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ABSTRACT 

 

Materials in energy conversion devices often undergo a variety of degradation 
mechanisms. Solid oxide fuel cell cathodes materials, for example, are subject to surface 
compositional changes due to material segregation. The extreme operating conditions in 
these energy conversion devices requires the development of an operando technique that 

is surface and material specific to accurately probe these degradation mechanisms. 
Second harmonic generation (SHG) is a surface specific technique that probes the 

electronic structure of a material using the 2nd order polarizability. Using well 
characterized materials like Au, Si and NiO, we began investigating how high 

temperatures (260 °C) and atmospheric composition affected the surface electronic 
structures. To do this, a custom sample chamber dubbed TROPICS was designed and 
built to achieve temperature, atmospheric compositional and eventually, electrochemical 
control. 

We found that gold’s SH intensity was enhanced (3.5 times) when O2 was present 
in the atmosphere but this enhancement disappeared at high temperatures. Using data 
from titrating O2 into a N2 atmosphere, we concluded that a monolayer of O2 was forming 
on the gold surface, providing backbonding opportunities for gold’s free electrons into 

the partially filled O2 * orbitals. Similar behavior was seen in N-type Si which also 
showed SH enhancement at room temperature. However, P-type and undoped Si showed 
no such atmospheric dependent behavior.  

SHG experiments done with NiO showed decoupled behavior in the electronic 
structure recovery between the bulk and surface. After heating to 260 °C, the SH signal 
did not return to pre-heating intensities but required ~60 and ~90 minutes in N2 and air 
respectively. The difference in recovery time between N2 and air could be attributed to 

interactions between the still paramagnetic NiO electrons and the partially filled O2 * 
orbitals. 
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CHAPTER ONE 

INTRODUCTION 

Motivation 

One of the largest challenges facing the world today is an ever-increasing demand 

for energy conversion and storage. According to the most recent estimate from the 

International Energy Agency (IEA), the world’s energy consumption is forecast to 

increase by 27% by 2040 as developing countries gain access to electricity.1 To meet this 

requirement, energy obtained by burning natural gas and oil is predicted to increase by 

31% and 21%, respectively. In order to meet growing energy demands, while balancing 

the competing need to reduce greenhouse gas emission, transformative advances in 

energy conversion systems are necessary.2 Technologies that produce electricity through 

electrochemical oxidation and create fuels via electrolysis are particularly attractive 

because these systems tend to operate with very high efficiencies and lend themselves to 

reversible operation: electrolyzing CO2 and H2O to produce fuels when overpotentials 

from renewable sources like wind or solar are available and converting those fuels back 

into products and electricity when demand for electrical power is high.   

Any charge transfer process in these devices necessarily occurs at the junction 

between adjacent materials. In solid state electrochemical fuel cells and electrolyzers, this 

boundary is often described as a three-phase boundary (TPB) where an electrode, 

electrolyte and reactant meet. In other devices, this boundary may sometimes be the 
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interface between two bulk materials such as in unitized battery structures.3 Regardless of 

how these devices produce electricity, their conversion efficiencies and durability are 

controlled by the stability and resilience of their surface chemistry. Understanding and 

predicting how surface chemistry changes under applied conditions is challenging. 

During operation, electrodes and electrolytes are subject to extreme nonequilibrium 

conditions. Not only are these materials subject to high temperatures and/or strongly 

oxidizing or reducing atmospheres as in the case in solid oxide electrochemical cells, they 

are also subject to applied electrochemical potentials. These conditions often promote the 

formation of secondary phases that shrink the three-phase boundary and diminish 

conversion efficiency, ultimately leading to device failure.4-6  

Work described in this thesis explores the development of second harmonic 

generation (SHG), a type of surface specific, second order nonlinear optical spectroscopy, 

as a strategy for studying the chemistry of materials used energy conversion applications.  

Specifically, these studies test the viability of using SHG to study surface chemistry at 

elevated temperatures and under different gas phase environments. As will be discussed 

below, SHG is ideally suited for in situ and operando studies of materials in chemically 

aggressive environments. The technique is non-invasive and well suited for stand-off 

detection. Data can be acquired on the ~100-101 second time scale and with spatial 

resolution on the scale of ~100 m. Despite extensive study as a means of probing 

surface structure and reactivity for the past 35 years,7-11 SHG has been used only rarely to 

study high temperature surface chemistry.12, 13 After demonstrating the utility of SHG to 

study the high temperature nonlinear response from Au, we apply temperature dependent 
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SHG to study different types of Si and NiO. The Au studies themselves yield insightful 

and unexpected discoveries about the nature of electron-phonon coupling in the material 

and the likelihood that molecular oxygen adsorbs to Au surfaces at room temperature.  Si 

and Ni/NiO are important materials in photovoltaics and solid oxide electrochemical 

cells, respectively. This work provides new insight into electron-phonon coupling 

mechanisms in metals and semi-conductors and reveals unusual hysteresis in the recovery 

of NiO’s surface electronic structure.  

Direct Energy Conversion Applications 

Harvesting energy from sunlight is an incredibly untapped reservoir to convert 

electromagnetic radiation to electricity, hence photovoltaic (PV) cells is a vital green 

energy conversion technology that depend on stable surface chemistry and operating 

conditions. For example, the maximum power output of a Si based solar panel decreases 

by ~0.258 % per degree °C and can contribute to different degradation mechanisms.14 

Responsible for approximately 50% of the critical failures in Si photovoltaic cells are hot 

spots which result from temperature differences across the panels and puts extra stress on 

the system.15, 16 Another limitation of Si photovoltaic cells is the formation of hydrogen 

gas through the hydrolysis of water that accidently enters the cell (Figure 1). The 

resulting hydrogen gas accelerates the degradation of the ethylene vinyl acetate (EVA), a 

protective layer and acts as a shock absorber for the panels, leading to photovoltaic cell 

corrosion.15 Finally, solar panels are often connected to high voltage systems that can 

cause potential induced degradation in individual cells, causing them to fail.17 From this 
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catalog of potential threats to the viability of solar cell performance, one sees that 

thermal, chemical and electrochemical stresses can all shorten device lifetime.18, 19   

 

Figure 1: Schematic of moisture diffusion path inside the PV module structure15 

Another example of an energy conversion systems that suffer degradation from 

thermal, chemical and/or electrochemical stress are solid oxide electrochemical cells 

(SOCs). SOC’s are devices that have two electrodes separated by a solid oxide 

electrolyte.20 When operating as fuel cells, solid oxide fuel cells (SOFCs) convert 

chemical energy to electrical energy through the electrochemical reduction of fuels such 

as H2, CH4, CO/H2, or CH4/CO2 (biogas). Unlike the more common polymer electrolyte 

membrane fuel cells (PEMFC) that have a hydrated electrolyte,21, 22 precious metal 

catalyst and require clean H2 as a fuel source, SOFC’s operate at high temperatures (500-

1000 °C), are constructed with comparably inexpensive materials and are fuel flexible. 
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Furthermore, SOFCs can operate with efficiencies above 80% in combined heating and 

power applications.23 When sources of excess electricity are available such as from solar 

panels or wind turbines, SOCs can − in principle − operate in reverse, electrolyzing 

‘products’ such as H2O and/or CO2 into ‘fuels’ including H2, CO, and higher molecular 

weight hydrocarbons.  In this configuration, SOCs are described as SOECs or solid oxide 

electrolysis cells. (Figure 2) 

 

Figure 2: Electrolyte supported solid oxide cell with fuel cell (left) and electrolysis (right) 
reactions. 

 A SOFC is comprised of three main components, two mixed ion electronic 

conductor (MIEC) electrodes, a cathode, and an anode, and a solid-state, oxide ion ionic 

conducting electrolyte. The most common electrolyte used for these devices is yttria 

stabilized zirconia (YSZ), a cubic material with Y2O3 dopant levels of ~8-12% in a ZrO2 

lattice.24 The activation energy for oxide diffusion through YSZ is ~100 kJ/mole meaning 

that these devices must operate at high temperatures in order to generate sufficient 

current and suitably high powers for intended applications.25  
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When functioning as an SOFC, molecular O2 is electrochemically reduced at the 

cathode TPB to form oxide anions (O2-) that then diffuses through the electrolyte to the 

anode. At the anode TPB, incident fuel is oxidized and reacts with oxides to form 

electricity and products. The materials used to fabricate SOC materials are complex and 

must retain structure and function for an SOC to remain operational. Cathode materials 

typically consist of MIEC perovskites such as LaxSr1-xMnO3 (LSM)26, 27 or 

LaxSr1-xCo1-yFe1-yO3 (LSCF)28 for the cathode. Anodes are most commonly formed from 

Ni-YSZ cermet structures where the Ni usually starts out as NiO and is electrochemically 

reduced in situ prior to SOC operation.29 Both the cathode and the anode are subject to 

high operating temperatures, applied overpotential and oxidizing/reducing atmospheres 

making these components susceptible to corrosion, secondary phase formation and 

material sintering, all of which can negatively affect the surface of the electrodes, 

reducing the cell’s performance. 

One of the main degradation pathways that compromises anode performance is 

coarsening of the triple phase boundaries. For a gaseous fuel to be reduced in an SOFC, it 

must have physical access to both the anode (to carry away electrons) and the oxide ion 

from the electrolyte simultaneously. During operation, high temperatures and over 

potentials can cause Ostwald ripening, reducing the number of active sites.30 Lean fuel 

conditions or excessively large currents can cause the Ni in the anode to oxidize to form 

NiO. NiO is an electronic insulator and this degradation mechanism shrinks the anode 

TPB and reduces electrical connectivity throughout the anode.31 Finally, contaminants in 
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the fuel such as sulfur or chlorine as well as carbon itself can react with Ni at the TPB, 

physically blocking triple phase boundary cites and preventing fuel oxidation.32  

SOFC cathodes, are also susceptible to material degradation. Several different 

material segregation mechanisms for LSM have been proposed to explain the decrease in 

the oxygen reduction reaction under operating conditions. The first mechanism proposes 

the creation of an insulating phase like La2ZrO7, which forms from La+x ions migrating 

from the cathode to the electrolyte.33 This layer, seen with x-ray diffraction (XRD) and 

scanning electron microscope (SEM), prevents O2- ions from reaching the anode and 

limit the cell’s electrochemical output. Another mechanism that has been proposed is the 

migration of Sr2+ ions to the solid/O2 interface which would oxidize to form a layer or 

SrO or Sr (OH)2, on the surface which would prevent the creation of O2- ions via the 

oxygen reduction reaction. Evidence of this process has been detected with several post-

mortem techniques including low energy ion scattering (LEIS) (Figure 3),34 x-ray 

photoelectron spectroscopy (XPS)35 and time of flight secondary ion mass spectroscopy 

(ToF-SIMS).36  
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Figure 3: LIES data showing Sr migration to the surface of LSCF as a function of 
temperature.34 

Finally, in contrast to the previously stated degradation pathways, total reflection 

x-ray fluorescence (TRXF) data suggest a material segregation pathway where Mn ions 

migrate to the solid/O2 atmosphere interface (Figure 4).37 The authors suggested that 

increased Mn ions likely provide more active sites for the oxygen reduction reaction and 

likely result improved cell performance. 
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Figure 4: TXRF data depicting a decrease in La and Sr concentrations at the surface of 
LSM as a result of temperature.37   

Despite the disagreement caused by the TRXF the general consensus is that Sr2+ 

is likely migrating to the surface of LSM, oxidizing and forming an insulating layer of 

SrO. An important point to note, however, is that all of the data from all of the different 

techniques that have led to this conclusion do not directly probe LSM’s surface chemistry 

under operational conditions. The techniques that detected evidence of Sr2+ on the 

surface of LSM, hours after it stopped running and, in a pressure, free environment, are 

suggestive but do not provide the direct, species specific information of what species 

were on the cathode surface impacting charge transfer reactions during operation.  

Examining the origins of SOFC cathode degradation (as well as other materials) at high 

temperatures under applied electrochemical polarization requires a technique that can 

observe material changes with surface specificity under the extreme conditions. Ideally, 

these operando measurements could be made with relatively short temporal resolution 
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(on the order of seconds) and with high spatial resolution. These conditions can be met 

with optical methods. 

Prior Applications of Operando Optical Spectroscopy 
in Energy Conversion Systems 

Operando optical measurements of SOFC chemistry have been performed 

previously using vibrational Raman scattering.38-41 By coupling vibrational spectra with 

electrochemical data acquired simultaneously, chemical speciation can be correlated with 

device performance to provide information about how changing material composition 

affects SOFC performance. For example, Welander, et al. monitored the surface 

chemistry of Ni-YSZ, NiCGO, NiCoCGO, CoCGO and Ni anodes as mixtures of CO2 

and CH4 were burned as fuel.42 Carbon accumulation was observed in all cases with a 

pure CH4 fuel however, accumulated carbon on NiCGO and NiCoCGO disappeared as 

the cell cooled. Studies based on post mortem techniques claimed that these anodes were 

completely resistant to coking but Welander, et al. showed how these ex situ data 

acquired after the device had been cooled and disassembled were misleading, 

simultaneously demonstrating the need for operando techniques.  

Another example of operando techniques providing new information power 

generation mechanisms and the effect of sulfur contamination on power. Owrutsky, et al. 

used chronocoulometry and operando near infrared imaging showed evidence that during 

the burning of syngas, the primary reaction that contributes to power generation is the 

oxidation of hydrogen.43 Initial CO adsorbed to the surface does not contribute to power 
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generation and is likely prevented from doing so due to fast coking of the surface. Also, 

when H2S was added to the fuel source, chronocoulometry showed evidence that sulfur 

competitively adsorbed to surface active cites, forming SO2 and reducing the cell’s 

performance. Thermal imaging can show the change in temperature caused by a reaction 

occurring on the surface.44-46 Pomfret, et al. used a Si-CCD camera to characterize the 

cooling of Ni/YSZ cermet anodes due to oxidation and reforming reactions that occurred 

during operation.47 Carbon deposition on the anode cooled the surface by 16 °C while Ni 

reduction in H2 cooled the surface by 5 °C. Conversely when carbon is oxidized in air, 

anode temperature rises by ≥20 °C. From the temperature change data, the authors were 

able to conclude that electrochemical oxidation of carbon is less thermally stressful to the 

SOFC than oxidation due to atmospheric species.  

Additionally, techniques like APXPS have been used to study the electrocatalytic 

processes occurring on SOFC electrodes.48 Eichhorn, et al. investigated the 

electrocatalytic splitting of water and the oxidation of hydrogen  on the surface of a 

single sided ceria oxide electrode at 700 °C and a 0.5 torr atmosphere.49 For the reduction 

of water, the authors observed charge separation at the solid/gas interface via a build-up 

of mobile surface intermediates including OH- and Ce3+ in the electrochemical active 

regions of the SOC. For the oxidation of hydrogen, the authors reported that surface 

concentrations of O2- and OH- shifted significantly and concluded that the rate 

determining step for hydrogen oxidation was the same as water electrolysis.  
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Operando studies of photovoltaic cell materials and degradation mechanisms 

have also been studied extensively with Raman spectroscopy.50-52 Copper zinc tin sulfide 

(CZTS), a solar absorber material candidate, was investigated at 600 °C with Raman 

Spectroscopy by Awadallah, et al.53 The authors noted that CZTS remained Raman active 

at 600 °C, but the Raman spectrum began to disappear as CZTS started to oxidize at 

400 °C while in air.  

Thermal imaging has also been used to detect degradation and its effects on solar 

cell performance.54-56 To detect EVA discoloration, an obvious sign of thermal 

degradation, in photovoltaic cells, Kaplani used thermal imaging on photovoltaic cells 

that had been operation for 20 years.57 The most extreme browning of the EVA was 

25 °C hotter than cells experiencing less browning on the same array. The hottest spots 

detected on the arrays were above soldering bonds that failed, reaching temperatures of 

96 °C and cell performance degradation was confirmed with I-V data. From thermal 

imaging data, Kaplani was able to develop an algorithm that can detect EVA 

discoloration from a picture.  

Finally, photovoltaic cell degradation mechanisms have also been identified using 

electroluminescence.58-60 Hacke, et al. developed a Xe-lamp based degradation chamber 

to examine device failure while able to control environmental conditions like temperature 

and mechanical stress levels.61 Electroluminescence (EL) is a useful tool to detect 

mechanical defects in photovoltaic cells as an applied bias increases the number of 

electron-hole pairs and causes luminescence which can be used to easily see fracture lines 
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in glass. Using miniature photovoltaic modules, extreme physical loads were applied to 

the glass coverings and cracks were seen with EL at 5 different temperatures between 5-

85 °C. Another degradation mechanism observed with EL is the failure of solder bonds, 

which caused increased current crowding and bright spots to appear on the 

electroluminescent image at higher temperatures.  

Second harmonic generation has been used to investigate interfaces across a wide 

variety of subjects in numerous applications including the solid-liquid interface,62-66 

biological imaging,67-71 plasmonic nanostructure detection.72-76 For a more complete view 

of the literature, reviews by Butet, et al.,77 Eisenthal,78 and Ray79 describe the optical 

physics underpinning SHG and provide a broad survey of those discoveries made 

possible by SHG’s unique combination of surface and species specificity . For the systems 

described in this dissertation, we are interested in the solid/gas interface concerning bulk 

metallic properties. Useful initial studies describing the SHG response thin metallic films 

was done by Che, et al. and grouped the films by strength of SHG response (Figure 5).80 

Materials like Au and Ag are in group A because they have a larger nonlinear 

polarizability, and therefore produce more SHG signal than materials like Cr and Co 

which are a part of group C. 
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Figure 5: Relative SHG intensities of a variety of 100 nm thin films.80 

 A second study that was particular relevant for this dissertation’s work was 

carried out by Krause, et al. who thoroughly investigated the SHG response of metallic 

thin films including Au, Cu, Ag, Al and Ta in vacuum.81  Using an isotropic model to 

interpret the SH results as well as linear optical characterization techniques, these authors 

were able to quantify the nonlinear susceptibility of each material.  Importantly, they 

were able to identify that surface currents perpendicular to the surface are primarily 

responsible for the SH signal and are up to 3 orders of magnitude greater than 

contributions from electrons in the bulk. A study of gold thin films done by Wang, et al. 
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built on Krause’s work by decoupling magnetic and electric dipole contributions with two 

beam SHG.82  

Wang confirmed that the bulk contributions to SHG were dominated by surface 

currents oscillating perpendicular to the surface. SHG has been used to characterize non-

noble metal materials like indium tin oxide (ITO). The initial characterization of ITO was 

done by Wang, et al. which determined that the ideal angle of incident light was 60° for 

this material.83 They also noted that there was tunability of the SHG signal with respect to 

film thickness, obtaining the maximum signal at a 147 nm thickness. Wang, et al. did not 

provide an explanation for this behavior however, it may rise from the fact that ITO is 

transparent. ITO is what is known as an “epsilon near zero” material meaning that the 

electric permittivity is lower in a material at specific wavelengths and can be used to 

increase the SH response of a material. The enhancement of SH signal via the epsilon 

near zero effect, was characterized by Capretti, et al. and showed that the SH response 

from ITO was ~50 times greater than titanium nitride.84 Also, as with the gold studies 

discussed above, Capretti showed that contributions perpendicular to the surface was 

responsible for a majority of the nonlinear susceptibility of the material. Materials like 

Si/SiO2 and NiO have also been previously characterized with SHG however, relevant 

SHG studies will be summarized in Chapters 4 and 5.  

Research described in this dissertation adapts a traditional nonlinear optical 

technique, second harmonic generation to investigate the surface electronic structure of 

materials relevant to energy conversion applications. Adapting SHG to these conditions 
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was more difficult than anticipated and gave rise to fundamental discoveries that needed 

addressing before the surface chemistry in more complex materials could be explored. 

While the studies and discoveries presented in subsequent chapters do not address the 

chemical changes occurring on functioning SOC electrodes, findings do demonstrate that 

SHG is an appropriate tool for the task and results provide new and exciting information 

about electron-phonon interaction at elevated temperatures. Future investigations aim to 

probe SOFC material surfaces, and the material changes seen with post-mortem 

techniques. Furthermore, SHG looks to be a very promising tool for evaluating weakly 

adsorbed layers formed from gas adsorption to these materials.  

Work performed with Au and Si reveal never-before-seen interactions between an 

ambient gas phase and free electrons at a material’s surface. Also, with NiO, SHG 

measurements suggest that electronic degrees of freedom at a surface can be decoupled 

from those in the bulk of a material in ways that have never been reported. Initial 

experiments done with SOFC cathode materials showed that LSM’s surface is sensitive 

to water vapor in air and provide motivation to continue this project.  

Experimental Techniques 

Second Harmonic Generation 

Second harmonic generation is a surface specific, nonlinear optical technique that 

probes the surface electronic structure of a centrosymmetric material. Two incident 
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photons couple through the second order polarizability (P(2)) to induce a polarization in a 

surface electron which results in a photon with twice the energy as an incident photon. 

𝐼(2𝜔) ∝ |𝑃(2)|
2

= |𝜒(2)|
2
|𝐸(𝜔, 𝑡) 2|2 

where I (2) is the intensity of the second harmonic signal and ((2)) is the 

nonlinear susceptibility of the material. The (2) tensor is a third rank tensor with 27 

elements each dependent on the polarization direction of the three photons involved in 

SHG. SHG is a second order technique is symmetry forbidden in centrosymmetric 

materials due to the presence of inversion symmetry. When a material has inversion 

symmetry, the below equation becomes true meaning the nonlinear susceptibility element 

becomes zero. However, SHG signal can arise from the surface of centrosymmetric 

materials due to the surface induced anisotropy.  

𝜒𝑥,𝑦,𝑧
(2)

= −𝜒−𝑥,−𝑦,−𝑧
(2)

                                                Eq. 1.1 

The nonlinear susceptibility tensor can be divided into resonant and non-resonant 

portions. When the incident light is tuned to half of a material’s electronic transition, the 

resonant portion of the (2) becomes much larger, increasing the SHG intensity.  

