to work. If a completely new low-power device is desired, which does not use 

charge currents at all in order to avoid resistive losses, the SHE is not a possible means for spin 

current generation. In order to avoid using such charge currents another method for pure spin 

current generation must be used. 

2.3 Spin pumping 

Spin pumping describes the transfer to angular momentum from a ferromagnet (FM) 

undergoing magnetic excitation to an adjacent nonmagnetic metal (NM) layer, as shown in Figure 

2.4.9,10 Spin pumping has been extensively studied in a variety of FM metal/NM9,11-13 systems as 

well as FM insulator/NM systems.14-18 The study of spin pumping reveals important details about 
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the interface between the FM and the NM related to the transfer of angular momentum across the 

interface. Thus, is it of great importance to spintronic applications, which often make use of bilayer 

or multilayer films. Spin pumping is also an accessible method for generating pure spin currents 

by using microwaves as an excitation source. 

Spin pumping transfers energy out of the magnetic material, which can be interpreted as a 

source of damping or loss, into the NM, as a pure spin current. The amount of spin current 

generated in the NM is proportional to the increase in damping in the FM. This is a manifestation 

of the conservation of angular momentum. This is commonly seen in multilayered structures. For 

additional information on FMR and loss see Chapter 6. 

The spin current density generated by spin pumping can be described as 

 𝐣𝐬 =
ℏ

4𝜋
Re(𝑔↑↓)�̂�×

𝜕�̂�

𝜕𝑡
 

2.5 

where g↑↓ is the spin mixing conductance across the FM/NM interface and m is the magnetization 

of the ferromagnet. This spin current density is equal to the net angular momentum transferred 

from the spins in the FM layer to the electrons in the NM layer through the interface per unit area 

H 

m 

j
s
 

FM NM 

Figure 2.4 Spin pumping from a ferromagnet (FM) into a nonmagnetic metal (NM). 

Precession of the magnetization, m, in the FM injects a pure spin current, js, into an adjacent NM. 

The arrows in the NM represent the magnetic moments of the electrons. 
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within a unit time. Note that the terms on the right side of Equation 2.5 has the same form as the 

damping term in Equation 6.11 and thus can be viewed as another source of damping, αSP. 

 Spin pumping is an active area of spintronic research, both as a mechanism to generate 

pure spin currents and for its impact on magnetization precession and damping in bi-layered 

structures.19,20 Using microwaves to generate a spin current is desirable for certain device 

applications, however, in many practical applications microwaves are in undesirable means of 

manipulating currents. This is especially true in very small nano devices, where the length scales 

of microwave waveguides and other components limit the miniaturization of a device. While spin 

pumping is an active and exciting area of spintronics research, it will not be explored in detail in 

this work. 

2.4 Spin Seebeck effect 

The Seebeck effect is a thermoelectric effect which converts heat into electric potential at 

the junction of two different metals.21 In the same manner as the spin Hall effect is a spintronic 

version of the Hall effect, the spin Seebeck effect (SSE) is a spintronic version of the Seebeck 

effect. In the SSE a temperature gradient across a FM/NM interface generates a pure spin current 

which is injected into the NM, as shown in Figure 2.5.22-25 The SSE is one of the key phenomena 

that inspired the field of spin caloritronics, which examines charge and heat flow in spin-polarized 

materials. 

  The fundamental physics of the SSE can be understood as spin pumping caused by a 

difference in the magnon temperature between the FM and the electron, or phonon, temperature in 

the NM.23,26 The phonons, conduction electrons, and magnons in the FM and the conduction 

electrons and phonons in the NM can be considered as four separate subsystems, each with their 
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own temperature: 𝑇𝑝
𝐹𝑀, 𝑇𝑒

𝐹𝑀, 𝑇𝑚
𝐹𝑀, 𝑇𝑒

𝑁𝑀, and 𝑇𝑝
𝑁𝑀, respectively. Note that when considering 

ferromagnetic insulators 𝑇𝑒
𝐹𝑀 = 0. 

Consider a temperature gradient applied across the film thickness with the NM in thermal 

contact with an ideal low-temperature reservoir, and the FM in thermal contact with an ideal high-

temperature reservoir, as shown in Figure 2.5. Because the relaxation times in the spin, phonon, 

and electron subsystems are much shorter than the spin-lattice relaxation time each of these 

reservoirs becomes thermalized internally before they equilibrate with each other. Additionally, 

Figure 2.5 Schematic diagram of the spin Seebeck effect. The top diagram (a) shows a 

schematic of the experimental setup where a NM is in thermal contact with a low-temperature 

reservoir and a FM, with magnetization m, is in thermal contact with a high-temperature reservoir 

creating a temperature gradient, ∇T, across the FM/NM interface, resulting in a spin current, js, 

which is injected into the NM. The bottom diagram (b) shows a cartoon of the temperatures of the 

magnon subsystem, 𝑇𝑚
𝐹𝑀 in blue, and the phonon subsystem, Tp in red, as a function of position 

within the bi-layered structure. The magnon subsystem is weakly coupled to the phonon subsystem 

in the FM, and its temperature is independent of the position. The phonon subsystem temperature 

changes gradually across the thickness of the sample. The difference in 𝑇𝑚
𝐹𝑀 and Tp at the interface 

gives rise to the spin current in the NM. 

T 

m 
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the electron-phonon interaction is sufficiently strong such that 𝑇𝑝
𝐹𝑀 = 𝑇𝑒

𝐹𝑀 ≡ 𝑇𝐹𝑀 and 𝑇𝑝
𝑁𝑀 =

𝑇𝑒
𝑁𝑀 ≡ 𝑇𝑁𝑀. However, note that because the magnon-phonon interaction is relatively weak 

𝑇𝑚
𝐹𝑀 ≠ 𝑇𝐹𝑀. This is illustrated in the macrospin model, shown in Figure 2.5(b), where there is 

only one constant magnon temperature 𝑇𝑚
𝐹𝑀, and the electron and phonon temperatures, Tp, vary 

linearly across the thickness of the sample.  

At finite temperature the magnetization order parameter in the FM is thermally activated, 

that is ṁ(t) ≠ 0. At the FM/NM interface a spin current noise, Isp, is injected into the FM due to 

spin pumping according to 

 𝐈𝑠𝑝(𝑡) =
ℏ

4𝜋
[𝑔↑↓

𝑟 𝐦(𝑡)×
𝑑𝐦(𝑡)

𝑑𝑡
+ g↑↓

𝑖 𝑑𝐦(𝑡)

𝑑𝑡
] 2.6 

where 𝑔↑↓
𝑟,𝑖

 are the real and imaginary parts of the spin mixing conductance at the FM/NM interface. 

The thermally activated magnetization dynamics are determined by the magnon temperature, 𝑇𝑚
𝐹𝑀. 

In addition to the spin current noise injected due to spin pumping, there is a fluctuating 

spin current, Ifl, which is caused by thermal noise in the NM which can be described by a random 

magnetic field, h′(t), acting on the magnetization27 

 𝐈𝑓𝑙 = −𝐦(𝑡)×𝐡′(𝑡) 2.7 

This term is proportional to the temperature of the NM, 𝑇𝑁𝑀. 

At thermal equilibrium, we are interested in the DC component of the ensemble average of 

the spin current given by 

 〈𝐈𝑠〉 = 〈𝐈𝑆𝑃〉 + 〈𝐈𝑓𝑙〉 = 𝑆(𝑇𝑚
𝐹𝑀 − 𝑇𝑁𝑀) 2.8 

where S is the spin Seebeck coefficient which is related to material parameters such as 4πMS and 

g↑↓. 
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Thus, because of the temperature difference between the magnon and other subsystems at 

the FM/NM interface there will be a flow of angular momentum from the FM to the NM. This 

creates a spin current in the NM, which, via the ISHE, can be converted to a charge current and 

detected. 

The most common configuration for SSE measurements is the so-called longitudinal 

configuration, shown in Figure 2.6.28 A sample is placed between two heat sinks such that a 

temperature gradient is created out of the film plane. The experimental implementation of heat 

reservoirs varies widely across different experiments. Some common methods of creating the 

temperature gradient are using Peltier devices, resistive wire, Al block heat sinks, and laser 

heating.29-31 

One of the key advantages of this setup is that it avoids contamination due to other heating 

effects, such as the anomalous Nernst effect, which have the same magnetic field dependence as 

Figure 2.6 Longitudinal spin Seebeck effect experimental setup. A sample, consisting of a 

nonmagnetic metal (NM)/ferromagnet (FM) bilayer grown on a substrate, is placed between a hot 

reservoir and a cold heat sink such that a temperature gradient is created out of the film plane. 

NM
FM

Substrate

Heat Reservoir (Cold)

Heat Reservoir (Hot)


T
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the SSE.32-34 However, there are still experimental challenges when making SSE measurements in 

this configuration. For example, care must be taken during the measurement to ensure that the 

temperature gradient is entirely perpendicular to the film plane. Stray temperature gradients may 

contaminate measurements.35  

Additionally, it can be challenging to characterize the temperature gradients. One common 

method of measuring the temperature gradient is placing temperature sensors, such as 

thermocouples, above and below the sample. However, while the NM/FM structure is typically on 

the order of nm the substrates are on the order of μm or even mm. As discussed in the previous 

section it is the temperature gradient at the FM/NM interface which is responsible for the SSE. 

With such a temperature measurement configuration, it is difficult to determine the precise nature 

of the temperature gradient at the interface. It is possible to simulate or model the microscopic 

temperature gradient.31 While it is possible to compare measurements with the same sample or 

structure using such a measurement configuration, it is hard to compare different experiments 

which use very different methods for the generation of thermal gradient or temperature 

measurement. 

2.5 Summary 

The nature and origin of spin currents has been discussed. Three different methods for pure 

spin current generation have been described: the SHE, microwave spin pumping, and the SSE. 

The SHE can convert a charge current into a transverse pure spin current, and the inverse 

SHE and does the opposite, converting a pure spin current into a transverse charge current. This 

technique is quite popular due to its simplicity and ease of implementation. It is also a powerful 
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tool for integrating the new field of spintronics into existing electronic devices. However, due to 

the use of charge currents its power saving advantages are fundamentally limited. 

Microwave spin pumping uses excitations in a FM to transfer angular momentum into an 

adjacent NM. These excitations can be from ferromagnetic resonance, standing spin waves, or 

traveling spin waves. This technique is a very effective way to generate pure spin currents and 

does not involve the use of charge currents. However, microwave sources and their associated 

waveguides are not practical for all devices. 

The SSE generates a pure spin current when a temperature gradient exists across a FM/NM 

interface. This method makes it possible to utilize what is normally waste heat to generate pure 

spin currents, thus turning an otherwise wasted resource into an efficient means of generating pure 

spin currents. However, it is not always easy to precisely characterize or control temperature 

gradients, which represents an engineering challenge for device implementation. 

Spin currents represent a large potential advancement in modern technology. The ability to 

drastically reduce the power consumption of electronic devices would be a great improvement. 

However, due to the physically different means by which spintronic devices operate, much work 

still remains to fundamentally understand the physics of spin currents, as well as achieve practical 

methods for efficiently generating and detecting spin currents. It is because of these potential 

benefits, and challenges, that spintronics is such an active and exciting area of research. 
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CHAPTER 3 Spin Seebeck effect in 

magnetic insulators 

3.1 Overview 

Pure spin currents are very promising for information transfer and processing for future 

low power electronics. By using the spin Seebeck effect (SSE) a temperature gradient across a 

ferromagnetic (FM) thin film will produce a spin current into an adjacent normal metal 

(NM).22,25,28,36-42 One important feature of the SSE is that it not only occurs in magnetic 

metals22,36,42 and semiconductors,37,38,41 but also takes place in magnetic insulators,25,28,39,40 which 

significantly expands the landscape of suitable materials for generation of pure spin currents. 

When using magnetic insulators in bi-layered structures for generating pure spin currents 

there are several advantages when compared to using magnetic metals. First, there is no possibility 

of current shunting through the ferromagnetic insulator. This increases the signal-to-noise ratio of 

such experiments. In SSE experiments, it is also possible to avoid other unwanted thermal effects, 

such as the anomalous Nernst effect.33 Magnetic insulators also have lower damping than transition 

metals43,44 which are typically used in spin current devices. Due to the lower damping of these 

materials the loss of spin currents to magnetic relaxation is lower, thus devices utilizing magnetic 

insulators have a higher spin current generation efficiency. 

This chapter reports on the generation of pure spin currents via the light-induced SSE in 

magnetic insulator thin films.45 YIG or BaM thin-film samples were placed on an aluminum heat 

sink and exposed to light from a 100W incandescent bulb. The light produced a thermal gradient 
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across the sample thickness which produced, through the SSE, a pure spin current flowing into a 

neighboring Pt thin film. Via the inverse spin Hall effect (ISHE), the spin current generated an 

electric voltage across the Pt layer along the direction perpendicular to the magnetization in the 

sample. The voltage varied with time in the same manner as the temperature gradient. The voltage 

amplitude showed a linear dependence on the temperature gradient, and the sign of the voltage 

flips when the magnetization direction in the sample is reversed.  

While previous work has shown the SSE in “soft” magnetic materials,25,28,39,40 this work is 

the first demonstration of the SSE in “hard” hexagonal ferrites. As such, the spin current generation 

approach presented here has a significant implication for future spin battery devices. Specifically, 

the use of a self-biased film allows for the development of miniature devices without the need for 

an external magnetic field. 

The novel use of light as a heat source, demonstrated in this work, allows for rapid 

generation of spin currents. This experimental configuration also has potential applications 

harvesting solar energy, because the generation of electric voltage requires light only. To realize 

efficient sunlight-to-electricity conversion, one could replace the Pt layer with materials with much 

stronger spin-orbit coupling, such as topological insulators. 

In this work two different magnetic insulators are used: yttrium iron garnet and barium 

hexagonal ferrite. The properties of these two important insulators are discussed below. 

3.1.1 Yttrium iron garnets 

One of the most common magnetic insulators used in all areas of magnetics research is 

yttrium iron garnet (Y3Fe5O12, YIG). YIG is a ferrimagnetic oxide material with cubic symmetry, 

definite composition, and extremely low magnetic damping.46-48 
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YIG, and doped YIG, have the lowest relaxation rate of any magnetic material, with an 

intrinsic Gilbert damping constant, α, as low as 3×10-5 for bulk materials49 and 8×10-5 for thin 

films,44 which is about one order of magnitude smaller than other ferrites50 and two orders of 

magnitude smaller than in transition metals43,50 which are commonly used in spintronic devices. 

This low damping is primarily due to the lack of conduction electrons or Fe2+ ions.51 

The combination of its regular structure, insulating property, and record low damping make 

YIG ideal for experiments involving any kind of magnetization dynamics such as microwave 

devices, spin waves, ferromagnetic resonance, magneto-optical effects, and studies of pure spin 

currents, including the SSE.19 From a practical standpoint YIG is so desirable because, due to its 

low damping and insulating property, YIG based spintronic devices require significantly lower 

power compared to metal based devices. YIG based devices also circumvent any issues related to 

charge currents. 

Due to its ubiquity in the field of magnetics YIG has been referred to as the “fruit fly of 

magnetism” by Dr. Charles Kittel.52 

3.1.2 Barium hexagonal ferrites 

M-type barium hexagonal ferrite (BaFe12O19, BaM) is another common magnetic insulator 

used in spintronics. It is a good candidate material for spintronic devices due to its relatively low 

damping and strong uniaxial magnetic anisotropy.  

Because of its strong internal field, BaM has a large remnant magnetization and the BaM 

film can remain self-biased in the absence of an external magnetic field. The remanence in BaM 

can be as large as 97% of the saturation magnetization47 and thus BaM is classified as a “hard” 

ferromagnet. Devices using such “hard” ferromagnets can be much smaller and more energy 

efficient because they do not require any external magnetic fields to operate. 
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3.2 Experimental setup 

The YIG sample used for SSE measurement is a bilayer of YIG (5.9 μm)/Pt (3.8 nm) grown 

on a 0.5-mm-thick (111) single crystal gadolinium gallium garnet (Gd3Ga5O12, GGG) substrate. 

The sample is 22.9 mm long and 1.7 mm wide. From FMR measurements, the 4πMs of the sample 

is 1.89 kG and the Gilbert damping constant α is 1.8×10-4.  

The BaM sample used in this work is a BaM (1.2 μm)/Pt (2.5 nm) bilayer grown on a 0.5-

mm-thick a-plane sapphire substrate. The sample size is 5.0 mm by 1.0 mm. Vibrating sample 

magnetometer measurements indicate the 4πMs of the film is 3.87 kG and there exists strong in-

plane uniaxial anisotropy along the c axis with an anisotropy field Ha of about 16.5 kOe. The 

remnant magnetization of this film is about 89% along the c axis. This means the film is self-biased 

to a large degree at zero fields, which allows for spin-current generation in the absence of external 

magnetic fields. 

Figure 3.1 shows a schematic diagram of the experimental setup. The sample, YIG or BaM, 

sits on an aluminum plate, which works as a heat sink, and is exposed to light from an incandescent 

bulb, which is placed directly above the sample. The light, together with the aluminum plate, 

produces a temperature gradient across the thickness of the sample. Via the SSE, the temperature 

gradient in the magnetic insulator then produces a pure spin current that flows into the Pt layer.23 

The spin current in turn generates an electric voltage across the length direction (the x axis) of the 

Pt layer via the ISHE.53-55 

In this work, the experiments used a 100 W incandescent bulb placed 3-26 cm above the 

sample. A Keithley nanovoltmeter was used to measure the voltage (V) across the length direction 

of the Pt strip. Two type-T thermocouples were attached to the top and bottom surfaces of the 
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sample structure to measure the temperature difference across the structure thickness (ΔT = Ttop-

Tbottom).  

For the YIG sample an external bias field of 1.08 kOe was applied in the sample plane by 

a pair of permeant magnets. For the BaM sample all measurements were taken in the absence of 

external magnetic fields. Prior to the measurements, however, an external field of 10 kOe was 

applied along the ŷ direction (or the -ŷ direction) to set the magnetization (M) of the BaM film in 

the ŷ direction (or the -ŷ direction). Note the c axis of the BaM film is also along the y axis. This 

means that the magnetization M is along the easy axis during the measurements. 

Figure 3.1 Schematic diagram of the SSE experimental setup. A Pt / magnetic insulator (MI) 

structure is placed on an Al heat sink. The sample is magnetized in the ŷ direction and illuminated 

from above by an incandescent light bulb. This generates a temperature gradient and pure spin 

current in the ẑ direction. The spin current flows into the Pt and, via the ISHE, is converted to a 

charge current in the x̂ direction which is measured by a nanovoltmeter. 

yx

z

o M
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3.3 Results and discussions 

Figure 3.2 presents the light-induced generation of pure spin currents in the YIG/Pt sample. 

