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ABSTRACT 

MODULATING DOPANT-DEFECT INTERACTIONS IN TRANSITION METAL 

DOPED COLLOIDAL STRONTIUM TITANATE NANOCRYSTALS 

 

MAY 2019 

 

WILLIAM LOUIS HARRIGAN, B.S., BINGHAMTON UNIVERSITY 

 

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 

 

Directed by: Professor Kevin R. Kittilstved 

 

 

 

Perovskites such as strontium titanate, a wide band gap semiconductor have been 

widely studied due to the multitude of potential applications in photocatalysis, 

multiferroics, sensing, and microelectronics. Various novel optical, electrical and magnetic 

properties can be imparted through the introduction of different transition metal dopant 

ions. The introduction of these impurities has been shown to impart functionality for 

various applications. The use of Cr3+ has been shown to introduce defect levels into the 

band structure of SrTiO3 and increase visible light utilization for photocatalysis. Transition 

metal doped highly crystalline colloidal SrTiO3 nanocrystals (NC) were synthesized using 

two modified hydrothermal (HT) synthesis methods and subsequently characterized. 

Structural characterization techniques such as powder X-ray diffraction (XRD), tunneling 

electron microscopy (TEM) and high-resolution tunneling electron microscopy (HR-TEM) 

proved vital in confirming the successful synthesis of highly crystalline sub-10 nm 

nanocubes. The use of transition metal doped colloidal nanocrystals will look to better 

understand dopant incorporation and subsequent defect formation and their interactions on 

the nm scale.  



 

ix 

The use of dopant specific spectroscopies such as electron paramagnetic resonance 

(EPR) spectroscopy was crucial in determining both the transition metal dopant oxidation 

state and dopant position in the colloidal NCs. Through the use of EPR spectroscopy the 

dopants and defects were unambiguously identified and characterized. Various surface 

related oxygen defects were identified and correlated to emerge under specific synthetic 

conditions. Site-selective internal doping of Cr or Mn was achieved through either 

modified HT methods.  

The extent of the dopant-defect interactions was studied using a photodoping 

technique. Under anaerobic conditions and in the presence of a hole quencher, the 

interactions of the photoinduced electron with SrTiO3 were monitored. The photoinduced 

changes were tracked using electronic absorption spectroscopy and EPR spectroscopy. An 

in-depth EPR analysis showed the photoinduced electron localizes on titanium atoms and 

undergoes cross relaxation with neighboring Cr ions.  
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1 

CHAPTER 1 

INTRODUCTION INTO PEROVSKITE BASED MATERIALS AND THEIR 

MULTIFUNCTIONALITY 

 

 

1.1 Introduction to spintronics  

 

The discovery of the giant magnetoresistive effect was the beginning of the field of 

Spin transport electronics or Spintronics.1-3 Alternating thin film layers of ferromagnetic 

with a nonmagnetic layer in between is the basic structure in which the giant 

magnetoresistive effect is utilized (figure 1.1). The resistance is lowest when the spins are 

aligned in parallel in the ferromagnetic layers and the resistance is highest when they are 

antiparallel.4 Spintronics is a rapidly developing field which studies the spin-carrier 

interactions between magnetic transition metal dopants in wide bandgap semiconductors 

and free charge carriers. The development of spintronics over the years has been focused 

on several aspects. The focus was on generating new novel magnetic nanomaterials, optical 

spin manipulation in magnetic nanomaterials,5 magnetoelectronics and magneto-optical 

properties, pattern recognition and instrument engineering.6 Important objectives in 

spintronics have been to optimize the electron spin lifetime, detect spin coherence times in 

nanoscale materials, and attempts to transport the polarized spins across macroscopic 

lengths.7 These objectives have led to three major questions: (1) what are effective ways to 

polarize spin states, (2) how long do these polarized spin states last, and (3) how can these 

changes in spin be measured.   
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Figure 1.1. Schematic representation of the spin based electronic devices.  