𝜒(2) = 𝜒𝑟𝑒𝑠
(2)

+ 𝜒𝑛𝑟
(2)

                                                 Eq. 1.2 

𝜒𝑟𝑒𝑠
(2)

∝ ∑
〈𝐴𝑘,𝑐〉

(𝜔𝑣𝑘−𝜔−𝑖Γ)(𝜔𝑐𝑣−2𝜔+𝑖Γ)𝑘,𝑒                                             Eq. 1.3 
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where Ak,c represents an orientationally averaged sum of electronic transition moments 

from all contributing virtual (k) and excited (e) states and the  terms are damping 

elements responsible for a transition’s linewidth. When the incident light is tuned to a 

material’s transition, if that material appears on the surface, the SH signal will increase.  

For the experiments described in this dissertation, second harmonic generation 

was acquired with an amplified Ti: Sapphire laser (800 nm, 85 fs pulse rate and 1kHZ 

repetition rate, 3.2 W) which is reflected off an 20%/80% beam splitter, then directed into 

an optical parametric amplifier (Coherent Opera Solo) to produce 110 mW of light. The 

resulting light was attenuated to <10 mW using neutral density filters and directed into 

the sample chamber named TROPICS. The P-polarized SHG signal was detected with a 

monochromator/photomultiplier tube assembly and photon counting electronics. Each 

measurement reflects the average of at least 3-6 independent measurements at each 

temperature. 
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Figure 6: Schematic of SHG experimental set up. 

TROPICS 

 Studying the temperature and atmosphere dependent nonlinear optical properties 

of materials requires an assembly under thermal control and with the ability to change 

ambient gas phase composition. Ultimately, this assembly should allow for 

electrochemical control.  TROPICS (Thermal Rig for OPtical Interface Characterization 

Spectroscopy) is a two-part, 316 stainless steel chamber and consists of 3 optical ports, 

two of which are at 67.5 off surface normal. Each optical port is fitted with a fused-SiO2 

optical window which is housed in a metallic flange purchased from Thor labs and 

attached to TROPICS using bolts. Between each flange and TROPICS is a high 

temperature silicon O-ring to prevent leaks. TROPICS also has an inlet and outlet for 

both gas atmospheres and electrochemical leads. Temperature is controlled by two 

heating tapes wrapped around main chamber and insulated with a layer of aluminum foil 

and alumina fiber secured with steel wire. These heating tapes are attached to switch 
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controllers and a K-type thermocouple, which is fixed into place with alumina paste, 

monitors the temperature near the sample. 

 

 Figure 7: 3-D render of TROPICS (left) and TROPICS at 450 °C. 

   From the initial design, TROPICS has undergone several improvements 

including, high temperature O-rings, and better thermal management. An example of this 

is the top temperature achieved has grown from 300 °C to 550 °C with better isolation 

and the use of a second heating tape. Thermal based losses in laser power were measured 

to be consistent across TROPICS over all temperature ranges. The current gas manifold 

can supply TROPICS with atmospheres that include air, N2, O2, Ar and CO as well as 

any mixture between those gasses. In each instance, all gases (except air) have a reported 

purity of 99.999% (UHP) and are used without any additional filtration. In the event that 

steam is needed, the incident gas is passed through a water bubbler leading to 3% water 

content. To this point, the electrochemical inlet and outlets have not been utilized but that 

capability will be used in future work. 
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Raman Spectroscopy 

 Raman Spectroscopy is a non-destructive form of vibrational spectroscopy used to 

characterize materials due to the inelastic scattering of light. The incident coherent light 

creates a polarization in the material, resulting in a photon scattering corresponding to a 

material vibration. The incident and scattered light can be characterized by their 

frequencies, vi and vs respectively and the difference in frequency is the Raman 

vibrational shift. When coherent light is reflected off a material surface, there are three 

processes that could occur diagramed in Figure 8.  

 

Figure 8: Diagram of the vibrational scattering processes that lead to anti-Stokes, 
Rayleigh and Stokes scattering. 

The incident light that is elastically scattered off of the material and is referred to 

as Rayleigh scattering however, 1 out of 109 photons will be inelastically scattered. When 
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the material is at its ground state, some of the energy in the photon transferred to the 

material resulting in a higher vibrational state and is called Stokes scattering. Anti-stokes 

scattering is the reverse process where the material is already in an excited state and 

transfers some of that energy into the incident photon resulting in a scattered photon that 

has more energy than the incident light. Because the magnitude of Stokes scattering is 

much higher than that of anti-stokes, due to more atoms in the ground state than the 

excited state and therefore is more likely, Raman spectroscopy generally collects Stokes 

scattered light. Vibrations in bulk crystal materials are known as a lattice phonon and 

each material has a unique Raman shift pattern which makes it possible to identify 

materials.  

 

Figure 9: Raman spectrum of NiO. 2P peak is the overtone of the phonon vibration and 

2M is the overtone of the magnon peak, characteristic of an antiferromagnetic material.  
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Depending on a material’s electronic structure, vibrations of electron spin states 

known as magnon peak, can also be detected. Magnon peaks can only be detected in 

antiferromagnetic materials like NiO, and these peaks can be used to monitor the 

electronic structure of a material. Figure 9 shows a Raman spectrum of NiO with phonon 

and magnon peaks labeled. In this body of work, Raman spectroscopy was used as 

supporting technique to investigate NiO’s bulk electron structure response to 

temperature. 

X-Ray Diffraction 

 X-ray diffraction (XRD) uses x-ray radiation to detect the crystal structure of 

materials which occurs through elastic scattering. During an experiment, the angle of the 

incident x-rays changes and those x-rays are elastically scattered off the electrons of 

atoms in a material. When a material’s crystallographic faces are aligned in a specific 

direction, known as Miller indices, the intensity of reflected x-rays increases, resulting in 

a diffraction pattern.  

𝑛𝜆 = 2𝑑𝑠𝑖𝑛(𝜃)                                                Eq. 1.4 

Using Bragg’s law, the lattice spacing (d) of a particular molecular layer (n) can 

be calculated from the angle of the x-ray. The lattice constant (a) of a material with a 

cubic lattice structure can be calculated using the Miller indices present in the diffraction 

pattern. 

𝑎 = 𝑑 ∗ √ℎ2 + 𝑘2 + 𝑙2                                             Eq. 1.5 
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Where h, k and l are the miller indices. Each lattice constant and diffraction 

pattern are unique which can be used to identify materials. XRD was primarily used as a 

supporting technique to identify and investigate how a material’s crystal structure is 

affected by temperature.  

Spectroscopic Ellipsometry 

 Spectroscopic Ellipsometry is a surface characterization technique that uses the 

change of light polarization upon reflection to measure the complex reflectance ratio. The 

complex reflectance ratio can be described by 

𝜌 =
𝑟𝑝

𝑟𝑠
= 𝑡𝑎𝑛Ψ ∗ 𝑒𝑖Δ                                            Eq. 1.6 

 Where rp and rs are the reflectance of p and s polarized components of the incident 

light,  denotes the amplitude while Δ denotes the phase of the light. Ellipsometry is 

taken at the Brewster angle to separate the contributions of rp and rs which can be used 

determine optical constants as well as determine the thickness of transparent layers. For 

this dissertation, Ellipsometry was primarily used to determine the thickness of the SiO2 

layer on silicon samples before and after SHG experiments. 

Thesis outline 

Research discussed in this work was carried out to understand how temperature 

and atmospheric composition affect the second harmonic response of different materials 

and is organized in increasing material complexity. The first part of this dissertation 

(Chapter 2) describes the SH response from Au as a function of both temperature and 
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ambient gas-phase composition. Au was chosen as a simple model system to demonstrate 

the viability of using SHG to study high temperature materials, although, our discoveries 

show some very unusual and unexpected behaviors. Following this work, a similar 

approach was taken to study the nonlinear optical properties of N-type, P-type, and 

undoped silicon to investigate if different electronic band structure configurations were 

susceptible to the same thermal and atmospheric affects (Chapter 3). Expanding the 

complexity of materials being studied and to draw closer to materials used in  SOFCs, the 

temperature dependent and atmospheric dependent SHG behavior of NiO was examined 

(Chapter 4). Chapter 2 consists of a manuscript that has been recently submitted to a 

journal, Chapters 3 and 4 are in preparation for submission. Due to preparation for 

submission, some information in the introduction and materials and methods sections 

may be redundant.  Chapter 5 summarizes our findings and outlines future directions. 

Included in this concluding chapter are preliminary SHG data examining the behavior of 

SOFC cathode materials LSM and LSCF under dry and humidified air atmospheres at 

temperatures as high as 500 °C. 

Chapter 2. Nonlinear Optical Responses from Au Surfaces  

as a Function of Temperature and Atmospheric Composition 

 This study analyzed the temperature dependent and atmospheric dependent 

second harmonic generation behavior of sputtered gold. The SH signal of gold decreased 

to ~60% of the initial intensity as sample temperature was increased to 260 °C, then 

recovered to pre-experiment intensity as the sample cooled. The drop in intensity was 

attributed to an increase in electron-phonon scattering due its temperature dependence 
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and its contribution to the dielectric function. In an inert atmosphere, the SH intensity of 

gold was approximately 3.5 times less intense at room temperature than it was in an 

oxygen containing environment. However, the difference in intensity between inert and 

oxygen containing atmospheres vanishes at the high temperature of 260 °C, then grows 

back as the sample is cooled. To examine the signal enhancement seen in O2, O2 was 

carefully titrated into a N2 atmosphere at room temperature and 260 °C. The nonlinear 

susceptibility behavior at room temperature grew with the addition of just 1% O2 and 

reached an asymptotic limit at about 15% O2 while at 260 °C, the nonlinear susceptibility 

was insensitive to O2 partial pressure. When fit with a Langmuir isotherm function, the 

surface adsorption well was calculated to be 0.1 eV which matches DFT calculations 

made for gold surfaces. We explain this behavior as the formation of a weakly adsorbed 

monolayer of O2 at the surface of the gold and enhances the SH response at room 

temperatures. However, at high temperatures, this enhancement becomes overwhelmed 

by the larger signal suppression caused by electron-phonon scattering. The mechanism by 

which the SH response is amplified was proposed to be gold surface electrons 

backbonding with O2’s unfilled orbitals based off the signal enhancement persisting in a 

10% CO/90% N2 atmosphere. 

Chapter 3. Second Order Nonlinear Optical Properties of N-type,  

P-type and Undoped Si: Temperature and Atmospheric Effects. 

 This study analyzed the temperature dependent and atmospheric dependent 

surface electronic behavior of three different band structures in N-type, P-type and 
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undoped silicon. With all three materials in a N2 atmosphere, the SH intensity declined 

reversibly with temperature to approximately 60% of the intensity at room temperature 

and returned to pre-experiment intensities. Strangely, even though there is a native oxide 

layer present on each Si surface, N-type Si showed a different behavior than P-type or 

Undoped Si in an air atmosphere. While P-type and undoped Si dropped to 60% of the 

pre-experiment intensity, just like in the inert atmosphere, N-type Si, dropped to 30% of 

the room temperature intensity. As with gold in the previous chapter, the SH signal was 

larger in air than in N2 although it was only 1.5 times larger, while P-type and undoped Si 

showed no significant change in signal between the two atmospheres. Experiments done 

with a thicker oxide layer N-type Si sample saw the atmospheric signal enhancement 

blocked by the larger SiO2. Also, an experiment done with a 10% CO/90% N2 

atmosphere showed similar behavior as in air which ruled out that O2’s unpaired 

electrons were participating in the SH measurement as CO is isoelectronic to N2. From 

these results, we attribute the atmospheric dependent, signal enhancement at low 

temperatures to electrons from the N-type Si’s conduction band transiently delocalizing 

to electronic states in weakly physisorbed gas molecules. It is obvious from this study 

that the nonlinear susceptibility enhancement only occurs in materials with “free” 

electrons in the conduction band as both P-type and undoped Si showed no change in 

signal between the two atmospheres. 

Chapter 4: Temperature Dependent Changes and Hysteresis 

 in the Surface Electronic Structure of Nickel Oxide (NiO) 
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NiO was our original proof of principle material because it is a degradation 

product from the oxidation of Ni in the Ni/YSZ cermet anode of a SOFC. Residual NiO 

formation under operation or unintentional redox can decrease the number of triple phase 

boundaries available to reduce fuel and decreases the SOFC performance. NiO has an 

antiferromagnetic electronic structure which, consequently, has an electronic structure 

transition at the Néel temperature at 253 °C. Because it is antiferromagnetic, NiO has a 

magnon peak in its Raman spectrum which results from the vibrations of electrons in its 

electronic structure, meaning its bulk electronic structure can be monitored by Raman 

Spectroscopy. Using temperature dependent Raman Spectroscopy, the bulk electronic 

structure was characterized with response to temperature using the Magnon peak. The 

intensity of the magnon peak diminishes as the temperature approaches the Néel 

Temperature until it vanishes from the Raman spectrum, indicating the electronic 

structure shifted from antiferromagnetic to paramagnetic. As the temperature cools back 

to room temperature, the Magnon peak intensity returned, making the electronic 

structure’s shift from antiferromagnetic to paramagnetic and back, completely reversible 

in the bulk. 

To investigate the surface electronic response, temperature dependent SHG 

monitored the ~3.45 eV optical transition of NiO above the Néel temperature. The SH 

signal intensity decreased as the temperature approached the Néel temperature however, 

unlike the bulk, the SH signal intensity does not recover as the sample returns to room 

temperature. Instead, the signal recovers ~90 minutes after returning to room temperature 
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in an air atmosphere. The same behavior occurs in a N2 atmosphere except the signal 

recovers after 60 minutes which suggests a disconnect between the recovery of the bulk 

and surface electronic structure. To rule out kinetic processes, experiments were done 

where the temperature of NiO was held at 100 °C during cooling for 1 hour yet the delay 

in signal recovery was still present. To ensure the cause of the delayed signal recovery 

was due to electronic spin rearrangement as electrons reconfigure to the 

antiferromagnetic structure, NiO was heated to 170 °C and monitored with SHG. This 

experiment showed reversibility, where the SH signal recovered immediately upon 

cooling down, confirming that delayed SH intensity recovery is caused by the surface 

electronic structure reforming into the antiferromagnetic structure. 

Chapter 5: Conclusion and Future Directions 

This chapter contains all general closing conclusions for this body of work as a 

whole. Included in this section are future research directions as well as preliminary SHG 

experiments of SOFC cathode materials, LSM and LSCF in dry and humidified air. 

LSCF’s second harmonic intensity showed similar, reversible behavior in both 

atmospheres over the temperature range 20-450 °C. LSM however, showed a gradual 

increase in SH intensity in humidified air between 20-400 °C before sharply decreasing at 

500 °C. The increasing SH intensity in humidified air is in contrast to LSM’s SH 

behavior in cylinder air, which shows a sharp decrease in intensity at 80 °C. However, in 

both atmospheres, a local maximum ~400 °C could indicate an electronic transition.  
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Abstract 

Second harmonic generation (SHG) was used to measure gold’s second order 

nonlinear optical response as a function of temperature and as a function of ambient 

atmosphere composition.  Using a bespoke temperature controlled assembly, SHG signal 

was measured from an Au surface between 19˚C and 270˚C under atmospheres 

containing O2 between (0-100%) with a balance of N2.  SHG intensity diminished with 

increasing temperature, a result that is interpreted in terms of increased electron-phonon 

scattering at higher temperatures. Surprisingly, SHG intensity also depended on ambient 

atmosphere, with the SHG signal measured in air (20% O2) being ~2x larger than that 

measured in N2 at room temperature, but this difference disappeared at high temperatures. 

Systematically titrating O2 into an N2 feed showed that the room-temperature 

enhancement of SHG signal from Au saturated at ~15% O2. Despite widespread 

acceptance that O2 does not adsorb to a bulk Au surface, we propose that these results are 

consistent with a weakly physisorbed surface excess of O2 at the Au-gas interface.  
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Fitting this O2 enhancement of Au’s SHG response to a Langmuir isotherm implies an 

adsorption energy on the order of 0.1 eV, consistent with results from previously reported 

DFT calculations.  CO has an effect on SHG signal from Au similar to that from O2, 

implying that the SHG enhancement is due to backbonding of Au’s conduction band 

electrons into vacant orbitals on either the O2 or CO adsorbate. 

Introduction 

For more than 40 years, second harmonic generation (SHG) has proven to be an 

invaluable technique for probing chemical structure and dynamics at interfaces.  SHG is a 

2nd order nonlinear optical method that, within the electric dipole approximation, is 

symmetry forbidden in centrosymmetric media.  As a result, a SHG response only 

emerges when surface induced anisotropy leads to a break in inversion symmetry and 

corresponding nonzero elements in a molecule’s or material’s second order susceptibility 

tensor, (2). In addition to being surface specific, SHG can also be species specific as the 

resonant part of the (2) tensor becomes large when either the incident light (at frequency 

) or the second harmonic signal (at 2) is resonant with allowed electronic transitions.85 

This surface and species selectivity has led to resonance-enhanced SHG being used to 

probe phenomena occurring at solid/vapor, solid/liquid, liquid/liquid and liquid vapor 

interfaces.77, 86-91 

Conspicuously absent in the multitude of SHG studies, however, has been 

detailed consideration of how a system’s SH response depends upon temperature, 

especially under ambient-pressure atmospheres and at elevated temperatures. This 
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knowledge gap is particularly striking when considering the importance of electron-

phonon scattering in materials and how electron-phonon scattering affects mass and 

thermal transport properties.92  From a practical perspective, such information is directly 

relevant for any investigation using optical spectroscopy to study heterogeneous catalysis 

at elevated temperatures.93, 94  Time dependent, thermoreflectance measurements have 

shown that electron-phonon scattering (in bulk) increases with temperature and, in the 

limit of small electron perturbations, is dominated by nonthermal electrons while larger 

perturbations resulting from higher intensity optical excitation shows reduced 

contributions from the nonthermal population.92 These experimental findings have been 

successfully modeled with time-dependent density functional theory (TD-DFT) where the 

authors reported that elevated temperatures accelerate electron-phonon scattering with 

higher frequency phonon modes coupling to the conducting electrons.95   

Electron-phonon scattering should impact a material’s second order nonlinear 

response.  SHG arises from a material’s second order polarization, P(2) and, consequently, 

depends quadratically on incident field strength (E(,t)) and the second order 

susceptibility: 

𝐼(2𝜔) ∝ |𝑃(2)|
2

= |𝜒(2)|
2

|𝐸(𝜔, 𝑡)2|2                                            Eq. 2.1 

where (2) is the nonlinear susceptibility and (I(2)) is the intensity of the SHG response. 

The nonlinear susceptibility is a third rank tensor containing 27 elements that can be 

separated into three categories based on their symmetries with respect to a rotationally 

invariant surface. 
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𝜒𝑧𝑥𝑥
(2)

= 𝜒𝑧𝑦𝑦
(2)

,                                                                  Eq. 2.2 

𝜒𝑥𝑥𝑧
(2)

= 𝜒𝑥𝑧𝑥
(2)

= 𝜒𝑦𝑦𝑧
(2)

= 𝜒𝑦𝑧𝑦
(2)

,                                                     Eq. 2.3 

𝜒𝑧𝑧𝑧
(2)

                                                                          Eq. 2.4 

In this frame of reference, x and y lie in the plane of the surface and z projects 

along the surface normal. For a material, (2) can also be written in terms of the frequency 

dependent dielectric function () with respect to its surface contributions.  

𝜒⊥

(2)
≡ 𝑎(𝜔)

𝑒

16𝜋𝑚𝜔2
(𝜖𝜔 − 1)                                                   Eq. 2.5 

𝜒∥

(2)
≡ 𝑏(𝜔)

𝑒

16𝜋𝑚𝜔2
(𝜖𝜔 − 1)                                                   Eq. 2.6 

𝜒𝑏𝑢𝑙𝑘

(2)
≡ 𝑑(𝜔)

𝑒

16𝜋𝑚𝜔2
(𝜖𝜔 − 1)                                                   Eq. 2.7 

Where a(), b() and d() are dimensionless Rudnick-Stern parameters to account 

for surface conditions.96, 97 Room temperature measurements by Krause, et al. showed χ⊥

(2)
, 

later equated with the 𝜒𝑧𝑧𝑧
(2)

, dominates the SHG response measured from a sputtered Au 

film, being ≥30 times larger than χ∥

(2)
 and ~1000 times larger than χbulk

(2)
.81  

In this treatment of a material’s surface SHG response, temperature affects 

properties indirectly through the frequency dependent, complex dielectric constant. The 

dielectric constant, , depends upon the material’s refractive index (n()) and extinction 

coefficient (K()) and the term (-1) is related directly to the material’s optical 

conductivity () assuming an electron gas.98  

𝜀𝜔 = (𝑛 + 𝑖𝐾)2                                                               Eq. 2.8 
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(𝜀𝜔 − 1) = 𝑖
4𝜋

𝜔
𝜎𝜔                                                             Eq. 2.9 

In this picture, conductivity is controlled by the electron scattering frequency (-1): 

𝜎𝜔 =
𝑛𝑒2𝜏

𝑚
                                                                    Eq. 2.10 

where n is the number of electrons, e is the electron charge, m is the electron mass 

and  is the scattering frequency of the sample’s conduction band electrons. The 

temperature dependence in  comes from the temperature dependence in -1. Parkins, et 

al.99 noted that the scattering frequency contains both a temperature and frequency 

dependence that could be represented as:   

1

𝜏
= 𝛼(𝑇) + 𝛽 ∗ (ℏ𝜔) 2                                                          Eq. 2.11 

where 𝛼(𝑇) depends solely on electron-phonon scattering and 𝛽 characterizes the 

electron-electron scattering. With these relationships, one can show that given fixed  

and 2, χ⊥

(2)
 should diminish with increasing temperature according to the following 

expression 

𝜒⊥

(2)
∝

𝐴

𝛼(𝑇)+𝐵
                                                                 Eq. 2.12 

 where A is a collection of constants and B is a constant arising from electron-

electron scattering that depends upon  and 2 but not on temperature.99 𝛼(𝑇) is 

calculated using a classical scattering model developed by  Holstein.100 In the work 

described below, experiments were carried out at temperatures well above gold’s Debye 

Temperature (178K at room temperature) where electron-phonon scattering can be 

treated classically using the Wiedemann-Franz Law.100 This description has been 
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supported by studies showing that as the temperature increases, the imaginary part of the 

dielectric constant grows due to Drude broadening101 or, equivalently, increased electron-

phonon scattering. Spectroscopic ellipsometry experiments carried out with sputtered Au 

films show a doubling in the imaginary contribution to  while the real contribution is 

insensitive to temperature over the temperature range relevant for studies reported in this 

work.102  

As noted above, very few 2nd order nonlinear optical studies of materials at 

elevated temperatures have been reported. In one of the few studies of a material’s 

nonlinear surface response at elevated temperatures, Shen and coworkers observed that 

that the SHG signal from a (oxide-free) Si(111) surface decreased by ~50% as the surface 

was heated (in vacuo) from 300˚C to 800˚C.103  Results were reversible, and rather than 

attribute their observations to the material’s dielectric properties, the authors assigned 

change in the SHG response to temperature dependent changes in Si(111)’s surface 

electronic states.  In support of their interpretation, the authors noted that a native oxide 

layer on the Si (111) surface dampened this material’s response almost quantitatively.   