Figure 3.2(a) and (b) show the V(t) and ΔT(t) signals, respectively, in response to light that was 

turned on at time t=100s and then turned off at t=400s. The data shown in (a) and (b) were 

measured for H∥ŷ and H∥-ŷ, respectively. Figure 3.2(c) shows the V vs. ΔT response. The circles 

show the V data, averaged from 380-395s, and the blue line is a linear fit to the data. Different ΔT 

0 200 400 600
-1

0

1

2

3

Time (s)

V
o

lt
a

g
e

 (

V

)

-1

0

1

2

3


T

 (
K

)

0 200 400 600

-3

-2

-1

0

1

Time (s)

V
o

lt
a

g
e

 (

V

)

-1

0

1

2

3


T

 (
K

)

(b) (a) 

0 1 2 3
0

1

2

3

V
o

lt
a

g
e

 (


V
)

T (K)
0 45 90 135 180

-3

-2

-1

0

1

2

3

V
o

lt
a

g
e

 (


V
)



(degree)

(d) (c) 

Figure 3.2 Light-induced generation of pure spin currents in YIG/Pt. (a) and (b) show the 

voltage and temperature difference (ΔT) between the top (Pt) and bottom (GGG) surfaces of the 

sample, respectively, in response to a light that was turned on at 100s and off at 400s. In (a) and 

(b) the magnetic field is oriented such that H∥ŷ and H∥-ŷ, respectively. (c) gives the voltage 

amplitude as a function of ΔT. (d) gives the voltage amplitude as a function of the in-plane field 

angle θH. 
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values were realized by changing the height of the bulb relative to the sample. Figure 3.2(d) shows 

the V as a function of the in-plane field angle θH, where θH =0 represents H∥ŷ. The circles represent 

the V and ΔT data, averaged from 380-395s, and the blue curve is a sine function fit to the data. 

The data in Figure 3.2 indicate three key results. First, the voltage signal varies with the 

time in the exact same manner as ΔT, as shown in (a) and (b). Second, the voltage vs. ΔT response 

shows a linear response, as shown in (c). Third, the voltage response varies sinusoidally with θH. 

These results are consistent with the expectation that the strength of the SSE-produced spin current 

is proportional to TPt-Tm, where TPt and Tm denote the phonon (or electron) temperature in the Pt 

layer and the magnon temperature in the YIG film, respectively.23,56 Note that roughly TPt-Tm 

changes linearly with ΔT. The data also show that the sign of the voltage varies sinusoidally with 

θH and the sign of the voltage flips when H, and therefore the M in YIG, reverses. This agrees 

with the fact that for a given temperature gradient, the polarization of the SSE-produced spin 

current is determined by the direction of M in the magnetic film.39,40 These results clearly 

demonstrate the light-induced generation of pure spin currents. 

Additional measurements done using the BaM film and no external magnetic field are 

summarized in Figure 3.3. Graphs (a) and (b) in Figure 3.3 present the ΔT(t) and V(t) signals in 

response to light that was turned on at the time t=100s and was then turned off at t=200s. The data 

shown in (a) and (b) were measured for M∥ŷ and M∥-ŷ, respectively. Graph (c) shows the V vs. 

ΔT responses. The empty circles show the data for M∥ŷ, while the solid circles show those for 

M∥-ŷ. For each data point in graph (c), the V and ΔT values are averages of V and ΔT in the 120-

200s time window, and different ΔT values were realized by changing the height of the bulb 

relative to the Pt/BaM sample. Figure 3.3(d) shows data obtained when using both a light bulb, 
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which was turned on at 100 s and off at 400 s, and Peltier cooler, which placed under the Al block 

and was turned on at 200 s and off at 300 s, to control the temperature gradient 

These results confirm the outcomes of the experiments using the YIG film. Figure 3.3 

indicates that (1) the voltage signal varies with time in the exact same manner as ΔT, as shown in 

graph (a) and (b), and (2) the voltage vs. ΔT response show almost linear behavior, as shown in 

graph (c). These results are consistent with the results of measurements on YIG, the magnitude of 

the voltage signal is proportional to the temperature gradient and the sign of the voltage signal 

reverses when the direction of M is reversed. Furthermore, the measurement using the Peltier 

Figure 3.3 Light-induced generation of pure spin currents in BaM/Pt. (a) and (b) show the 

voltage and temperature difference between the top (Pt) and bottom (sapphire) of the film (ΔT) 

in response to a light that was turned on at 100s and off at 200s. In (a) and (b) the magnetic field 

is oriented such that M∥ŷ and M∥-ŷ, respectively. (c) gives the voltage amplitude as a function 

of ΔT. (d) Voltage and ΔT signals obtained when both a light bulb and a Peltier cooler were used 

to control the temperature gradient. 
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cooler shows that the light performs a similar function as the heating/cooling device in previous 

SSE studies.22,28,36-40 It is evident that the voltage changed in almost the same manner as ΔT, 

independent of the approaches to realize ΔT. Finally, these measurements required no external 

magnetic field, demonstrating the light-induced generation of pure spin currents in a self-biased 

film. 

Additional control measurements, shown in Figure 3.4, further support the conclusions 

from the YIG and BaM films. The voltage amplitude is sensitive to the bulb height, as 

demonstrated above, but it is not sensitive to the horizontal position of the bulb, as shown in Figure 

3.4(a), where the data give the change of the voltage relative to its initial value in response to 

Figure 3.4 Control measurements. (a) Voltage changes caused by moving the bulb along the 

x-axis obtained with same sample used in Figure 3.3. Voltage and ΔT signals obtained with (b)  a 

Pt(3.8 nm)/GGG(0.5 mm) sample with no magnetic film, (c) a Cu(16.8 nm)/YIG(5.9 

μm)/GGG(0.5 mm) sample and (d) a Cu(9 nm)/BaM(1.2 μm)/sapphire(0.5 mm) sample. 
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moving the bulb to different positions (x1, x2, …, x6) along the x axis. One can see that, except for 

the odd points due to the electric disturbance caused by position change, the voltage change is very 

small (<0.16 μV), indicating that the voltage signals in Figure 3.2 and Figure 3.3 were not due to 

the conventional Seebeck effect.57 

Second, if the magnetic film is removed there is no signal observed. The SSE is a magnetic 

effect which requires a magnetic material to manifest. Figure 3.4(b) shows the V and ΔT 

measurements of a Pt(3.8 nm)/GGG(0.5 mm) sample, which has no magnetic material. One can 

see that there is no measurable voltage response, despite a large temperature gradient. This 

measurement shows the absence of any SSE and confirms the magnetic nature of the previous 

measurements. 

Finally, Figure 3.4(c) and (d) are a control measurements performed on Cu(16.8 

nm)/YIG(5.9 μm)/GGG(0.5 mm) and Cu(9 nm)/BaM (1.2 μm)/sapphire(0.5 mm) samples, 

respectively. No signal was observed in this sample because the ISHE in Cu is very weak and 

cannot convert spin currents in the Cu thickness direction to measurable electric voltage signals 

across the Cu length. This control measurement shows the voltage is very weak and varies with 

time in a completely different manner than ΔT, indicating the absence of the SSE effect. Most 

likely, the V signal resulted from the conventional Seebeck effect which is associated with the 

temperature gradient along the sample length direction.57 

3.4 Summary 

This work establishes a novel approach for the generation of pure spin currents, utilizing 

light to generate the SSE. The experiments used a μm-thick YIG or BaM thin film which was 
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capped by a nm-thick Pt layer. The BaM film has strong in-plane uniaxial anisotropy and is 

therefore self-biased.  

Upon exposure to light, a temperature difference is established across the magnetic film 

thickness that gives rise to a pure spin current in the Pt via the SSE. Through the ISHE, the spin 

current produces an electric voltage across one of the Pt lateral dimensions which is perpendicular 

to M in the magnetic insulator. The voltage varies with time in the same manner as ΔT and varies 

sinusoidally when M is rotated in the film plane. This work demonstrates a spin battery that, when 

using BaM as the MI, requires neither a magnetic field, a microwave source, nor a heating/cooling 

device, but only light. 
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CHAPTER 4 Photo-spin-voltaic effect in 

Pt/magnetic insulator heterostructures 

4.1 Overview 

The generation of pure spin currents in a rapid and controllable manner represents a 

challenging research subject. At the present time, pure spin currents, with no associated charge 

current, can be generated by means of spin pumping and the spin Seebeck effect (SSE). Spin 

pumping involves the use of microwaves to drive the precession of magnetic moments in a 

ferromagnet and the transfer of spins from precessional moments to an adjacent normal metal.9,58,59 

For the SSE, a temperature gradient across a ferromagnetic film induces a spin voltage in the film 

which can inject a spin current into an adjacent normal metal.22,24,25,36-39 Although spin pumping 

and the SSE offer two means for spin current generation, it is challenging to realize well-localized 

microwave fields or temperature gradients at nanometer scales in a rapid fashion. An alternative 

way to produce spin currents is to use the spin Hall effect, in which spin-orbit coupling converts a 

longitudinal charge current to a transverse spin current.5,6,8,60 This approach, however, requires 

charge currents, and hence involves unwanted power consumption. 

This work reports on the discovery of a photo-spin-voltaic (PSV) effect that offers a new 

means for the generation of pure spin currents.61 A schematic of the effect is shown in Figure 4.1. 
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The experiments used normal metal/magnetic insulator (MI) heterostructures where the normal 

metal was a Pt layer, several nanometers in thickness, and the MI was a film of YIG, Ga-doped 

YIG, or BaM with a thickness in the 10-105 nm range. When light illuminates the Pt film, photons 

with appropriate energy excite electrons in the occupied bands to the unoccupied bands. For the Pt 

atomic layers in close proximity to the MI, the efficiency of the photon-driven electron excitation 

is different for electrons in different spin channels. This efficiency difference, together with the 

difference in the diffusion of the excited electrons and holes, gives rise to a spin voltage near the 

interface, and a corresponding pure spin current cross the Pt thickness. Such spin currents can 

produce a measurable electric voltage in the Pt film by means of the inverse spin Hall effect 

(ISHE).6,54 This new phenomenon is analogous to the photo-voltaic effect in semiconductors,62 but 

engages spin-dependent photon-driven electron excitation. 

Figure 4.1 Photo-spin-voltaic effect in a Pt/MI bi-layered structure. The MI has in-plane 

magnetization, M. When the structure is exposed to light, a spin voltage (𝜇↑ − 𝜇↓) arises in Pt 

atomic layers in close proximity to the MI. This spin voltage drives spin-up and spin-down 

electrons to move in opposite directions, resulting in a pure spin current across the Pt thickness. 
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4.2 Experimental setup 

Figure 4.2(a) shows a schematic of the experimental setup, where the core component is a 

Pt/MI/substrate structure. An in-plane magnetic field H is applied to magnetize the MI film to 

saturation. A halogen light bulb was used to illuminate the Pt/MI structure from either the top (as 

shown) or the bottom. A nanovoltmeter was used to measure the ISHE voltages across the Pt 

length. 

The MIs used in this work are 4.9-μm-thick YIG, 10.4-μm-YIG, 21-nm-thick YIG, 78-μm-

thick Ga-doped YIG, and 1.2-μm-thick BaM. The substrates for the YIG and Ga-doped YIG film 

samples were single-crystal (111)-oriented GGG. The 4.9-μm-thick YIG, 10.4-μm-YIG, and 78-

μm-thick doped YIG (doped with 2.5% atomic Ga) films were grown by liquid phase epitaxy.63 

The 21-nm-thick YIG films were grown by RF sputtering.44,64 The 1.2-μm-thick BaM films were 

grown on single crystal c-axis in-plane sapphire substrates by pulsed laser deposition.45 The Pt and 

Cu layers were grown by DC sputtering at room temperature. The YIG, doped YIG, and BaM 

films were characterized by field-in-plane ferromagnetic resonance (FMR) measurements. Fitting 

of the FMR frequency vs. field responses with the Kittel equation yielded an effective saturation 

magnetization (4πMs) of 1920 G for the 4.9-μm-thick YIG films, 1757 G for the 21-nm-thick YIG 

films, 950 G for the 78-μm-thick doped YIG films, and 3870 G for the 1.2-μm-thick BaM films. 

Static magnetic measurements indicated that the BaM films had an effective uniaxial anisotropy 

field of 16.5 kOe and a remnant magnetization of 3440 G, both along the in-plane c axis. 

For the PSV measurements, the magnetic field was provided by a pair of permanent 

magnetics, and was measured with by a LakeShore model 450 gaussmeter. The electrical voltages 

were measured by Cu wires attached to the sample with silver paste and connected to a Keithly 
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2182A nanovoltmeter. The temperatures were measured by National Instruments USB-TC01 

thermometers with Omega 5SC-TT-T-40-36 Type-T thermocouples. In order to maximize the 

signal-to-noise ratio, the experimental setup was placed on an optical table to minimize mechanical 

vibrations and was covered with an enclosure to diminish air flows. To minimize the temperature 

gradients across the sample thickness and length, an 8 cm fam was used to circulate air within the 

sample enclosure. The primary light source was a 100W 120VAC halogen light bulb. 

The optical spectra of different light sources were measured with an Ocean Optics 

IRRAD200 visible spectrometer, with a wavelength range of 350-1000 nm, and an Ocean Optics 

NIRQuest512-2.5 near-infrared (NIR) spectrometer, with a wavelength range of 950-2500 nm). 

The light was collected using an Ocean Optics QP600-2-VIS-NIR patch cord with a 600 μm fiber 

optic core and an Ocean Optics P450-1-FLUORIDE patch cord with a 450 μm core for visible and 

NIR measurements, respectively. The optical transmission properties of the samples and the 

optical filters were measured with the same spectrometers and patch cords by placing the sample 

or filter over the end of the patch cord, between the fiber and the light source.  

4.3 Demonstration of the photo-spin-voltaic effect 

 Figure 4.2(b) shows the voltage signals measured in response to light illuminating the Pt 

side of the structure. The three signals are for different field angles (θH, as marked in Figure 4.2(a)). 

Figure 4.2(c) compares the responses to light incident on different sides of the sample. One can 

see three main results from the data in Figure 4.2(b) and (c). First, the light illumination gives rise 

to a notable voltage signal, demonstrating the PSV effect. Second, the voltage versus θH response 

can be fitted well by a sine curve, with the voltage flipping its sign when H is reversed, showing 

the magnetic nature of the PSV effect. Third, reversal of the direction of light illumination does 
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not result in a change in the sign of the voltage, indicating that the PSV effect is unrelated to 

possible temperature gradients across the structure thickness. 

Figure 4.2(d) presents measurements of the voltage and three temperatures, which further 

confirm the irrelevance of the temperature gradient. The blue curve shows the voltage. The red, 

Figure 4.2 Main features of the PSV effect. (a) Experimental configuration to demonstrate the 

PSV effect. (b) Voltage signals measured for different field angles (θH) in response to light that was 

first turned on at 100 s and then turned off at 400 s. The inset shows the voltage as a function of θH. 

The circles show the voltage average over the entire period of light illumination; the error bars 

represent the standard deviation; the curve shows a sine function fit. (c) Voltage signals for different 

directions of light illumination in response to a light signal turned on at 50 s and off at 70 s. The 

inset shows the voltage values for ten measurements, which are averages over the time period 55-

65 s; error bars are the standard deviation. (d) Voltage and temperature profiles obtained under the 

same condition as the data shown by the red curve in (b). All the data were obtained with a 3.5-

mm-long, 1.5-mm-wide Pt(2.5 nm)/YIG(4.9 μm)/GGG(0.5 mm) sample, a magnetic field of 

H=1090 Oe, and a 100 W halogen light bulb placed 29 cm away from the sample. The data in (b) 

and (d) were measured with an electrode separation of 2.5 mm, whereas the data in (c) were 

measured with a separation of 3.0 mm. For the data in (c) and (d), the field angle θH is 90°. 
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orange, and green symbols show the temperature of the Pt surface (TPt), the temperature difference 

across the entire structure thickness (ΔTt), and the temperature difference along the x axis between 

the two electrodes for the voltage measurements (ΔTl), respectively. It is obvious that the 

temperatures respond to the ‘on’ and ‘off’ operation of the light in a manner much slower than that 

of the voltage. ΔTl even changes its sign during the period of light illumination. Furthermore, ΔTt 

and ΔTl are both very small, with their absolute values less than 0.5°C. If one takes into account 

the GG substrate thickness and assumes a linear temperature distribution across the structure 

thickness, the temperature difference across the YIG film thickness would be less than 0.005°C. 

These results together clearly confirm that the observed voltage signals cannot be attributed to any 

effects associated with a temperature gradient, including the Seebeck effect,21,57 the SSE,22,24,25,36-

39 the Nernst effect,32 the anomalous Nernst effect,33,65 and the planar Nernst effect.33-35,66 Note 

that when ΔTt (ΔTl) is large and the SSE overwhelms the PSV effect, the voltage signal changes 

with time in exactly the same manner as ΔTt (ΔTl), as shown in Figure 4.9. 

The above-described PSV effect was further examined through additional measurements 

which varied the illumination direction and utilized different MI films. 

4.3.1 Different illumination configurations 

Figure 4.3 shows data obtained with different light/field configurations using four different 

samples. Figure 4.3(a) shows the data for the same samples as described in Figure 4.2. The data 

were obtained for three different light configurations and two different magnetization (M) 

orientations. The numbers beside the voltage profiles indicates the voltage levels. Three important 

results are evident from Figure 4.3(a). First, for a given M orientation, the voltage signal is the 

strongest when the two bulbs are used to illuminate both the sides of the sample; and there is no 

change in the voltage sign when one switches between the light-on-Pt and light-on-MI 
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configurations. These results further verify that the observed effect is not due to any effects 

associated with a temperature gradient. If the effect is associated with temperature gradients, one 

Figure 4.3 Measurements for different illumination/magnetization configurations. The data show 

PSV voltages in response to three different light illumination configurations (see small diagrams on the 

top) for two different magnetization (M) orientations (see diagrams on the right) for four different 

samples. (a) Results for the same sample as that described in Figure 4.2. (b) Results for three further 

samples: 78 μm Ga-doped YIG, 21 nm YIG, and 1.2 μm BaM. All the data were obtained with 100 W 

halogen light bulbs. The light-to-sample distances were 20 cm, and the electrode separation was about 

3.8 mm. 
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would expect that, for the three light configurations in Figure 4.3(a), the leftmost one should have 

the smallest temperature gradient across the MI thickness, and should therefore yield the weakest 

voltage signal. Second, the data also show that the voltage obtained with two bulbs illuminating 

both sample sides is approximately equal to the sum of the voltages for the light-on-Pt and light-

on-MI configurations. This result indicates that it is the light intensity, not the illumination 

direction which is important for the PSV effect. Third, reversing M results in a flip in the sign of 

the voltage, but produces only trivial changes in the voltages magnitude, confirming the magnetic 

nature of the PSV effect shown in  Figure 4.3(a). 