 

 

Electron spin can be polarized by several methods, but not limited to optic, electric 

and magnetic excitation means.8 Optical methods such as time-resolved faraday rotation 

(TRFR) are used to study the spin coherency. TRFR is a pump-probe spectroscopic 

technique which uses circularly polarized light to excite spin-polarized electrons in 

semiconductors. The resulting magnetization is monitored as a function of time. The time 

it takes for the magnetization to dissipate yields spin coherence data.9-11 Electric methods 

to create spin-polarized electrons were reported possible through the application of an 

electric field.12 Other electric methods such as spin-polarized inelastic scanning tunneling 

spectroscopy (SP-ISTS) have been used.13 In SP-ISTS, characteristic spin excitation 

energies are used to identify magnetic dopant sites. A decrease and then subsequent 

increase in the bias voltage corresponds to the energy required to excite an electron from 

the ground state to the excited state. Spin relaxation times from these measurements are 

extracted from matching the data to perturbation theory simulations.14 Magnetic methods 

such as electron paramagnetic resonance spectroscopy (EPR) first produce coherent 

electrons by applying a magnetic field to paramagnetic materials.15 Line width analyses 
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allow spin decoherence times to be obtained and power saturation studies yield spin-lattice 

relaxation times. EPR enables a facile way to measure spin relaxation dynamics. The spin 

decoherence and spin-lattice relaxation times are two important concepts in spintronics.  

 

1.2 Spin relaxation processes 

 

Spin dynamics and relaxation times and mechanisms are important in the field of 

spintronics. To be a viable option in electronics, long spin relaxation times are necessary 

for encoded information to travel long distances.16 Typical ranges for these relaxation times 

have been found to vary from as short as nanoseconds to as long as microseconds.8 The 

length of these relaxation times is dependent on the mechanism and timescale of spin 

depolarization.  

Two important energy relaxation pathways that are studied are spin-lattice 

relaxation times (T1) and spin-spin times (spin decoherence time, T2). The spin-lattice 

relaxation time is defined as the thermal equilibration of the spin population and the spin 

decoherence time is the time it takes for the spin state to lose its phase.17 The longer these 

relaxation times, the more useful the device will be since the information stored in the spin 

state would be able to travel further without dissipating.18 Therefore it is important to 

minimize pathways for spins decoherence. Spin coherency refers to electrons solely in the 

conduction band. The presence of holes is detrimental to the polarized spin. The exchange 

between electrons and holes results in the decoherence of both types of carriers. To counter 

this, measurements on spin relaxation must be done in the absence of holes. In quantum 

dot semiconductors, the magnitude of T1 is typically nanoseconds at room temperature but 

can be enhanced in II-VI and III-V quantum dot systems.18-20 Other metallic systems find 

spin relaxation times to be as short as femtoseconds or as long as microseconds at low 
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temperatures.13, 21 For spintronic applications, relaxation times in the nanoseconds are 

considered “long” spin relaxations times. Both the spin-lattice relaxation time and spin-

spin relaxation time are important values to be modulated in the field of spintronics.  

The work on spintronics has been primarily focused on Mn doping into II-VI and 

III-V quantum dot materials such as GaAs and CdTe.16, 22 One of the major issues with II-

VI semiconductors is due to the necessity of low temperature operations.6 These 

paramagnetic materials lose their magnetization as the temperature increases. Mixed 

valance perovskites and manganates like La.70Sr.30MnO3 and other oxide-based materials 

such as Co-doped TiO2 have been transitioning into spin based applications.23-24 

Magnetically doped perovskite-based materials containing the necessary magnetic and 

optical properties could be a promising material to study spin-based phenomena for 

spintronic applications. 

 

1.3 Strontium titanate: Perovskite basics   

 

SrTiO3 is an archetypal cubic perovskite having a general chemical formula of 

ABX3. The ionic radius of the cationic A site is typically larger than the B site and X is the 

anion. In SrTiO3, the A-site Sr2+ lies on the corners of the unit cell and is surrounded by 12 

O2- anions resulting in a pseudo-dodecahedral coordination. The B-site Ti4+ is in the center 

and is octahedrally coordinated by 6 O2- anions (figure 1.2). At room temperature, SrTiO3 

is cubic and undergoes a phase transformation to tetragonal below 105.5 K.25   
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Figure 1.2. Structural depiction of SrTiO3. The Sr2+ ions (blue) occupy the corners. The 

Ti4+ (green) lies in the center of and octahedra of O2- ions (orange). 