Experiments described below seek to quantify a simple material’s temperature 

dependent SHG response.  The 100 nm sputtered Au film used in this work has cubic 

𝐹𝑚3̅𝑚 space group symmetry and is centrosymmetric. We observe that the SHG 

response from Au is temperature dependent with SH signal diminishing reversibly with 

increasing temperature.  However, this effect is much more pronounced when O2 is 

present compared to an inert (N2 or Ar) atmosphere at ambient temperatures and 

disappears at temperatures ~>200 °C. Very little difference in the Au’s temperature 
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dependent SHG response was observed under air (20% O2) versus pure O2. We interpret 

the general SHG response − diminishing with increasing temperature − in terms of 

electron-phonon scattering, but the atmosphere-dependent discoveries suggest that Au’s 

surface properties are influenced by the gas phase composition above the surface during 

the time the system is being perturbed by the ~100 fs laser pulse. This observation is 

surprising given that gases are generally considered rare media and unlikely to affect the 

properties of an adjacent condensed phase. (Both thermal desorption studies and theory 

contain compelling evidence that argues against molecular adsorption to the Au surface at 

these temperatures.) One implication of these findings is that a material’s conduction 

band electrons are affected by relatively small numbers of molecules in proximity or very 

weakly physisorbed to the surface.  

Experimental Methods 

Materials  

A 100 nm sputtered Au film (99.999%) was purchased from Sigma-Aldrich, cut 

into smaller pieces (~ 1.5 x 1.5 cm) and used without modification except for repeated 

cleaning with methanol and water between experiments. Film thickness was confirmed 

using a J.A. Woollam RC2 spectroscopic ellipsometer.  

X-Ray Diffraction 

The real and imaginary parts of the Au’s reported dielectric constants compare 

favorably with literature and are shown in Figures 10 A and 10 B.104, 105 Temperature 

effects on crystal structure were characterized with temperature dependent x-ray 
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diffraction (XRD) using a Rigaku Ultima IV. The sample was heated at 5 °C/min to 300 

°C and cooled at the same rate while a diffraction pattern was acquired every 50 °C. 

Gold’s lattice constant expanded from was calculated to be 4.12-4.14 Å over the 

temperature range sampled (Figure 10 C). The discrepancy in the lattice constant 

calculated from our samples and the actual lattice constant of 4.08 Å was determined to 

be due to an instrumental shift. 

 

Figure 10: real (a) and imaginary (b) portions of the dielectric function of gold. 

Temperature dependent XRD of gold (c). 

Second Harmonic Generation 

The SHG optical assembly used in these experiments has been described 

previously.91, 106 Briefly an amplified Ti:Sapphire laser (800 nm, 85 fs pulse rate and 1 

C 

A B 
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kHZ, ~3.3 W) and directed into an optical parametric amplifier (Coherent Opera Solo) to 

produce 110 mW of 690 light. The incident light was attenuated to < 2mW using neutral 

density filters. A monochromator/photomultiplier tube assembly and photon counting 

electronics were used to detect the P-polarized SHG signal resulting from P-polarized 

incident light. This combination primarily sampled the χzzz
(2)

 (or χ⊥

(2)
) tensor element.81 

Reported data have been background corrected and normalized to incident power. Each 

measurement reflects the average of (at least) 3-6 independent measurements at each 

temperature.  

SHG experiments were performed in a newly designed experimental assembly 

dubbed “Thermal Rig for OPtical Interfacial Characterization Spectroscopy (TROPICS)”  

(Figure 11). TROPICS consists of a two-piece sample housing and is equipped with 3 

optical ports, two of which are angled at 67.5° from surface normal to enable concurrent 

reflectivity measurements and thermal imaging experiments as well as 2 gas ports, and 2 

ports for experiments intended to examine a material’s surface properties under 

electrochemical control. 
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Figure 11: TROPICS at 456 °C with 690 nm incident light. 3-D rendering of TROPICS 
design (insert). 

For experiments described in this work, TROPICS was heated with heating tape 

(Duo-Tapes, HTS/Amptek) controlled by two LC-Z-120 switch controllers. A K-type 

thermocouple (Thermo-Scientific) was attached to the base plate and located ~5 mm from 

the sample. Ambient atmospheres consisted of either bottled air, O2 (99.997%), N2 

(99.999%), chemically pure CO or Ar (99.999%). The chosen gas or gas mixture was 

flowed at 150 mm/min for single atmosphere experiments or 500 mm/min for binary 

mixture gas experiments and TROPICS was allowed 40 minutes to equilibrate whenever 

the composition was changed. At the start of an experiment, the sample was preheated to 

260 °C at ~ 2°C/min to remove physorbed contaminates and then cooled. Once the 

sample returned to room temperature, the data acquisition began with SHG measurements 

being made in 30 °C increments up to 260 °C and then back down to test reversibility.  

Results and Discussion 

Gold’s broad surface plasmon resonance (SPR) centered at ~500  nm has made the 

material an attractive candidate to sensitize a host of optical measurements including 
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surface enhanced Raman scattering107, fluorescence enhancement108, and second 

harmonic generation.109  Experiments presented in this work measure the P-polarized SH 

response at 345 nm resulting from 690 nm P-polarized light incident on a 100 nm thick 

sputtered Au film as a function of temperature and of ambient atmosphere composition. 

Au’s SHG response is modestly enhanced by the broad, blue edge of Au’s SPR under 

these conditions. Temperature dependent, normalized data acquired under air, N2, O2 and 

Ar atmospheres are shown in Figure 12. 

 

Figure 12: Normalized SHG response from sputtered gold surface under cylinder air (blue), 

ultra-pure N2 (99.999%) (green), ultra-pure Ar (red) and ultra-pure O2 (gold) as a function 
of temperature. 

Two general observations stand out in Figure 12. First, under all four 

atmospheres, the SH response decreases with increasing temperature and these changes 

are reversible. Second, the magnitude of this response is much more pronounced for O2 
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containing atmospheres relative to N2 or Ar. These results and their significance are 

discussed below. 

Signal response vs Temperature. 

If one assumes that Au’s conduction band electrons are responsible for the 

observed SHG signal, then P(2) induced by the incident field will diminish as the electron-

phonon scattering frequency increases. (See equations 2.5, 2.9, 2.10 and 2.11) A simple 

description of electron-phonon scattering predicts that the scattering frequency, -1, 

should increase between 50 and 70% as Au’s temperature is raised from room 

temperature to 260˚C, the maximum experimental temperature reported in this study.99, 

100 TD-DFT calculations performed by Prezhdo and coworkers predicted a 15% reduction 

in the dephasing time of electrons in thin Au films as the system temperature is raised 

from 100K to 300K.95 While a direct relationship between P(2) (and, by extension χ⊥

(2)
) 

and electron-phonon scattering as a function of temperature- is not straightforward to 

derive, the general dependence of χ⊥

(2)
 on 𝛼(𝑇) is reciprocal as shown in Eq 2.12. The 

data shown in Figure 3 follow the behavior predicted by Eq. 12, noting that 𝛼(𝑇) rises 

with temperature (reflecting increased electron phonon scattering rates). The 40% loss of 

signal observed for Au under inert atmospheres as the system temperature is raised to 

260˚C requires that χ⊥

(2)
decreases by ~20%.   

Sources other than electron-phonon scattering may also contribute to the observed 

temperature dependent change in Au’s SHG response, but no single explanation can 

account for the observations reported in Figure 12. Tom, et al. attributed the 50% reduction 
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in Si(111)’s SHG signal as the system temperature was raised from room temperature to 

800˚C to changes in surface electronic properties.103  In the case of Au, however, this 

explanation seems unlikely given Au’s overlapping valence and conduction bands. The 

hypothesis that Au’s surface electronic properties are changing very little over this 

temperature range is supported by extensive temperature dependent ellipsometry studies 

on Au thin films described by Reddy, et al. that show almost no change in Au’s optical 

properties in the wavelength region relevant to the SHG results described above.104  

In principle, heating will reduce the electron or carrier density in a material and 

reduce a material’s (2).  Heating leads to lattice expansion and this reduction in free 

electron density is reflected in a decrease in the material’s plasma frequency (p) and a 

corresponding decrease in the real part of the material’s complex dielectric constant. 

However, temperature dependent XRD measurements (Figure 10 C) have shown that over 

the temperature range sampled in this work, Au’s lattice constant expands by ≤ 0.5%, 

making reduced electron density due to thermal expansion an unlikely source of SHG 

signal changes.   

Finally, we considered that a temperature dependent change in Au’s surface 

plasmon resonance (SPR) wavelength might be responsible for the observed loss in SHG 

intensity at higher temperatures. Yeshchenko, et al. showed that Au’s SPR shifts by ≤ 5 

nm between room temperature and 260°C.110 Given the spectral linewidth of the 

transition and the 4 nm bandwidth of the laser pulse, such a shift should not contribute 

measurably to the observed SHG signal loss.     
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After considering all possible sources of signal loss, we attribute the temperature 

dependent changes in SHG intensity from an Au surface to enhanced electron-phonon 

scattering. Data reported in Figure 12 are qualitatively consistent with predictions that 

have been advanced over the decades and can now be used to test different proposed 

scattering mechanisms.111 

Signal response vs atmospheric composition.  

A striking observation in Figure 12 is the effect of atmospheric composition on 

the magnitude of the temperature dependent SHG response. For experiments carried out 

with inert atmospheres the Au SHG intensity drops by ~40% over the temperature range 

sampled. Under O2 containing atmospheres this change is 75% over the same temperature 

range. For all atmospheres, the observed changes are reversible with temperature and 

differences between O2 containing atmospheres and inert (N2 and Ar) atmospheres imply 

that molecular oxygen is either adsorbing or interacting with the Au surface in a way that 

measurably affects the material’s second order susceptibility. 

In a recent review, Montemore, et al. noted that molecular O2 was the sole oxygen 

species that physisorbed to an Au surface.112 (O2 adsorption to other metal surfaces 

resulted in dissociative chemisorption and different oxide/peroxide/superoxide 

speciation.) However, molecular O2 desorbs from Au at 55K, meaning that the effects 

observed in Figure 3 do not reflect simple O2 adsorption to form a stable monolayer.113, 

114 Gas-surface scattering experiments found that most O2 molecules scatter impulsively 

from Au surfaces with a very small amount ( 4%) of incident O2 desorbing thermally 
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with a Boltzmann velocity distribution.115 Admittedly, the O2 molecules in the scattering 

experiments collided with the Au surface with hyperthermal kinetic energies (5eV) 

compared to the modes thermal energies relevant in the SHG experiments (0.026-0.047 

eV), but both the hyperthermal scattering experiments and results from thermal 

desorption studies consistently show that O2 has a very low affinity for Au.  

While direct comparisons with N2 and Ar interacting with Au are difficult to 

make, studies of hyperthermal Ar scattering from graphite surfaces showed the 

importance of attractive interactions between the incident gas atom and the solid substrate 

in controlling the amount of energy transfer.116 More recent results report a calculated 

interaction potential between Ar and Au of only ~0.018 eV.117 These values are small 

relative to O2’s calculated 0.10 eV adsorption energy to an Au (100) surface.118 Similarly, 

DFT-based comparisons that calculate O2 and N2 interactions with a model Au film 

deposited on CaO (001) surfaces show O2 to be ~2x more attracted to the surface 

(De=0.20 eV) than N2 (0.09 eV).119 In these calculations, results predict that the origin of 

this attraction is charge transfer from the Au to the O2. No similar mechanism is predicted 

for N2. Taken together, all of these results illustrate that while O2 is not expected to 

interact strongly with an Au substrate, O2’s interactions are nevertheless stronger than 

those of N2 or Ar. 

Data in Figure 12 show that the atmosphere above the Au surface affects the 

surface’s temperature dependent SHG response, but the normalized intensities hide 

several important effects. Specifically, Figure 12 does not reveal whether the absolute 

SHG response under air is larger or smaller than the signal under N2 at room temperature. 
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Also absent is if/how the absolute intensities of the SHG response under air and N2 differ 

at high temperatures. Figure 13 shows the square root of the SHG signal (=(2)) from Au 

as a function of %O2 (with an N2 balance) at 19°C and 260°C. The low temperature data 

reveal that |𝜒(2)| does increase by ~50% with increasing O2 content, saturating at ~15% 

O2. At 260°C, |𝜒(2)| is invariant to O2 content and equivalent to that under pure N2. 

 

Figure 13: The change in nonlinear susceptibility of gold as a function of molecular oxygen 
concentration at 19 °C (blue) and 260 °C (red). Note that the y-axis now shows the square 

root of the measured SHG intensity, corresponding to the system’s |𝑃(2)|. 100% O2 signal 

is ≅ to 20% O2. 

In light of this behavior, we propose that at ambient temperatures, O2 weakly 

physisorbs to Au, forming a loosely bound monolayer that saturates at 15% O2. If the 

change in |𝜒(2)| as a function of %O2 reflects the number of physisorbed O2 molecules, 

then the data in Figure 13 can be manipulated to account for surface coverage and fit to a 

Langmuir isotherm.120 (Figure 14) 
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𝜃 =
𝐾𝑝

1+𝐾𝑝
                                                                  Eq. 2.13 

Where K is an adsorption constant (in units of inverse pressure), and p is the O2 

partial pressure (taken to be equivalent to % O2 are conducted at 1 atm total pressure). In 

this treatment, the (2) data in Figure 13 first have subtracted the contribution from 

underlying Au substrate, assumed to be (2) value under pure N2. Then the data are 

normalized to value 100% O2 and plotted vs. fractional O2 content.  

 

Figure 14: Langmuir isotherm fit to the (2) enhancement as a function of O2 content in the 
ambient atmosphere. Surface coverage data were derived from results in Figure 13 using 

the procedure described in the text. 

While the fit does not perfectly capture the functional behavior at intermate % O2 

compositions, it does a reasonable job of describing the overall observed trend. 

Furthermore, from the fitted adsorption constant (51), one calculates an adsorption 
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energy of 0.10 eV at room temperature identical to the 0.1 eV reported by Boronat and 

Corma.118 

We note that this interpretation runs counter to the conventional view that O2 does 

not adsorb to Au at ambient temperatures. Instead, we view our results as being 

analogous to those describing surfactant monolayer equilibrium at aqueous vapor 

interfaces, where the surfactant monomers themselves are constantly adsorbing and 

desorbing from the bulk and the surface coverage reflects a surface excess relative to 

bulk. This analogy is not perfect − Au is a rigid substrate with well-defined adsorption 

sites (relative to an aqueous-vapor interface) and O2 ‘solutes’ in the bulk are gas phase 

species with absolute number densities much lower than in condensed phase species − 

but we believe the comparison has merit. An attractive -potential comparable or greater 

than a gas particle’s incident kinetic energy will lead to a higher probability of energy 

exchange between the particle and the substrate and a greater likelihood of remaining in 

proximity to the surface longer. Like soluble surfactants at the aqueous-vapor interface is 

greater than one would predict when simply considering gas phase number densities. At 

higher temperatures, kinetic considerations predict a smaller surface excess. Additionally, 

higher temperatures will also increase electron-phonon scattering, reducing (2) and 

making the measured intrinsic material response less sensitive to any species adsorbed to 

the surface.  

A question remains about the mechanism responsible for O2’s enhancement of 

SHG from the Au surface at room temperature. Specifically, one might propose that the 
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unpaired electrons responsible for O2’s paramagnetic properties increase the surface 

polarizability. N2 with its more tightly bound electrons and closed shell configuration 

(and much weaker binding energy) would not be able to contribute to (2). An alternative 

hypothesis is that an adsorbate on an Au surface enables electrons in the conduction band 

to delocalize through bonding/back-bonding into vacant orbitals on the adsorbate, thereby 

expanding their spatial distribution and increasing the system’s overall polarizability. 

This latter description is consistent with the charge transfer mechanism reported by Abdel 

All, and coworkers.119  

To test whether the larger SHG signal with O2 was due to the weakly physisorbed 

O2 itself or through enhanced intrinsic nonlinear optical properties of the material itself, 

we conducted a trial experiment using a 10% CO (in N2). CO is isoelectronic with N2 

with all its electrons bound tightly in bonding orbitals. Unlike N2, however, CO has a 

small dipole (0.12 D) and is an effective ligand because of its ability to accept electrons 

through the vacant * orbitals localized carbon monoxide’s more positive carbon atom.  

Figure 15 shows the normalized SHG signal from an Au surface as a function of 

temperature under atmospheres of air, N2 and 10% CO in N2. The response of the CO 

system is virtually identical to that of Au under air, strongly supporting the hypothesis 

that the effects observed are due to physisorbed molecules enhancing the intrinsic 

response of the material itself.   
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Figure 15: Normalized SHG response from sputtered gold surface under air (blue), ultra-
pure O2 (gold) and 10% CO, UHP N2 (light green) as a function of temperature. The air 
and N2 data are equivalent to traces shown in Figure 12.  

Similarities between the CO and air data in Figure 12 raise a host of interesting 

questions about the nature of the surface excess layer and how sensitive and accurate this 

experimental approach can be for experimentally determining gas-surface interaction 

potential. Hammer, et al. used DFT to calculate CO chemisorption energies to Group 10 

and 11 metals and found that these values ranged from -1.5 eV (CO to Pt) to +0.1 eV 

(CO to Ag).121 (Here, a negative adsorption energy corresponds to an attractive potential.) 

Where comparisons could be made with experimental data, agreement was generally on 

the order of + 0.15 eV. (One exception is that the experimental chemisorption energy of 

CO on Ag has been reported as -0.28 eV.122).   Using SHG to measure adsorption 

isotherms and binding energies will become more complicated in reactive systems where 

dissociative chemisorption effectively oxidizes the metal surface and no longer allows a 

reversible equilibrium to be established between the O2 reservoir in the gas phase and a 

pristine metal surface.  Nevertheless, the apparent sensitivity of this measurement to 
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weakly adsorbed species points to a broad range of survey experiments that directly test 

predictions from theory. 

A second line of inquiry that warrants further investigation is if changes in Au’s 

(2) resulting from O2 (or CO) adsorption, affect other second order NLO signals where 

the contribution to P(2) from Au interferes constructively and destructively with specific 

vibrational signatures of adsorbates.  This interference has often been used to deduce the 

phase (and subsequently orientation) of adsorbates on surfaces having measurable non-

resonant contributions to (2).123, 124  An important parameter in the fitting of these 

vibrational data measured with vibrational sum frequency generation (VSFG) spectra is 

the magnitude and phase of 𝜒𝑁𝑅

(2)
.  While the findings presented above did not attempt to 

measure any changes in SHG phase resulting from O2 adsorption, the magnitude of 

clearly changed with changing gas phase composition.  How – or even if – these changes 

affect results from VSFG spectra from metal substrates where interference affects line 

shapes is a compelling question to address. 

Conclusion 

Findings reported in this work address several important issues related to the 

surface properties of Au at elevated temperatures up to 260°C and under ambient 

pressure atmospheres. First, the temperature-dependent change in the Au SHG response 

is consistent with predictions based on electron-phonon scattering, with increased 

scattering leading to a diminished 2nd order susceptibility. While this result is expected, it 

marks one of the few applications of SHG to high temperature systems and the first 
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attempt to correlate a materials surface electronic structure to the material’s optical 

conductivity. Second, results show that Au’s SHG response depends upon the adjacent 

gas phase composition. Specifically, gas phases containing O2 have a larger effect on 

Au’s second order susceptibility at room temperature than inert atmospheres (such as N2 

or Ar). Oxygen’s effect saturates at concentrations greater than 15% O2. These effects 

disappear at higher temperatures such that the SHG responses from Au under air and 

under N2 are equivalent at 260°C. Collectively, these findings strongly suggest that in air 

at ambient pressure and room temperature, Au has a weakly physisorbed surface excess 

of O2 present. This result stands in contrast to long standing descriptions of O2 interacting 

with bulk Au substrates. Proof of principle measurements with CO show similar results to 

those with O2 implying that donation from Au’s conduction band electrons to the unfilled 

anti-bonding orbitals on O2 and CO is responsible for the observed enhanced second 

order susceptibility. The prospect of benchmarking SHG measurements of gas phase 

adsorption to metal surface at ambient pressures and temperatures is appealing and will 

be the subject of future studies. 
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Abstract 

The Si/SiO2 interface of N-type, P-type and undoped Si(100) was examined with 

second harmonic generation (SHG). A custom sample chamber allowed control of 

temperature and atmospheric composition while SHG was measured between 19 °C and 

260 °C in N2 and cylinder air atmospheres. Under 1 atm N2 the P-type, N-type and undoped 

SHG intensity diminished with increasing temperature in agreement with previous studies 

carried out under vacuum. In air and at room temperature, however, N-type silicon’s SH 

signal was ~1.5x larger than it was under N2. The signal enhancement disappears at higher 

temperature, and this same room temperature enhancement is not observed for P-type and 

undoped Si. The atmosphere dependent SH signal is surprising as it occurs with Si covered 

by a native SiO2 layer that was measured to be ~2-3 nm thick. The same enhancement for 

N-type Si is not observed with thicker SiO2 overlayers. Based off recent findings from 

SHG studies with Au, we propose that O2 forms a weakly physisorbed monolayer on the 

SiO2 and enhance the polarizability of electrons in the conduction band of, N-type Si. 
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Neither P-type nor undoped Si has sufficient charge carrier density in the conduction band 

to observe this effect. Proof of principle measurements were also carried out with a 10% 

CO/ 90% N2 atmosphere with similar affects observed as with air. Taken together, these 

findings support a description of Si’s surface electronic structure that is dominated by 

conduction band electrons in N-type Si backbonding into the electronic structure of weakly 

adsorbed species from the gas phase.  