4.3.2 Different magnetic insulator films 

Figure 4.3(b) presents the data measured with three different samples, where the MI layers 

are a 78-μm-thick opaque Ga-doped YIG film, a 21-nm-thick transparent YIG film, and a 1.2-μm-

thick brown-color BaM film. The data are presented in the same format as in Figure 4.3(a). One 

can see that the data in Figure 4.3(b) evidently confirm all the results shown in Figure 4.3(a). 

Moreover, they also suggest it is most likely that visible light does not play a dominant role in the 

PSV effect. If visible light were to be involved then one would expect that the samples consisting 

of non-transparent MI films should yield much weaker signals for the light-on-MI configuration 

than for the light-on-Pt configuration. 

The data in Figure 4.3 indicate a very important result: in spite of very different magnetic 

films, the four samples yielded voltage signals that differ by no more than one order of magnitude. 

This result has two implications: the signals are not due to the SSE, which depends strongly on the 

MI thickness;67 and the effect is not associated with magnon excitations in the MI, but is probably 

related to excitations in the Pt. If the MI is responsible for the PSV effect, one would expect that 

the voltage levels of the signals from the three YIG samples should be significantly different. In 
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addition, the data also indicate that, independent of the thickness and transparency of the MI, the 

light-on-MI configuration gives stronger signals than the light-on-Pt configuration, consistent with 

the data shown in Figure 4.2(c). 

4.4 Wavelength dependence of the photo-spin-voltaic 

effect 

The above results indicate that it is very likely that the PSV effect relies on excitation in 

the Pt and visible light is not the dominant contributor to the voltage signal. These indications were 

further clarified by measurements using different light sources and optical filters. Figure 4.4 shows 

representative data. Figure 4.4(a) presents the optical transmission values of four samples grown 

on GGG substrates, as well as the transmission of a bare GGG substrate. Although not shown, the 

transmission values in each case remained the same when the samples were flipped over. In 

comparison with the bare GGG, the two YIG samples show much lower transmission values in the 

350-450 nm range. This is consistent with the fact that YIG films have a bandgap of about 2.8 

eV.68 The comparison between the data of the YIG and Pt/YIG samples clearly shows that the 

growth of a Pt capping layer results in a notable reduction in the transmission of the sample. This 

result, together with the fact that the Pt layers are significantly thinner than the YIG films, indicates 

strong light-Pt interactions, thereby indirectly supporting the above-discussed results that the PSV 

effect is related to the excitation in the Pt. 

Figure 4.4(b) presents the voltages obtained when optical filters were inserted between the 

light bulb and the sample. The figure shows the voltage data for 12 filter combinations, all 
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normalized to the voltage measured with no filters. The figure also includes results which were 

calculated by using a multiplication rule and the data measured with a single filter inserted.  

Figure 4.4 Measurements using different light sources and optical filters. (a) Optical 

transmission values of five samples. (b) Voltages obtained using different filters (normalized to 

the voltage with no filter). The blue and red symbols show the measured and calculated voltages, 

respectively. ‘###S(L)’ denotes a ###-nm short-(long-)pass filter. The error bars are the standard 

deviations of the voltage measured during light illumination. (c) Optical spectra of a 100 W 

halogen light bulb and a 40 W LED lamp. (d) Transmission profile of a long-pass filter. (e) Optical 

transmission values of two filters used either separately or together. The table in (e) presents the 

measured voltages for the four filter configurations shown. (f) Data of another two filters shown 

in the same format as in (e). 
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The multiplication rule states that the degrading factor of the observed PSV signal due to 

the use of multiple filters is the product of the degrading factors due to each single filter. If one 

defines the PSV signal with no filter, with only filter A, with only filter B, and with both filters A 

and B as V0, VA, VB, and VAB respectively, the multiplication rule can be expressed as 

 
𝑉𝐴𝐵

𝑉0
=

𝑉𝐴
𝑉0

×
𝑉𝐵

𝑉0
 4.1 

The establishment of the multiplication rule observed in the experiment implies that the 

PSV must be generated by the light in a relatively narrow wavelength (λ) range, as argued below. 

From experimental observations, it is reasonable to write down the PSV signal as 

 𝑉 = ∫ 𝑇(𝜆)𝐼(𝜆)𝐶(𝜆)d𝜆 
4.2 

where T(λ) is the general transmission of the light filter(s), I(λ) is the general incident total light 

intensity, and C(λ) is the general conversion function between the incident light intensity and the 

PSV signal. All of these three parameters are functions dependent on λ. Then the multiplication 

rule implies that the following relation for the two filters, A and B, is satisfied 

 

∫ 𝐼(𝜆)𝐶(𝜆)d𝜆×∫ 𝑇𝐴(𝜆)𝑇𝐵(𝜆)𝐼(𝜆)𝐶(𝜆)d𝜆

= ∫ 𝑇𝐴(𝜆)𝐼(𝜆)𝐶(𝜆)d𝜆×∫ 𝑇𝐵(𝜆)𝐼(𝜆)𝐶(𝜆)d𝜆 

4.3 

Considering the complicated behaviors for I(λ), TA(λ), and TB(λ), generally Equation 4.3 is 

not satisfied since the integration and multiplication operations do not commute. To satisfy 

Equation 4.3, the special condition 𝐶(𝜆) = 𝐶0𝛿(𝜆 − 𝜆0) must be satisfied, where δ(λ) is the Dirac 

delta function. This condition signifies that the main contribution for the PSV signal must come 

from the light in a narrow wavelength region centered around λ0. 

One can see from Figure 4.4(b) that the experimental voltages agree well with the 

calculated values for all 12 configurations, which evidently indicates that only a relatively narrow 
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wavelength range, rather than a broad spectrum, is responsible for the PSV effect. Note that the 

response of the various short-pass and long-pass filters used in this experiment are not ideal. The 

short-pass filters in particular function more like band-stop than edge filters. See, for example, the 

blue curve in Figure 4.4(e) for the 800 nm short-pass filter. However, it was possible to take 

advantage of the complicated response of these filters and do more extensive comparisons to the 

theory described below. 

To further identify the critical wavelength, several measurements were carried out as 

described below. First, measurements were performed that used a 40 W white LED lamp with the 

spectrum shown in Figure 4.4(c), instead of the halogen bulb. The measurements, however, yielded 

very weak signals. This result confirms the above conclusion that the visible light does not make 

a major contribution to the voltage signal. Second, measurements that used a filter with the 

transmission shown in Figure 4.4(d) gave a very strong signal (92.2% of the signal obtained with 

no filters). This result further confirms that light with λ <700 nm does not play a leading role. 

Third, as shown in Figure 4.4(e), measurements using an 800 nm short-pass filter and a 900 nm 

long-pass filter indicate that light in the range 700 nm < λ < 1000 nm also makes a very small 

contribution to the PSV effect. Note that the voltage (0.18 μV) measured with both the 800S and 

900L filters used is very close to the value (0.17 μV) calculated using the multiplication rule, which 

firmly suggests that light in the range 700 nm < λ < 1000 nm is not responsible for the PSV effect. 

Finally, as shown in Figure 4.4(f), measurements using a 900 nm short-pass filter and a 1000 nm 

short-pass filter indicate that light in the range 900 nm < λ < 1600 nm does not make a significant 

contribution to the PSV effect either. As for the situation shown in Figure 4.4(e), the data in Figure 

4.4(f) also show that the voltage (0.12 μV) measured with both the two filters used is very close 
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to the value (0.11 μV) calculated using the multiplication rule, which further suggests that the 

wavelength critical for the PSV effect lies in the range 1600-2000 nm. 

In addition, the data obtained using the LED lamp and the 695 nm long-pass filter also 

confirm that the PSV effect is not associated with the excitation in the YIG. This statement is based 

on the facts that YIG films have a bandgap of about 2.8 eV (443 nm) and light with λ < 443 nm 

can induce excitations in the YIG.68 If the PSV effect relies on the excitations in YIG, one would 

expect stronger voltage signals when the LED was used, because the LED emits a higher intensity 

of light in the range λ < 443 nm than the halogen bulb, as shown in Figure 4.4(c); one would also 

anticipate no measurable signals when the 695 nm long-pass filter was used, because the filter 

shows no transmission in the λ < 695 nm range. 

4.5 Physical mechanism of the photo-spin-voltaic effect 

On the basis of the experimental observations, it is believed that the PSV effect results 

from the photon-driven, spin-dependent excitation of electrons in the Pt atoms that are in close 

proximity to the MI. More explicitly, this effect involves physical processes which are sketched in 

Figure 4.5(a) and can be explained through density function theory (DFT) calculations for optical 

absorption69 and spin diffusion analyses. The main macroscopic processes are described below. 

First, when light illuminates the Pt/MI structure, photons with an appropriate energy excite 

electrons in the occupied bands in the Pt to the unoccupied bands, as indicated by the left vertical 

arrow in the top diagram of Figure 4.5(a) and the two vertical arrows in Figure 4.5(b). 

Second, in the paramagnetic Pt atomic layers, the light-induced excitation is expected to 

have the same efficient for electrons in the two spin channels. However, the excitation is spin 

dependent for Pt atoms in close proximity to the MI (the gridded region in Pt in Figure 4.5(a)), 
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because those atoms are spin polarized and show ferromagnetic-like behavior.25,70-72 In other 

words, there are proximity-induced magnetic moments in the Pt atomic layers near the interface, 

and the presence of these moments gives rise to a difference in the excitation efficiency for 

electrons in the two spin channels. In fact, the DFT calculations, performed at UC Riverside,61 
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Figure 4.5 Theoretical interpretation of the PSV. (a) Sketch of the physical mechanism 

underlying the PSV effect. When light illuminates the sample, photons excite electrons and 

generate non-equilibrium hot electrons and holes in the Pt atomic layers that are in proximity to 

the MI (the gridded region). The excited electrons and holes diffuse from the Pt/MI interface to 

the Pt surface (along the +z direction), giving rise to spin currents (Je and Jh). (b) Band structure 

of Pt calculated using DFT with spin-orbit coupling in the presence of a magnetic moment of 0.2 

μB per atom. (c) Calculated difference between the imaginary parts of the dielectric functions for 

the spin-up and spin-down channels. (d) Spatial distributions of spin currents carried by hot 

electrons and holes. For the calculations, the Pt thickness was chosen to be 2.5 nm, and the spin 

mean free paths for the hot electrons and holes in the Pt film were chosen to be 0.5 nm and 5.0 nm, 

respectively. 
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indicate that the excitation of spin-down electrons is more efficient than that of spin-up electrons, 

as shown in Figure 4.5(c). The excitation process sketched in the top diagram of Figure 4.5(a) is 

consistent with this result. 

Third, the diffusion of the excited electrons and holes in the Pt from the ferromagnetic 

region to the paramagnetic region gives rise to spin currents Jc and Jh, respectively, as shown in 

the top diagram in Figure 4.5(a). At first glance, there is no net spin flow because the electrons and 

holes carry exactly opposite spins. In practice, however, the holes in the occupied bands have lower 

energy, and thereby a longer spin mean free path than the electrons in the unoccupied bands. This 

difference results in a much larger spin current for the holes than for the electrons, and thus a net 

spin current 𝐽net = 𝐽e − 𝐽h, as shown in Figure 4.5(d). The configuration shown in Figure 4.5(a) 

corresponds to a net spin current that has a polarization along M, which is consistent with the spin 

flows depicted in Figure 4.2(a). 

4.6 Comparison of experiment and theory 

The above interpretation is qualitative in the sense that there is no clear boundary between 

the ferromagnetic and paramagnetic regions in the Pt. Nevertheless, the interpretation captures the 

essence of the physical process of the PSV effect and is supported by the experiments, as explained 

below. 

First, because the PSV effect relies on the excitations in the Pt, not in the MI, one can 

expect similar voltage signals from samples made of different MIs. This expectation is met by the 

data shown in Figure 4.3 which were obtained with four samples with very different MIs. One can 

also expect the absence of the PSV effect in samples where the Pt layer is replaced by other normal 
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metals supporting no spin-dependent electron excitations. In fact, measurements using Cu/YIG 

and Cu/BaM yielded no notable PSV signals when ΔTt and ΔTl were comparable to those cited 

above. When ΔTl was relatively large, we did observe voltage signals, which, however, changed 

with time in the same manner as ΔTl, as shown in Figure 4.6(a). These signals resulted from the 

Seebeck effect.21 

  Second, the sign of the spin voltage at the interface depends on the magnetic ordering in 

the Pt atomic layers in proximity to the MI, whereas the latter is induced by M in the MI.70-72 For 

this reason, it is expected that a rotation of M in the MI will result in a change in the polarization 

of the spin current in the Pt, and the absence of the MI will give rise to no PSV signals. The first 

expectation is clearly shown by the dependence on the M orientation shown in Figure 4.2(b) and 

Figure 4.3(a) and (b). The second is proven by measurements on Pt/GGG samples. When ΔTl in 

the Pt/GGG was relatively large, we observed only Seebeck-effect-produced voltages signals,21 

Figure 4.6 Control measurements. (a) Voltage (curve) and temperature (symbols) signals 

measured across the length of a 20-mm-long, 1.75-mm-wide Cu(16 nm)/YIG(36 μm)/GGG(0.4 

mm) sample with M along the +y direction. (b) Voltage signals obtained for three different field 

orientations from a 21-mm-long, 1.7-mm-wide Pt(8.5 nm)/GGG(0.5 mm) sample. (c) Voltage 

responses for different light-to-sample distances obtained with an 18-mm-long, 1.65-mm-wide 

Pt(2.6 nm)/Ga-doped YIG(78 μm)/GGG(0.4 mm) sample with M along the +y direction. All the 

data were obtained using a 100 W halogen light bulb placed above the Cu or Pt side of the sample. 

For the data in (a) and (b) the bulb was 10 cm away from the sample and was turned on at 100 s 

and off at 400 s. For the data in (c), the bulb was turned on at 20 s and off at 40 s. The electrode 

separation was about 3.8 mm for all the measurements. 
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which changed with time in the same manner as ΔTl, and showed no dependence on the field 

direction, as shown in Figure 4.6(b). 

Third, the excitation processes in the Pt should be independent of the direction of light 

illumination, which is consistent with the experimental observations for different light 

configurations shown in Figure 4.2(c) and Figure 4.3(a) and (b). This expectation is further 

confirmed by the data shown in Figure 4.9. The processes, however, depend on the light intensity, 

which is clearly indicated by the data in Figure 4.6(c) as well as by the fact, shown in Figure 4.3, 

that the voltage signal measured for light illuminating both sides of a sample is equal to the sum 

of the signal for light illuminating one side of the sample. 

Fourth, the theoretical results in Figure 4.5(c) suggest that the PSV effect is strong in a 

relatively narrow wavelength region centered at about 0.7 eV. This agrees with the above-

discussed experimental observations that the PSV effect depends only on a relatively narrow light 

wavelength range, and such wavelengths are most likely within the range 1600-2000 nm. 

Finally, in addition to the qualitative agreements between the experimental observations 

and the theory discussed above, there exist also quantitative agreements between the experimental 

and theoretical results. Figure 4.7 shows the comparison of measured and calculated voltages when 

using filters. The solid circles show the experimental voltages normalized to the voltage obtained 

without suing any filters. The empty circles give the voltages calculated by 

 𝑉 =
∫ 𝐼(𝜆)𝑇(𝜆)(휀↑

′′ − 휀↓
′′)d𝜆

∫ 𝐼(𝜆)(휀↑
′′ − 휀↓

′′)d𝜆
 4.4 

where I(λ) is the experimentally measured light intensity of the halogen lamp, as shown in Figure 

4.4(c), T(λ) is the experimentally measured filter transmission, examples of which are shown in 

Figure 4.4(d), (e), and (f), and 휀↑
′′ − 휀↓

′′ is theoretically calculated using DFT, as shown in Figure 

4.5(c). One can see that the measured voltages match very well with the calculated voltages for 
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the majority of the 22 different filter configurations. What is more, such matching is true for both 

of the two samples. 

One important point should be made about the above experiment/theory – if one shifts the 

peak center of the profile |휀↑
′′ − 휀↓

′′| from 0.7 eV to 1.3 eV, the level of agreement between the 

calculated and measured voltages decreases notably, as shown in Figure 4.8. Specifically, Figure 

4.8 gives three sets of voltage values calculated using three different |휀↑
′′ − 휀↓

′′| profiles: (1) the 

actual DFT result as presented in Figure 4.5(c), (2) a Gaussian profile that best fits the main peak 

of the DFT result which is centered at 0.7 eV and has a width of 0.5 eV, and (3) a Gaussian profile 

that is the same as (2) but with its center shifted to 1.3 eV. While the agreement between the 

experimentally measured voltages and the theoretically calculated voltage values are satisfactory 
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Figure 4.7 Comparison of voltages measured and calculated when optical filters were used. 

The measured voltages are normalized to the voltage obtained without using any filters. The 

calculations were carried out with Equation 4.4. ‘###S(L)’ denotes a ###-nm short-(long-)pass 

filter. ‘4.9-μm YIG’ denotes the same sample as described in Figure 4.2 and Figure 4.3(a). ’10.4-

μm-YIG’ denotes a 5.8-mm-long, 1.8-mm-wide Pt(2.6 nm)/YIG(10.4 μm)/GGG(0.4 mm) sample. 

The measurements were performed with the same light and field configurations as for the data 

shown by the red curve in Figure 4.2(b). 
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for both cases (1) and (2), it is much worse for case (3). This result clearly indicates the importance 

of having the correct data of the absorption spectra. This result, together with that shown in Figure 

4.7, indicates the strong dependence of the PSV effect on the band structure of the Pt or, more 

explicitly, the string of the spin-orbit coupling in the Pt. 