 

 

1.4 Types of lattices and synthesis methods  

 

SrTiO3 can be found in a multitude of different size and morphologies such as 

ceramic bulk powders,26-28 nanoparticles,29-32 single crystals,33-37 or colloidal 

suspensions.38-42 Each different form requires a different synthetic approach to successfully 

synthesize. Bulk SrTiO3 is typically synthesized using a high-temperature solid-state 

calcination.43-44 Single crystalline SrTiO3 can be synthesized using the flame 

fusion verneuil method45-47 or the floating zone method.48-49 SrTiO3 nanoparticles (NP) can 

involve a solvothermal approach of using metal alkoxides in non-aqueous solvents at high 

temperatures and pressures.50 Another method used to make SrTIO3 NPs is a microwave-

assisted hydrothermal method in which microwaves are used to reduce both the reaction 

time and temperatures required.51 Lastly, colloidal analogs of SrTiO3 NPs can be 

synthesized using simple hydrothermal methods in strongly alkaline mediums.38-40 The size 

of the material matters. The properties of the material changes as size decreases due to 
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quantum confinement effects.52 As a result, the intrinsic and extrinsic defects such as 

dopants should differ in bulk versus nanosized particles where the surface properties are 

more pronounced.  

 

1.5 The impact of doping in SrTiO3 

 

Doping is a process that imparts novel properties by intentionally introducing 

defects into the host lattice.53 Aliovalent dopants will require some form of charge 

compensation to maintain charge neutrality. The most common forms of charge balance 

are oxygen vacancies,54-56 strontium vacancies57-58 or conduction band electrons.33, 59-60 

There are two main types of dopants, donor and acceptor. Donor dopants typically 

introduce free electrons into the lattice as charge compensation thus creating n-type 

materials. Acceptor dopants typically induce the formation of oxygen vacancies, creating 

p-type materials. In SrTiO3 donor dopants such as La3+ for Sr2+ and Nb5+ for Ti4+ increases 

the conductivity of the hosts and can even become superconducting at low temperatures.61-

63 This phenomenon is accomplished through creating reduced SrTiO3, either through 

forming Ti3+ and/or oxygen vacancies.27  The variable conductive properties in these donor 

doped materials make them good choices as conductive substrates.64-65 Acceptor dopants 

such as Cr3+, Fe3+, or Mn2+ preferentially substitute for Ti4+ due to similarities in their ionic 

radii and typically require stoichiometric amounts of oxygen vacancies as charge 

compensation. Introducing these aliovalent dopants induce various optical,66-70 electrical41, 

71-72 and magnetic73-75 properties to SrTiO3 (figure 1.3). Due to these dopant dependent 

based properties, SrTiO3 has a multitude of applications it can have potential applications 

in various fields such as photocatalysis, thermoelectrics, or spintronics. Control over these 
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defects are important because they can either be beneficial or detrimental to the designated 

application.  

 
Figure 1.3. Schematic representation of the doping process. Dopant incorporation can lead 

to novel optical, magnetic and electrical properties.  

 

 

1.6 Colloidal SrTiO3 nanocrystals 

 

Colloidal NCs are extremely versatile materials. They can be used a variety of 

manufacturing methods not available to powders. They can be used to make thin films or 

as a solution source for ink-jet printing. There are very little reports of synthesized doped 

colloidal SrTiO3 NCs in the literature and it is not well understood how electrons in 

colloidal SrTiO3 NCs interact with dopants and defects. These colloidal materials open up 

better possibilities of characterization that are were not limited by bulk materials such as 

photodoping.  
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The work herein focuses on the incorporation and characterization of magnetic 

dopant ions into Colloidal SrTiO3 NCs. The oxidation state and dopant position will be 

studied through dopant specific characterization techniques such as electron paramagnetic 

resonance (EPR) spectroscopy. Cr3+ was chosen as a starting point due to the spectroscopic 

signatures for facile characterizations of internal doping. Mn4+ was chosen next because it 

is isovalent with Ti4+ and isoelectronic with Cr3+. Cr3+ would need charge compensation, 

whereas Mn4+ wouldn’t and therefore the induced defects should be different. The intrinsic 

and extrinsic defects will be investigated through photodoping to gain a better 

understanding of  dopant-defect interactions in colloidal SrTiO3 and to demonstrate control 

over dopant-charge carrier interactions. These colloidal NCs were used as a new model to 

gain a fundamental understanding of spin relaxation dynamics in magnetically doped 

colloidal SrTiO3 NCs for spintronic applications.  
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CHAPTER 2 

 

TUNABLE ELECTRONIC STRUCTURE AND SURFACE DEFECTS IN 

CHROMIUM-DOPED STRONTIUM TITANATE NANOCRYSTALS 

 

This chapter has been adapted from the published work: 

 

Harrigan, W. L.; Michaud, S. E.; Lehuta, K. A.; Kittilstved, K. R., Tunable Electronic 

Structure and Surface Defects in Chromium-Doped Colloidal SrTiO3−δ Nanocrystals. 