Introduction 

The role of semiconductors in electronic applications and the importance of 

electron transfer across material junctions has led to a thorough investigation of the 

fundamental surface properties of many semi-conducting materials including silicon. 

Spontaneous formation of a native SiO2 layer has only increased the importance of surface 

characterization of Si, especially given that SiO2 remains the most common, high dielectric 

material used as a gate in transistors.125 Solar cells also rely on the formation of passive 

SiO2 layers which slow down surface chemistry and degradation of the cells.126  

During the past 25 years, second harmonic generation (SHG) has become a 

powerful technique for probing the electronic structure and symmetry of material 

surfaces.82, 127-129 SHG is a 2nd order nonlinear optical method that within the electric dipole 

approximation is symmetry forbidden in centrosymmetric media due to inversion 

symmetry. A consequence of this requirement is that any SHG signal observed necessarily 

originates from the anisotropy induced by the surfaces of centrosymmetric materials. SHG 

can also be species specific when the frequency of the incident light or SH response is 
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resonant with a 1- and 2-photon allowed electronic resonances, a molecule’s or material’s 

second order susceptibility, (2), becomes dominant leading to a large enhancement in the 

observed signal.85 The selectivity provided by SHG has led it to be used in a wide variety 

of disciplines to investigate surface behavior at solid, liquid and vapor interfaces.86-91, 109  

Second harmonic generation originates from the second order polarizability, P(2), 

when two incident photons couple at material’s surface to create a new electric field (and 

photon) oscillating at twice the frequency of the incident field. The second harmonic 

intensity is proportional to the square of the second order polarizability. 

𝐼(2𝜔) ∝ |𝑃(2)|
2

= |𝜒(2)|
2

|𝐸(𝜔, 𝑡)2|2                                Eq. 3.1 

The nonlinear susceptibility tensor is a third rank tensor with 27 elements, three of 

which are non-vanishing with respect to interfacial surface contributions 𝜒𝑧,𝑥,𝑥
(2)

, 𝜒𝑥,𝑧,𝑥
(2)

 and 

𝜒𝑧,𝑧,𝑧
(2)

.130 For the Si(100), the contributions from these three elements are difficult to 

separate although, the 𝜒𝑧,𝑧,𝑧
(2)

 element is commonly used for analysis.131 

The SH signal can be amplified by tuning the incident frequency to be resonant 

with interband transitions so that the SHG intensity is proportional to.132 

𝐼(2𝜔) ∝ |∑ 𝐴𝑘(𝜔, 𝜃)
𝑓𝑘 𝑒𝑖𝜓𝑘

2𝜔−𝜔𝑘+𝑖Γ𝑘
 𝑛

𝑘=1 |
2

                                             Eq. 3.2 

Where 𝐴𝑘 , Γ𝑘 , 𝑓𝑘 and 𝜓𝑘 are the broadening parameter, amplitude, and phase of the 

resulting second harmonic photons. 𝐴𝑘  are coefficients that take into account linear 

propagation of light (I() and I()) through the oxide layer. Using this expression, two 

major silicon interband transitions have been measured with SHG. One transition is at 3.40 
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eV and is a relatively sharp transition, while a second broader transition is centered at 4.3 

eV.133, 134  

SHG, has been used to explore several important properties associated with the 

dynamics of silicon’s surface electronic states including their sensitivity to oxidation, 

temperature, and molecular adsorption. One study using second harmonic generation 

rotational anisotropy (SHG-RA) and ellipsometry investigated the formation of SiO2 on H-

terminated Si, used to stabilize the Si surface, under ambient temperature and pressure 

conditions. Borguet, et al. were able to experimentally determine a relative phase 

difference between two complex terms derived from the SHG-RA  that represented 

isotropic and anisotropic contributions to the nonlinear susceptibility for Si(111)-native 

oxide and H-terminated surfaces.135 The magnitude of isotropic and anisotropic 

contributions to the nonlinear susceptibility were approximately the same for oxide and H-

terminated surfaces. However, the phase difference between the contributions was much 

higher for the H-terminated surface than it was for the oxide surface. As oxide thickness 

grew on H-terminated samples, the phase decreased dramatically. Consequently, the 

authors proposed that tracking the phase difference between isotropic and anisotropic 

contributions with SHG-RA should be a powerful diagnostic technique to determine the 

quality of H-terminated Si samples. How H-termination changes the surface environment 

of Si has also been examined theoretically. Mendoza, et al. used density functional theory 

within the local-density approximation (DFT-DLA) with quasiparticle corrections to 

determine the optical transitions active at the Si(100) surface.136 Calculations assumed that 

the main contributing nonlinear susceptibility element is the 𝜒𝑧𝑧𝑧
(2)

 component and used a 
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repeated slab model to simulate a semi-infinite crystal with a centrosymmetric structure. 

The models aligned with experimentally acquired data, showing the E1, E2 and E’1 bulk 

transition at 3.2, 4.5 and 5.3 eV respectively.131, 132 They then simulated three levels of H-

termination, a surface with 1 H per surface dimer, 2 H per surface dimer and the ideal H 

coverage. In all three of these cases, the E1 transition was red shifted and both in the case 

of 2 H per surface dimer and the ideal coverage, the intensity of the E1 transition was 

significantly diminished.  

Aside from undoped Si, P and N-type Si are commonly used due to their improved 

electronic conductivity. Both types of doping increase Si’s intrinsic conductivity but 

through very different mechanisms. P-type dopants are elements that are electron deficient 

with only 3 valence electrons. Examples include B and Al. P-type dopants lower the 

material’s Fermi energy and serve as sinks for electrons in silicon’s valence band, creating 

holes in the electronic structure that can transfer charge. N-type dopants, in contrast, have 

5 valence electrons and raise silicon’s Fermi energy close  to the conduction band energy. 

N-type dopants such as P and Sb create relatively high concentrations of electron charge 

carriers in silicon’s conduction band. Typical dopant levels in commercially available Si 

range from 1x1013 to 1x1020 atoms/cm3. 

Dopants, however, alter the surface electronic structure and can affect other 

physical properties. Höfer, et al. investigated differences in adsorption/desorption behavior 

between clean N-type Si(100) and N-type Si(111) as functions of oxygen exposure and SiO 

desorption under UHV conditions using isothermal SHG.137 While Höfer did not comment 

on how temperature altered the SH signal, they did show that O2 exposure to both Si(111) 
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and Si(100) surfaces decrease the nonlinear susceptibility by 80%. By relating SH intensity 

to SiO surface coverage, they tracked the SH intensity as it SiO desorbed at specific 

temperatures. From this, they were able to calculate that the rate of desorption followed the 

first order Arrhenius law.     

A second study carried out by Tom, et al. prepared a clean P-type Si(111) surface 

by thermal annealing under UHV then flowed O2 into the UHV chamber at 1 x 10-6 torr s 

flow rate while monitoring the E2 critical point transition with SHG at room temperature 

and 800 °C.103 As the surface was exposed to O2, the SHG signal decreased at room 

temperature decreased even further at the higher temperature. The loss in signal intensity 

at room temperature was attributed to chemisorbed O2 saturating the surface after exposure 

to 70 Langmuirs. The greater loss in signal intensity at 800 °C was attributed to the higher 

sample temperature reducing the transition probability. Tom also proposed that the loss of 

signal at higher temperatures could be due to boron migration though they did not see a 

change in SHG signal when they increased the dopant concentration. This result was 

confirmed by Jiang, et al. who investigated the temperature dependent SHG behavior of 

different dopant levels in UHV conditions.12 They showed no change in signal behavior 

between the two dopant levels or across N-type, P-type or undoped Si.           

The majority of SHG experiments are carried out under UHV conditions to control 

the presence of contaminants. Studies under ambient atmospheres are few and far between. 

A recent SHG study carried out at ambient pressure with Au indicated that at room 

temperature, the atmospheric composition above a material can significantly a ffect the 

surface SH response. Under an O2 containing atmosphere at room temperature, the SH 
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signal of Au was ~3.5x greater than in either N2 or Ar atmospheres suggesting that O2 is 

altering Au’s nonlinear susceptibility tensor. Results from titrating pure  O2 into a UHP N2 

atmosphere at ambient pressure showed that even the addition of 1% O2 correlated to a 

significantly increased in the Au’s second order nonlinear response. Data were fit to a 

Langmuir isotherm and the free energy corresponding to O2 adsorption was calculated to 

be ~0.1 eV. This result correlated closely with the calculated adsorption energy for gold.118 

These findings strongly suggest that electrons from Au’s conduction band are being 

donated to a weakly adsorbed monolayer of O2, increasing electron delocalization and, 

subsequently 2nd order polarization. However, at high temperatures (~260 °C), the SH 

signal enhancement disappears so that the magnitude of the SH signal in O2 at 260 °C is 

equivalent to that in inert atmospheres. Based on the temperature dependent behavior of 

Au in inert atmospheres and the work by Parkins, et al.99 the 40% drop in SH signal seen 

in these experiments is attributed to an increase in electron-phonon scattering which 

decreases the nonlinear susceptibility of a material. 

The results described in this work seek to quantify how the surface electronic states 

of materials with different electronic band structures are affected by temperature and 

atmospheric composition. N-type Si(100), P-type Si(100) and undoped Si(100) were 

chosen due to the differences in Fermi levels but similarities in other material properties. 

These materials provide valuable means of comparing a surface’s electronic structure to its 

bulk phase conductivity. Even though P-type and N-type samples can have equivalent 

conductivities, the mechanism(s) responsible for charge transport are quite different: in the 

case of P-type Si, vacancies (or holes) are responsible for carrying charge, whereas 
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relatively large fractions of electrons delocalized in Si’s conduction band are responsible 

for N-type Si conductivity. All Si samples had a native oxide layer and a centrosymmetric 

crystal structure. Monitoring the E2 transition with SHG, we observed that under a N2 

atmosphere, the SH intensity reversibly decreased as temperature increased as seen in 

previous UHV studies. However, under an air atmosphere, the signal intensity of N-type 

Si at room temperature was ~1.5 times larger than it was in a N2 atmosphere and the signal 

intensity becomes similar in magnitude at higher temperatures in both air and N2. On a 

normalized scale, the enhancement in signal intensity at lower temperatures is reflected by 

a larger drop in normalized intensity at the higher temperatures resulting in a reversible 

~70% drop in SH intensity in air as opposed to a ~45% drop seen in N2. The fact that N-

type Si is sensitive to atmospheric composition due to the presence of the native oxide 

layer, implies that adsorbates can influence electron properties in the native Si over 

distances >3 nm. We interpret the signal enhancement seen only in N-type Si to be due to 

the excess electrons in N-type Si’s conduction band temporarily occupying the unpaired 

electron orbitals of molecular O2, increasing the polarization distance, and enhancing the 

SH response. 

Experimental 

Materials 

Undoped, N-type (Sb doped with 1.43*1018 atoms/cm3, resistivity of 0.01 *cm) 

and P-type (B doped with 1.49*1016 atoms/cm3, resistivity of 1 *cm) silicon wafers were 

purchased from University Wafer, cut into 1.5 x 1.5 cm samples, and used without any 

further handling with the exception of cleaning with methanol and water.  
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Spectroscopic Ellipsometry 

Using a J. A. Woollam RCS spectroscopic ellipsometer, the native oxide layers 

were measured to be between ~2-3 nm. Figure 16 shows the native oxide layer thickness 

for the different Si samples both before and after the sample has been heated to 260 °C in 

an inert atmosphere. We note that the oxide layer appeared to decrease during the heating 

process following heating and cooling under N2.  

 
Figure 16: Native oxide thicknesses of undoped, P-type and N-type Si samples before and 
after heating in N2. 

The magnitude of this decrease ranged from -2.8 Å for undoped Si to 4.7 Å for N-

type Si to 7.9 Å for P-type Si. These changes fall outside the uncertainty associated with 

thickness measurements (+ 2 Å) and we attribute the changes to a partial loss of oxide 

thickness at the elevated temperature under an inert atmosphere. We also note however, 

that the SHG experiments monitored intensity as a function of temperature proved to be 

completely reversible and instilled confidence that the primary source of SH intensity was 

the Si surface. (Technically, this surface would be the Si/SiO2 interface, but data shown 
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below illustrate that N-type silicon’s nonlinear susceptibility is influenced by the ambient 

gas phase atmosphere.) 

X-ray Diffraction 

Temperature dependent effects on crystal structure were characterized with x-ray 

diffraction (XRD). Measurements that showed only modest lattice expansion with 

increasing temperature (Figure 17). Silicon has a diamond crystal structure and the 5.45 Å 

lattice constant calculated from the XRD shown below agrees with previously reported 

values.  

 

Figure 17: XRD of N-type Si at experimentally relevant temperatures. 

Second Harmonic Generation 

The SHG assembly used in this work has been described previously.90, 91 Briefly, 

an amplified Ti:Sapphire (800 nm, 85 fs pulse rate and 1kHz, ~3.3 W) is reflected into an 
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optical parametric amplifier (coherent Opera Solo) to produce 30 mW of 532 nm light. 

This wavelength was chosen to be consistent with earlier SHG studies of silicon performed 

by Tom, et al.103 Incident power of the light was reduced to <2 mW using neutral density 

filters. Photon counting electronics and a photomultiplier tube were used to detect p -

polarized SHG signal arising from by p-polarized incident light. Data reported in this paper 

has been background subtracted, power corrected and normalized averages of 3-6 

independent measurements at each temperature. 

SHG experiments were performed in a previously described thermal experimental 

assembly dubbed TROPICS. Briefly, TROPICS consists of a two-piece assembly with 2 

gas ports, 3 optical ports two of which are angled at 67.5° off the surface normal and 2 

additional feedthroughs for electrochemical control. Temperature is controlled with 

heating tape (Duo-Tapes HTS/Amptek) and controlled by two LC-Z-120 switch 

controllers. A K-type type thermocouple (Thermo-Scientific) was fixed ~5 mm from the 

sample. Ambient atmospheres consisted of either bottled air or UHP N2. Improvements in 

heat management has allowed this assembly to be heated to 550 °C although in the work 

presented here, temperatures only up to 260 °C were sampled. 

Results 

The native oxide layer of is transparent to the incident and second harmonic light 

of an SHG experiment130 however, the thickness of the oxide layer can affect the strength 

of observed SHG response.132 Of Si’s two interband transitions, we chose to investigate 

the 4.3 eV transition because it has a consistent magnitude across all SiO 2 thicknesses, 
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unlike the 3.4 eV transition which declines in intensity as the SiO2 thickness grows. Also, 

the E2 transition probes band gap at which dopant concentrations are relevant as seen in 

Figure 18.  

 

Figure 18: Band structure diagram of Si.134 

 Before each experiment began, the atmosphere in TROPICS was heated to 260 °C 

to drive off any contaminants that might have adsorbed to the surface, and the sample was 

then allowed to return to room temperature under controlled gas flow (N2 or cylinder air). 

Figure 19 shows that N-type, P-type and undoped Si have very similar temperature 

dependent behavior in a N2 atmosphere. SH signal intensity diminishes as temperature 

increases and this behavior is reversible − the SH signal recovers its original intensity when 

the sample returns to room temperature. A decrease in SH signal with temperature is 

consistent with what has been shown in previous studies, notably with Tom et. al and 

Suzuki, et al.103, 138 Tom, et al. studied P-type Si vs temperature under UHV conditions and 
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suggested the loss of SH signal could be due to an increase in thermal population of 1.7 eV 

dangling bond transition based off electron energy loss spectroscopy data. The authors 

suggested that this temperature-dependent change would decrease the probability of the 

transition occurring and reduce the observed SH signal at elevated temperatures and the 

effect would be reversible. In the Discussion section below, we propose an alternative 

explanation that assigns the diminished SH response to electron-phonon coupling in a 

manner that has been reported recently to explain similar effects observed in the 

temperature dependent SH response from Au.  

 

Figure 19: Temperature dependent SH behavior of P-type (green), undoped (blue) and N-
type (purple) Si in UHP N2. 

Suzuki proposed several mechanisms for the loss of SH intensity from P-type Si at 

higher temperatures and under UHV conditions. The first explanation was that silicon’s 

complex dielectric response increases with increasing temperature leading to a 

correspondingly smaller nonlinear susceptibility. A second mechanism considered by 
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Suzuki to explain the dependence of Si’s SH response and temperature was electron-

phonon coupling, although the authors did not explore this relationship any further.139 We 

note that the discoveries reported by Suzuki, et al. studied the temperature dependent 

second order response from Si at much higher temperatures than those reported in this 

work. In the Suzuki studies, the authors were intent on using SHG to examine the reversible 

change in surface structure from a 1x1 arrangement to a 7x7 arrangement. This phase 

transition occurred at 860 °C and was identified by an abrupt 2-fold rise in SHG intensity, 

and the authors tentatively assigned this behavior to a reduced number of surface states 

(and more limited electron phonon scattering) in the 7x7 structure. 

Equivalent temperature dependent behavior of N-type and P-type Si shown in 

Figure 15 is consistent with earlier reports from Jiang, et al. In their studies, the authors 

monitored the SH response at 532 nm from reconstructed Si (100) 2x1 surfaces and 

observed a ~4-fold reduction in SH intensity as the temperature was raised from 350 K to 

750 K. These studies were carried out under UHV conditions and equivalent results were 

reported for N-type (phosphorous doped) and two samples P-type (boron doped) Si having 

dopant concentrations varying by 103. Jiang, et al. noted that I(2) depended inversely on 

the square of the sample’s temperature but not dopant concentration and then proposed a 

model involving symmetric and antisymmetric Si dimers and the equilibrium between 

those two species.12 Interestingly, the authors noted (but did not show) that results were 

reversible with intensity recovering as the sample cooled to room temperature. In the 

Discussion section below, we show that data reported in the Jiang studies can be fit equally 
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well to an adjusted T-1 dependence when considering the square root of I(2) (=|𝜒(2)|). 

This behavior is consistent with electron-phonon coupling rather than chances in the 

chemical speciation at the surface.  

Findings reported by Jiang led the authors to conclude that for the PinPout studies 

performed with Si as a function of temperature, the SH response originated from electrons 

in surface states rather than from surface layers. Recent SHG studies of Au as a function 

of temperature under ambient pressure made the surprising discovery that the magnitude 

of the temperature dependent SH intensity diminished by ~40% as the sample temperature 

was raised to 260 °C under N2. When the atmosphere was changed to (cylinder) air, the Au 

SH signal diminished by ~70%, an effect that was attributed to weakly bound surface 

excess of O2 adsorbed to the surface. With these results in mind, we measure the 

temperature dependent SH response from N-type, P-type and undoped Si from room 

temperature to 260 °C under air. (Figure 20) 

 

Figure 20: Temperature dependent SH behavior of P-type (green), undoped (blue) and N-
type (purple) Si in air. 
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Similar to their behavior under N2, undoped and P-type silicon had their SH 

intensities fall ~40% as the temperature was raised from room temperature to 260 °C. The 

SH signal from N-type silicon however, fell nearly 80% under air. This behavior from N-

type silicon is similar to what has been observed with Au when the ambient atmosphere 

changed from N2 to air. In the case of Au, this behavior was attributed to the formation of 

the physisorbed layer of O2 weakly bound to the Au surface. At higher temperatures, the 

O2 desorbed and the SH response from Au under both N2 and air were equivalent. Data in 

Figure 20 implies that N-type silicon’s surface properties are also affected by adsorbed O2.  

Hidden in the normalized data shown in Figures 19 and 20 are the changes in the 

absolute magnitudes of the temperature dependent responses from these three different 

samples. At room temperature under N2 the SH response from N-type Si was 

approximately ~1.5x times larger than from P-type and undoped Si. With an air 

atmosphere, the SH signal from N-type Si was enhanced by 50% relative to the signal under 

N2 from the same sample at room temperature but this difference disappeared at higher 

temperatures. Changing the atmosphere from N2 to air had minimal effect on the SH 

response from P-type and undoped Si. These changes are summarized in Figure 21.  
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Figure 21: Square root of SH intensities of P, N and undoped Si in N2 and air at 40 °C 

(a). Ratio of air to N2 SHG intensities for P, N and undoped Si (b). 

Several observations deserve comment. First, the room temperature SH response 

from N-type Si under N2 is significantly larger than from P-type or undoped Si. If Si’s 

second order susceptibility depends on the number of charge carriers, then simple 

considerations based on conductivity and carrier density predict that N-type Si’s 𝜒(2) 

should be several orders of magnitude larger than that of P-type Si. This prediction is 

clearly not supported by the data. If, however, a material’s 𝜒(2)scales with the number of 

unbound electrons in the conduction band, instead of dopant concentration, then one would 

A 

B 
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expect the SH signal from N-type Si to be markedly larger than the signal from both P-type 

and undoped Si. Second, the ratio of SH signal intensity in air to nitrogen for N-type Si 

converges to 1.0 at elevated temperatures. Similar enhancement is not observed for P-type 

and undoped Si where the I(2)air/I(2)N2 ratio remains approximately 1.0 over the entire 

temperature range sampled. We interpret these results in terms of O2 weakly physisorbing 

to the N-type Si’s surface enhancing the material’s surface susceptibility similar to what 

has been reported with Au. At elevated temperatures, we propose that either the O2 desorbs 

from the N-type Si surface or that the SH response in all materials becomes dominated by 

electron-phonon coupling and is insensitive to any adsorbed species.  