The results of Figure 4.7 and Figure 4.8 also indicate the critical wavelength range for the 

PSV effect in the Pt/MI system which should be around 1800 nm (0.7 eV). This agrees with the 

experimental observation presented in Figure 4.4, namely, that there exists a narrow wavelength 

range over 1600-2000 nm that is critical for the PSV effect. This agreement, together with the facts 

that the Pt layer-caused reduction in the transmission of the sample is almost constant over the 
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Figure 4.8 Wavelength characteristics of the PSV effect. (a) |ε_↑^''-ε_↓^'' | profiles, which are 

the difference between the imaginary parts of the dielectric functions for the spin-up and spin-

down channels. The green profile was obtained by DFT calculations and is the absolute value of 

the value shown in Figure 4.5(c). The blue profile shows a Gaussian profile that fits the main peak 

of the green profile centered around 0.7 eV. The red profile shows a Gaussian profile that is the 

same as the blue profile but with the peak center shifted to 1.3 eV. (b) Comparison of voltages 

measured and calculated when the optical filters were used. The measured voltages are normalized 

to the voltage obtained without using any filters. ‘###S(L)’ denotes a ###-nm short-(long-)pass 

filter. The measurements were performed with the same light and field configurations as for the 

data shown by the red curve in Figure 4.2(b), and the sample was a 5.8-mm-long, 1.8-mm-wide 

Pt(2.6 nm)/YIG(10.4 μm)\GGG(0.4 mm) structure. The calculations were carried out using 

Equation 4.4 and the three |ε_↑^''-ε_↓^'' | profiles given in (a). 
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entire λ range and the light-on-Pt configuration yield weaker PSV signals than the light-on-MI 

configuration, provides evidence that the PSV effect mainly originates from an optical effect, not 

a thermal effect, when illuminated by the halogen lamp. In case that light-induced Pt heating plays 

an important role, one would expect that the Pt layer would cause a larger reduction in the optical 

transmission at a relatively narrow λ range centered at about 1800 nm, and the voltage signals for 

the light-on-Pt configuration should be stronger than those for the light-on-MI configuration. 

4.7 Mixing of the photo-spin-voltaic and spin Seebeck 

effects 

There have been previous experiments on using light to create a temperature gradient and 

thereby realize the SSE.45,73-75 Those experiments also used Pt/MI structures, the same as this work. 

It is possible that the SSE and the PSV effect occur simultaneously in a Pt/MI structure upon 

exposure to light. When the temperature difference across the sample thickness, ΔTt, is very small, 

one can expect that the PSV effect overwhelms the SSE, and the measured voltage signals resulted 

mainly from the PSV effect. This is exactly the case in this work, where the experimental setup   

was constructed to minimize ΔTt. When ΔTt is relatively large, the SSE is dominant, which is the 

case studied in Chapter 4 and References [45],[73]-[75]. Note that in the experiments reported in 

References [73]-[75] the SSE might be the only effect, because the wavelength of the laser used 

for heating is far shorter than the critical wavelength range identified in this work, and the PSV 

effect might be completely absent. In a regime where ΔTt is neither very small nor very large, the 

two effects may coexist. This situation is shown in Figure 4.9. One can see from the data in Figure 

4.9 that, different from the PSV effect, the SSE voltage signal flips its sign when the light 
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illumination direction is reversed, and the SSE voltage varies with time in the same manner as ΔTt. 

These results evidently confirm that the PSV effect is essentially different from the SSE. Note that 

it has been studied previously that the SSE voltage vs. time responses should follow the ΔTt vs. 

time response.45,75 

It is possible that upon the exposure of a Pt/MI sample to light, the light absorption raises 

the temperature of the electrons in the Pt and thereby quickly triggers imbalance among electron, 

phonon, and magnon systems at the interface, potentially leading to an interface-related SSE. It is 

believed that such an interface SSE should be weak in the experiments in this work, because it is 

Figure 4.9 Comparison between PSV- and SSE-produced voltage signals. (a) and (b) present 

the voltage and temperature ΔTt signals measured without and with the use of a heat sink, 

respectively, where ΔTt is the temperature difference measured across the sample thickness. The 

sample and measurement configurations were almost identical to those described for the data in 

Figure 4.2(c), and for all the measurements the light was turned on at t=50 s and then off at t=100s. 

The situation in (a) corresponds to a regime where ΔTt is very small and the PSV effect 

overwhelms the SSE. The situation in (b) corresponds to a regime where ΔTt is relatively large due 

to the use of a heat sink and the PSV effect and the SSE take place simultaneously and both 

contribute to the voltage signals. (c) presents the SSE voltage signals where were obtained by 

subtracting the PSV voltage signals in (a) from the voltage signals in (b). The temperature signals 

in (c) are the same as presented in (b). 
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a thermal effect and should not depend on the wavelength of the light, while the observed voltage 

signals exhibit strong wavelength dependence, as shown in Figure 4.4, Figure 4.5, and Figure 4.7. 

The interface SSE is expected to be weak because the exchange of angular momentum between 

hot electrons (and holes) and quasiparticles (magnons and phonons) is low due to their large energy 

mismatch. The hot electrons have an energy of a few tenth eV, while the magnons and phonons 

have an energy of a few meV only. What is more, even though the hot electrons may interact with 

the magnons, this interaction would have weak spin dependence due to the high energy of the hot 

electrons. Besides, the current SSE theory is based on the quasi-equilibrium of magnon, phonon, 

and electron systems; and in the theory both the temperatures and their gradients are well defined.23 

This is not applicable to the PSV effect, for which the electrons in the Pt are far from their 

equilibrium state and the temperature of electrons is not defined. Of course, the spin-selective 

reflection of hot electrons from the Pt/MI interface may also contribute to spin currents in the Pt. 

It is known that the efficiency of the light-induced heating somewhat depends on the 

product of 휀↑
′′ + 휀↓

′′ and the photon energy, E. This product was calculated from the band structure 

of Pt, as shown in Figure 4.10(b). One can see a broadband response in the 0.5-3 eV range (or 410-

2500 nm in wavelength). The broadband behavior of (휀↑
′′ + 휀↓

′′)×𝐸 is in contrast to the peak 

behavior of the 휀↑
′′ − 휀↓

′′ spectrum shown in Figure 4.10(a). Two important points should be made 

about the results shown in Figure 4.10. First, the results indicate that the peak heating efficiency 

should occur at the photon energy of about 0.98 eV (1270 nm), but the experimental data clearly 

indicate that the critical wavelength is not in this region. Second, these results also indicate that 

the heating efficiency at 2.06 eV (600 nm) should be large, but the experimental data show that 

the measurements using a white LED source, at 600 nm, yielded very weak PSV signals. These 
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two facts provide additional support to the conclusion that heating effects are weaker than the PSV 

effect in the experiments presented in this work. 

There are three additional notes which should be made. First, the wavelength 

characteristics of the PSV effect results from the energy dependence of the light-induced hot 

electron excitation. The spin-orbit coupling in the Pt that converts spin currents to charge currents 

is energy independent, just as in the SSE. Second, for the SSE voltage signal presented in Figure 

4.9, the physical process involves lattice-heated Pt electrons, not the hot electrons directly excited 

by light. Those heated electrons have lower energy than the hot electrons. Finally, there might 

exist a charge current across the thickness of the Pt layer at the onset of illumination due to the 

different diffusion properties of the excited hot electrons and holes. However, this current, if 

present, should be transient because there is no complete circuit for it to flow in. For this reason, 

the PSV produced spin current is not a spin-polarized electron current, but a pure spin flow, and 

there is neither the ordinary Hall effect nor the anomalous Hall effect in the structure. 
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Figure 4.10 Calculated absorption profiles. (a) (휀↑
′′ − 휀↓

′′) profile. (b) (휀↑
′′ + 휀↓

′′)×𝐸 profile. 

휀↑
′′ and 휀↓

′′ are the imaginary parts of the dielectric functions for spin-up and spin-down channels, 

respectively, and E is the photon energy. The 휀↑
′′ and 휀↓

′′ data were obtained through DFT 

calculations and are the same as those used to calculate 휀↑
′′ − 휀↓

′′ in Error! Reference source not f

ound.(a). 
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4.8 Summary 

This work reports that a spin voltage can be created by photons in a non-magnetic metal 

that is in close proximity to a magnetic insulator: the photo-spin-voltaic effect. The PSV effect 

presented here differs from the phenomena of light-induced generation of pure spin currents 

reported previously,45,73-83 as explained below. 

First, the effects demonstrated in Refs. [76]-[82] occur in semiconductors only, not in 

normal metals. Furthermore, except for the case in Ref. [82] they also require the use of polarized 

light. Second, the spin current generation presented in Ref. [83] relies on the excitation of surface 

plasmon resonances. Finally, the effects reported in Refs. [45],[73]-[75] made use of light to create 

a temperature gradient and the SSE to produce spin currents. In this case, the PSV effect and the 

SSE might coexist, as shown in Figure 4.9. 

One can also expect that the PSV effect may open the door to new optical-spintronic 

applications, including light-based spin batteries, sensing orientations of magnetic moments or 

fields, and converting light energy to electricity. 
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CHAPTER 5 Distinction between the 

photo-spin-voltaic and spin Seebeck effects 

5.1 Overview 

The work presented in Chapter 4 has demonstrated that plain light can induce a spin voltage 

in a Pt thin film in proximity to a magnetic insulator (MI) via the photo-spin-voltaic effect.61 This 

effect offers a new method for spin current generation, as an alternative to spin pumping,9,58,59 the 

spin Hall effect,5,6,8,60,84 and the spin Seebeck effect.22,24,25,36-39 It is believed that the essence of the 

PSV effect is the photon-driven, spin-dependent excitation of electrons in Pt atomic layers near 

the interface that show ferromagnetic-like behavior due to proximity to the MI; the excited 

electrons and holes diffuse away from the interface in different manners, producing an effective 

spin voltage at the interface and a corresponding pure spin current across the Pt thickness. 

Although this interpretation has been supported by previous experiments to some degree,61 a 

number of fundamental questions remain outstanding, including whether the PSV effect shows a 

different wavelength and temperature characteristic from the SSE and whether the PSV effect 

occurs in non-magnetic metals other than Pt. The first question is of great importance because light 

illumination can also produce heat and thereby induce a temperature gradient and the SSE. The 

SSE also generates a pure spin current across the Pt thickness that varies with the magnetization 

orientation in the MI22 and the intensity of the light45,74 in exactly the same manner as the PSV 

effect, leading to entanglement of the two effects. This entanglement calls for experimental 

evidence distinguishing the PSV effect from the SSE. The second question regards the proof of 
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the universality of the PSV phenomenon, which is not only fundamentally intriguing but is also a 

necessity in terms of searching for materials exhibiting the strongest PSV effect. 

This work reports experiments that confirm the difference between the PSV effect and the 

SSE. Experiments use normal metal (NM)/MI bi-layered structures where the NM layers is Pt, Pd, 

Au, or Cr and the MI layer is YIG, and four light sources that cover different parts of the optical 

spectrum. One cannot compare directly the PSV strength for different light sources, as the light 

intensity varies between them. Instead, the experiments are conducted in a configuration where the 

PSV effect and the SSE coexist, and the PSV strength is compared to the SSE strength. This 

configuration is realized by illuminating the sample on one side while placing a heat sink on the 

other side of the sample, establishing a temperature gradient across the sample thickness. The PSV- 

and SSE-produced pure spin currents are probed by the inverse spin Hall effect (ISHE),6,8,54 and 

the PSV and SSE components of the ISHE voltage signals are separated based on the different 

time dependence of the two effects.45,61 The data show that for all the NM/YIG samples, the PSV 

effect can be stronger than, similar to, or weaker than the SSE depending on the light source, 

providing direct evidence for the wavelength dependence of the PSV effect. The trend of the PSV 

strength when using different light sources changes in the four samples, indicating the different 

wavelength-dependent contribution from each NM to the PSV effect voltage. 

5.2 Measurements of light-induced, concurrent PSV 

and SSE 

Figure 5.1(a) shows a schematic diagram of the experimental setup. The core component 

is a NM/YIG sample where the YIG layer is magnetized to saturation by an in-plane magnetic 
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field H. For the PSV/SSE measurements, the samples were placed NM-side-down on an Al heat 

sink and covered with a 3.71 mm by 1.22 mm mask for the Pt sample, and a 7.19 mm by 2.41 

mask for the other samples. A light source was placed 5.5 cm over the sample. The magnetic field 

was provided by a pair of permanent magnets and had a magnitude of 1.1 kOe as measured by a 

LakeShore model 450 gaussmeter. The electric voltages were measured by a Keithly 2182A 

nanovoltmeter. 

When the light bulb illuminates the sample from the top, it gives rise to the PSV effect in 

the sample and a spin current across the NM thickness.61 Together with the heat sink placed at the 

bottom of the sample, the light also results in a temperature gradient ∇T across the sample 

thickness, leading to the SSE in the sample which also produces a spin current across the NM 

thickness.22,24,25,36-39 Via the ISHE,6,8,54 the PSV- and SSE-produced spin currents are converted to 

electric voltage VPSV and VSSE, respectively, across the sample length (i.e. along the x axis). It is 

also possible that the light illumination gives rise to a temperature gradient in the sample plane 

and produces a non-magnetic voltage V0 through the conventional Seebeck effect.21 The net effect 

is an overall voltage signal 𝑉 = 𝑉𝑃𝑆𝑉 + 𝑉𝑆𝑆𝐸 + 𝑉0, which can be measured by the nanovoltmeter. 
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Figure 5.1 Experimental setup and light sources. (a) Experimental setup. (b) Optical spectra 

of four different light sources, as indicated. 
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The light sources used were a 40 W 120 VAC white LED bulb, a 100 W 120 VAC halogen 

bulb, and a ThorLabs SLS202 7.2 W infrared light source. The optical spectra of these light sources 

were measured with an Ocean Optics IRRAD200 visible spectrometer (350-1000 nm) and an 

Ocean Optics NIRQuest512-2.5 near-infrared (NIR) spectrometer (950-2500 nm). The light was 

collected using an Ocean Optics QP600-2-VIS-NIR patch cord with a 600 µm fiber optic core and 

an Ocean Optics P450-1-FLUORIDE patch cord with a 450 μm core for visible and NIR 

measurements, respectively. 

Figure 5.1(b) presents the optical spectra of four light sources – a white LED lamp, a 

halogen bulb, an infrared (IR) light bulb, and a source where the halogen bulb is used together 

with a 950-nm long pass filter (“halogen+950L”). The spectral data clearly indicate that the four 

light sources cover different parts of the optical spectrum and exhibit the largest irradiances at very 

different wavelengths, thereby facilitating the analysis of the wavelength (λ) characteristics of the 

PSV effect in a given NM/YIG sample. 

The experiments were carried out using four samples with four different normal metals 

(NM), 3.5 nm Pt, 3 nm Pd, 3 nm Au, and 3 nm Cr with 1.2 nm Al2O3 as a capping layer to prevent 

oxidation. As the Cr layer is only 3 nm thick, it is paramagnetic at room temperature,85 although 

bulk Cr shows antiferromagnetic behavior with a Neel temperature of 311 K.86 All of the NMs 

were deposited on YIG using DC sputtering at room temperature. The resistances of the NM layers 

were 1073 Ω, 569 Ω, 162 Ω, and 1707 Ω, respectively. The Pt, Pd, and Au samples used 10.4 μm, 

5.9 μm, and 5.9 μm YIG films, respectively, and these YIG thin films were grown by liquid phase 

epitaxy (LPE) on single-crystal (111) GGG substrates.   The Cr film was deposited on a 0.5 mm 

thick polycrystalline YIG slab. The dimensions are 5.82 mm by 1.63 mm for the Pt/YIG sample, 
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9.30 mm by 3.20 mm for the Pd/YIG sample, 9.14 mm by 2.79 mm for the Au/YIG sample, and 

9.30 mm by 2.69 mm for the Cr/YIG sample. 

5.3 Separation of entangled photo-spin-voltaic and 

spin Seebeck effect signals 

Figure 5.2 shows the procedure for separating the voltage components VPSV, VSSE, and V0. 

The separation is based on the following two facts. First, when H is reversed, VPSV and VSSE flip 

their signs because for both the PSV effect and the SSE the orientation of the magnetization M in 

the YIG film dictates the polarization of the spin current in the NM layer, while V0 does not change 

its sign as the conventional Seebeck effect is not a magnetic effect.21 Second, when the light is 

turned on, the PSV signal appears almost instantaneously,61 while the SSE signal arises 

gradually,45,61 showing a time dependence the same as the temperature difference across the 

sample thickness, as demonstrated previously.  

The data in Figure 5.2 were measured with the Pt/YIG sample using the halogen bulb which 

is turned on at 50 s and off at 100 s. The voltage signals in Figure 5.2(a) and (b) were measured 

with opposite magnetic fields, as indicated, and can be denoted, respectively, as 

 𝑉𝐻>0 = 𝑉𝑃𝑆𝑉 + 𝑉𝑆𝑆𝐸 + 𝑉0 5.1 

 𝑉𝐻<0 = −𝑉𝑃𝑆𝑉 − 𝑉𝑆𝑆𝐸 + 𝑉0 5.2 

The appearance of the minus signs in Equation 5.2 reflects the above mentioned dependence of 

VPSV and VSSE on the direction of H. It is apparent that one can eliminate the nonmagnetic V0 by 

taking (𝑉𝐻>0 − 𝑉𝐻<0)/2. This process results in the magnetic signal 𝑉𝑃𝑆𝑉 + 𝑉𝑆𝑆𝐸 which is 
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presented in Figure 5.2(c). Based on the configuration shown in Figure 5.2(a), one can expect that 

the spin currents produced by the PSV effect and the SSE have opposite polarization and the signal 

in Figure 5.2(c) consists of a positive PSV voltage and a negative SSE voltage. Thus, one can 

assume a positive, square pulse function for the PSV voltage and obtain the SSE signal by 

subtracting the square pulse from the magnetic signal. The resulting PSV and SSE signals are 

shown in Figure 5.2(d). 
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Figure 5.2 Separation of PSV and SSE signals. (a) and (b) present voltage signals measured 

with opposite magnetic fields. (c) shows the signal after the removal of the nonmagnetic 

component V0. (d) presents the separated VPSV and VSSE signals. 
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5.4 Responses of photos-spin-voltaic and spin Seebeck 

effect signals to different lights 

The separation of the PSV and SSE signals allows for direct comparisons of the responses 

of the two signals to different light illuminations. Figure 5.3 shows representative data, with each 

row showing the data for a particular NM sample and each column showing the data for particular 

light source. In each diagram, the blue and red profiles show VPSV and VSSE, respectively. Each 

data set is the resulting magnetic signal after subtracting the averages over five measurements each 

for H>0 and H<0. For easy comparison, absolute voltage values are presented. In each row, the 

voltage scales are intentionally set so that the VSSE signals have about the same level, as indicated 

by the horizontal red dashed line. 

Several important results are evident from the voltage data in Figure 5.3. First, the PSV 

effect is clearly observed in all four samples, proving that the effect is universal, rather than a 

unique effect existing only in Pt/MI structures. Note that previous experiments made use of Pt-

based samples only.61 

Second, the data show that the PSV strength can be either larger than, equal to, or smaller 

than the SSE strength, depending on the light source. Further, this is true for all four samples. This 

result serves as strong evidence for the photonic nature of the PSV effect, as opposed to the thermal 

nature of the SSE. If the PSV effect has thermal origins like the SSE, one would expect the PSV 

signal to vary with the light in the same manner as the SSE signal, which is clearly not the case for 

the data shown in Figure 5.3. 