Chem. Mater. 2016, 28, 430-433. 

 

 

2.1 Introduction  

SrTiO3 is the prototypical oxide with electronic properties that can be modulated 

by strain engineering to produce superconductivity at heterostructured interfaces,1 

ferroelectricity,2 high-k gate dieletrics,3 and giant spin splittings.4 Additional control over 

the electronic properties of SrTiO3 has been demonstrated by paramagnetic transition metal 

ions such as trivalent chromium. As an example, it has been demonstrated that the resistive 

memory effect in Cr3+-doped SrTiO3 can be switched reversibly by either electric fields or 

photons for solid-state memory applications.5-6  

SrTiO3 has also shown promise in the photoelectrochemical splitting of water.7-9 

However, the transparency10 of SrTiO3 in the visible region makes it an overall inefficient 

solar photocatalyst. Design strategies to enhance the visible light activity of oxide 

perovskites has been pursued. One promising strategy is the introduction of substitutional 

transition metal ions into wide-gap semiconductors. The goal of such a strategy is to create 

new sub-bandgap impurity bands that generate either conduction band electrons and/or 

valence band holes by visible photons. Kudo and co-workers have utilized this strategy and 

have demonstrated that Cr3+ and Rh3+-doped SrTiO3 are promising visible-light 
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photocatalysts for H2 evolution.11-14 Another recent example15 of this strategy is the 

photoreduction of CO2 with Co-doped SrTiO3.  

Colloidal syntheses of oxide-based perovskite NCs for photocatalysis and other 

applications have focused primarily on undoped materials due to the lack of synthetic 

methods for preparing both colloidal and doped NCs.7 Recent efforts to address this void 

include free-standing colloidal Ba(Ti1−xCrx)O3 NCs16 and sintered (Sr1−yLay)TiO3 NCs 

prepared by colloidal methods.17 Herein, we report the successful preparation and 

spectroscopic characterization of ~10 nm colloidal Sr(Ti1−xCrx)O3−δ NCs by two aqueous 

hydrothermal methods that differ only by the presence of N2H4. The incorporation of Cr3+ 

dopants in the B-site of SrTiO3−δ NCs is demonstrated with both synthetic methods. 

However, EPR and PL spectroscopies reveal stable, but different, oxygen-related defects 

in Sr(Ti1−xCrx)O3−δ (x=0-0.1%) NCs that are dependent on the synthetic method used. The 

successful synthesis of Sr(Ti1−xCrx)O3−δ NCs opens the door to integrating these 

multifunctional and potentially multiferroic nanomaterials into flexible electronic devices 

using established solution-based processing techniques. 

Both pure and Cr-doped colloidal SrTiO3 NCs were prepared by two similar 

hydrothermal methods.17-19 The only difference between the two methods is the presence 

or absence of N2H4∙H2O, which we refer to as methods A and B, respectively. Both methods 

produce oleic acid-capped SrTiO3−δ NCs that are readily dispersed in non-polar organic 

solvents such as hexanes. The NCs possess primarily pseudo-cubic morphologies with 

average edge dimensions of ~10 nm ± 2 nm and aspect ratios of ~0.8 ± 0.1 (Figure 2.6). 

 

 



 

17 

2.2 Experimental Methods  

2.2.1 Materials. Oleic acid (90%, Fisher Chemical), titanium(IV) bis(ammonium 

lactate)dihydroxide (TiALH, 50% wt in water1, Alfa Aesar), Sr(OH)2·8H2O (99%, Alfa 

Aesar), Cr(NO3)3·9H2O (Crystalline Certified, Fisher Chemical), tetramethylammonium 

hydroxide(10 M NMe4OH, Acros Organics), hydrazine hydrate (N2H4·H2O, 99%, Acros 

Organics), ethanol (200 proof, PHARMCO-AAPER) and hexanes (optima, Fisher 

Chemical) were used as received.  