Discussion 

SHG studies performed with Au show very similar temperature and atmospheric 

dependent behavior as was seen as with N-type silicon. In Eq. 3.3, the temperature 

dependence of (2) (and of the SH response) is not immediately apparent. If, however, 

several assumptions are made regarding the origin of the SH response arising from free 

electrons in N-Type silicon’s conduction band, the behavior of (2) with response to 

temperature can be modeled to show that an increase in electron-phonon scattering is 

responsible for the diminished SHG signal at high temperatures. This model assumes the 

Drude description of conduction band electrons and ignores grain boundaries. From a 

conduction band standpoint, N-type Si is much more akin to a metal with relatively large 

populations of electrons delocalized in a weak, periodic potential than it is to ether undoped 

or P-type Si. Krause, et al. defined (2) in metals as having surface contributions to the SH 
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signal with electrons oscillating perpendicular to the surface being the dominant 

contributors.81  

𝜒𝑧,𝑧,𝑧
(2)

≅ 𝜒⊥
(2)

≡ 𝑎(𝜔)
𝑒

16𝜋𝑚𝜔2
(𝜀𝜔 − 1)                              Eq. 3.4 

Where 𝑎(𝜔) is a Rudnick-Stern parameter and 𝜀𝜔 is the complex, frequency 

dependent dielectric function. As stated earlier, the 𝜒𝑧,𝑧,𝑧
(2)

 term of Si’s (2) is often used for 

modeling purposes due to it being the largest contributor to PinPout SHG and the same is 

true in this model. The complex dielectric function can be written in terms of a material’s 

optical conductivity:98, 131  

(𝜀𝜔 − 1) = 𝑖
4𝜋

𝜔
𝜎𝜔                                              Eq. 3.5 

Where 𝜎𝜔 is a material’s optical conductivity which is defined by: 

𝜎𝜔 =
𝑛𝑒2𝜏

𝑚
                                                      Eq. 3.6 

Where -1 is the electron scattering frequency in a material. The electron scattering 

frequency depends on two terms; electron-phonon scattering which depends on 

temperature ((T)), and electron-electron scattering ((ℏ𝜔)2), which depends quadratically 

on the energy from incident light.99 After substitution and simplifying the resulting 

expressions, the dominant contribution to the (2) tensor as. 

𝜒𝑧,𝑧,𝑧
(2)

=
𝐴

𝛼(𝑇)+𝛽(ℏ𝜔)2
                                              Eq. .3.7 
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Because of the experimental design, the energy from incident light reflecting off 

the N-type Si is constant across the entire experiment meaning that this contribution to 

𝜒𝑧,𝑧,𝑧
(2)

 from electron-electron scattering is constant. This simplification effectively reduces 

the change in (2) to be proportional to 
1

𝑇
. 

 

Figure 22: Temperature dependent change in (2) of N-type (purple), P-type (green) and 
undoped Si (blue). 

While not a perfect fit, the shape of the temperature dependent behavior of (2) 

suggests that the reduction in N-type Si SH signal in N2 is due to an increase in electron-

phonon scattering. The fits to the P-type and undoped data are simple linear regressions. In 

the case of the P-type and undoped samples, the good linear correlation between (2) and 

temperature implies that different or additional mechanisms are contributing for the 
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material’s SH response. Differences resulting from physical origins underpinning a 

material’s SH response are not unexpected. In N-type Si, the most polarizable electrons are 

those in the sample’s conduction band, only weakly bound to nuclei in a given Brillouin 

zone and highly susceptible to the influence of an incident oscillating electromagnetic field. 

The E2 transition probes a transition that originates from a flat valence band shape which 

means electrons in P-type Si are more localized to their nuclei. Tightly bound electrons are 

much less susceptible to acceleration from incident electric fields than the “unbound” 

electrons in N-type Si, hence less likely to create a larger nonlinear polarization. These 

considerations lead us to propose that the nonlinear susceptibility of N-type Si is limited 

by electron-phonon scattering. For P-type and undoped Si, we cannot rule out more 

complex surface chemistry proposed by Tom, et al. or Suzuki, et al.103, 138 

It must be stated that several assumptions were made in modeling N-type Si SHG 

data to the electron-phonon scattering model used previously in Chapter 2 for Au. While 

we believe these assumptions to be reasonable, it is entirely possible that future 

investigations and/or new considerations will prove this treatment of N-type Si SHG data 

to be insufficient due to the complexity of the system. Several groups have attempted to 

tackle the temperature dependent drop in SH signal intensity and have all assigned this 

behavior to different mechanisms.12, 103, 138 While our twist on SHG has provided new 

information with the interaction between surface electrons and atmospheric composition, 

it does not provide definitive conclusions on which specific mechanism or mechanisms is 

responsible for the temperature dependent SHG behavior.  
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As was stated in the experimental section, our samples have a 2-3 nm native oxide 

layer covering the Si surface and the contributions from the native oxide layer to the SH 

signal has been experimentally determined. Daum, et al. has shown experimentally that the 

E1 transition, diminishes in intensity to less than half as the oxide layer increases from a 

native oxide layer (~2 nm) to 105 nm thick. E2 on the other hand, is largely unchanged in 

magnitude as the oxide layer increases.134 However, the signal enhancement presented in 

Figures 20 and 21 is atmospheric dependent with the oxygen in the air which implies that 

electron’s polarization distance is increased. If electrons are accessing the unpaired orbitals 

of oxygen through a back bonding mechanism or the unpaired electrons are contributing to 

the SHG signal, the SiO2 thickness likely plays a role in the enhancement. In a preliminary 

test, a ~1.5 cm x 1.5 cm sample was cut f rom an Sb doped, thermally oxidized, N-type Si 

wafer and the oxide thickness was confirmed to be 600 nm with spectroscopic ellipsometry. 

The temperature dependent behavior of the thick oxide sample is shown in Figure 23 and 

compared with the native oxide sample from Figure 20.  
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Figure 23: Temperature dependent SH behavior of N-type Si with a thick oxide layer 
(black) and native oxide layer (purple) in air. 

The thick SiO2 layer sample has similar temperature dependent behavior to P-type 

and undoped Si in an air atmosphere meaning that the SH enhancement mechanism in air 

is hindered. SiO2 is an insulator with a 9.2 eV band gap which decouples the surface 

electrons from the adsorbed gas layer.140 This prevents any backbonding SH enhancement 

from occurring with atmospheric molecules so the temperature dependent SH behavior 

resembles N-type Si in an N2 atmosphere.  

The mechanism responsible for enhanced SH signal from N-type Si’s remains 

unconfirmed. While preliminary data show that electrons coupling with the Si/SiO2 

interface is required (Figure 23) for the signal enhancement to take place, the question 

remains are electrons from Si back bonding to O2’s unpaired orbitals or are O2’s unpaired 

electrons contributing to the SH response. In a limited effort to test this question, the 

temperature dependent SH behaviors of N-type and undoped Si were explored with a 10% 

CO in N2 atmosphere. CO is isoelectronic with N2 with all its electrons paired in orbitals. 
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However, unlike N2, CO is a practical ligand because it has a small permanent dipole (0.12 

D) and can accept electrons through vacant * orbitals localized on the carbon side of the 

molecule. This property makes CO a common covalently bound ligand in traditional 

inorganic chemistry reaction schemes where it will bind with energies as high as 0.31 

eV.141 

 

Figure 24: Temperature dependent SH behavior of undoped (blue) and N-type (purple) Si 
in CO. 

Figure 24 shows clearly both N-type and undoped Si show similar behaviors in a 

CO atmosphere as in an air atmosphere. Namely, the SH response from N-type Si is 

significantly more impacted by CO than the SH response from undoped Si. While this 

result is preliminary, a CO atmosphere seems to provide backbonding opportunities for N-

type Si’s electrons, which enhances the SH signal intensity at room temperature and 

suggests a weakly adsorbed layer on the SiO2 surface. The signal enhancement at room 

temperature is represented by a larger drop on a normalized SHG intensity scale as the SH 

intensity for P, N and undoped Si are equivalent at 260 °C.  
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The O2 and CO data from the N-type Si systems strongly suggest that N-type Si can 

support a weakly adsorbed physisorbed layer of either gas phase species. In the 

atmospheric dependent behavior study done with Au, the O2, binding energy calculated 

from atmospheric SH titration data was calculated to be 0.1 eV matching the theoretically 

calculated value from DFT reports. Based on the similarities of the atmospheric dependent 

behavior between Au in that study and the N-type Si data presented in this work, we expect 

that a similar mechanism is occurring with O2 and N-type Si. An important point to 

remember, however, is that any species physisorbing to the Si surface is, in fact, adsorbing 

to the SiO2 surface and affecting the electronic structure of the underlying doped Si. This 

effect disappears with Si samples having a thick oxide layer. Chernakov, et al, studied the 

adsorption of O2 on a dehydroxylated SiO2 surface grown on a thermally oxidized Si(100) 

sample.142 Taking measurements in a vacuum chamber, they estimated that the adsorption 

energy from SiO2 to be 0.16 + 0.04 eV. While this value is higher than the energy well with 

gold, the predicted binding energy is consistent that a similar mechanism describing the 

effect(s) of incident gas phase environments on material surfaces under conditions closer 

to those found in high temperature energy conversion applications. O2 could also be 

adsorbing to undoped and P-type’s SiO2 layer since these materials are functionally 

equivalent, but without sufficient numbers of electrons in the conduction band, the effects 

of adsorbates on the material’s second order susceptibility are weak.  

Conclusion 
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A recent publication showed Au’s nonlinear susceptibility was affected by 

atmospheric composition above the surface, the results published in this paper looked to 

examine the same phenomenon with N-type, P-type and undoped silicon. While P-type and 

undoped silicon’s nonlinear susceptibility did not seem affected by the atmospheric 

composition, N-type Si was sensitive to the presence of oxygen as its nonlinear 

susceptibility was higher in air than in N2. Preliminary results done with a CO containing 

atmosphere showed the same temperature dependent behavior as in air which signifies that 

N-type Si’s electrons are accessing electronic states in the gas molecules above the sample. 

This result was surprising as it occurred through a native oxide layer however, when the 

oxide layer was thickened, the SH enhancement did not occur which points to the need for 

electronic access to the Si/SiO2 interface. These results point to the formation of a weakly 

adsorbed monolayer at the SiO2 surface. The similarities in temperature dependent SH 

behavior between N-type Si and Au from the recently published study strongly suggest that 

the same mechanism is responsible for increasing the nonlinear susceptibility of both of 

these materials. It also suggests that materials with free electrons in their conduction bands 

are susceptible to the presence of O2 in the atmosphere and that surface studies with these 

materials need to consider atmospheric composition. The sensitivity to atmosphere with 

respect to SiO2 thickness and atmospheric O2 concentration provide exciting avenues for 

future investigation. 
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Abstract 

 The surface electronic structure of NiO was investigated with second harmonic 

generation (SHG) as it was heated above its Néel temperature (253 °C) in cylinder air and 

N2 atmospheres. Above the Néel temperature, NiO’s antiferromagnetic electron structure 

becomes paramagnetic. A custom sample chamber, dubbed TROPICS, allowed for 

reflection geometry SHG to be carried out while maintaining temperature and 

atmospheric control. While monitoring the intensity of the 3.6 eV optical transition with 

SHG, NiO was heated from room temperature to 260 °C and then cooled back to room 

temperature. As the sample heated, the SH signal decreased to ~20% under both 

atmospheres however, upon cooling back to room temperature, the SH intensity did not 

recover immediately instead requiring ~60 and ~90 minutes in N2 and cylinder air 

respectively. The bulk electronic structure’s response to being heated to 260 °C was 

investigated with Raman Spectroscopy. NiO can be identified as an antiferromagnetic 

material due to the presence of a magnon peak (collective motion of electrons in the 
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antiferromagnetic electron structure) in its vibrational spectrum. The intensity of the 

magnon peak diminished to near zero at 260 °C but then, unlike the SHG data, recovered 

immediately upon returning to room temperature. When the surface electronic structure 

was investigated while NiO was heated to 170 °C, to stay below the Néel temperature, 

the SH intensity recovered immediately upon cooling to room temperature. This data 

suggests a decoupled response for recovering from the paramagnetic state between the 

surface and the bulk electronic structures. It can be reasonably assumed that the time 

delay in the recovery of the surface electronic structure, signified by the low SH intensity, 

is how long the surface layers of NiO take to reform the antiferromagnetic electron 

structure. The extra 30-minute recovery time seen in air, could be due to interactions with 

the still paramagnetic electrons of NiO and the partially filled * orbitals in atmospheric 

O2.  

Introduction 

World energy consumption is predicted to double by the year 2050 in the absence 

of transformative technological improvements to energy conversion and storage. In both 

of these areas, NiO has been recognized as a high-value material. Traditionally, NiO has 

been used as a precursor in the synthesis of solid oxide fuel cell anodes to control the 

porosity, as well as the conductivity of the Ni/YSZ cermet.143 More recently, NiO has been 

shown to be an efficient co-catalyst for photocatalytic hydrogen production, providing up 

to a 50 times improvement in H2 evolution rates.144 NiO has also been shown to improve 
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the capacitance of counter electrode in Li-ion cells when NiO is added to cover pure 

graphite electrodes.145  

NiO is also an attractive material for use in neuromorphic learning because of its 

antiferromagnetic electronic structure.146 Due to the strong correlation of electrons in the 

3d orbitals, NiO is sensitive to environmental stimulus like pressure and variation in 

oxygen partial pressures. Ramanathan, et al. showed that NiO electrical resistance 

gradually decreases after being exposed to a high H2 environment in the form of 

conditioning periods. After NiO was conditioned with H2, a short exposure to O3 would 

increase the electronic resistance greatly.  

Antiferromagnetic materials like NiO are often identified by their collective 

motions of electrons in the lattice which form an eigenstate known as a magnon. At the 

Néel temperature, the antiferromagnetic structure converts to paramagnetic causing the 

magnon transition to disappear. (The Néel temperature is similar to the more common 

Curie temperature used to describe the temperature when ferromagnetic materials lose their 

permanent magnetic properties.) Bulk NiO has a Néel temperature is 253 °C although, the 

Néel temperature (and corresponding magnon feature in vibrational spectra) can be 

significantly affected by particle size. Mironova-Ulmane, et al. reported that NiO grain 

sizes with 100 nm would cause the magnon peak to vanish from a Raman spectrum147 while 

Rinaldi-Montes, et al, showed that NiO particle Néel temperature can shift to temperatures 

as low as 188 °C when particle size shrinks to 8 nm.148 

NiO is the prototypical example for a Mott insulator which makes it difficult to 

model using local density approximation due to the attractive nature of NiO’s 
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antiferromagnetic structure. Because of the behavior of NiO’s electrons, an orbital-

dependent correction was created to existing local density approximation transition 

energies so that calculations reflected an accurate representation of the d→d transitions 

(0.7-2.2 eV) seen in experimental data.149, 150 Another technique used to calculate NiO’s 

electronic structure was cluster embedding which concluded that NiO’s charge -transfer 

insulator gap was ~4 eV with a 0.51 eV activation energy.151  

Experimentally, NiO’s electronic structure has been investigated with a number of 

different techniques including ellipsometry,152 Raman Scattering,147 x-ray absorption 

spectroscopy153 and x-ray diffraction.154 While these techniques are sensitive to surface 

properties, they are not explicitly surface specific, meaning that measurements cannot 

directly provide the surface specificity that arises from interfacial anisotropy. NiO has a 

cubic, 𝐹�̅�3𝑚 lattice structure meaning that the material itself is centrosymmetric so that 

any second order nonlinear optical response that does arise originates from those few 

material layers subject to the physical or chemical asymmetry brought about by the surface 

itself.  

As a result, the surface properties of NiO have been studied using magnetic dipole 

second harmonic generation.13, 127, 155 SHG is a nonlinear optical technique in which two 

incident photons couple through the second order polarizability (P(2)) and scatter off a 

material to produce a single, second harmonic photon with twice the frequency I(2). SHG 

is a second order technique which, according to electric dipole approximation, is symmetry 

forbidden in centrosymmetric materials. However, anisotropy at the surface of a 

centrosymmetric materials can produce SH signal, making it a surface specific technique. 



85 
 

SHG can also be made material specific by tuning to a known electronic transition. 85 The 

intensity of the SH signal depends on the material susceptibility tensor ((2)) and on the 

incident power (E(,t)2).  Second harmonic generation has a long history of probing the 

interface of solid/liquid, liquid/gas and solid/gas interfaces.77, 86, 87, 90 

𝐼(2𝜔) ∝ |𝑃(2)|
2

= |𝜒(2)|
2

|𝐸(𝜔, 𝑡)2|2                            Eq. 4.1 

The nonlinear susceptibility tensor can be rewritten into resonant and non-resonant 

portions. The second harmonic intensity can be enhanced by tuning the incident frequency 

to half the energy of a known optical transition.  

𝜒(2) = 𝜒𝑟𝑒𝑠
(2)

+ 𝜒𝑛𝑜𝑛𝑟𝑒𝑠
(2)

                                        Eq. 4.2 

The nonlinear susceptibility tensor is a third rank tensor that is comprised of 27 

individual tensor elements. For antiferromagnetic materials like NiO, there are 8 non-zero 

tensor components.156 

𝜒𝑥𝑦𝑧
(2)

,𝜒𝑦𝑧𝑥
(2)

, 𝜒𝑧𝑥𝑦
(2)

                                               Eq. 4.3 

𝜒𝑧𝑥𝑥
(2)

, 𝜒𝑧𝑦𝑦
(2)

, 𝜒𝑧𝑧𝑧
(2)

, 𝜒𝑦𝑦𝑧
(2)

, 𝜒𝑥𝑧𝑥
(2)

                                     Eq. 4.4 

Where the first group of elements arises from ordered spin arrangement while the 

second group of elements is due to lattice symmetry properties.10 Of these (2) elements, 

the representative behaviors from each group are generally described by 𝜒𝑧𝑧𝑧
(2)

 and 𝜒𝑧𝑥𝑦
(2)

. A 

theoretical investigation of NiO’s surface properties was reported by Ney, et al. In this 

work, the authors calculated the magnitude of each element over a wide energy range. 157 

They determined that 𝜒𝑧𝑥𝑦
(2)

 and 𝜒𝑧𝑧𝑧
(2)

 had very similar line shapes but the 𝜒𝑧𝑧𝑧
(2)

 term was two 
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orders of magnitude larger than 𝜒𝑧𝑥𝑦
(2)

. To better investigate the spin states, Fiebig et. al used 

magnetic dipole enhanced SHG and probed the lowest d-d transition, 32
+→ 35

+ at 

extremely low temperatures (<10 K).13, 155, 158 They were able to characterize the d-d 

transitions of NiO completely between 0.7-2.1 eV. Fiebig attributed these d-d transitions 

to electrons in the antiferromagnetic structure, and under vacuum, heated NiO past the Néel 

temperature. As NiO approached the Néel temperature, the SHG intensity decreased until 

it reached zero above the Néel temperature.127  

While NiO has been well characterized with magnetic dipole SHG, very little has 

been done experimentally to investigate how environmental conditions like temperature 

and atmosphere affect the surface electronic structure. Electric dipole SHG is known to 

depend on a material’s optical conductivity, temperature, and the incident photon energies. 

Adsorption from gas phase molecules has been shown it can affect a material’s second 

order nonlinear susceptibility. Recent SHG studies done with gold have shown evid ence 

that the atmospheric composition above the sample can affect the surface electronic 

structure at room temperatures. In an inert atmosphere, the SHG signal decreased in 

response to temperature as a result of increased phonon-electron scattering. However, in 

an atmosphere containing >15% O2 (in N2) the SHG signal at room temperature was ~3 

times greater than the signal in an inert atmosphere. At higher temperatures (>250 °C), the 

magnitude of the SHG signal in O2 containing and inert atmospheres were equivalent to 

within experimental uncertainty. From room temperature experiments that titrated O2 into 

a N2 atmosphere, Au’s (2) increased in a manner similar to an isotherm and from these 
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data, an O2 adsorption energy of ~0.1 eV was calculated. The effect of O2 adsorption onto 

the Au surface was to enhance the polarizability of the conduction band electrons in Au 

through coupling between Au’s electrons and the partially filled O2 * orbitals.   

Experiments described in this work seek to characterize how temperature and 

atmospheric composition affect the SH signal from the 3.6 eV optical transition which is 

attributed the splitting 3P states. This work was motivated by the intent to identify how the 

surface electronic structure of this material is affected by electron-phonon coupling and 

weakly adsorbed gas phased species. Amorphous Ni foil was thermochemically oxidized 

to form amorphous NiO with a centrosymmetric 𝐹�̅�3𝑚  cubic crystal structure. NiO’s 

structure was confirmed with x-ray diffraction and its antiferromagnetic properties were 

confirmed with Raman spectroscopy. We observed that the SHG response of NiO likely 

due to electron-phonon coupling. The SHG signal reached a minimum above the Néel 

temperature. Interestingly, however, the SH signal did not immediately recover upon 

cooling to room temperature, in contrast to previous results reported for Au and different 

types of Si. Instead, the SH signal from NiO remained low upon cooling to room 

temperature, only to recover very slowly. This effect took longer (~90 minutes) under 

cylinder air than under inert N2 atmosphere (~60 minutes). The lengthy recovery time 

required for SH intensity to return to its ‘pre-heated’ value is surprising especially given 

that the bulk electronic and magnetic structure as evidenced by the Raman monitored 

magnon transition, recovered immediately upon cooling. The delay in the surface 

electronic structure (60-90 min), along with the immediate recovery of the bulk electronic 

structure suggests a decoupling between the recovery of the respective electronic 
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structures. Also, the delay in reformation of the surface electronic structure took 

significantly longer in air (~30 minute longer) than in N2 implies that gas phase adsorption-

likely O2- hinders the re-establishment of the antiferromagnetic surface electronic 

structure. We believe that this equilibrated surface electronic structure is related directly to 

NiO’s antiferromagnetic properties, because the observed hysteresis disappears when NiO 

was heated to only 170 °C, well below the Néel temperature. When heated to 170 °C, the 

SH signal from NiO diminishes but it recovers immediately and quantitatively when cooled 

to room temperature.     