Third, the response of the PSV signal to four light sources varies for different samples. For 

example, when one changes the LED source to the halogen bulb, for the Pt/YIG sample the ratio 
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|VPSV|/|VSSE| increases substantially as shown in the first row of Figure 5.3, while for the Cr/YIG 

sample the ratio increase is much smaller as shown in the last row. One can also see that, when 

one changes the “halogen+950L” source to the IR light, for the Pd/YIG sample the ratio 

|VPSV|/|VSSE| increases notably, while for the Cr/YIG sample the ratio remains almost the same. 

This result evidences the unique wavelength dependence of each metal that originates from the 
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Figure 5.3 Comparisons of PSV and SSE signals. Each row shows the VPSV and VSSE signals 

obtained with the sample labeled on the left, and each column shows the signals obtained using 

the light labeled on top. In each diagram, the blue and red profiles show the VPSV and VSSE signals 

(absolute values), respectively. For each measurement, the light was turned on at 50 s and off at 

100 s. For easy comparison of the VPSV and VSSE signals in response to different light illuminations, 

in each row the VSSE signals are scaled to about the same level, as indicated by the horizontal red 

dashed line. 
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fact that different metals have different band structures and thereby exhibit different photon-

absorption behaviors. 

Finally, it should be mentioned that, with the sample dimension difference taken into 

consideration, the PSV signals in the Au/YIG sample are found to be one order of magnitude 

weaker than in the other three samples. There are two possible reasons for this observation. First, 

previous studies, both experimental87-90 and theoretical,25 have shown that the proximity-induced 

moments in Au are considerably smaller than that in Pt and Pd. For example, 0.031 μB/atom has 

been reported for Au atoms in proximity to Co,87 while 0.17-0.29 μB/atom for Pt in proximity to 

Ni91 and 0.14-0.40 μB/atom for Pd in proximity to Fe92 have been reported. Second, the ISHE in 

Au is weaker than that in Pt, Pd, and Cr, as reported previously.93 

The |VPSV|/|VSSE| ratio averages over four separate measurements are presented in Figure 

5.4. The averaging-yielded standard deviations are shown as error bars in the figure. The ratio data 

shown in Figure 5.4 evidently support the results indicated by the voltage data in Figure 5.3. 

Specifically, for each sample the PSV strength can be smaller than, similar to, or larger than the 

SSE strength, depending on the wavelength characteristics of the light. What is more, the trend of 

the variation of the ratio with the different light illumination changes for different samples. In 

addition, one can see the other two results from the data in Figure 5.4. First, for the Pt/YIG sample 

the comparison of |VPSV|/|VSSE| for four light sources clearly suggests that the PSV effect is stronger 

for the IR light. This results is consistent with previous results obtained through measurements 

using different optical filters.61 Second, when using the LED source, the PSV signals are much 

weaker than the SSE signals for all four samples, indicating that the photon energy of the LED 
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light largely mismatches the energy at which the metal shows strongest spin-dependent photon 

absorption.  

5.5 Control measurements 

In order to ensure the accuracy of the above measurements several control measurements 

were carried out. 
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Figure 5.4 Comparison of responses to different light illuminations. The ratios of the PSV 

signal |VPSV| to the SSE signal |VSSE| obtained for four samples (vertical axis), as indicated, 

compared for four different light sources (horizontal axis). 
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5.5.1 Measurement repeatability 

To check the robustness of the results discussed above, the samples were removed and then 

re-assembled, and the measurements that yielded the data shown in Figure 5.4 were repeated three 

times. The full data for each sample and light source are shown in Figure 5.5-Figure 5.8, in the 
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Figure 5.5 Comparison of PSV and SSE signals for Pt/YIG sample. The separated VPSV and 

VSSE signals are shown in blue and red, respectively, obtained from measurements with the light 

source shown on top. Each row is a different measurement instance. Between each measurement, 

the sample was removed and repositioned before repeating the data collection. 
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same format as for Figure 5.3. As shown by these repeated measurements, the results of these 

experiments are highly reproducible.  

5.5.2 Impact of light incidence direction 

All the previous data were measured with the sample placed on the Al heat sink with the 

NM side facing down (i.e. facing the heat sink) and the YIG side facing up (i.e. facing the light).  
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Figure 5.6  Comparison of PSV and SSE signals for Pd/YIG sample. The separated VPSV and 

VSSE signals are shown in blue and red, respectively, obtained from measurements with the light 

source shown on top. Each row is a different measurement instance. Between each measurement, 

the sample was removed and repositioned before repeating the data collection. 
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In principle, one can also carry out the same measurements with the NM side facing up and the 

YIG side facing down.  This light-sample configuration, however, is disadvantaged compared to 

the NM-side-down configuration for several reasons. First, the PSV signals for NM-side-up are 

weaker, as reported previously.61   This is probably because for this configuration the light reaches 

the NM/YIG interface with a lower intensity due to the fact that the NM layer, although thin, has 

a proportionally larger light absorption compared to the GGG and the YIG.61  Second, the SSE 

Figure 5.7 Comparison of PSV and SSE signals for Au/YIG sample. The separated VPSV and 

VSSE signals are shown in blue and red, respectively, obtained from measurements with the light 

source shown on top. Each row is a different measurement instance. Between each measurement, 

the sample was removed and repositioned before repeating the data collection. 
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signals are stronger for the NM-side-down configuration, because the metal is in contact with the 

bottom heat sink and it is easier to establish a larger temperature gradient in the sample.  Finally, 

when using the infrared light, the NM-side-up configuration does not yield any SSE signals, while 

the NM-side-down configuration does give a signal. Figure 5.9 shows the data when the Pd/YIG 

sample was placed Pd-side-up on the heat sink and measured.  The comparison of the data in Figure 

5.9 with those in Figure 5.3 provides clear justifications to the discussions above. 
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Figure 5.8  Comparison of PSV and SSE signals for Cr/YIG sample. The separated VPSV and 

VSSE signals are shown in blue and red, respectively, obtained from measurements with the light 

source shown on top. Each row is a different measurement instance. Between each measurement, 

the sample was removed and repositioned before repeating the data collection. 
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5.5.3 Comparison of voltage sign in different metals 

The previous measurements (from Figure 5.3 onward) have looked only at the absolute 

value of the PSV and SSE voltage signals. As seen in Figure 5.2 VPSV and VSSE have opposite signs. 

Furthermore, the sign of both VPSV and VSSE depends on the sign of the spin Hall angle, θSH, in the 
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Figure 5.9 Comparison of PSV and SSE signals in the Pd/YIG sample using the Pd-side-up 

configuration. The separated VPSV and VSSE signals are shown in blue and red, respectively, 

obtained from measurements with the light source shown on top. Each row is a different 

measurement instance. Between each measurement, the sample was removed and repositioned 

before repeating the data collection. 
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particular metal.85,93 For Pt, Pd, and Au the spin Hall angle is positive, while for Cr the spin Hall 

angle is negative. This means that the voltages measured from the Pt/YIG, Pd/YIG, and Au/YIG 

samples should share the same sign, while the Cr/YIG sample should have the opposite sign. This 

is indeed the case as shown in Figure 5.10. 

5.5.4 Temperature measurements 

In order to confirm the slow time response of the temperature gradient, and thus the SSE 

voltage signal, the temperature of the Pt was measured with two different methods simultaneously.  

The first method was by placing a type T thermocouple directly on the Pt surface. The second 

method was by measuring the change in voltage with a constant current applied. This voltage 

change is due to temperature dependence of the resistance in Pt.94  Because the resistance of the 

nm-thick Pt films is rather large, around 1 kΩ, a Wheatstone bridge was used to measure the change 

in voltage.95  

A circuit diagram of the Wheatstone bridge is shown in Figure 5.11(a). A constant current 

of 10 μA is applied to the electrical circuit. The resisters R1 and R2 have equal resistance and the 

variable resister R3 is tuned so that it has the same resistance as the Pt layer of the sample at room 

temperature in the absence of light illumination. The nanovoltmeter measures the bridge voltage, 

Figure 5.10 Comparison of PSV and SSE voltages. The separated VPSV and VSSE voltage signals 

are shown in blue and red, respectively, for four different samples, as labeled above the graphs. 

The data shown are for the halogen light source. 
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VB. When the circuit is properly tuned, one can have VB = 0 at room temperature. When the sample 

heats up the resistance of the Pt layer changes and VB is proportional to the change in resistance 

and therefore the change in the temperature of the Pt layer. 

Figure 5.11 shows the results of three temperature measurements. Figure 5.11(b) shows the 

result for a Pt(3.5 nm)/YIG(10.4 μm)/GGG(0.5 mm) sample and Figure 5.11(c) shows the result 

for a (Pt 3 nm)/YIG(40 nm)/GGG(0.5 mm) sample. In Figure 5.11(b) and (c) the sample was set 

up in the same manner as in Ref. [61], except the sample was connected to the Wheatstone bridge 

Figure 5.11 Pt temperature measurements. (a) Circuit diagram of the experimental setup. R1 is 

equal to R2, and R3 was tuned such that R3 = RPt at room temperature. The temperature of the Pt 

was measured via the change in VB, due to the temperature dependence of the Pt resistance, (shown 

in blue) and direct thermocouple measurement (shown in red). The temperature response is 

demonstrated in three measurements: (a) Pt(3.5 nm)/YIG(10.4 μm)/GGG(0.5 mm), (b) Pt(3 

nm)/YIG(40 nm)/GGG(0.5 mm), and (c) the same sample as (b) but was placed Pt-side-down on 

a heatsink. For all the measurements, the light was turned on at 100 s and off at 150 s. 
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instead of directly to the nanovoltmeter. Figure 5.11(d) shows the data for the same sample as 

Figure 5.11(c), except it was placed Pt-side-down on a heatsink. 

  In each case the thermocouple-measured and voltage bridge-measured data change in 

response to the light activation in exactly the same manner, and this result is true for each of the 

three measurements. These data indicate that the previous temperature measurements, as seen in 

Chapter 4, are accurate. This means that the PSV signals, which show a fast time response, are not 

due to either bulk or interface SSE, which are due to thermal effects and show the same time 

domain response as the change in temperature of across the thickness of the sample, in the case of 

the bulk effect, or the temperature of the Pt layer, in the case of the interface effect. If the interfacial 

SSE was the reason for the fast increase in voltage which was observed a corresponding fast 

increase in the Pt temperature should also be measured.96 A comparison of the time response of 

the voltage and temperature signals can be seen in Figure 4.2(d) and Figure 4.9. The PSV effect 

voltage and temperature signals have entirely different responses in the time domain. In the case 

where a temperature gradient is induced across the thickness of the sample, the voltage changes in 

the same manner as the temperature gradient, as would be expected for the SSE. 

5.5.5 Optical properties of the samples 

Figure 5.12 shows the light transmission of each sample, and its substrate without any 

metal, as a function of wavelength. Two points should be made for these data. First, despite the 

small amount of metal deposited there is a substantial change in transmission. Second, the 

absorption for the samples is relatively flat and there is also no significant spike in the absorption 

for any of the samples, which would indicate that the sample preferentially absorbs one particular 

wavelength of light. This means that the preferential absorption of one particular wavelength of 
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light is not responsible for the voltage signal which is observed. The effect is instead due to spin-

dependent excitation, which cannot be measured with a spectrometer.  

5.6 Summary 

This work demonstrates the distinction between the PSV effect and the SSE through the 

use of different light sources that cover the different portions of the optical spectrum. These results 

indicate the PSV effect has significantly different physical characteristics compared to the SSE. 

The voltage signal due to the PSV does not show the same time characteristic as the SSE induced 

voltage. The PSV voltage signal also shows a wavelength dependence different from the SSE. The 

results of this work also demonstrate the universal feature of the PSV effect through the use of 
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Figure 5.12 Optical transmission data for five samples. 
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four NM/MI samples with four different NMs. Further, it is found that the trend of PSV strength 

in response to different light sources varies for different NMs. Future work is of great interest that 

utilizes monochromatic light sources with the same power to determine the specific wavelength 

dependence of the PSV and SSE effects in different samples. Note also that future experimental 

and theoretical studies that search for NM/MI systems with the strongest PSV effect is also very 

interesting. 
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CHAPTER 6 Ferromagnetic resonance 

6.1 Introduction 

Magnetization dynamics is a field with both a detailed history of research43,97-100 and 

currently relevant applications both on a fundamental scientific level101-104 and in industry.105-109 

Detailed knowledge of the dynamics of a magnetic system is critical for understanding both the 

physical mechanisms present in the system and optimizing device performance. For example, 

magnetization dynamics are of particular interest in the magnetic recording and memory 

industry.110-112 In a hard drive, for example, information is stored in the magnetization of the 

material. When the information needs to be changed, the magnetization needs to be reversed. How 

the magnetization changes when this happens is of critical importance for optimizing device 

characteristics such as writing speed and power consumption. 

One of the most widely used techniques to measure magnetization dynamics is 

ferromagnetic resonance (FMR). This flexible method gives insight into both dynamic properties 

of samples, such as damping and loss mechanisms, and the static magnetic properties, such as 

saturation induction and anisotropy fields. This chapter will introduce the fundamental dynamic 

motion of magnetization, precession, as well as how the FMR is measured and what the results of 

FMR measurements tell us about the system being measured. 
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6.2 Magnetization precession 

6.2.1 Uniform motion 

Uniform precessional motion is the simplest model for magnetization dynamics. The 

simple principles for uniform motion form the foundation for the FMR measurement technique. 

6.2.1.1 Single electron dynamics 

For most materials magnetism arises from the magnetic dipole moment of orbital electrons 

in transition metals.113 Due to the electric field of neighboring ions the orbital component of 

angular momentum is quenched. This leaves the spin angular momentum S as the origin of the 

magnetic moment μ given by 

 𝛍 = −𝑔
𝑒

2𝑚𝑒
𝐒 = 𝛾𝐒 = −|𝛾|𝐒 6.1 

where γ is the gyromagnetic ratio which can be written as 

 𝛾 = −𝑔
𝑒

2𝑚𝑒
 6.2 

where g is the Landé g factor, e is the electron charge, and me is the electron mass. For a single 

electron the absolute value of the gyromagnetic ratio is 2.8 MHz/Oe. From Equation 6.1 and Figure 

6.1(a), it is clear that the magnetic moment and spin angular momentum point in opposite 

directions. 

 In the presence of an external magnetic field, H, a torque will be exerted on S according 

to Newton’s second law 

 
𝑑𝐒

𝑑𝑡
= 𝛍×𝐇 

6.3 

Plugging Equation 6.1 into Equation 6.3 the dynamics can be expressed in terms of μ and H only 
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𝑑𝛍

𝑑𝑡
= −|𝛾|𝛍×𝐇 

6.4 

Here, the gyromagnetic ratio and the strength of the magnetic field determine the frequency 

at which the moment precesses. This simple torque equation describes the precessional motion of 

a single electron spin in the presence of an external field. 

6.2.1.2 Collective magnetization 

Moving from a single spin to the collective magnetization of a material, the total 

magnetization of a material, M, can be expressed as a sum of individual spins μ in a volume V 

  = ∑
𝛍

𝑉
 6.5 

When such a collection of spins is placed in an external magnetic field H the system will attempt 

to align such that its potential energy 

 𝐸 = − ∙ 𝐇 6.6 

is a minimum. When the system is not at an energy minimum, in other words when the 

magnetization and field are not aligned, the magnetization will experience a torque which will 

cause it to precess around the external field. In a simple lossless system, this torque is given by 

Figure 6.1 Schematic of precessional motion. (a) Precession of an electron with spin angular 

momentum S and magnetic moment μ. (b) Precession of magnetization M around an external field 

Hext due to torque τ. 
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𝑑 

𝑑𝑡
= −|𝛾| ×𝐇 

6.7 

in analogy to Equation 6.4. This precession is shown schematically in Figure 6.1(b). 

6.2.2 Modifications to the torque equation 

From this simple system, additional factors can be introduced to more closely approximate 

real experimental systems. In this subsection, the effects of finite size, anisotropy, and loss will be 

considered. 

6.2.2.1 Demagnetization field 

In a sample with finite size there will be a demagnetization field, Hdem, which creates one 

or more preferred axes in non-spherical samples and changes the effective field felt by the 

magnetization in all cases. The demagnetization field can be expressed in terms of a 3×3 

demagnetization tensor N where 

 𝐍 = (

𝑁𝑥 0 0
0 𝑁𝑦 0

0 0 𝑁𝑧

) 6.8 

and 𝑁𝑥 + 𝑁𝑦 + 𝑁𝑧 = 1. The demagnetization field can then be written as 

 𝐇𝑑𝑒𝑚 = −4𝜋𝐍 ∙   6.9 

In this subsection only the thin film geometry will be considered, that is, where the in-plane 

dimensions are much greater than the sample thickness and may be considered as infinite, thus 

only the component of N is entirely along the film normal is nonzero. Two common situations are 

illustrated in Figure 6.2, that of field out of plane, 𝑁𝑧 = 1, and field in plane, 𝑁𝑥 = 1. 
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6.2.2.2 Uniaxial anisotropy 

Next, an isotropic system is analyzed. Including anisotropy in the system is a concession 

to the dependence of the energy of the magnetic system on the orientation of the crystal lattice in 

some materials. The result of this is a preference for the magnetization to lie along certain crystal 

axes. In the case of uniaxial anisotropy, considered below, this is the easy axis. There exist more 

complicated systems which may have multiple easy axes or easy planes, which are an extension 

of this principle, but will not be discussed here. 

For a sample with uniaxial anisotropy along the z-axis the magnetization will experience 

an effective anisotropy field, Hu ẑ, of the form 

 𝐻𝑢𝒛 = 𝐻𝑎 cos 𝜃𝑀ẑ 6.10 

where θM is the magnetization angle from the z axis, Ha = 2K/Ms and K is the anisotropy constant. 