2.2.2 Synthesis of colloidal SrTiO3−δ and Cr3+-doped SrTiO3−δ nanocrystals. Colloidal 

SrTiO3 NCs were prepared by a modified hydrothermal method.17-19 In a typical synthesis, 

1.25 mmol of titanium(IV) bis(ammonium lactate)dihydroxide and Sr(OH)2·8H2O were 

dissolved in 30 mL of distilled H2O. The pH was adjusted to 12.1 with NMe4OH (10 M). 

The solution was transferred to a 45-mL Teflon-lined autoclave and N2H4·H2O (5 mmol) 

and oleic acid (2.5 mmol) were added.19 The autoclaves were sealed and heated to 200 °C 

for 24 h. The resulting oleic acid functionalized NCs were washed with ethanol and 

suspended in hexanes. The synthetic procedure described above will be referred to as 

method A. Colloidal SrTiO3 NCs were also prepared by removing only the N2H4·H2O from 

the reaction mixture and we denote as method B and is similar to the method used to 

prepare (Sr1−yLay)TiO3 colloidal NCs.18 Both SrTiO3-A and -B NCs prepared here are 

primarily nanocubes with average edge dimensions of ~10 nm ± 4 nm.  

                                                 
1The batch of TiALH received from Alfa Aesar contains common impurities of TiO2 at 

~14% and pH of the solution ~8.4-8.5. The presence of insoluble TiO2 indicates that slow 

hydrolysis is taking place in the TiALH bottle and definitely overestimates [Ti] in the 

calculation of xnom=[Cr]/([Cr]+[Ti]).  



 

18 

Colloidal Cr2O3 was prepared by adding 0.625 mmol of Cr(acac)3 into 13.75 mL of 

distilled water. The pH was adjusted to 12.7 using NMe4OH (10 M). The solution was 

transferred into a 45 mL Teflon-lined autoclave. Hydrazine (2.5 mmol) and oleic acid (1.25 

mmol) are then added. The autoclave is then sealed and placed in a 200 °C for 24 h. The 

products were washed with ethanol and suspended in hexanes. The product was amorphous 

and the EPR spectrum at room temperature is shown in figure 2.11. 

2.2.3 Physical Methods. Room-temperature electronic absorption and emission/excitation 

spectra were collected on colloidal suspensions in hexanes with a Cary 50 Bio and Cary 

Eclipse, respectively. Low-temperature emission spectra were collected on air-dried 

powders using a Cary 670 Fourier Transform spectrophotometer equipped with a PMT 

detector and quartz beamsplitter with excitation from the 488 nm line of an Ar-ion laser 

operating up to a maximum output power of 9 W (JDS Uniphase, 2214). Alignment of the 

powdered sample was done using ruby in which both were fixed to a copper plate using 

conductive silver paint (Leitsilber 200, Ted Pella) that was placed in a closed-cycle helium 

optical cryostat (Advanced Research Systems HC-2). Electron paramagnetic resonance 

(EPR) spectroscopy were collected on powdered samples with continuous wave at X-band 

frequency (~9.6 GHz, Bruker Elexsys-500). X-ray powder diffraction patterns were 

collected using Cu-K radiation (PAN-alytical X'Pert Material Research Diffractometer). 

Transmission electron microscopy images were collected on samples deposited onto a 

carbon film supported on 400 mesh copper grids at the UMass Amherst Electron 

Microscopy Center (JEM 2200FS-JEOL for high-resolution images and JEOL JEM-

2000FX for low-resolution images). Analysis of TEM was performed using ImageJ 

software.37 
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2.3 Results and Discussion  