Experimental 

Materials 

Ni foil purchased from sigma Aldrich (>99.9) was cut into 1.5x1.5 cm pieces and 

cleaned with methanol and water. Samples were then thermally oxidized at 550 °C for 24 

hours in a muffle furnace and NiO’s presence was verified with Raman spectroscopy.  

Raman Spectroscopy 

Along with phonons, NiO’s antiferromagnetic electron structure gives rise to a 

broad magnon transition in a Raman spectrum at ~1490 cm -1. The bulk electronic structure 

was monitored with the magnon peak over the temperature range investigated in this study 

using a Linkam heating stage. Heating conditions were 10 °C/min with a 2-minute dwell 

time under both air and Ar atmospheres (150mm/min flow rate). 
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Figure 25: Raman spectroscopy of NiO coupon at room temperature and 270 °C. 

X-Ray Diffraction 

Temperature dependent x-ray diffraction (XRD) was used to characterize NiO’s 

structural changes between room temperature and 260 °C. Figure 26 show the diffraction 

pattern of NiO vs temperature. The only peak movement seen in the pattern is due to 

thermal expansion which is completely reversible with temperature. Ni metal peaks also 

appear in the diffraction pattern which is expected due to the large sampling depth of XRD 

and peak assignments were done using findings reported by García-Cerda, et al.159 
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Figure 26: XRD pattern of NiO oxidized on Ni foil (left) and the NiO (111) peak (right).  

Second Harmonic Generation 

The SHG optical assembly used in this study has been described before. Succinctly, 

an amplified Ti:Sapphire laser (800 nm, 85 fs pulse rate and 1kHz, ~3.1 W) is directed into 

an optical parametric amplifier (Coherent Opera Solo) to produce ~110 mW of 690 nm 

light. Incident light was reduced in power to <8 mW with neutral density filters and 

directed toward the sample chamber TROPICS. A photomultiplier tube and photon 

counting electronics were used to detect the SHG signal resulting from P-P polarized light. 

Reported data are background subtracted, power corrected and normalized averages of 3-

6 independent measurements at each temperature. A room temperature SHG spectrum of 

NiO shows the peak of the optical transition is at 344 nm (Figure 27).  
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Figure 27: Second harmonic spectrum of NiO coupon taken at room temperature. 

  SHG experiments were performed with a newly designed experimental assembly 

dubbed “Thermal Rig for OPtical Interfacial Characterization Spectroscopy” or TROPICS 

which has been described before. Briefly, a stainless-steel, two-part assembly which 

contains 3 optical windows and gas and electronic inlets and outlets. Temperature was 

controlled with two heating tapes connected to LC-Z-120 switch controllers and a K-type 

thermocouple positioned ~5mm from the sample monitored the sample temperature. The 

gas atmosphere (either bottled air or UHP N2) flowed in at 150 mm/min and was allowed 

to equilibrate for > 40 min before the experiment began.   

Results 

The 690 nm incident wavelength was chosen so that the 345 nm second harmonic 

signal was resonant with NiO’s 3.60  eV transition.160 The NiO sample was allowed to 

equilibrate for > 40 minutes under the intended atmosphere before an experiment began. 

Figure 28 shows the temperature dependent behavior of NiO in air and N2 atmospheres.   
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Figure 28: Second harmonic generation temperature profile of NiO coupon heated above 
the Néel temperature in N2 (green) and air (blue) atmospheres. Signals recovered more 
than 50 minutes after returning to room temperature. 

Two important observations can be made from Figure 28. First, the SHG signal 

declines significantly with temperature. Second, the SHG signal does not recover 

immediately upon cooling under both atmospheres. A third observation, albeit made with 

some uncertainty, is that temperature dependent SHG appears to show structure in its 

thermal cycling. Specifically, the change in SH signal shows small but reproducible 

deviation from steady decline at temperatures ~150-175 °C.  

Signal response vs Temperature. 

If the antiferromagnetic electron ordering in NiO is responsible for the SHG signal, 

one would expect the intensity to drop as the electron spins become uncorrelated and the 

material becomes paramagnetic. This SHG signal degradation has been reported previously 
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by Fiebig, et al. where the authors showed a significant decrease in SHG intensity as NiO 

approached the Néel temperature.127 However, unlike in findings reported in this work, the 

SHG signals measured by Fiebig, et al. converged to zero above the Néel temperature, 

likely a consequence of the magnetic dipole enhancement employed by Fiebig. The optical 

transition investigated in our studies has been assigned to the splitting of 3P states in NiO 

instead of the d→d transitions investigated in Fiebig. The 345 nm transition we probed is 

commonly associated with the 𝜒𝑧𝑥𝑦
(2)

 and 𝜒𝑧𝑧𝑧
(2)

 tensor elements of the second order 

susceptibility of NiO and will provide an SH response above the Néel temperature. 

According to Ney, the 𝜒𝑧𝑧𝑧
(2)

 tensor element is primarily responsible for SHG signal and has 

paramagnetic contributions that prevent it from vanishing above the Néel temperature.157 

The other tensor component assigned to the 345 nm transition, 𝜒𝑧𝑥𝑦
(2)

, has a large 

antiferromagnetic contribution and is expected to vanish above NiO’s Néel temperature.127, 

157 Despite the two different transitions monitored, in the Fiebig work and the experiments 

reported here, NiO’s SH response does diminish significantly as the sample temperature 

approaches the Néel temperature. This result could be due to electron-phonon scattering as 

has been reported previously for Au and Si, but the loss of electron spin correlation may 

also play an as-of-yet undetermined role. From those earlier studies of Au and Si, raising 

the sample temperature under N2 led to a ~40% loss in SH intensity between room 

temperature and the 260 °C, regardless of the sample identity. These results were observed 

for Au, N-type Si, P-type Si and undoped Si. This behavior could be described generally  

using the electron-phonon scattering model developed by Parkins, et al. that assumed 
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Drude-like electron behavior. The more dramatic loss of SH intensity from NiO at high 

temperatures (>80%) implies that a new mechanism (or additional mechanisms) must be 

invoked to describe this material’s temperature dependent nonlinear susceptibility.  

Time Dependent Second Harmonic Hysteresis.   

The most curious result emerging from the temperature dependent SH 

measurements is the lack of immediate signal recovery when the sample cools from above 

its Néel temperature back to room temperature. Such behavior has not been observed in 

other materials including Au, Si. 13, 103 Even more surprising is the eventual signal recovery 

of SH signal after 60-90 minutes after returning to room temperature. To ensure that these 

SH data were reporting a surface phenomenon, we repeated the same thermal cycling with 

a NiO sample and monitored the material’s Raman spectrum. Raman spectra were taken 

periodically during the heating profile. Figure 29 shows the ratio of the magnon peak 

intensity (2M in Figure 21), which represents the bulk electronic structure, to the phonon 

peak intensity (2P in Figure 21) at ~1190 cm-1. The magnon feature is present only when 

the material is antiferromagnetic. As the electron spins decouple, the magnon peak 

becomes weaker, so a larger ratio corresponds to the sample in its antiferromagnetic state 

and a ratio converging to zero describes a paramagnetic state.  
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Figure 29: Ratio of magnon peak intensity to phonon peak intensity of NiO coupon vs 
temperature in air. 

The data depicted in Figure 24 show that as NiO’s temperature increases, the anti-

parallel arrangement of electrons becomes more disordered until the NiO becomes fully 

paramagnetic near the Néel temperature (also seen in Figure 21). This result confirms that 

as the temperature increases, electrons begin to lose correlation, decreasing the coherence 

of their polarization and the corresponding intensity of the magnon peak. However, unlike 

the SH data in Figure 23, the intensity of the magnon peak returns immediately as the cools 

to room temperature under both air and N2. The immediate recovery of the bulk electronic 

structure bulk behavior is in direct contrast to the surface SH data suggesting that there are 

separate timescales that control the recovery of electronic structure in NiO’s bulk material 

and at its surface.    
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The recovery of the magnon peak intensity suggests that the antiferromagnetic 

electron structure completely reformed in the bulk which is slightly contradictory to 

general magnetic behavior recovering from being heated to the Curie point. Magnets for 

example, do regain their ferromagnetic electron structure but generally, its magnetism is 

weaker due to electron spins trapped in the reverse ferromagnetic direction during cooling. 

However, electrons in the antiferromagnetic structure are coupled and the attractive forces 

between the electron spins of NiO was the cause of DFT’s inability to model NiO’s electron 

structure until 1930.150 It is likely that the attractive forces of the electron spins in the 

antiferromagnetic structure help realign spins after being in the paramagnetic phase.  

The next question that Figure 28, and to an extent, Figure 29 pose is how long does 

the surface electron structure take to recover to pre-heated intensity? After returning a NiO 

sample to room temperature, we continued to acquire SH data from the NiO sample under 

both N2 and cylinder air. (These measurements effectively extended the experiments whose 

data are shown in Figure 28, with measurements made every 15 minutes at room 

temperature with continued exposure to either N2 or air. Experiments continued until the 

NiO intensity returned to pre-experiment levels.) 
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Figure 30: Second harmonic intensity of NiO from Figure 3 after cooling to room 
temperature. The first point at time t=0 is the last point at the end of sample cooling 

shown in Figure 28.  

The dotted horizontal line in Figure 30 represents 90% of the highest intensity 

during the heating phase in Figure 3. In Figure 30, the recovery of the NiO SH signal is 

monitored under N2 and air atmospheres after the sample was heated beyond the Néel 

temperature, allowed to remain at temperature for 30 minutes and then cooled. Cooling to 

room temperature required ~2 hours. Signal recovery was consistently faster in N2 than in 

air with average recovery times being ~60 minutes (N2) and ~90 minutes (air). 

At first glance, this difference in recovery times sees strange. However, from 

studies presented earlier in this dissertation, we know that at room temperature, O 2 will 

weakly physisorb to materials such as Au and the native oxide layer of Si at room 

temperature. If O2 is adsorbing to the NiO surface at room temperature, then the data imply 
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that adsorbed O2 slows signal recovery. Taking this supposition one step further and 

making the assumption that the slow recovery of SH signal reflects a reestablishing of 

antiferromagnetic properties at the NiO surface, we propose that the partially filled * 

orbitals of adsorbed O2 are accepting electron back donation from the NiO and impeding 

re-formation of the antiparallel spin configuration that represents the NiO’s stable state at 

room temperature. We do note that recovery of SH intensity also takes a long time under 

N2 suggesting strongly that the surface electronic structure is decoupled from that in the 

bulk material. 

An argument could be made that the delay in signal recovery could be due to a 

kinetic process that once the sample is cooled, takes much longer to return to pre -

experiment conditions. However, in a series of experiments performed to account for 

possible contributions from any sort of slow surface re-structuring or other kinetic process, 

the temperature of NiO was held at 100 °C for an hour during the cooldown section of the 

experiment. If a traditional kinetic process were responsible for this slow recovery of SH 

signal, one would expect recovery to happen more quickly at 100 °C compared to 19 °C. 

Under these circumstances however, signal recovery under N2 and air still required ~60 

and ~90 minutes, respectively, implying the process is not Arrhenius-like and is likely 

caused by yet undetermined entropic drivers.  

To further test if the observed SH signal recovery shown in Figure 30 was related 

to electron spin reorganization to an antiferromagnetic state, NiO was heated to 170 °C and 

allowed to cool. We chose 170 °C to ensure that NiO did not pass the Néel temperature as 
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the Néel temperature can change depending on the properties of the NiO film according to  

Rinaldi-Montes, et al.148  

 

Figure 31: Second harmonic intensity of NiO heated to 170 °C in N2 (green) and bottled 
air (blue). 

Figure 31 shows the temperature dependent SH behavior in N2 and air when NiO 

is heated to a temperature where the SH intensity begins to diminish but not to the Néel 

temperature. For both atmospheres, the SH signal decreased with temperature . The 

important result in these experiments, however, was that in each case, the SH response 

recovered instantaneously upon cooling with no sign of the hysteresis observed within the 

NiO is heated to 253 °C. While not conclusive, this behavior implies that the delay in the 

recovery of the surface electronic structure of NiO seen in Figures 28 and 30 arises from 

the impeded conversion of NiO’s surface electronic structure  from paramagnetic to 

antiferromagnetic electron structures.  
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An important additional point to note in Figure 31 is its consistency with Figure 28. 

Specifically, SH intensity from NiO in air drops approximately twice as much as it does in 

a N2 atmosphere as the temperature is raised to 170 °C. As in Figure 24, presence of O2 

has a significant and measurable effect on the surface electronic structure’s response to 

temperature and recovery of the antiferromagnetic structure.  

Conclusion 

The data presented in this work aimed to characterize the surface electronic 

response at the 345 nm optical transition to high temperatures and different atmospheric 

composition. In both air and N2 atmospheres, the SH signal decreased with temperature, 

reaching a minimum above the Néel temperature which is likely due to the degradation of 

NiO’s antiferromagnetic electron structure. When NiO was cooled back to room 

temperature, the second harmonic signal did not recover immediately to pre-experiment 

intensities but required 60 minutes in N2 and 105 minutes in air. This result contrasts with 

the bulk electronic structure response to temperature, measured with Raman spectroscopy 

via the magnon peak at ~1490 cm-1, which recovered immediately upon cooling back to 

room temperature and suggests a disconnect between bulk and surface electronic structure 

recovery. The role of O2 in the disruption of NiO’s surface electronic response to 

temperature is at this moment unclear, however it is evident that O2 is at least partially 

responsible in randomizing the spins of NiO’s surface electrons. The possibility that O2 

can affect electronic transition times will be characterized in future studies with different 

materials and gas compositions.   
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CHAPTER FIVE 

CONCLUSIONS AND FUTURE DIRECTIONS 

Conclusions 

The research displayed in this dissertation was motivated by a compulsion to 

adapt second harmonic generation into an operando technique to investigate the surfaces 

of solid oxide fuel cell materials. To achieve this goal, it became necessary to understand 

how temperature and atmospheric composition would affect the surface electronic 

structure of a material. To simplify this task, we began with well-characterized and 

common materials like Au, Si and NiO. While these materials were more complicated 

than we thought, we observed exciting interactions between a bulk, metallic/metal oxide 

surface and atmospheric molecules present above. 

Research presented in Chapter 2 analyzed surface properties of Au at high 

temperatures up to 260 °C under various atmospheric compositions at ambient pressures 

with second harmonic generation. In inert atmospheres, the SHG intensity decreased to 

approximately 60% at 260 °C and recovered reversibly upon cooling down. This 

temperature dependent behavior of Au’s nonlinear susceptibility was attributed to 

increased electron-phonon scattering which increase significantly with increased 

temperature.  

However, in cylinder air at room temperature, the SH intensity off Au was ~3.5 

times larger than it was in an inert atmosphere resulting in a drop to 30% of the room 

temperature intensity at 260°C. Again, this behavior is reversible upon cooling back to 

room temperature. By titrating O2 into an N2 atmosphere at room temperature, we 
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observed that Au’s nonlinear susceptibility grew with just 1% of O2 added and reached an 

asymptotic limit ~15% O2 added. This data strongly suggests that O2 is forming a weakly 

adsorbed monolayer at Au’s surface and is affecting the nonlinear susceptibility at room 

temperatures by providing electronic states in the form of half-filled * orbitals for Au’s 

electrons to transiently backbond to. This mechanism is supported by proof of principle 

experiments done with an atmosphere containing CO.  

Research shown in Chapter 3 looked to expand on the phenomenon discovered in 

chapter 2 with N-type, P-type and undoped Si. In an inert atmosphere, all three types of 

Si behaved similarly, dropping to ~60% of the room temperature intensity at 260 °C and 

was attributed to increased electron-phonon scattering in N-type Si. The SH intensity and 

temperature dependent behavior of P-type and undoped Si was very similar to what was 

seen in N2. However, the SH intensity of N-type Si was ~1.5 times larger in air than it 

was in N2 again resulting in a drop to 30% of the room temperature intensity at 260 °C. 

This was surprising since all three Si samples still had a native SiO2 layer on the surface. 

N-type Si and Au showed very similar behavior which suggests that the same mechanism 

is responsible for the atmospheric dependent SH signal enhancement. Since the signal 

enhancement was not seen in either P-type or undoped Si, it seems apparent that in order 

to backbond to an available atmospheric electron orbital, a material must have “free” 

electrons in its conduction band.  

Research exhibited in Chapter 4 investigated the surface and bulk electronic 

structure’s recovery of NiO after it was heated passed its Néel temperature. In air and 

inert atmospheres, the surface electronic structure, probed with SHG, significantly 
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decreased to~20% of the room temperature signal at 260 °C. However, unlike Au and Si 

from Chapters 2 and 3, the SH signal did not recover immediately after cooling to room 

temperature but instead required an average of ~60 and ~90 minutes in N2 and air 

respectively. In contrast, there was no evidence in a significant time delay in the recovery 

of the bulk electronic structure under either atmosphere. Based on the data in this chapter 

and this dissertation, we propose that the electrons on the surface most atom layers 

require a significant amount time (~60 minutes) to reconfigure into the antiferromagnetic 

electronic structure which is reflected in the N2 atmosphere. The presence of O2 in the 

atmosphere has been shown to influence the surface electronic structure of materials 

previously. We believe that O2 is delaying the recovery to the antiferromagnetic electron 

structure by means of temporarily accepting NiO electrons into the unfilled * orbitals.  

The work presented here studied the influence atmospheric composition and 

temperature had on the surface electronic structure of selected materials with SHG. The 

presence of O2 in the atmosphere showed to have significant influence on a material’s 

second order susceptibility if that material possessed unbound electrons. Supporting 

techniques like Raman Spectroscopy, XRD and Ellipsometry characterized bulk changes 

in the material due to increased temperature, however the results were mostly 

unremarkable.    

Future Directions 

The work described in this dissertation was motivated to adapt an existing optical 

technique to investigate the surface of SOFC cathode materials in Operando conditions in 

order to investigate material segregation mechanisms that plague the cathode’s 
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electrochemical performance.32 Ex situ and post-mortem techniques have provided 

conflicting candidates species (Sr2+34, 35 and Mn4+37, 161) for the migrating ion in common 

materials like LSM and LSCF due to repeated cycling. Very preliminary temperature 

dependent SHG investigations have been done for LSM and LSCF to determine if either 

would be sensitive to humidified air.  

 

Figure 32: Temperature dependent SH behavior of LSCF in air (red) and humidified air 
(gold) (top). Temperature dependent SHG behavior of LSM in air (grey) and humidified 

air (black). 
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A general observation that can be made about the data in Figure 32 is how low the 

SH intensity is. Unlike the materials in earlier chapters, LSCF and LSM are black and 

nonreflective which emphasizes the importance of resonance enhancement of the SHG 

signal. As the data shows, LSCF seems to be insensitive to the presence of H2O in the 

atmosphere as both LSCF traces behave in a similar way. LSM however, seems to show a 

different temperature dependent behavior if H2O is present or not. There also appears to 

be an electronic transition or surface reaction that occurs in both air and humidified air 

around 400 °C. This transition appears to be absent during cooldown in air but may be 

present in humidified air at 300 °C during cooldown. 

 A potentially useful study that may provide information on the LSM transition 

seen at 400°C is the oxidation and reduction of Ni metal. While the work in Chapter 4 

probed an electronic structure transition, we did not, to our knowledge, monitor a 

chemical reaction with SHG. If the incident light was tuned to a known transition in the 

oxide (like 3.6 eV discussed in Chapter 4 for NiO), the rate of growth of an oxide 

transition could be illuminating for other processes observed in more complicated 

materials like LSM where cations are migrating to the surface. Once the effect 

electrochemical polarization has on the SH signal behavior is characterized, oxides could 

be electrochemically reduced, and the rate of reduction could be monitored with SHG. 

Material Specific Directions  

 In addition to characterizing LSM and LSCF under Operando conditions, the 

work presented in the previous chapters has sparked several materials specific, 

characterization directions of research. The first avenue is regarding gold, specifically 
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with the asymptotic limit reached at ~15% O2 in Figure 2.4. While we attribute the limit 

to the complete monolayer coverage of O2 over the Au surface, this experiment was 

carried out at 1 atmosphere. Would increasing the number of O2 molecules in the 

monolayer, correspond to a larger enhancement in the nonlinear susceptibility tensor? 

Also, would performing the O2 titration at different temperatures between room 

temperature and 260 °C show the signal enhancement starting at later partial pressures of 

O2? 

 Another material specific direction involves N-type Si and changing the SiO2 

thickness layer. In Chapter 3, we decoupled the atmospheric dependent SH signal 

enhancement by using a sample with a much thicker sample. However, a N-type Si 

sample could be thermally oxidized in smaller increments to determine the coupling 

depth between Si electrons and the O2’s partially filled * orbitals.      

 

 

 



107 
 

 

 

REFERENCES CITED 

 

 

 

 

 

 

 

 

 

 

 

 



108 
 

REFERENCES CITED 

1. Agency, I. E. World Energy Outlook 2020; International Energy Agency: 2020; pp 

1-455. 

2. III, W. G. AR5 Climate Change 2014: Mitigation of Climate Change; World Health 
Organization: 2014. 

3. Tabish, A. N.;  Patel, H. C.;  Chundru, P.;  Stam, J. N.; Aravind, P. V., An SOFC 

Anode Model using TPB-Based Kinetics. INternational Journal of Hydrogen Energy 2020, 
45, 27563-27574. 

4. Nielsen, J.; Jacobson, T., SOFC cathode/YSZ-Non-stationary TPB Effects. Solid 
State Ionics 2008, 179, 1314-1319. 

5. Reszka, A. J. L.;  Snyder, R. C.; Gross, M. D., Insights Into the Design of SOFC 
Infiltrated Electrodes with Optimized Active TPB Density via Mechanistic Modeling. 
Journal of The Electrochemical Society 2014, 161 (12), F1179-1183. 

6. Pecho, O. M.;  Mai, A.;  Münch, B.;  Hocker, T.;  Flatt, R. J.; Holzer, L., 3D 

Microstructure Effects in Ni-YSZ Anodes: Influence of TPB Lengths on the 
Electrochemical Performance. Materials 2015, 8, 7129-7144. 