Figure 6.2 Components of the demagnetization tensor. Two common situations are illustrated: 

(a) external field out of the film plane and (b) external field in the film plane. The components of 

the demagnetization tensor, Equation 6.8, are shown for each case. 
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6.2.2.3 Loss and damping 

No experimental system can completely avoid loss, and many methods of incorporating 

loss into the torque equation have been studied over the years.9,49,97,114-118 The most widely used 

method is the Gilbert damping model which adds a phenomenological damping term to Equation 

6.7 as shown here 

 
𝑑 

𝑑𝑡
= −|𝛾| ×𝐇 +

𝛼

𝑀𝑠
 ×

𝑑 

𝑑𝑡
 6.11 

where α is the Gilbert damping constant which is proportional to the rate at which the precessing 

magnetization loses energy. This damping constant is one of the most important results from FMR 

measurements as it is closely related to the characteristic time scales for magnetization dynamics 

as well as the amount of energy required to change or reverse the magnetization direction.49 

6.2.3 Torque equation solution 

The results of considering both the demagnetization field and the anisotropy field is a 

change in both the direction and magnitude of the total magnetic field the precessing magnetization 

experiences. This new effective field can be written as a sum of the different field components 

 𝐇𝑒𝑓𝑓 = 𝐇𝑒𝑥𝑡 + 𝐇𝑑𝑒𝑚 + 𝐇𝑢 6.12 

To obtain a solution, one can substitute this new Heff into Equation 6.7 and solve the differential 

equation 

 
𝑑 

𝑑𝑡
= −|𝛾| ×𝐇𝑒𝑓𝑓 

6.13 

A solution is assumed of the following form 

 𝐦(𝑡) = 𝑚0𝑥𝑒
𝑖𝜔𝑡𝐱 + 𝑚0𝑦𝑒

𝑖𝜔𝑡   6.14 
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In the discussion below, a small angle precession is assumed such that both m0x and m0y are much 

smaller than Ms. Because m0x and m0y are small, terms beyond first order in m0x or m0y are ignored. 

The terms of Equation 6.13 can be explicitly written for 𝐇𝑒𝑥𝑡 = 𝐻0𝐳  starting with the derivative 

of magnetization 

 
𝑑 

𝑑𝑡
= 𝑖𝜔 (

𝑚0𝑥

𝑚0𝑦

0
) 𝑒𝑖𝜔𝑡 6.15 

Next, the cross product is evaluated using Equation 6.9 for demagnetization field and neglecting 

anisotropy 

  ×𝐇𝑒𝑓𝑓 = (

(𝐻0 + 4𝜋𝑀𝑠(𝑁𝑦 − 𝑁𝑧))𝑚0𝑦

−(𝐻0 + 4𝜋𝑀𝑠(𝑁𝑥 − 𝑁𝑧))𝑚0𝑥

0

)𝑒𝑖𝜔𝑡 6.16 

The stiffness fields, Hx and Hy, are defined as 

 

𝐻𝑥 = 𝐻0 + 4𝜋𝑀𝑠(𝑁𝑦 − 𝑁𝑧) 

𝐻𝑦 = 𝐻0 + 4𝜋𝑀𝑠(𝑁𝑥 − 𝑁𝑧) 

6.17 

and stiffness frequencies, ωx and ωy, are defined as 

 

𝜔𝑥 = |𝛾|𝐻𝑥 

𝜔𝑦 = |𝛾|𝐻𝑦 

6.18 

thus, the torque equation can be written as 

 𝑖𝜔 (

𝑚0𝑥

𝑚0𝑦

0
) = (

−𝜔𝑦𝑚𝑦

𝜔𝑥𝑚𝑥

0
) 6.19 

In order for this set of equations to have nonzero solutions, it is necessary that 𝜔2 = 𝜔𝑥𝜔𝑦. The 

final solution for the precession frequency, known as the Kittel equation62, is 

 𝜔 = |𝛾|√[𝐻𝑒𝑥𝑡 + 4𝜋𝑀𝑠(𝑁𝑥 − 𝑁𝑧)][𝐻𝑒𝑥𝑡 + 4𝜋𝑀𝑠(𝑁𝑦 − 𝑁𝑧)] 
6.20 
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For the two common sample orientation cases illustrated in Figure 6.2, Equation 6.20 simplifies to 

 𝜔 = |𝛾|(𝐻𝑒𝑥𝑡 − 4𝜋𝑀𝑠) 
6.21 

for field out of plane and 

 𝜔 = |𝛾|√𝐻𝑒𝑥𝑡(𝐻𝑒𝑥𝑡 + 4𝜋𝑀𝑠) 
6.22 

for field in plane. 

6.3 Ferromagnetic resonance 

In order to compensate loss an AC magnetic field can be applied perpendicular to the static 

bias field and may be thus used to drive the magnetization precession. When the microwave 

frequency is the same as the magnetization precession frequency, given by Equation 6.20, the 

system is at resonance and maximum power is transferred from the microwave to the sample. This 

situation is FMR, and by examining the microwave power absorption profile the collective 

behavior of the sample can be characterized. 

There are two common methods for generating FMR profiles, field-swept and frequency-

swept. In the field-swept case a microwave magnetic field of a fixed frequency is used to excite 

the sample, the static magnetic field is then swept near the resonance field. The opposite situation 

occurs for frequency-swept; a fixed static magnetic field is applied and the microwave frequency 

is swept near the resonance frequency. In the discussions below only the field-swept case is 

considered. 

The Gilbert equation can be modified to include a time varying magnetic field such that 

𝐇𝑒𝑥𝑡 = 𝐡(𝑡) + 𝐻0𝐳  where 
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 𝐡(𝑡) = ℎ0𝑥𝑒
𝑖𝜔𝑡𝐱 + ℎ0𝑦𝑒

𝑖𝜔𝑡   6.23 

Following the same procedure as with Equation 6.13, a solution to Equation 6.11 can be 

obtained 

 (

𝑖𝜔𝑚0𝑥 + 𝜔𝑦𝑚0𝑦 − 𝛼𝑖𝜔𝑚0𝑦

𝑖𝜔𝑚0𝑦 − 𝜔𝑥𝑚0𝑥 + 𝛼𝑖𝜔𝑚0𝑥

0

) = (

|𝛾|𝑀𝑠ℎ0𝑦

−|𝛾|𝑀𝑠ℎ0𝑥

0

) 6.24 

This solution can be written in the form 𝐦 = 𝜒 ∙  𝐡 where χ is the susceptibility tensor. For 

uniform precession, this takes the form 

 (
𝑚0𝑥

𝑚0𝑦
) = 4𝜋 (

𝜒𝑥𝑥 −𝑖𝜅
𝑖𝜅 𝜒𝑦𝑦

) (
ℎ0𝑥

ℎ0𝑦
) 6.25 

The elements of the susceptibility tensor will be given below. The expression for m0x and m0y can 

be written as below, neglecting terms second order in α 

 

𝑚0𝑥 =
𝜔𝑀(𝜔𝑦ℎ0𝑥 + 𝑖𝛼𝜔ℎ0𝑥 − 𝑖ℎ0𝑦)

𝜔𝑥𝜔𝑦 + 𝑖𝛼𝜔(𝜔𝑥 + 𝜔𝑦) − 𝜔2
 

𝑚0𝑦 =
𝜔𝑀(𝜔𝑥ℎ0𝑦 + 𝑖𝛼𝜔ℎ0𝑦 − 𝑖ℎ0𝑥)

𝜔𝑥𝜔𝑦 + 𝑖𝛼𝜔(𝜔𝑥 + 𝜔𝑦) − 𝜔2
 

6.26 

where 𝜔𝑀 = |𝛾|4𝜋𝑀𝑠. It is then straightforward to write down the susceptibility tensor 

coefficients 

 

𝜒𝑥𝑥 =
𝜔𝑀(𝜔𝑦 + 𝑖𝛼𝜔)

𝜔𝑥𝜔𝑦 + 𝑖𝛼𝜔(𝜔𝑥 + 𝜔𝑦) − 𝜔2
 

𝜒𝑦𝑦 =
𝜔𝑀(𝜔𝑥 + 𝑖𝛼𝜔)

𝜔𝑥𝜔𝑦 + 𝑖𝛼𝜔(𝜔𝑥 + 𝜔𝑦) − 𝜔2
 

𝜅 =
𝜔𝑀𝜔

𝜔𝑥𝜔𝑦 + 𝑖𝛼𝜔(𝜔𝑥 + 𝜔𝑦) − 𝜔2
 

6.27 

Note that each of these coefficients is complex. This has an important physical 

consequence. The real part of χ is governed by the dispersive properties of the material, while the 
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imaginary part of χ is connected to the microwave loss in the material. This property leads to the 

finite linewidth of the power absorption profile measured in FMR, as seen in Figure 6.3(a). The 

peak-to-peak FMR linewidth is given by the following expression 

 Δ𝐻𝐹𝑀𝑅 = Δ𝐻𝐼𝐿𝐵 +
2𝛼

√3|𝛾|

𝜔

2𝜋
  6.28 

The factor of √3 is due to using the peak-to-peak linewidth. If using the full width at half maximum 

linewidth it should be omitted. The term ΔHILB is the inhomogeneous line broadening (ILB), a 

zero-frequency line broadening due to spatial variations in the saturation magnetization, 

anisotropy, external magnetic field, or other experimental parameters. The linear dependence on 

frequency can be seen in Figure 6.3(b), as well as the contribution from inhomogeneous line 

broadening at zero frequency. 

Figure 6.3 Schematic of ferromagnetic resonance absorption. (a) Diagram of Lortentzian 

FMR power absorption profile at a fixed microwave frequency as a function of the external static 

field showing FMR linewidth ΔH. (b) Diagram of FMR linewidth as a function of microwave 

frequency, including inhomogeneous line broadening (ILB) ΔHILB. 
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6.4 Shorted waveguide and cavity FMR 

One of the most common techniques for measuring FMR is using rectangular air-filled 

waveguides terminated in a short or microwave cavity.43 In a shorted waveguide measurement, the 

sample is placed at the end of the waveguide on top of the short. A microwave magnetic field with 

constant frequency, generated by a microwave generator, is applied to the sample. The microwaves 

reflect off the short and are redirected by a circulator to a microwave diode which is connected to 

a measurement device, either a voltmeter or lock-in amplifier. An external DC bias field, H, is 

applied and swept for FMR measurements. In order to increase the measurement sensitivity and 

eliminate any DC bias, a weak low-frequency AC field, hmod(t), is added parallel to the external 

field. This modulation field frequency, typically on the order of tens of Hz, is linked to a lock-in 

amplifier. The modulated signal coming from the diode is passed through a high-pass filter and is 

then measured by the lock-in amplifier. A schematic of this measurement setup is shown in Figure 

6.4(a). 

Due to the use of the lock-in amplifier, the measurement output is a Lorentzian derivative, 

instead of the Lorentzian profile shown in Figure 6.3(a). Sample data taken at 13 GHz for a 46-

nm-thick YIG film sample is presented in Figure 6.4(b) as blue circles. The data are fit with a 

Lorentzian derivative trial function, illustrated by the red dashed line, and two important 

parameters are extracted for further analysis: the resonance field, 3949 Oe, indicated by the green 

dashed line, and the peak-to-peak linewidth, 6 Oe, indicated by the purple dashed lines. By 

repeating the FMR measurements at different microwave frequencies the resonance fields can be 

used with Equation 6.20 to determine the 4πMs or anisotropy field, and linewidth can be used with 

Equation 6.28 to determine the damping and inhomogeneous line broadening. 
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Experimentally, shorted waveguides are convenient to use because they support 

propagating microwaves in a band of frequencies defined by the waveguide’s dimensions.119 This 

makes it easy to perform multiple measurements at the different frequencies required for damping 

analyses, for example. However, for some samples, such as ultra-thin films or films with very large 

FMR linewidth, the signal-to-noise ratio is too low to measure a clear signal, even with field 

modulation and lock-in detection. In this case, a microwave cavity may be used. Microwave 

cavities have much higher signal-to-noise ratios compared to shorted waveguides. They, however, 

only operate at one frequency defined by the dimensions of the cavity.119 Thus, in order to preform 

frequency-dependent analyses, multiple microwave cavities with different operating frequencies 

must be used. 

Figure 6.4 Shorted waveguide FMR measurement technique. (a) Diagram of the shorted 

waveguide measurement system. (b) Sample FMR profile measured in a shorted waveguide. The 

blue circles are measurement data. The red dashed curve is a fit of a Lorentzian derivative function. 

The green dashed line indicates the resonance field and the purple dashed lines show the peak-to-

peak linewidth. 
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6.5 Vector network analyzer ferromagnetic resonance 

One FMR measurement method which has both a broad frequency range and a high signal-

to-noise ratio is the so-called vector network analyzer FMR (VNA-FMR) technique.43,120-122 

Instead of using air-filled rectangular waveguides this system uses a coplanar waveguide (CPW) 

connected to a vector network analyzer (VNA). The coplanar waveguide with the VNA is capable 

of measuring over a wide range of microwave frequencies with high sensitivity.  

 A schematic of the experimental setup is shown in Figure 6.5. A VNA is connected to two 

ground-signal-ground high-frequency microwave probes via low-noise low-loss high-frequency 

RF cables. The probes are mounted on precision translation stages which are used to align the 

probes with the coplanar waveguide. For the measurement data presented below, the waveguides 

Figure 6.5 Schematic of VNA-FMR measurement technique. The VNA is connected to two 

ground-signal-ground RF probes, shown in brown, which are connected to the coplanar 

waveguide. The generated RF microwave field is shown in green and the perpendicular external 

DC magnetic field is shown in red. The sample is placed on top of the coplanar waveguide with 

the magnetic film facing the waveguide. 

VNA
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are made of 250-nm-thick Au films deposited on a-plane sapphire substrates. The waveguide 

structures were made by photolithography. The waveguide is 6.5 mm in length with a central 

conductor which is 100 μm wide and ground planes which are 300 μm wide. The gaps between 

the signal line and the ground planes are 50 μm. The characteristic impedance of the waveguide is 

designed to be 50 Ω to match with the rest of the microwave circuit. 

The sample is placed over the CPW with the magnetic film facing the CPW. For metallic 

samples, a layer of Shipley Microposit S1813 photoresist is spin coated at 4000 rpm for 30 seconds 

onto the sample, which results in a layer thickness which is about 1.5 μm. This is to avoid shorting 

the ground planes to the signal line. An external static magnetic field is applied out of plane. By 

adjusting the separation between the magnet pole pieces a maximum magnetic field of up to 20 

kOe can be applied. The field strength is measured with a Hall probe. The VNA generates an RF 

current, with a frequency range of 10 MHz to 67 GHz, in the signal line of the waveguide, and this 

creates an oscillating magnetic field which couples to the sample.123 The VNA then measures both 

the real and imaginary parts of the complex transmission coefficient, the scattering parameter 

S21.
124 A LabView program controls the VNA and magnet power supply outputs, and collects data 

from the VNA and the Hall probe to generate field-swept FMR measurements. In order to increase 

the signal-to-noise ratio, the individual field-swept measurements are averaged. Typically, around 

30 averages are used, depending on the level of signal for a particular sample. 

A set of exemplary VNA-FMR data are shown in Figure 6.6. The sample measured for this 

data set is a 2-nm-thick CoFeB film sample. Because this sample is conducting, a 1.5-μm-thick 

layer of photoresist was added to insulate the sample from the waveguide. The data were taken at 

a fixed frequency of 17 GHz. Figure 6.6(a) shows the real part of S21, while Figure 6.6(b) shows 
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the imaginary part. The blue circles represent the data collected by the VNA, and the red curves 

are the fits. The fitting method is discussed in the next subsection.  

6.5.1 Susceptibility in terms of S-parameters 

The VNA measures microwave transmission in terms of the complex transmission 

coefficient, S21. In order to extract the damping and other magnetic information about the sample 

from the S21 data, there must be a method for relating S21 to the magnetic parameters discussed 

earlier in this chapter.125 

When a magnetic film is placed on a CPW, it changes the effective impedance of the CPW. 

This change in impedance is correlated to the excitations happening in the magnetic film. This can 

be expressed as a perturbation to the scattering parameters 

 

𝑆11 = 𝑆11
0 + Δ𝑆11 

𝑆21 = 𝑆21
0 + Δ𝑆21 

6.29 
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Figure 6.6 Example VNA-FMR data. (a) Real and (b) Imaginary parts of S21 as a function 

of external magnetic field. The blue circles are the data and the red curve is a fit described in 

Section 6.5.2. 
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where S0 and ΔS are the non-magnetic and magnetic contributions, respectively. The CPW-sample 

system can be considered as a lumped circuit element with effective series resistance R, inductance 

L, shunt conductance G, and capacitance C, as shown in Figure 6.7. The reflection, S11, and 

transmission, S21, coefficients can be written as126 

 

𝑆11 =
𝑖𝜔𝐿 + 𝑅 +

𝑍0

1 + 𝑍0(𝐺 + 𝑖𝜔𝐶)
− 𝑍0

𝑖𝜔𝐿 + 𝑅 +
𝑍0

1 + 𝑍0(𝐺 + 𝑖𝜔𝐶)
+ 𝑍0

 

𝑆21 =

2𝑍0

1 + 𝑍0(𝐺 + 𝑖𝜔𝐶)

𝑖𝜔𝐿 + 𝑅 +
𝑍0

1 + 𝑍0(𝐺 + 𝑖𝜔𝐶)
+ 𝑍0

 

6.30 

 where Z0 is the characteristic impedance of the CPW. Equation 6.30 can be solved to obtain 

 𝑖𝜔𝐿 =
1 + 𝑆11 − 𝑆21

1 − 𝑆11
𝑍0 − 𝑅 6.31 

The inductance can be rewritten in terms of L0, the self-inductance of the CPW; a geometry factor, 

c, with dimensions of m-1; the length of the sample, l; the thickness of the magnetic film, t; the 

relative susceptibility which is approximately equal to the relative permeability, 𝜒 ≈ 𝜇; and the 

permeability of free space, μ0 

Figure 6.7 Schematic diagram of effective CPW-sample lumped circuit element. R is the series 

resistance, L is the inductance, G is the shunt conductance, and C is the capacitance. 
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 𝐿 ≈ 𝐿0 + 𝑐𝑙𝑡𝜒𝜇0 6.32 

An expression for the susceptibility can now be written in terms of the scattering matrix parameters 

 
𝜒 =

𝑍0 (
1 + 𝑆11 − 𝑆21

1 − 𝑆11
−

1 + 𝑆11
0 − 𝑆21

0

1 − 𝑆11
0 )

𝑖𝑐𝑙𝑡𝜇0𝜔
 

6.33 

In the limit of weak reflection of microwave power from the sample (i.e. |S11| ≪ 1), the 

susceptibility can be reduced to 

 𝜒 ≅ 𝜒0[(2 + 2𝑆11
0 − 𝑆21

0 )Δ𝑆11 − (1 + 𝑆11
0 )Δ𝑆21] 

6.34 

where χ0 is a phenomenological parameter incorporating the experimental constants. In the quasi-

static limit Δ 𝑆11 = −Δ𝑆21,120 and Equation 6.34 can be further reduced to 

 𝜒 ≅ −𝜒0(3(1 + 𝑆11
0 ) − 𝑆21

0 )Δ𝑆21 6.35 

In the limit of perfect transmission when the system is far for magnetic excitation, that is when 

𝑆11
0 = 0 and 𝑆21

0 = 1, a final simplification can be achieved 

 𝜒 ≅ −2𝜒0Δ𝑆21 6.36 

Equation 6.29 can now be written as 

 𝑆21 = 𝑆21
0 −

𝜒

𝜒0
= 𝑆21,𝑅

0 + 𝑆21,𝐼
0 − Re (

𝜒

𝜒0
) − Im(

𝜒

𝜒0
) 6.37 

where 𝑆21,𝑅
0  and 𝑆21,𝐼

0  are the real and imaginary parts of 𝑆21
0 . If Equation 6.27 is substituted for χ, 

S21 can be written fully in terms of the film’s magnetostatic properties, the external field, the 

demagnetization field, and the damping parameter. 
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6.5.2 Fitting of experimental data 

The data shown in Figure 6.6 can now be fit by combining Equations 6.27 and 6.37; 

however, note that for generic complex functions a and b 

 Re (
𝑎

𝑏
) ≠

Re(𝑎)

Re(𝑏)
 

6.38 

Thus, the real and imaginary parts of S21 are not independent and fitting of the real and imaginary 

parts of S21 must be done simultaneously using the same fitting parameters. 