Figure 2.1 shows the room temperature absorption spectra of concentrated and 

dilute colloidal suspensions of SrTiO3−δ NCs prepared by methods A and B. The electronic 

absorption spectra of a concentrated suspension of SrTiO3−δ-A shown in Figure 2.1a 

displays only the band gap transition above 3.2 eV. However, the concentrated suspension 

of SrTiO3−δ-B exhibits a broad absorption feature that extends throughout the visible. These 

absorption features are reflected in the colors of the concentrated SrTiO3−δ suspensions 

with method A producing transparent suspensions and method B resulting in reddish- 

brown suspensions as shown in the color photos of figure 2.2. Despite the unexpected 

difference in sample colors, powder X-ray diffraction and TEM studies confirm that both 

products are nanocrystalline SrTiO3−δ and primarily cubic in shape (figure 2.7). We 

tentatively assign this coloration in the SrTiO3−δ-B NCs to a significant oxygen deficiency 

in the SrTiO3−δ NCs. This assignment is supported from prior work that SrTiO3−δ exhibits 

a sub-bandgap absorption centered at 2.9 eV that is due to the presence of oxygen vacancies 

(VO).20 We can also rule out the presence of free carriers and localized Ti3+ (TiTi' ) defects as 

the origin of the brown color of the SrTiO3−δ-B NCs, since both defects would give rise to 

increased absorption at longer wavelengths.21 
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Figure 2.1 Room temperature electronic absorption spectra of (a) concentrated and (b) 

dilute suspensions of SrTiO3−δ-A (thin lines) and SrTiO3−δ-B (thick lines) NCs in hexanes. 

(b) Uncorrected emission spectra (dashed) excited at 300 nm. 

 

In dilute solutions, the absorption spectra of SrTiO3−δ prepared by both methods 

appear similar as shown in Figure 2.1b. However, the photoluminescence (PL) spectra of 

the SrTiO3−δ suspensions shown in Figure 2.1b display clear differences. The SrTiO3−δ-A 

NCs has a broad PL centered at ~3.06 eV while the broad PL of the SrTiO3−δ-B NCs is 

centered at ~2.75eV. The visible PL in SrTiO3−δ has been previously described within the 

model of a self-trapped exciton (STE) associated with recombination at localized Ti3+-

oxygen vacancy complexes.22-23 The energy difference of the visible PL between the two 

SrTiO3−δ NCs suggests a significant variation in the nature of the NC surface. This 

assignment is supported by the appearance of different EPR signals related to SrTiO3−δ NC 

surface defects (vide infra).  
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Figure 2.2. Room-temperature electronic absorption spectra of concentrated 

Sr(Ti1−xCrx)O3−δ suspensions prepared by (a) method A and (b) method B. The nominal 

Cr content is x = 0 (dashed) and x = 0.1% (solid). Color photos of SrTiO3−δ and 

Sr(Ti1−xCrx)O3−δ colloidal suspensions are shown in the right panels.  

 

Attempts to introduce Cr3+ into the SrTiO3−δ NCs was achieved by adding 

Cr(NO3)3·9H2O after adjusting the pH.  Figure 2.2 shows the electronic absorption spectra 

and color photos of concentrated suspensions of Sr(Ti1−xCrx)O3−δ NCs prepared by methods 

A and B with x = 0 and 0.1% (nominal). The Sr(Ti1−xCrx)O3−δ-A NCs shown in figure 2.2a 

at this nominal Cr3+ content are yellow in color and display weak absorption features at 

~2.0 eV and 2.8 eV as shown in figure 2.2a. These transitions are readily assigned as the 

4A2→4T2 and 4A2→4T1(F) transitions of Cr3+ in an octahedral ligand field and agree well 

with previously reported energies for Cr3+-doped BaTiO3.24 In contrast, the 

Sr(Ti1−xCrx)O3−δ-B NCs with the same nominal Cr3+ content displays broad absorption 

similar to the SrTiO3−δ-B NCs and is the identical reddish-brown color (see figure 2.2b). 

To resolve the Cr speciation we measured the variable-temperature PL and room 
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temperature EPR spectra to confirm the presence of Cr3+ in SrTiO3−δ or some other oxide 

phase.25  

The low-temperature PL of Sr(Ti1−xCrx)O3−δ NCs with xnom = 0.1% is shown in 

figure 2.3. Sr(Ti1−xCrx)O3−δ NCs prepared by both synthetic approaches display STE-

related features near 2.0 eV and a structured PL transition at ~1.57 eV that increases in 

intensity below ~250 K. The STE-related emission is red-shifted from the pure SrTiO3−δ 

NCs shown in Figure 2.1 and caused by the change to laser excitation at 488 nm instead of 