7. Yamada, S.; Lee, I.-Y. S., Recent Progress in Analytical SHG Spectroscopy. 
Analytical Sciences 1998, 14, 1045-1051. 

8. Miyazaki, A.;  Kimura, H.;  Maiwa, K.;  Nakamura, H.; Kannan, C. V., 
Characterization of SHG Candidate Crystals in Barium Aluminum (Gallim) Borates. 
Crystal Research and Technology 2004, 39 (4), 333-336. 

9. Liu, S.;  Sinclair, M.;  Saravi, S.;  Keeler, G.;  Yang, Y.;  Reno, J.;  Peake, G.;  

Setzpfandt, F.;  Staude, I.;  Pertsch, T.; Brener, I., Resonantly Enhanced Second-Harmonic 
Generation Using III-V Semiconductor All-Dielectric Metasurfaces. Nano Letters 2016, 
16, 5426-5432. 

10. Nývlt, M.;  Bisio, F.; Kirschner, J., Second Harmonic Generation Study of the 

Antiferromagnetic NiO(001) Surface. Physical Review B 2008, 77 (014435), 1-8. 

11. Reining, L.;  Del Sole, R.;  Cini, M.; Ping, J. G., Microscopic Calculation of 
Second-Harmonic Generation at Semiconductor Surfaces: As/Si(111) as a Test Case. 
Physical Review B 1994, 50 (12), 8411-8422. 



109 
 

12. Jiang, H. B.;  Liu, Y. U.;  Lu, X. Z.;  Wang, W. C.;  Zheng, J. B.; Zhang, Z. M., 
Temperature Dependence of Second Harmonic Generation from Si(100)(2x1) Surfaces. 
Applied Physics Letters 1994, 65 (12), 1558-1559. 

13. Fiebig, M.;  Frõhlich, D.;  Lottermoser, T.;  Pavlov, V. V.;  Pisarev, R. V.; Weber, 
H.-J., Second Harmonic Generation of Magnetic-Dipole, Type in the Centrosymmetric 
Antiferromagnets NiO and KNiF3. Journal of Magnetism and Magnetic Materials 2003, 
258-259, 110-113. 

14. Fox, S. How Does Heat Affect Solar Panel Efficiencies? 
https://www.cedgreentech.com/article/how-does-heat-affect-solar-panel-
efficiencies#:~:text=It%20may%20seem%20counter%2Dintuitive,efficiency%20by%201
0%2D25%25. (accessed 6/26/2022). 

15. Kim, J.;  Rabelo, M.;  Padi, S. P.;  Yousuf, H.;  Cho, E.-C.; Yi, J., A Review of the 
Degradation of Photovoltaic Modules for Life Expectancy. Energies 2021, 14 (4278), 1-
21. 

16. Kim, J.-H.;  Park, J.;  Kim, D.; Park, N., Study on Mitigation Method of Solder 

Corrosion for Crystalline Silicon Photovoltaic Modules. International Journal of 
Photoenergy 2014, 1-9. 

17. Pingel, S.;  Winkler, F. M.;  Daryan, S.;  Geipel, T.;  Hoehne, H.; Berghold, J., 
Potential Induced Degradation of Solar Cells and Panels. Institute of Electrical and 

Electronics Engineers 2010, 002817-002822. 

18. Tan, V.;  Dias, P. R.;  Chang, N.; Deng, R., Estimating the Lifetime of Solar 
Photovoltaic Modules in Australia. Sustainability 2022, 14 (5336), 1-19. 

19. Bruckman, L.;  Wheeler, N.;  Kidd, I.;  Sun, J.; French, R. In Photovoltaic Lifetime 

and Degradation Science Statistical Pathway Develompent: Acrylic  Degradation, SPIE 
Solar Energy + Technology, San Diego, California, SPIE: San Diego, California, 2013.  

20. Kuterbekov, K. A.;  Nikonov, A. V.;  Bekmyrza, K. Z.;  Pavzderin, N. B.;  
Kabyshev, A. M.;  Kubenova, M. M.;  Kabdrakhimova, G. D.; Aidarbekov, N., 

Classification of Solid Oxide Fuel Cells. Nanomaterials 2022, 12 (1059), 1-22. 

21. Stamenkovic, V. R.;  Fowler, B.;  Mun, B. S.;  Wang, G.;  Ross, P. N.;  Lucas, C. 
A.; Markovic, N. M., Imporved Oxygen Reduction Activity on Pt3Ni(111) via Increased 
Surface Site Availability. Science 2007, 315, 493-497. 

22. Li, Q.;  Jensen, J. O.;  Savinell, R. F.; Bjerrum, N. J., High Temperature Proton 
Exchange membranes Based on Polybenzimidazoles for Fuel Cells. Polymer Science 2009, 
34, 449-477. 

https://www.cedgreentech.com/article/how-does-heat-affect-solar-panel-efficiencies#:~:text=It%20may%20seem%20counter%2Dintuitive,efficiency%20by%2010%2D25%25
https://www.cedgreentech.com/article/how-does-heat-affect-solar-panel-efficiencies#:~:text=It%20may%20seem%20counter%2Dintuitive,efficiency%20by%2010%2D25%25
https://www.cedgreentech.com/article/how-does-heat-affect-solar-panel-efficiencies#:~:text=It%20may%20seem%20counter%2Dintuitive,efficiency%20by%2010%2D25%25


110 
 

23. Energy, O. o. E. E. R. Comparison of Fuel Cell Technologies. 
https://www.energy.gov/eere/fuelcells/comparison-fuel-cell-technologies (accessed 6/25). 

24. Song, X.;  Liu, Z.;  Kong, M.;  Lin, C.;  Huang, L.; Zheng, X., Thermal Stability of 

Yttria-Stabilized Zircona (YSZ) and YSZ-Al2O3 Coatings. Ceramics International 2017, 
43, 14321-14325. 

25. Goodenough, J., Oxide-Ion Electrolytes. Annual Review of Materials Research 
2003, 33, 91-128. 

26. Nielsen, J.; Hjelm, J., Impedance of SOFC Electrodes: A Review and a 
Comprehensive Case Study on the Impedance of LSM:YSZ cathodes Electrochimica Acta 
2014, 115, 31-45. 

27. Backhaus-Ricoult, M., Interface Chemistry in LSM-YSZ Composit SOFC 

Cathodes. Solid State Ionics 2006, 177, 2195-2200. 

28. Mai, A.;  Haanappel, A. C.;  Uhlenbruck, S.;  Tietz, F.; Stöver, D., Ferrite-Based 
Perovskites as Cathode Materials for Anode-Supported Solid Oxide Fuel Cells Part I. 
Variation of composition. Solid State Ionics 2005, 176, 1341-1350. 

29. Minh, N. Q., Ceramic Fuel Cells. Journal of American Ceramic Society 1993, 76 
(3), 563-588. 

30. Tagawa, H.;  Simwonis, D.;  Tietz, F.; Stöver, D., Nickel Coarsening in Annealed 
Ni/8YSZ Anode Substrates for Solid Oxide Fuel Cells. Solid State Ionics 2000, 132, 241-

251. 

31. Ioselevich, A.;  Kornyshev, A. A.; Lehnert, W., Statistical Geometry of Reaction 
Space in Porous Cermet Anodes Based on Ion-Conducting Electrolytes. Solid State Ionics 
1999, 124, 221-237. 

32. Yokokawa, H.;  Tu, H.;  Iwanschitz, B.; Mai, A., Fundamental Mechanisms 
Limiting Solid Oxide Fuel Cell Durability. Journal of Power Sources 2008, 182, 400-412. 

33. Mitterdorfer, A.; Gauckler, L. J., La2Zr2O7 Formation and Oxygen Reduction 
Kinetics of the La0.85Sr0.15MnyO3 (g) YSZ system. Solid State Ionics 1998, 111, 185-218. 

34. Druce, J.;  Ishihara, T.; Kilner, J., Surface Composition of Perovskite-Type 
Materials Studied by Low Energy Ion Scattering (LEIS). Solid State Ionics 2014, 262, 893-
896. 

35. Nenning, A.;  Opitz, A. K.;  Rameshan, C.;  Rameshan, R.;  Blume, R.;  Hävecker, 

M.;  Knop-Gericke, A.;  Rupprechter, G.;  Klötzer, B.; Fleig, J., Ambient Pressure XPS 

https://www.energy.gov/eere/fuelcells/comparison-fuel-cell-technologies


111 
 

Study of Mixed Conducting Perovskite-Type SOFC Cathode and Anode Materials Under 
Well-Defined Elctrochemical Polarization. Journal of Physical Chemistry C 2016, 120, 
1461-1471. 

36. Huber, T. M.;  Navickas, E.;  Friedbacher, G.;  Hutter, H.; Fleig, J., Apparent 
Oxygen Uphill Diffusion in La0.8Sr0.2MnO3 Thin Films upon Cathodic Polarization. 
Chemistry Electrochemistry 2015, 2, 1487-1494. 

37. Davis, J. N.;  Ludwig, K. F.;  Smith, K. E.;  Woicik, J. C.;  Gopalan, S.;  Pal, U. B.; 

Basu, S. N., Surface Segregation in Lanthanum Strontium Manganite Thin Films and Its 
Potential Effect on the Oxygen Reduction Reaction. Journal of The Electrochemical 
Society 2017, 164 (10), F3091-F3096. 

38. Li, X.;  Lee, J.-P.;  Blinn, K.;  Park, S.; Lui, M., Raman Spectroscopy Study of 

SOFC Electrode Surfaces. ECS Transactions 2013, 57 (1), 1437-1444. 

39. Saunders, J. E. A.; Davy, M. H., High-Temperature Vibrational Raman 
Spectroscopy of Gaseous Species for Solid-Oxide Fuel Cell Research. INternational 
Journal of Hydrogen Energy 2012, 37, 3403-3414. 

40. Mai Thi, H. H.;  Saubat, B.;  Sergent, N.; Pagnier, T., In situ Raman and Optical 
Characterization of H2S Reaction with Ni-Based Anodes for SOFCs. Solid State Ionics 
2015, 272, 84-90. 

41. Cheng, Z.; Lui, M., Characterization of Sulfur Poisoning of Ni-YSZ Anodes for 

Solid Oxide Fuel Cells Using in situ Raman Microspectroscopy. Solid State Ionics 2007, 
178, 925-935. 

42. Welander, M. M.;  Drasbæk, D. B.;  Traulsen, M. L.;  Sudireddy, B. R.;  Holtappels, 
P.; Walker, R. A., What does Carbon Tolerant Really Mean? Operando Vibrational Studies 

of Carbon Accumulation on Novel Solid Oxide Fuel Cell Anodes Prepared by Infiltration. 
Royal Society of Chemistry 2020, 22, 9815-9823. 

43. Maza, W. A.;  Pomeroy, E. D.;  Steinhurst, D. A.;  Walker, R. A.; Owrutsky, J. C., 
Operando Optical Studies of Sulfur Contamination in Syngas Operation of Solid Oxide 

Fuel Cells. Journal of Power Sources 2021, 510 (230398), 1-7. 

44. Jansinski, M.;  Ziewiec, K.; Wojciechowska, M., Real Time Thermal Imaging of 
Solid Oxide Fuel Cell. Archives of Metallurgy and Materials 2019, 64 (4), 1207-1212. 

45. Tachikawa, Y.;  Sugimoto, J.;  Takada, M.;  Kawabata, T.;  Lyth, S. M.;  Shiratori, 

Y.; Sasaki, K., In Operando Visualization of SOFC Electrodes by Thermography and 
Visible Light Imaging. ECS Electrochemistry Letters 2015, 4, F61-64. 



112 
 

46. Montanini, R.;  Quattrocchi, A.;  Piccolo, S. A.;  Amato, A.;  Trocino, S.;  Zignani, 
S. C.;  Lo Faro, M.; Squadrito, G., Real-Time Thermal Imaging of Solid Oxide Fuel Cell 
Cathode Activity in Working Condition. Applied Optics 2016, 55, 7142-7148. 

47. Pomfret, M. B.;  Steinhurst, D. A.;  Kidwell, D. A.; Owrutsky, J. C., Thermal 
Imaging of Solid Oxide Fuel Cell Anode Processes. Journal of Power sources 2010, 195, 
257-262. 

48. McDaniel, A. H.;  El Gabaly, F.;  Akhadov, E.;  Farrow, R. L.;  McCarty, K. F.;  

Linne, M. A.;  Decaluwe, S. C.;  Zhang, C.;  Eichhorn, B.;  Jackson, G. S.;  Liu, Z.;  Grass, 
M. E.;  Hussain, Z.; Bluhm, H., In-situ Investigation of SOFC Patterned Electrodes using 
Ambient-Pressure X-ray Photoelectron Spectroscopy. ECS Transactions 2009, 25 (2), 335-
343. 

49. Zhang, C.;  Yi, Y.;  Grass, M. E.;  Dejoie, C.;  Ding, W.;  Gaskell, K.;  Jabeen, N.;  
Pyo Hong, Y.;  Shavorskiy, A.;  Bluhm, H.;  Li, W.-X.;  Jackson, G. S.;  Hussain, Z.;  Liu, 
Z.; Eichhorn, B. W., Mechanistic Studies of Water Electrolysis and Hydrogen Electro-
Oxidation on High Temperature Ceria-Based Solid Oxide Electrochemical Cells. Journal 

of the American Chemical Society 2013, 2013, 11572-11579. 

50. Arulraj, A.;  Ramesh, M.;  Subramanian, B.; Senguttuvan, G., In-situ Temperature 
and Thickness Control Grown 2D-MoS2 via Pulsed Laser Ablation for Photovoltaic 
Devices. Solar Energy 2018, 174, 286-295. 

51. Wood, S.;  Garnett, O.;  Tokmoldin, N.;  Tsoi, W. C.;  Haque, S. A.; Kim, J.-S., In 
situ Formation of Organic-Inorganic Hybrid Nanostructures for Photovoltaic Applications. 
Faraday Discussions 2014, 174, 267-279. 

52. Nemade, K.;  Dudhe, P.; Tekade, P., Enhancement of Photovoltaic Performance of 

Polyaniline/Graphene Composite-Based Dye-Sensitized Solar Celss by Adding TiO2 
Nanoparticles. Solid State Sciences 2018, 83, 99-106. 

53. Awadallah, O.; Cheng, Z., In situ Raman Monitoring of Cu2ZnSnS4 Oxidation and 
Related Decomposition at Elevated Temperatures. IEEE Journal of Photovoltaics 2016, 6 

(3), 764-769. 

54. Vetter, A.;  Hepp, J.; Brabec, C. J., Automatized Segmentation of Photovoltaic 
Modules in IR-Images with Extreme Noise. Infrared Physics & Technology 2016, 76, 439-
443. 

55. Buerhop, C.;  Fecher, F. W.;  Pickel, T.;  Häring, A.;  Adamski, T.;  Camus, C.;  
Hauch, J.; Brabec, C. J., Verifying Defective PV-Modules by IR-Imaging and Controlling 
with Module Otimizers. Progress in Photovoltaics 2017, 26, 622-630. 



113 
 

56. Moropoulou, A.;  Palyvos, J. A.;  Karoglou, M.; Panagopoulos, V., IR Based 
Photovoltaic Array Perfomance Assessment. MRS Proceedings 2008, 1041, 43-47. 

57. Kaplani, E., Detection of Degradation in Field-Aged c-Si Solar Cells Through IR 

Thermography and Digital Image Processing. International Journal of Photoenergy 2012, 
2012, 1-11. 

58. Colvin, D. J.;  Schneller, E. J.; Davis, K. O., Extracting Cell Level Characteristics 
from Photovoltaic Module Electroluminescence Images. Institute of Electrical and 

Electronics Engineers 2019, 978, 2740-2742. 

59. Bazzoli, M.;  Silverman, T. J.; Goddard, L. L., Low-Cost Electroluminescence 
Imaging for Automaded Defect Characterization in Photovoltaic Modules. Institute of 
Electrical and Electronics Engineers 2017, 481-482. 

60. Otamendi, U.;  Martinez, I.;  Quartulli, M.;  Olaizola, I. G.; Viles, E., Segmentation 
of Cell-Level Anomalies in Electroluminescence Images of Photovoltaic Modules. Solar 
Energy 2021, 220, 914-926. 

61. Owen-Bellini, M.;  Sulas-Kern, D. B.;  Spataru, S.;  North, H.;  Perrin, G.; Hacke, 

P., In situ Perfomance Characterization of Photovoltaic Modules During Combined-
Accelerated Stress Testing. Institute of Electrical and Electronics Engineers 2019, 978, 
3427-3432. 

62. Murphy, D. V.;  Von Raben, K. U.;  Chen, T. T.;  Owen, J. F.; Chang, R. K., Surface 

Enhanced Second-Harmonic Generation From Ag Electrodes and Adsorbates During 
Electrochemical Cycling. Surface Science 1983, 124, 529-546. 

63. Richmond, G. L., Optical Second Harmonic Generation as a Surface Probe of Silver 
Electrodes. Surface Science 1984, 147, 115-126. 

64. Gassin, P.-M.;  Martin-Gassin, G.;  Prelot, B.; Zajac, J., How to Distinguish Various 
Components of the SHG Signal Recorded From the Solid/Liquid Interface? Chemical 
Physics Letters 2016, 664. 

65. Manaka, T.;  Nakao, M.;  Weis, M.;  Liu, F.; Iwamoto, M., Transient Charge 

Accumulation in Pentacene Field Effect Transistor with Siliver Electrode. Thin Solid Films 
2009, 518, 485-488. 

66. Lynch, M. L.;  Barner, B. J.; Corn, R. M., In situ Second Harmonic Generation 
Studies of Chemisorption at well-ordered Pt(111) Electrodes in Perchloric Acid Solutions. 

Journal of Electroanalytical Chemistry 1991, 300, 447-465. 



114 
 

67. Zoumi, A.;  Yeh, A.; Tromberg, B. J., Imaging Cells and Extracellular Matrix in 
vivo by using Second-Harmonic Generation and Two-Photon Excitation Fluorescence. 
PNAS 2002, 99 (17), 11014-11019. 

68. Gualda, E. J.;  Filippidis, G.;  Voglis, G.;  Mari, M.;  Fotakis, C.; Tavernaskis, N., 
In vivo Imaging of Cellular Structures in Caenorhabditis elegans by Combined TPEF, SHG 
and THG microscopy. Journal of Microscopy 2008, 229, 141-150. 

69. Bianchini, P.; Diaspro, A., Three-dimensional (3D) Backward and Forward Second 

Harmonic Generation (SHG) Microscopy of Biological Tissues. Journal of Biophotonics 
2008, 1 (6), 443-450. 

70. Moreaux, I.;  Sandre, O.; Mertz, J., Membrane Imaging by Second-Harmonic 
Generation Microscopy. Journal of Optical Society of America B 2000, 17 (10), 1685-

1694. 

71. Wen, X.;  Mao, Z.;  Han, Z.;  Tuchin, V. V.; Zhu, D., In vivo Skin Optical Clearing 
by Glycerol Solutions: Mechanism. Journal of Biophotonics 2010, 3 (1-2), 44-52. 

72. Bouhelier, A.;  Beversluis, M.;  Hartschuh, A.; Novotny , L., Near-Field Second-

Harmonic Generation Induced by Local Field Enhancement. Physical Review Letters 2003, 
90 (013903), 1-4. 

73. Capretti, A.;  Forestiere, C.;  Dal Negro, L.; Miano, G., Full-Wave Analytical 
Solution of Second-Harmonic Generation in Metal Nanospheres. Plasmonics 2014, 9, 151-

156. 

74. Butet, J.;  Russier-Antoine, I.;  Jonin, C.;  Lascoux, N.;  Benichou, E.; Brevet, P.-
F., Nonlinear Mie Theory for the Second Harmonic Generation in Metallic  Nanoshells. 
Journal of Optical Society of America B 2012, 29 (8), 2213-2221. 

75. Schürer, B.;  Wunderlich, S.;  Sauerbeck, C.;  Peschel, U.; Peukert, W., Probing 
Colloidal Interfaces by Angle-Resolved Second Harmonic Light Scattering. Physical 
Review B 2010, 82 (241404), 1-4. 

76. Pavlyukh, Y.; Hübner, W., Nonlinear Mie scattering form spherical particles. 

Physical Review B 2004, 70 (245434), 1-8. 

77. Butet, J.;  Brevet, P.-F.; Martin, O., Optical Second Harmonic Generation in 
Plasmonic Nanostructures: From Fundamental Principles to Advanced Applications. ACS 
Nano 2015, 9 (11), 10545-10562. 

78. Eisenthal, K. B., Liquid Interfaces Probed by Second-Harmonic and Sum-
Fequency Spectroscopy. Chemistry Reviews 1996, 96, 1343-1360. 



115 
 

79. Ray, P. C., Size and Shape Dependent Second Order Nonlinear Optical Properties 
of Nanomaterials and Their Application in Biological and Chemical Sensing. Chemistry 
Review 2010, 110, 5332-5365. 

80. Che, F.;  Grabtchak, S.;  Wehelan, W. M.;  Ponomarenko, S. A.; Cada, M., Relative 
SHG Measurements of Metal Thin Films: Gold, Silver, Aluminum, Cobalt, Chromium, 
Germanium, Nickel, Antimony, Titanium, Titanium Nitride, Tungsten, Zinc, Silicon and 
Indium Tin Oxide. Results in Physics 2017, 7, 593-595. 

81. Krause, D.;  Teplin, C. W.; Rogers, C. T., Optical Surface Second Harmonic 
Measurements of Isotropic Thin Film Metals: Gold, Silver, Copper, Aluminum and 
Tantalum. Journal of Applied Physics 2004, 96 (7), 3626-3634. 

82. Wang, F. X.;  Rodríguez, F. J.;  Albers, W. M.;  Ahorinta, R.;  Sipe, J. E.; Kauranen, 

M., Surface and Bulk Contributions to the Second-Order Nonlinear Optical Respons of a 
Gold Film. Physical Review B 2009, 80 (233402), 1-4. 

83. Wang, W.;  Xu, J.;  Liu, X.;  Jiang, Y.;  Wang, G.; Lu, X., Second Harmonic 
Generation Investigation of Indium Tin Oxide Thin Films. Thin Solid films 2000, 365, 116-

118. 