 For the out-of-plane field configuration, because of 𝜒𝑥𝑥 = 𝜒𝑦𝑦 = 𝜒 we can write Equation 

6.27 as 

 𝜒 =
|𝛾|4𝜋𝑀𝑠(|𝛾|(𝐻 + 𝑀𝑒𝑓𝑓) + 𝑖𝛼𝜔)

|𝛾|2(𝐻 + 𝑀𝑒𝑓𝑓)
2
− 𝜔2 + 2𝑖𝛼𝜔|𝛾|(𝐻 + 𝑀𝑒𝑓𝑓)

 6.39 

where 𝑀𝑒𝑓𝑓 = 𝐻𝑘 − 4𝜋𝑀𝑠 accounts for the perpendicular anisotropy field of the film, Hk. The real 

part of Equation 6.37 can be written as 

 

𝑆21,𝑅

= 𝑆21,𝑅
0 + 𝐷𝑅𝐻

+

4𝜋𝑀𝑠 {
[𝜒0,𝑅(𝐻 + 𝑀𝑒𝑓𝑓) + 𝜒0,𝐼

Δ𝐻
2  ] [(𝐻 + 𝑀𝑒𝑓𝑓)

2
− (

𝜔
𝛾)

2

] +

[𝜒0,𝐼(𝐻 + 𝑀𝑒𝑓𝑓) − 𝜒0,𝑅
Δ𝐻
2 ] [Δ𝐻

𝜔
|𝛾|

 ]
} 

(𝜒0,𝑅
2 + 𝜒0,𝐼

2 ) {[(𝐻 + 𝑀𝑒𝑓𝑓)
2
− (

𝜔
𝛾)

2

]
2

+ [Δ𝐻
𝜔
𝛾]

2

}

 

6.40 

and the imaginary as 
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𝑆21,𝐼

= 𝑆21,𝐼
0 + 𝐷𝐼𝐻

+

4𝜋𝑀𝑠 {
[𝜒0,𝐼(𝐻 + 𝑀𝑒𝑓𝑓) − 𝜒0,𝑅

Δ𝐻
2  ] [(𝐻 + 𝑀𝑒𝑓𝑓)

2
− (

𝜔
𝛾)

2

] −

[𝜒0,𝑅(𝐻 + 𝑀𝑒𝑓𝑓) + 𝜒0,𝐼
Δ𝐻
2 ] [Δ𝐻

𝜔
|𝛾|

 ]
} 

(𝜒0,𝑅
2 + 𝜒0,𝐼

2 ) {[(𝐻 + 𝑀𝑒𝑓𝑓)
2
− (

𝜔
𝛾)

2

]
2

+ [Δ𝐻
𝜔
𝛾]

2

}

 

6.41 

where subscripts R and I denote the real and imaginary parts, respectively, of the parameter they 

are attached to. A complex term, D, which is linear in H has been added to account for any first- 

order drift in the system, which is common due to the low signal level in many measurements on 

ultra-thin films. The mixing of the real and imaginary coefficients is explicit in Equations 6.40 and 

6.41. 

 For a particular set of data there are four fitting parameters: Meff correlates to the FMR 

field, ΔH is the linewidth, χ0,R and χ0,I are related to the amplitude and phase differences, 

respectively, between the transmission coefficient and the magnetic susceptibility, which 

manifests itself in the shape of the curves. As an example, the simultaneous fit of data shown in 

Figure 6.6(a) and (b) yielded Meff =1.6 kOe, ΔH=626 Oe, χ0,R=37470 and χ0,I=-88761. Using 

Equation 6.21 and replacing 4πMs with Meff we can calculate the resonance field to be 3.85 kOe. 

6.6 Summary 

The physics of the dynamic motion of magnetization has been examined. When a magnetic 

moment is placed in a static external field which is not parallel to the moment, the moment will 

precess around the external field. From the model of uniform precession some real-world factors 

have been taken into account. The effects of finite sample size or demagnetization field, anisotropy 
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field, and loss have all been considered and the resulting changes to the equation of motion have 

been detailed. 

When the magnetization is driven with an AC magnetic field to offset loss in the sample 

the phenomenon of ferromagnetic resonance may be observed. The measurement of this resonance 

can be used as a tool to extract information about both the static and dynamic physical properties 

of a sample. The experimental methods for rectangular waveguide and VNA FMR measurements 

have been demonstrated. 
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CHAPTER 7 Effects of lamination on 

damping of FeCo thin films 

7.1 Overview 

The damping properties of magnetic ultra-thin films are of critical importance for high-

data-rate magnetic recording.127-129 The damping in recording media not only sets a natural limit 

on the time of magnetization switching, but also plays a critical role in microwave-assisted 

magnetization switching and domain wall-assisted switching.130,131 In magnetic thin film-based 

devices the bandwidth, insertion loss, and response time are all critically associated with the 

damping in the film.132 

Previous work as demonstrated four approaches for the tuning of the damping in 

ferromagnetic thin films: (1) addition of non-magnetic elements, (2) doping of rare earth elements, 

(3) film growth on different seed layers, and (4) composition variation in the case of alloy films. 

Approaches (1) and (3) add non-magnetic elements or use different seed layers to control the 

microstructural properties of the films and, thereby, control the two-magnon scattering (TMS) 

processes in the films.133,134 For approach (2) the damping of the films are enhanced through the 

slow relaxing impurity mechanism.135 For method (4), one relies on the change of the alloy 

composition to manipulate the band structure and thereby tune the strength of magnon-electron 

scattering.123 Although these approaches are all effective in tailoring the damping, they 

unfortunately give rise to significant changes in the other film properties, such as inhomogeneity, 

anisotropy, or saturation magnetization. 
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In this chapter the changes in damping properties of FeCo thin films with differing 

lamination layers are examined. FeCo is commonly used in magnetic recording write heads. The 

FeCo films were grown on Ru seed layers with non-magnetic Al2O3 laminating layers. Samples 

with no lamination and with 1-3 laminate layers were prepared. The Al2O3 laminate layers are 1 

nm thick, and the total film thickness, including the Al2O3 layers, was kept constant at 30 nm. The 

Gilbert damping constants, α, of the samples were determined by ferromagnetic resonance (FMR) 

measurements. The FMR data indicate that, depending on the number of lamination layers, the 

damping of the FeCo thin film can vary over a range of 0.0027-0.0041, while both the anisotropy 

field and the inhomogeneity-caused FMR line broadening change no more than 5 Oe compared to 

the samples without lamination. These results not only demonstrate a new approach for tailoring 

the damping of magnetic thin films in general, but also provide significant implication for the 

design of future write heads in particular. 

7.2 Experimental setup 

The samples were deposited by Seagate Technology at room temperature by magnetron 

sputtering. The substrates were (100) Si wafers with 300-nm-thick SiO2 capping layer. Prior to the 

growth of each film, a 1 nm thick Ru seed layer was deposited. During film deposition, a field of 

75 Oe was applied in the film plane, which induced an in-plane uniaxial anisotropy in the film. 

The FMR measurements were carried out using an X-band microwave cavity, an X-band shorted 

waveguide, and a Ku-band shorted waveguide, with field modulation and lock-in detection 

techniques, as described in Chapter 6.4. The measurements performed in shorted waveguides 

permitted an FMR analysis across a broad frequency range of 8-18 GHz. All the FMR 

measurements were performed with external fields applied in the film planes. The measurements 
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in an X-band cavity allowed for simple and sensitive measurements as a function of the angle 

between an in-plane field relative to the easy axis due to anisotropy. The resonant frequency of the 

cavity is 9.5 GHz. The sizes of the samples are about 5 mm by 5 mm.  

7.3 Measurement results 

 Figure 7.1 shows representative FMR data. The data were obtained with sample 4, which 

was FeCo(9.3 nm)/Al2O3(1 nm)/FeCo(9.3 nm)/ Al2O3 (1 nm)/FeCo(9.3 nm). In graph (a), the blue 

circles show a representative FMR profile measured in a Ku-band shorted waveguide at 16 GHz. 

The solid red line shows a fit to a Lorentzian trial function and the dashed green line shows a fit 

to a Gaussian trial function. One can see that the Lorentzian function fits the data much better than 

the Gaussian function. This indicates that the film has good uniformity. 

Figure 7.1(b) and (c) present the FMR field, HFMR, and linewidth, ΔH, as a function of 

frequency, ω/2π, respectively. The blue symbols show the experimental data, which were obtained 

from fitting the measured FMR profiles, measured in X-, 8.5-12 GHz, and Ku-, 13-18 GHz, band 

shorted waveguides, with a Lorentzian derivative, as shown representatively in Figure 7.1(a) and 

discussed in Chapter 6.4. The error bars represent the standard error from the Lorentzian fitting 

function. The curve gives the fit to the Kittel equation, Equation 6.20, for an in-plane field 

configuration 

 𝜔 = 2𝜋|𝛾|√𝐻𝐹𝑀𝑅(𝐻𝐹𝑀𝑅 + 4𝜋𝑀𝑠) 
7.1 
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where |γ| is the absolute gyromagnetic ratio and 4πMs is the saturation induction. The fitting used 

4𝜋𝑀𝑠 = 24 kG and took |γ| as the fitting parameter. The fitting yielded |𝛾| = 2.79 MHz/Oe, which 

agrees almost perfectly with the standard value of 2.8 MHz/Oe. The line in Figure 7.1(c) shows a 

linear fit to 

Figure 7.1 FMR data obtained with sample 4 - FeCo(9.3 nm)/Al2O3(1 nm)/FeCo(9.3 nm)/ 

Al2O3 (1 nm)/FeCo(9.3 nm). In (a), the blue circles show a representative FMR profile measured 

at 16 GHz. The solid red and dashed green lines show fits to a Lorentzian function and Gaussian 

function, respectively. Graphs (b) and (c) present the FMR field and the peak-to-peak linewidth, 

respectively, as a function of frequency. The blue circles are the data from fitting. The red curve 

in (b) is a fit to Equation 7.1, while the red line in (c) shows a fit to Equation 7.2. Graph (d) presents 

the FMR field as a function of an in-plane field relative to the easy axis. The blue symbols show 

the data, while the curve is a fit to Equation 7.3. For the data in (a)-(c), the measurements were 

performed with an in-plane field applied along the easy axis. 
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 Δ𝐻 = Δ𝐻𝐼𝐿𝐵 +
2𝛼

√3|𝛾|

𝜔

2𝜋
  7.2 

where ΔHILB denotes film inhomogeneity line broadening. The fitting gave 𝛼 = (2.84 ±

0.06)×10−3 and 𝛥𝐻𝐼𝐿𝐵 = 8.52 Oe. 

 Figure 7.1(d) presents HFMR as a function of the in-plane field angle, ϕ, relative to the easy 

axis. The blue symbols show the data. They were determined through fitting the FMR profile 

measured in a X-band cavity with a frequency fixed at 𝑓 = 9.5 GHz and by rotating the field in 

the sample plane. The data indicate the existence of a weak in-plane uniaxial anisotropy in the 

sample. The curve in Figure 7.1(d) shows a fit to 

 𝜔 = 2𝜋|𝛾|√[𝐻𝐹𝑀𝑅 + 𝐻𝑢 cos(2𝜙)][𝐻𝐹𝑀𝑅 + 𝐻𝑢 cos2 𝜙 + 4𝜋𝑀𝑠] 
7.3 

where Hu is the effective anisotropy field. The fitting made use of the above measured |γ| and 4πMs 

values and yielded 𝐻𝑢 = 33.4 Oe. 

 Similar FMR measurements and numerical analyses were carried out on the other four 

samples. The FMR data from all five samples are presented in Table 7.1 and Figure 7.2. In Table 

7.1, the second column gives the layered structures of the samples. Samples 1 and 2 have no 

lamination. Samples 3, 4, and 5 have 1, 2, and 3 laminating layers, respectively. Regardless of the 

lamination situations, all the samples have the same thickness which is 30 nm. The third column 

gives the |γ| values obtained by fitting the HFMR vs. ω/2π responses to Equation 7.1, as shown 

representatively in Figure 7.1(b). The fitting used 4𝜋𝑀𝑠 = 24 kG for all the samples. The fourth 

and fifth columns present the α and ΔHILB values. The determination of these values is shown in 

Figure 7.2, where the symbols show the measured ΔH data and the lines show the fits to Equation 

7.2 The right most column in Table 7.1 presents the Hu values obtained by fitting the HFMR vs. ϕ 

responses to Equation 7.3, as shown representatively in Figure 7.1(d). 
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7.4 Impact of lamination on film properties 

The representative data shown in Figure 7.1 and the complete data shown in Table 7.1 and 

Figure 7.2 indicate several important properties of these samples. First, the α value determined is 

highly reliable as there is good agreement between the ΔH data in the X and Ku bands, and the 

linear fitting in Figure 7.2 is almost perfect with a fit error as low as ±3×10−5. Second, the film 

is uniform and homogeneous. This is indicated by two observations, namely, that the Lorentzian 

function fits the FMR profile much better than the Gaussian function in Figure 7.1(a) and the ΔHILB 

values are relatively small as shown in Table 7.1. Finally, the values for |γ|, α, and Hu obtained 

from fitting are all nearly identical to the values expected for FeCo thin films with no lamination. 

Table 7.1 FMR results of FeCo thin films with different lamination configurations. 

Sample Structure || (MHz/Oe)   (10
-3

) H
ILB

 (Oe) H
u
 (Oe) 

1 FeCo(30nm) 2.99 4.09±0.06 7.69 31.0 

2 FeCo(30nm) 2.98 4.02±0.08 7.44 29.9 

3 
FeCo(14.5nm)/Al

2
O

3
(1nm) 

/FeCo(14.5nm) 
2.83 2.70±0.08 10.36 26.7 

4 
FeCo(9.3nm)/Al

2
O

3
(1nm) 

/FeCo(9.3nm)/Al
2
O

3
(1nm) 

/FeCo(9.3nm) 
2.79 2.84±0.06 8.52 33.4 

5 

FeCo(6.7nm)/Al
2
O

3
(1nm) 

/FeCo(6.7nm)/Al
2
O

3
(1nm) 

/FeCo(6.7nm)/Al
2
O

3
(1nm) 

/FeCo(6.7nm) 

2.67 3.02±0.03 6.93 33.0 
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This indicates that the incorporation of the two lamination layers does not significantly deteriorate 

the quality of the FoCo thin films. 

The data shown in Table 7.1 and Figure 7.2 indicate two additional results about the 

magnetostatic properties of the films. First, |γ| decreases with the number of lamination layers. One 

possible reason for this is that the 4πMs was assumed the same for all the samples in the fitting 

process but might be slightly smaller in the samples with more laminating layers. Nevertheless, all 

the |γ| values are close to the standard value of 2.8 MHz/Oe, with differences less than 7%. Second, 

the changes of ΔHILB and Hu with the number of laminating layers are both very small. The average 
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Figure 7.2 Peak-to-peak FMR linewidth as a function of frequency for five FeCo thin film 

samples, as indicated. For the three samples shown on the right, the red layers represent 1 nm 

thick Al2O3 laminating layers. For each data set, the symbols show the data and the line shows a 

fit to Equation 7.2. 
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of ΔHILB is 8.2 Oe, and the corresponding standard deviation is 1.3 Oe. For Hu, the average and 

the standard deviation are 30.8 Oe and 2.7 Oe, respectively. 

In terms of the dynamic properties of the films Table 7.1 and Figure 7.2 show two important 

results. First, the α values of the three samples with laminating layers are all notably smaller than 

those of the two samples with no lamination. This observation is believed to be due to lamination-

caused reduction in eddy current associated damping. In general, the eddy current damping 

decreases with the square of the film thickness.136,137 Second, for the samples with lamination, α 

increases with the number of laminating layers. The correlation is related to surface damping 

produced by, for example, surface imperfection-associated two-magnon scatting.49,138 Such 

surface damping is negligible in relatively thick films and becomes important in ultra-thin films. 

For the three samples concerned here it is most likely that the FeCo layers are so thin that the eddy 

current damping is small and shows relatively weak thickness dependence, while the surface 

damping is comparatively large and strongly depends on the film thickness. 

7.5 Summary 

The effects of lamination on the properties of FeCo thin films have been studied 

experimentally. It is found that one can make use of lamination to reduce the damping of FeCo 

thin films, by as much as about 34%, without producing notable changes in the other properties of 

the films, such as the anisotropy field and the inhomogeneity. This study demonstrates a new 

approach for manipulation of damping in ferromagnetic metallic thin films. Future study is of great 

interest that combines this approach and other approaches123,133-135 for the realization of larger 

damping tuning with only moderate changes to the other properties. It is also of great interest to 

take advantage of this approach to optimize write heads for better performance.  
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CHAPTER 8 Increased sensitivity VNA-

FMR measurement technique 

8.1 Overview 

Across technology and engineering fields it is highly desirable to create devices at ever 

smaller length scales.139 This interest in nano-scale devices is present in the field of magnetization 

dynamics as well. For example, one promising technology for magnetic recording is bit patterned 

media. In bit patterned media, the bits are stored on a small (about 14 nm diameter) isolated 

magnetic dots, as opposed to the grains in a continuous media that current magnetic recording 

technology uses.140 This technology has the potential to allow much higher areal density; however, 

at such small length scales the magnetization dynamics, and thus the switching of bits, are strongly 

affected by lateral confinement of spin waves and demagnetization fields.141 As ferromagnetic 

resonance is the standard measurement for characterizing magnetization dynamics, it is natural to 

apply this technique to nano devices. However, the signal-to-noise ratio of conventional FMR 

discussed in Chapter 6.4 is not high enough to distinguish clear resonance signals on samples with 

low magnetization volume. 