84. Capretti, A.;  Wang, Y.;  Engheta, N.; Dal Negro, L., Comparative Study of Second-
Harmonic Generation from Epsilon-Near-Zero Indium Tin Oxide and Titanium Nitride 
Nanolayers Excited in the Near-Infrared Spectral Range. ACS Photonics 2015, 2, 1584-

1591. 

85. Moad, A. J.; Simpson, G. J., A Unified Treatment of Selectrion Rules and 
Symmetry Relations for Sum-Frequency and Second Harmonic Generation. Jounal of 
Physical Chemistry B 2004, 108, 3548-3562. 

86. Campagnola, P.; Loew, L., Second-harmonic imaging microscopy for visualizing 
biomolecular arrays in cells, tissues and organisms. Nature Biotechnology 2003, 21 (11), 
1356-1360. 

87. Hohlfeld, J.;  Matthias, E.;  Knorren, R.; Bennemann, K. H., Nonequilibrium 

Magnetization Dynamics of Nickel. Physical Review Letters 1997, 78 (25), 4861-4864. 

88. Liu, S.;  Sinclair, M.;  Saravi, S.;  Keeler, G.;  Yang, Y.;  Reno, J.;  Peake, G.;  
Setzpfandt, F.;  Staude, I.;  Pertsch, T.; Brener, I., Resonantly Enhanced Second-Harmonic 
Generation Using III-V Semiconductor All dielectric Metasurfaces. Nano Letters 2016, 16, 

5426-5432. 



116 
 

89. Wang, H.;  Yan, E. C. Y.;  Borguet, E.; Eisenthal, K. B., Second harmonic 
generation from the surface of centrosymmetric particles in bulk solution. Chemical 
Physics Letters 1996, 259, 15-20. 

90. Woods, L. B.;  George, J. K.;  Sherman, A. M.;  Callis, P. R.; Walker, R. A., 
Adsorption and Aggregation at Silica/Methanol Interfaces: The Role of Solute Structure. 
Journal of Physical Chemistry C 2015, 119, 14230-14238. 

91. Purnell, G. E.;  McNally, M. T.;  Callis, P. R.; Walker, R. A., Buried Liquid 

Interfaces as a Form of Chemistry in Confinement: The Case of 4-
Dimethylaminobenzonitrile at the Silica-Aqueous Interface. Journal of American 
Chemical Society 2020, 142, 2375-2385. 

92. Giri, A.;  Gaskins, J. T.;  Foley, B. M.;  Cheaito, R.; Hopkins, P. E., Experimental 

evidence of excited electron number density and temperature effects on electron-phonon 
coupling in gold films. Journal of Applied Physics 2015, 117 (044305), 1-8. 

93. Yin, M.;  Yun, Z.;  Fan, F.;  Pillai, S. C.;  Wu, Z.;  Zheng, Y.;  Zhao, L.;  Wang, H.; 
Hou, H., Insights into the mechanism of low-temperature H2S oxidation over Zn-

Cu/Al2O3 catalyst. Chemosphere 2022, 291 (133105), 1-9. 

94. Ullattil, S. G.;  Narendranath, S. B.;  Pillai, S. C.; Periyat, P., Black 
TiO2 Nanomaterials: A Review of Recent Advances. Chemical Engineering Journal 2018, 
343, 708-736. 

95. Zhou, X.;  Li, L.;  Dong, H.;  Giri, A.;  Hopkins, P. E.; Prezhdo, O. V., Temperature 
Dependence of Electron-Phonon Interactions in Gold Films Rationalized by Time-Domain 
Ab Initio Analysis. The Journal of Physical Chemistry C 2017, 121, 17488-17497. 

96. Murphy, R.;  Yeganeh, M.;  Song, K. J.; Plummer, E. W., Second-Harmonic 

Generation from the Surface of a Simple Metal, Al. Physical Review Letters 1989, 63 (3), 
318-321. 

97. Janz, S.;  Pedersen, K.;  van Driel, H. M.; Timsit, R. S., Structural Transformations 
in Adsorbed Oxygen Layers on Al Surfaces Observed Using Optical Second -Harmonic 

Generation. Journal of Vacuum Science & Technology A 1991, 9 (3), 1506-1510. 

98. Kittel, C., Chapter 15. In Introduction to Solid State Physics, 8th ed.; Wiley, J.; 
Sons, Eds. 2005. 

99. Parkins, G. R.;  Lawrence, W. E.; Christy, R. W., Intraband Optical Conductivity 

σ(ω,T) of Cu, Ag and Au: Contribution from Electron-Electron Scattering. Physical Review 
B 1981, 23 (12), 6408-6416. 



117 
 

100. Holstein, T., Theory of Transport Phenomena in an Electron-Phonon Gas*. Annals 
of Physics 1964, 29, 410-535. 

101. Reddy, H.;  Guler, U.;  Chaudhuri, K.;  Dutta, A.;  Kildishev, A. V.;  Shalaev, V. 

M.; Boltasseva, A., Temperature-Dependent Optical Properties of Single Crystalline and 
Polycrystalline Silver Thin Films. ACS Photonics 2017, 4, 1083-1091. 

102. Reddy, H.;  Guler, U.;  Kudyshev, Z.;  Kildishev, A. V.;  Shalaev, V. M.; 
Boltasseva, A., Temperature-Dependent Optical Properties of Plasmonic Titanium Nitride 

Thin Films. ACS Photonics 2017, 4, 1413-1420. 

103. Tom, H. W. K.;  Zhu, X. D.;  Shen, Y. R.; Somorjai, G. A., Investigation of the 
Si(111)-(7x7) Surface By Second-Harmonic Generation: Oxidation and the Effects of 
Surface Phosphorus. Surface Science 1986, 167, 167-176. 

104. Reddy, H.;  Guler, U.;  Kildishev, A. V.;  Boltasseva, A.; Shalaev, V. M., 
Temperature-Dependent Optical Properties of Gold Thin Films. Optical Materials Express 
2016, 6 (9), 2776-2802. 

105. Olmon, R. L.;  Slovick, B.;  Johnson, T. W.;  Shelton, D.;  Oh, S.;  Boreman, G. D.; 

Raschke, M. B., Optical Dielectric Function of Gold. Physical Review B 2012, 86 (23), 1-
9. 

106. Purnell, G. E.; Walker, R. A., Surface Solvation and Hindered Isomerization at the 
Water/Silica Interface Explored with Second Harmonic Generation. Journal of Chemical 

Physics 2019, 150 (194701), 1-7. 

107. Ding, S.-Y.;  Yi, J.;  Li, J.-F.;  Ren, B.;  Wu, D.-Y.;  Panneersevam, R.; Tian, Z.-
Q., Nanostructure-Based Plasmon Enhanced Raman Spectroscopy for Surface Analysis of 
Materials. Nature Reviews 2016, 1, 1-16. 

108. Saha, K.;  Agasti, S. S.;  Kim, C.;  Li, X.; Rotello, V. M., Gold Nanoparticles in 
Chemical and Biological Sensing. Chemistry Reviews 2012, 112, 2739-2779. 

109. Czaplicki, R.;  Kiviniemi, A.;  Huttunen, M. J.;  Zang, X.;  Stolt, T.;  Vartiainen, I.;  
Butet, J.;  Kuittinen, M.;  Martin, O. J. F.; Kauranen, M., Less Is More: Enhancement of 

Second-Harmonic Generation from Metasurfaces by Reduced Nanoparticle Density. Nano 
Letters 2018, 18, 7709-7714. 

110. Yeshchenko, O. A.;  Bondarchuk, I. S.;  Gurin, V. S.;  Dmitruk, I. M.; Kotko, A. 
V., Temperature Dependence of the Surface Plasmon Resonance in Gold Nanoparticles. 

Journal of Surface Science 2013, 608, 275-281. 



118 
 

111. Beach, R. T.; Christy, R. W., Electron-Electron Scattering in the Intraband Optical 
Conductivity of Cu, Ag, and Au. Physical Review B 1977, 16 (15), 5277-5284. 

112. Montemore, M. M.;  van Sprosen, M. A.;  Madix, R. J.; Friend, C. M., O2 Activation 

by Metal Surfaces: Implications for Bonding and Reactivity on Heterogeneous Catalysts. 
Chemistry Review 2018, 118, 2816-2862. 

113. Gottfried, J. M.;  Schmidt, K. J.;  Schroeder, S. L. M.; Christmann, K., Spontaneous 
and Electron-Induced Adsorption of Oxygen on Au(110)-(1x2). Surface Science 2002, 

511, 65-82. 

114. Yan, M.;  Huang, Z.-Q.;  Zhang, Y.; Chang, C.-R., Trends in water-promoted 
oxygen dissociation on the transition metal surfaces from first principles. Physical 
Chemistry Chemical Physics 2017, 19, 2364-2371. 

115. Murray, V. J.;  Pilinski, M. D.;  Smoll Jr, E. J.;  Qian, M.;  Minton, T. K.;  
Madzunkov, S. M.; Darrach, M. R., Gas-Surface Scattering Dynamics Applied to 
Concentration of Gases for Mass Spectrometry in Tenuous Atmospheres. Journal of 
Physical Chemistry C 2017, 121, 7903-7922. 

116. Gibson, K. D.;  Sibener, S. J.;  Upadhyaya, H. P.;  Brunsvold, A. L.;  Zhang, J.;  
Minton, T. K.; Troya, D., Hyperthermal Ar Atom Scattering from a C(0001) Surface. The 
Journal of Chemical Physics 2008, 128 (224708), 1-7. 

117. Grenier, R.;  To, Q.-D.;  Pilar de Lara-Castells, M.; Léonard, C., Argon Interaction 

with Gold Surfaces: Ab initio-Assisted Determination of Pair Ar-Au Potentials for 
Molecular Dynamics Simulations. Journal of Physical Chemistry A 2015, 119, 6897-6908. 

118. Boronat, M.; Corma, A., Oxygen Activation on Gold Nanoparticles: Separating the 
Influence of Particle Size, Particle Shape and Support Interaction. Dalton Transactions 

2010, 39, 8538-8546. 

119. Abdel Aal, S.;  Shalabi, A. S.; Abdel Halim, W. S., Interaction of O2 and N2 
Molecules with Au Deposited on Regular and Defective CaO (001) Surfaces: Density 
Functional Calculations. Thin Solid Films 2013, 545, 341-352. 

120. Swenson, H.; Stadie, N. P., Langmuir's Theory of Adsorption: A Centennial 
Review. Langmuir 2019, 35 (16), 5409-5426. 

121. Hammer, B.;  Morikawa, Y.; Nørskov, J. K., CO Chemisorption at Metal Surfaces 
and Overlayers. Physical Review Letters 1996, 76 (12), 2141-2144. 

122. McElhiney, G.;  Papp, H.; Pritchard, J., The Adsorption of Xe and CO on Ag(111). 
Surface Science 1976, 54, 617-634. 



119 
 

123. Pupprechter, G., Sum Frequency Generation and Polarization-Modulation Infrared 
Reflection Absorption Spectroscopy of Functioning Model Catalysis from Ultrahigh 
Vacuum to Ambient Pressure. Advances in Catalysis 2007, 51, 133-263. 

124. Hernadez, M.;  Chinwangso, P.;  Cimatu, K.;  Srisombat, L.-O.;  Lee, T. R.; 
Baldelli, S., Chemical Imaging and Distribution Analysis of Mono-, Bi-, and Tridentate 
Alkanethiol Self-Assembled Monolayer on Gold by Sum Frequency Generation Imaging 
Microscopy. The Journal of Physical Chemistry C 2011, 115, 4688-4695. 

125. Robertson, J., High Dielectric Constant Gate Oxides for Metal Oxide Si 
Transistors. Reports on Progress in Physics 2006, 69, 327-396. 

126. Glunz, S. W.; Feldmann, F., SiO2 Surface PassivationLlayers- a Key Technology 
for Silicon Solar Cells. Solar Energy Materials and Solar Cells 2018, 185, 260-269. 

127. Fiebig, M.;  Fröhlich, D.;  Lottermoser, T.;  Pavlov, V. V.;  Pisarev, R. V.; Weber, 
H.-J., Second Harmonic Generation in the Centrosymmetric Antiferromagnet NiO. 
Physical Review Letters 2001, 87 (13), 1-4. 

128. Wang, C.;  Zhang, T.; Lin, W., Rational Synthesis of Noncentrosymmetric Metal-

Organic Framework for Second-Order Nonlinear Optics. Chemical Review 2011, 112, 
1084-1104. 

129. Frey, M. H.; Payne, D. A., Grain-Size Effect on Structure and Phase 
Transformations for Barium Titanate. Physical Review B 1996, 54 (5), 3158-3168. 

130. Erley, G.;  Butz, R.; Daum, W., Second-Harmonic Spectroscopy of Interband 
Excitations at the Interfaces of Strained Si(100)-Si0.85Ge0.15-SiO2 Heterostructures Physical 
Review B 1999, 59 (4), 2915-2926. 

131. Rumpel, A.;  Manschwetus, B.;  Lilienkamp, G.;  Schmidt, H.; Daum, W., Polarity 

of Space Carge Fields in Second Harmonic Generation Spectra of Si(100)/SiO2 Interfaces. 
Physical Review B 2006, 74 (081303), 1-4. 

132. Erley, G.; Daum, W., Silicon Interband Transitions Observed at Si(100)-SiO2 
Interfaces. Physical Review B 1998, 58 (4), 1734-1737. 

133. Meyer, C.;  Lüpke, G.;  Emmerichs, U.;  Wolter, F.; Kurz, H., Electronic 
Transistions at Si(111)/SiO2 and Si(111)/Si3N4 Interfaces Studied by Optical Second-
Harmonic Spectroscopy. Physical Review Letters 1995, 74 (15), 3001-3005. 

134. Daum, W.;  Krause, H.-J.;  Reichel, U.; Ibach, H., Nonlinear Optical Spectroscopy 

at Silicon Interfaces. Physica Scripta 1993, T49, 513-518. 



120 
 

135. Borguet, E.; Bodlaki, D., In Situ Second-Harmonic Generation Measurements of 
the Stability of Si(111)-H Kinetics of Oxide Regrowth in Ambient. Journal of Applied 
Physics 2004, 95 (5), 4675-4680. 

136. Mendoza, B. S.;  Palummo, M.;  Onida, G.; Del Sole, R., Ab initio Calculation of 
Second-Harmonic-Generation at the Si(100) Surface. Physical Review B 2001, 63 
(205406), 1-6. 

137. Raschke, M. B.;  Bratu, P.; Höfer, U., Optical Second-Harmonic Investigations of 

the Isothermal Desorption of SiO from the Si(100) and Si(111) Surfaces. Surface Science 
1998, 410, 351-361. 

138. Suzuki, T.; Hirabayashi, Y., First Observation of the Si(111)<->1x1 Phase 
Transition by the Optical Second Harmonic Generation. Japan Journal of Applied Physics 

1993, 32 (4B), 610-613. 

139. Liao, B.;  Qiu, B.;  Zhou, J.;  Huberman, S.;  Esfarjani, K.; Chen, G., Significant 
Reduction of Lattice Thermal Conductivity by the Electron-Phonon Interaction in Silicon 
with High Carrier Concentrations: A First Principles Study. Physical Review Letters 2015, 

114 (115901), 1-6. 

140. Tan, G.-L.;  Lemon, M. F.; French, R. H., Optical Properties and London 
Dispersion Forces of Amorphus Silica Determind by Vacuum Ultraviolet Spectroscpy and 
Spectroscopic Ellipsometry. Jounal of American Ceramic Society 2003, 86 (11), 1885-

1892. 

141. Johnson, P. D.; Hulbert, S. L., Inverse-Photoemission  Studies of Adsorbed 
Diatomic Molecules. Physical Review B 1987, 35 (18), 9427-9436. 

142. Dultsev, F. N.;  Repinsky, S. M.;  Kruchinin, V. N.;  Baklanov, M. R.; Chernakov, 

E. R., The Change of Properties of the Dehydroxylated SiO2 Layer Surface During Gas 
Adsorption in the Temperature Range 20-400 °C. Materials Letters 1991, 11 (3,4), 119-
123. 

143. Prakash, B. S.;  Kumar, S. S.; Aruna, S. T., Properties and Development of Ni/YSZ 

as an Anode Material in Solid Oxide Fuel Cell: A Review. Renewable and Sustainable 
Energy Reviews 2014, 36, 149-179. 

144. Liu, J.;  Jia, Q.;  Long, J.;  Wang, X.;  Gao, Z.; Gu, Q., Amorphous NiO as Co-
Catalyst for Enhanced Visible-Light-Driven Hydrogen Generation over g-C3N4 

photocatalyst. Applied Catalysis B: Environmental 2018, 222 (35-43). 

145. Li, Q.;  Li, H.;  Xia, Q.;  Hu, Z.;  Zhu, Y.;  Yan, S.;  Ge, C.;  Zhang, Q.;  Wang, X.;  
Shang, X.;  Fan, S.;  Long, Y.;  Gu, L.;  Miao, G.-X.;  Yu, G.; Moodera, J. S., Extra Storage 



121 
 

Capacity in Transition Metal Oxide Lithium-Ion Batteries Revealed by in situ 
Magnetometry. Nature Materials 2021, 20, 76-83. 

146. Zhang, Z.;  Mondal, S.;  Mandal, S.;  Allred, J. M.;  Aghamiri, N. A.;  Fali, A.;  

Zhang, Z.;  Zhou, H.;  Cao, H.;  Rodolakis, F.;  McChesney, J. L.;  Wang, Q.;  Sun, Y.;  
Abate, Y.;  Roy, K.;  Rabe, K. M.; Ramanathan, S., Neuromorphic Learning with Mott 
Insulator NiO. PNAS 2021, 118 (39), 1-7. 

147. Mironova-Ulmane, N.;  Kuzmin, A.;  Steins, I.;  Grabis, J.;  Sildos, I.; Pärs, M., 

Raman Scattering in Nanosized Nickel Oxide NiO. Journal of Physics: Conference Series 
2007, 93 (012039), 1-5. 

148. Rinaldi-Montes, N.;  Gorria, P.;  Martínez-Blanco, D.;  Fuertes, A. B.;  Puente-
Orench, I.;  Olivi, L.; Blanco, J. A., Size Effects on the Néel Temperature of 

Antiferromagnetic NiO Nanoparticles. AIP Advances 2016, 6 (056104), 1-5. 

149. Anisimov, V. I.;  Zaanen, J.; Andersen, O. K., Band Theory and Mott Insulators: 
Hubbard U instead of Stoner I. Physical Review B 1991, 44 (3), 943-954. 

150. Anisimov, V. I.;  Solovyev, I. V.;  Korotin, M. A.;  Czyżyk, M. T.; Sawatzky, G. 

A., Density-Functional Theory and NiO Photoemission Spectra. Physical Review B 1993, 
48 (23), 16929-16934. 

151. Zheng, H., Self-Consistent Cluster-Embedding Calculation Method and the 
Calculated Electronic Structure of NiO. Physical Review B 1993, 48 (20), 868-883. 

152. Boris, A. V.;  Matiks, Y.;  Frano, A.;  Popovich, P.;  Hinkov, V.;  Wochner, P.;  
Castro-Colin, M.;  Detemple, E.;  Malik, V. K.;  Bernhard, C.;  Prokscha, T.;  Suter, A.;  
Salman, Z.;  Morenzoni, E.;  Cristiani, G.;  Habermeier, H.-U.; Keimer, B., Dimensionality 
Control of Electronic Phase Transitions in Nickel-Oxide Superlattices. Science 2011, 332 

(6032), 937-940. 

153. Ohldag, H.;  Stamm, C.;  Nolting, F.;  Lüning, J.; Stöhr, J., Chemical Effects at 
Metal/Oxide Interfaces Studied by X-Ray-Absorption Spectroscopy. Physical Review B 
2001, 64 (214422), 1-11. 

154. Tadic, M.;  Nikolic, D.;  Panjan, M.; Blake, G. R., Magnetic Properties of NiO 
(Nickel Oxide) Nanoparticles: Blocking Temperature and Neel Temperature. Journal of 
Alloys and Compounds 2015, 647, 1061-1068. 

155. Fiebig, M.;  Pavlov, V. V.; Pisarev, R. V., Second-Harmonic Generation as a Tool 

for Studying Electronic and Magnetic Structures of Crystals: Review. Journal of the 
Optical Society of America B 2005, 22 (1), 96-118. 



122 
 

156. Dähn, A.;  Hübner, W.; Bennemann, K. H., Symmetry Analysis of the Nonlinear 
Optical Response: Second Harmonic Generation at Surfaces of Antiferromagnets. Physical 
Review Letters 1996, 77 (18), 3929-3932. 

157. Ney, O.;  Trzeciecki, M.; Hübner, W., Femtosecond Dynamics of Spin-Dependent 
SHG Response From NiO (001). Applied Physics B 2002, 74, 741-744. 

158. Satoh, T.;  Lottermoser, T.; Fiebig, M., Resonance-Enhanced Two-Photon Sum-
Frequency Generation in NiO and KNiF3. Journal of Applied Physics B 2004, 79, 701-706. 

159. García-Cerda, L. A.;  Bernal-Ramos, K. M.;  Montemayor, S. M.;  Quevedo-López, 
M. A.;  Betancourt-Galindo, R.; Bueno-Báques, D., Preparation of HCP and FCC Ni and 
Ni/NiO Nanoparticles Using a Citric Acid Assisted Pechini-Type Method. Journal of 
Nanomaterials 2011, 2011, 1-6. 

160. Yazdani, A.;  Zafarkish, H.; Kourosh, R., The Variation of Eg-Shaped Dependence 
of NiO Nanoparticles by the Variation of Anneling Temperature. Materials Science in 
Semiconductor Processing 2018, 74, 225-231. 

161. Poulsen, F. W., Defect Chemistry Modelling of Oxygen-Stoichiometry, Vacancy 

Concentrations and Conductivity of (La1-xSrx)yMnO3+δ. Solid State Ionics 2000, 129, 145-
162. 

 