There exist many different techniques for characterizing magnetization dynamics of small 

nanoscale devices, but there are a variety of strengths, restrictions, and weaknesses to these 

methods.142-149 For this reason, it is desirable to extend the classic FMR technique to higher 

sensitivity. In this work, the sensitivity of the FMR measurement has been extended by combining 

the field modulation and lock-in method of traditional FMR, the high sensitivity of the VNA-FMR 
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measurement, and the improvement in signal-to-noise ratio, via background subtraction, of a 

microwave interferometer.142 

8.2 Experimental setup 

Figure 8.1 shows the schematic diagram of the high-sensitivity FMR system. The system 

has three major subsystems: (1) the magnetic field subsystem, (2) the microwave subsystem, and 

(3) the computer control subsystem. 

The magnetic field system, shown in green in Figure 8.1, has two parts. The first part is a 

GMW 3473-70 electromagnet which is powered by a Danfysik system 8500 power supply. This 

creates a large DC bias magnetic field for FMR measurements. Depending on the positioning of 

the pole pieces, fields up to 20 kOe directed out of the film plane can be reached. During field-

swept FMR measurements the field is set and allowed to stabilize for 5 seconds before the 

measurement is taken. The field is measured with a Lakeshore model 450 gauss meter and a Hall 

probe placed next to the sample. Then a new field is set accordingly and allowed to stabilize before 

the next data collection. The VNA-FMR measurement experiences background drifts so an AC 

detection technique is used. In addition to the large DC magnet a smaller Helmholtz coil is used 

as a modulation field source which adds a weaker low-frequency AC component to the DC bias 

field. A Wavetek model 81 function generator is used to generate a sine wave output with a 

frequency of 37 Hz. This signal is fed to a low-frequency audio amplifier to boost the output 

current such that the root mean square field output of the modulation Helmholtz coil is 5 Oe. This 

modulation field strength can be modified as necessary to suit the experiment. 
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The microwave subsystem, connected via hollow blue lines in Figure 8.1, uses an Agilent 

E8364 vector network analyzer as both a microwave source and a detector. The microwaves 

generated by the VNA, with frequency from 10 MHz to 67 GHz, are passed to a microwave 

Figure 8.1 Diagram of the high sensitivity VNA-FMR system. The experimental setup consists 

of three main subsystems. (1) The magnetic field subsystem, connected with solid green lines, 

consists of the magnet and modulation coil, which are powered by the DC power supply and 

amplified signal generator outputs, respectively. This subsystem generates a large DC magnetic 

field with a small, low frequency, AC component out of the sample plane. (2) The microwave 

subsystem, connected with hollow blue lines, splits the microwave output of the VNA with a power 

divider and has two parts: the signal leg, highlighted in blue, which consists of two RF probes 

connected to a CPW, with the sample to be measured placed on the top of the CPW; and the 

reference leg, highlighted in red, which consists of a variable attenuator and phase shifter. The 

signals from the two legs are then combined via a power combiner and then amplified with a low-

noise microwave amplifier before returning to the VNA, which acts as a detector. (3) The computer 

control subsystem, connected with red triple lines, is centered around the computer and its LabView 

program which controls the DC power supply, signal generator, and VNA. The computer also 

collects data from the VNA and a gauss meter (not shown). 
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interferometer used for background subtraction. Port 1 of the VNA is connected to a Marki 

Microwave PD-0165 microwave power divider which splits the microwave signal into the two 

legs of the interferometer: the signal leg, highlighted in blue in Figure 8.1, and the reference leg, 

highlighted in red in Figure 8.1. 

The first leg, the signal leg, uses the same experimental configuration as the VNA-FMR 

system described in Section 6.5. The sample is placed on a coplanar waveguide which is connected 

to two custom Picoprobe P-19-5641-B nonmagnetic ground-signal-ground probes. The probes are 

then connected to the power divider and power combiner. The power combiner is a reversely 

connected Marki Microwave power divider PD-0165.  

The second leg, the reference leg, consists of a Narda Microwave model 4796 variable 

attenuator, with a low minimum insertion loss and an attenuation up to 30 dB, and a API 

Technologies 6705K-5 phase shifter. To tune the reference leg of the microwave interferometer, 

the magnetic field is set far higher than the sample resonance so that there is no magnetic signal 

from the signal leg. Next the phase shifter is tuned such that the signal and reference legs are 180° 

out of phase. Then the variable attenuator is tuned such that the reference and signal leg have the 

sample signal amplitude. The result of this is the cancellation of any non-magnetic signal emerging 

from the power combiner at the microwave frequency which will be measured. This is a Mach-

Zehnder interferometer working as a notch filter. 

The final part of the microwave subsystem is a B&Z Technologies BZ-01002650-451032-

202525 low-noise microwave amplifier, with a gain of up to 34 dB, which boosts the signal 

returning to port 2 of the VNA. An example of this cancellation is shown in Figure 8.2(a). The 

magnitude of S21 is shown as a function of frequency with the interferometer tuned to cancel signal 

at 13 GHz. Minima in microwave transmission are seen roughly every 72 MHz with the strongest 
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cancelation at the tuned frequency of 13 GHz. The background cancellation can be tuned to around 

90 dB, as seen in the inset of Figure 8.2(a). 

 The third subsystem is the computer control, which is shown connected with triple red 

lines in Figure 8.1. The computer runs a LabView program which controls the DC power supply, 

signal generator, and VNA output and reads the signals generated by the gauss meter and VNA. 

In order to accurately set the magnetic field, a calibration program is run which sweeps the output 

of the DC power supply and reads the corresponding field values from the gauss meter. After the 

magnet output has been calibrated, the desired frequency is set and the microwave interferometer 

tuned to that frequency as described above. 

A field-swept FMR measurement may then be carried out as follows. The field is set and 

allowed to stabilize. Then the computer triggers a burst output from the signal generator to output 

the modulation field while triggering the measurement from the VNA after a small delay to ensure 

that the measurement is taken with a stable AC field. The program then collects the modulated real 

and imaginary S21 data from the VNA. The signal magnitude is averaged over 40 modulation field 

Figure 8.2 Results of interferometer tuning. (a) Magnitude of S21 as a function of frequency. 

The cancelation due to the interferometer tuned to 13 GHz over a range of 400 MHz is visible. The 

inset shows the cancellation in a narrower frequency range of 20 MHz centered around 13 GHz. 

The cancellation in this case is 89 dB. (b) Sample improved VNA-FMR data taken at 13 GHz. The 

blue and green circles show the real and imaginary parts of S21, respectively. The red curves show 

fits to Equations 6.40 and 6.41. 
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cycles. This AC detection technique is functionally equivalent to the lock-in detection method. 

Due to the AC detection and background subtraction, this S21 signal has had noise or background 

drift removed and is only the result of the FMR response of the sample under test. The field is then 

set to a new value and the measurement is repeated. The end results are the real and imaginary 

FMR spectra shown in Figure 8.2(b), where the blue and green circles represent the data for the 

real and imaginary parts of S21, respectively. These data are then fit via the method described in 

Section 6.5.2, shown by the red curves, and the relevant experimental parameters are extracted. 

The measurement can then be repeated at another frequency. 

8.3 FMR measurement results with different systems 

The improved VNA-FMR technique described above offers improved sensitivity and a 

larger frequency range compared to traditional shorted waveguide or cavity FMR technique and 

improved sensitivity, better field resolution, and faster measurements compared to the standard 

VNA-FMR technique. A comparison of the three measurement methods for a 1-nm-thick CoFeB 

sample are shown in Figure 8.3, Figure 8.4, and Figure 8.5. 

 The sample structure is Si substrate/Pd (3 nm)/CoFeB (1 nm)/MgO (1.6 nm)/Al (5 nm) 

deposited by sputtering and annealed in a rapid thermal annealing furnace at 450° C for 30 s. A 1-

μm-layer of photoresist was spin coated to prevent shorting the CPW signal line and grounds. The 

sample was provided by National Tsing Hua University in Taiwan.150  

The sample is sufficiently thin such that it is not possible to resolve a signal using 

traditional shorted waveguide FMR. A single frequency data point at 9.7 GHz is available via a 

microwave cavity as shown in Figure 8.3. Note that the data, represented by the blue circles, is 

very weak and close to the resolution limit of the system. Fitting this data with a Lorentzian fitting 
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function, represented by the red curve, yields an FMR field of 1.54 kOe and an FMR linewidth of 

444 Oe. 

 The measurement results for the VNA-FMR technique are shown in Figure 8.4. Figure 

8.4(a) shows representative data taken at 12.9 GHz, where the blue and green circles represent the 

data for the real and imaginary parts of S21, respectively. This technique, described in more detail 

in Section 6.5, gives better results than the cavity technique and the signal at 13 GHz is clearly 

visible. The data presented is the average of 40 field swept data sets. The data can be fit with the 

method described in Section 6.5.2, represented by the red curves. The fit yields an FMR field of 

2.52 kOe and an FMR linewidth of 622 Oe. Note that there are relatively few data points near the 

resonance and there is significant linewidth broadening, both of which are the results of the fast 

field sweep. Figure 8.4(b) shows the FMR field as a function of microwave frequency. The data, 

shown by the blue circles, was obtained from the fitting of each individual constant frequency 

field-swept measurement, such as Figure 8.4(a). The data were fit by Equation 6.21, the Kittel 

equation for field out-of-plane. The fitting resulted in |γ| = 3.12 GHz/Oe and Meff = -1.61 kG. 
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Figure 8.3 Microwave cavity FMR measurement. FMR data of 1-nm-thick CoFeB film sample 

measured with a 9.7 GHz microwave cavity and a lock-in detection technique. Blue circles show 

the data and the red curve is a Lortentzian derivative fit. 
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Figure 8.4(c) shows the FMR linewidth, which was determined from the fitting of the field-swept 

data, such as Figure 8.4(a), as a function of frequency. The data were fit with Equation 6.28, which 

resulted in α = 0.026 and ΔHILB = 462 Oe. 

 The results of the improved VNA-FMR technique are shown in Figure 8.5. Figure 8.5(a) 

shows representative data taken at 13 GHz, with the blue and green circles representing the data 

for the real and imaginary parts of S21, respectively. Each data point is the result of 40 field 

Figure 8.4 VNA-FMR measurements. (a) Representative FMR data of 1-nm-thick CoFeB film 

sample measured with the VNA-FMR technique at 12.9 GHz. The blue and green circles show the 

real and imaginary parts of the S21 data, respectively. The red curves are fits to Equations 6.40 and 

6.41. (b) FMR field as a function of microwave frequency. The blue circles are the data extracted 

from each field swept measurement, and the red curve is a fit to the Kittel equation, Equation 6.21. 

(c) FMR linewidth as a function of frequency. Blue circles are data extracted from field-swept 

measurements, with error bars from fitting, and the red curve is a fit to Equation  6.28 
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modulation cycles. The signal from the improved VNA-FMR technique is clear and there is little 

background drift. Fitting the data with Equations 6.40 and 6.41, represented by the red curves, 

yields an FMR field of 2.61 kOe and an FMR linewidth of 397 Oe. Note that the linewidth is much 

narrower with this technique due to the slower field sweep. Figure 8.4(b) shows the FMR field as 

a function of microwave frequency. The data, shown by the blue circles, was obtained from the 

fitting of each individual constant frequency field-swept measurement. The data were fit by 

Equation 6.21, the Kittel equation for field out-of-plane. The fitting resulted in |γ| = 3.07 GHz/Oe 

Figure 8.5 Improved VNA-FMR measurement. (a) Representative FMR data of 1-nm-thick 

CoFeB film sample measured with the improved VNA-FMR technique at 13 GHz. The blue and 

green circles show the real and imaginary parts of the S21 data, respectively. The red curves are 

fits to Equations 6.40 and 6.41. (b) FMR field vs. frequency. The blue circles are the data 

extracted from each field-swept measurement, and the red curve is a fit to the Kittel equation, 

Equation 6.21. (c) FMR linewidth as a function of frequency. Blue circles are data extracted from 

field-swept measurements, with error bars from fitting, and the red curve is a fit to Equation  6.28 
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and Meff = -1.59 kG. Figure 8.5(c) shows the FMR linewidth, which was determined from the 

fitting of the field-swept data, as a function of frequency. The data were fit with Equation 6.28, 

which resulted in α = 0.020 and ΔHILB = 306 Oe. 

8.4 Comparison of different ferromagnetic resonance 

techniques 

It is clear that the cavity FMR technique is not a viable means of FMR measurements for 

such low-volume samples, as the signal is very weak and limited to only a single frequency point. 

The standard VNA-FMR technique is a reasonable means for measuring the CoFeB sample 

presented in the previous section. It does, however, have limitations. In order to reduce signal drift, 

the magnetic field is swept as fast as possible. There are two important consequences. First, there 

are not very many data points in the field range of interest. The effective field step size in Figure 

8.4(a) is about 90 Oe. If the linewidth of the sample is narrow, as would be the case with YIG or 

other magnetic oxides, it would be impossible to measure the linewidth accurately. Second, the 

fast field sweep results in artificial linewidth broadening. This is because the field is not stable 

during each measurement and the magnetization precession is not in a steady state. Compared to 

the cavity or improved VNA-FMR techniques, the linewidth is about 150 Oe larger. This linewidth 

broadening manifests itself primarily as increased frequency independent linewidth broadening in 

ΔHILB, but also shows up as a small increase of the Gilbert damping parameter, α. This system is 

also nearing the limit of its detection sensitivity. For samples with a greatly reduced magnetic 

volume it may be impossible to distinguish a signal from noise, even with extensive averaging. 
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The improved VNA-FMR measurement technique represents a significant advance in the 

capabilities of the system. The signal measured does not show any artificial linewidth broadening 

due to fast field sweeping. With the improved VNA-FMR technique, the field step size and 

stabilization time are both fully configurable. In the data in Figure 8.5(a) the field step size is 10 

Oe and the field stabilization time is 4 s. This leads to more accurate measurements of ΔHILB and 

α as shown in Figure 8.5(c). Additionally, the sensitivity of this system is much greater, and has 

much greater capability for scaling. While it is not practical to increase the averaging of the VNA-

FMR technique, due to the amount of time required to make a measurement, the number of 

modulation field cycles over which the improved VNA-FMR technique measures can be 

significantly increased without impacting the measurement time. This enables this measurement 

technique to measure samples with much lower signal levels than the standard VNA-FMR 

technique. 

8.5 Summary 

A new VNA-FMR measurement technique has been developed which uses a microwave 

interferometer and AC detection to achieve ultrahigh sensitivity. Improved sensitivity has been 

demonstrated by comparing FMR measurements performed on a 1-nm-thick CoFeB film with 

microwave cavity FMR, standard VNA-FMR, and improved VNA-FMR techniques. These results 

demonstrate the very high measurement sensitivity and accuracy achieved by the new FMR 

system. This improved measurement technique will enable observations of extremely small FMR 

signals and open avenues to characterize magnetization dynamics in a new realm of low-volume 

samples.142 
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CHAPTER 9 Summary 

9.1 Summary 

This dissertation provides experimental measurements of spin currents and ferromagnetic 

resonance (FMR). 

In Chapter 3 the light-induced generation of pure spin currents were reported in both 

Pt/YIG and Pt/BaM via the SSE. The BaM had strong in-plane uniaxial anisotropy and was 

therefore self-biased. Upon exposure to light, a temperature difference is established across the 

film thickness, which gives rise to a pure spin current in the Pt via the SSE. In BaM, this experiment 

demonstrates a spin current source which requires neither magnetic field, microwave source, nor 

heating/cooling device, but light only. 

Chapter 4 demonstrated an entirely new means for spin current generation, the photo-spin-

voltaic effect. This work reported that a spin voltage can be created by photons in a non-magnetic 

metal in close proximity to a magnetic insulator. The experiments used bi-layered structures 

consisting of nm-thick Pt films grown on magnetic insulators. When illuminated by light, for the 

Pt layer in proximity to a magnetic insulator there exists a spin-dependent excitation which results 

in a spin voltage near the interface and a corresponding pure spin current across the Pt thickness. 

The results of the previous chapter were expanded in Chapter 5, which reported the PSV 

effect in Pd, Au, and Cr, in addition to Pt. The experiments in this work were conducted in a regime 

where the PSV effect and the SSE coexist, and the PSV strength is comparable to the SSE strength. 

The data show that the PSV effect can be stronger than, similar to, or weaker than the SSE 

depending on the light source, providing further evidence for the wavelength dependence of the 
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PSV effect. The trend of PSV strength using different light sources changes in different samples, 

indicating the unique wavelength-dependent excitation for each metal. 

The effects of lamination on the damping properties of FeCo thin films were studied in 

Chapter 7. It was found that the lamination could significantly reduce the Gilbert damping constant 

(α) of FeCo thin films, by as much as 34%. It was also found that α increased with the number of 

laminating layers in the films. In spite of the significant change in α, however, the lamination 

produces only small changes in the other properties of the film, such as uniaxial anisotropy. 

The VNA-FMR measurement technique was improved in Chapter 8 with the use of field 

modulation, lock-in detection, and background subtraction. These improvements led to increased 

measurement sensitivity and can enable the measurement of ultra-low-volume magnetic samples. 

9.2 Future work 

The research summarized above has opened several exciting avenues of future 

investigation.  

The photo-spin-voltaic effect, in particular, naturally leads to a wide variety of possible 

future work of both fundamental and practical significance. There is still much to consider in terms 

of different materials which can be used for this effect, both for the magnetic layer and the non-

magnetic metal layer. Additionally, there are fundamental questions about the nature of the effect 

which can be explored in greater detail. For example, the exact wavelength dependence of the 

effect is of great interest. More qualitative measurements of the wavelength dependence are called 

for. For example, a measurement of the PSV voltage signal excited with narrow-bandwidth light 

can produce a measurement of the PSV signal as a function of wavelength, which would be a 

significant result that can be compared to the existing theoretical model. It is especially important 
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to compare the wavelength dependence of different metal layers. The limits of the time-domain 

response of the PSV signal have also yet to be probed. The effects of interface quality on the PSV 

signal are another possible research path. From a practical perspective, there are several possible 

uses of the PSV effect which warrant further investigation. The possibility of using light to induce 

switching in a magnetic layer is one such opportunity. 

In addition to the wealth of opportunities presented by the PSV effect, the upgraded VNA-

FMR system also opens appealing research avenues. With increased sensitivity, it may be possible 

to measure ultra-thin nano-patterned devices, such as the nano-dots which may potentially be used 

in bit-patterned media, and other samples with extremely weak FMR signals. 
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