300 nm from a Xe lamp. The 1.57 eV PL originates in the spin-forbidden 2E→4A2 transition 

of Cr3+ and is similar to that reported for Sr(Ti1−xCrx)O3−δ single crystals and powders.25-28 

The energy of the 2E→4A2 transition blue-shifts with increasing temperature (figure 2.8) 

in agreement with reported PL behavior of Sr(Ti1−xCrx)O3−δ single crystals. The origin of 

this energy shift of the Cr3+ PL with temperature has been correlated to the temperature-

dependence of the SrTiO3 dielectric constant.25-26,28 Importantly, the energy of the 2E state 

in SrTiO3 occurs at much lower energies than observed in the possible Cr2O3 secondary 

phase, which is at 1.70 eV.29 
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Figure 2.3. Variable-temperature emission spectra of Sr(Ti1−xCrx)O3−δ (xnom = 0.1%) NCs 

prepared by (a) method A and (b) method B. Note that the energy scale changes at 1.65 

eV in order to show the Cr3+ PL on an expanded energy scale. The intensity scale, 

however, is not scaled in the different panels except for the 14.1 K and 152 K spectra in 

(b) that are also shown scaled by 5. Samples were excited by the 488 nm line of an Ar-ion 

laser.  

 

While the signal-to-noise of the emission spectrum is noticeably lower for 

Sr(Ti1−xCrx)O3−δ-B NCs, the linewidth of the electronic origin is much narrower (fwhm = 

7 meV vs 10 meV, figure 2.8). Another difference is the appearance of the tail from the 

STE PL at higher energies in the spectra of the Sr(Ti1−xCrx)O3−δ-B NCs. Both of these 

results suggest that the actual x is lower for Sr(Ti1−xCrx)O3−δ prepared by method B than 

method A. In other words, most Sr(Ti1−xCrx)O3−δ-A NCs contain at least one Cr3+ ion, which 

efficiently quenches the higher energy emission via energy transfer to lower-energy Cr3+ 

d-states and charge-transfer transitions.24 The Sr(Ti1−xCrx)O3−δ-B NCs, however, likely 

have on average less than one Cr3+ ion per NC and the STE PL is originating in the sub-

population of SrTiO3-B NCs within the Sr(Ti1−xCrx)O3−δ-B ensemble. Inductively coupled 
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plasma optical emission spectrometry (ICP-OES) confirms this scenario with actual x 

values of 0.15% for Sr(Ti1−xCrx)O3−δ-A and 0.09% for Sr(Ti1−xCrx)O3−δ-B when xnom = 

0.1%. Repeated ICP-OES measurements on different batches of Sr(Ti1−xCrx)O3−δ-A and -B 

NCs always result in experimental x values that are greater than the nominal x in 

Sr(Ti1−xCrx)O3−δ-A than Sr(Ti1−xCrx)O3−δ-B. This unusual result suggests that either N2H4 

is preferentially binding to Sr2+ or Ti4+ in solution or there is a large error in the reported 

Ti content in the precursor due to insoluble TiO2 impurities (see section 2.2.1). Experiments 

to reveal the nature of the N2H4 interaction with the Sr2+ and Ti4+ precursors in solution are 

currently underway. 

The room-temperature X-band EPR spectra of doped (xnom=0.01%) and undoped 

NCs prepared by both methods is shown in figure 2.4. In addition to being a sensitive probe 

of the local environment surrounding Cr3+ ions, EPR spectroscopy has also been utilized 

to identify defect-related species and shallow carriers in SrTiO3 bulk powders and related 

oxide NCs.30-31 The EPR spectra of both Sr(Ti1−xCrx)O3−δ-A and -B NCs display identical 

features at g=1.978 with weak hyperfine splittings from the 9.5% abundant 53Cr I = 3/2 

nuclei (|A| = 16.2  10−4 cm−1) that agree32 with bulk Sr(Ti1−xCrx)O3−δ.  

Bulk Sr(Ti1−xCrx)O3−δ powders prepared up to x=2% by a sol-gel technique are 

reddish in color and also do not display well-resolved absorption bands with the exception 

of an oxygen vacancy-related band centered at 2.9 eV, which is also observed in nominal 

SrTiO3−δ annealed under reduced pressures.20,25 However, the color of Ba(Ti1−xCrx)O3 

single crystals has been reported to change from red (with no resolved absorption bands in 

the visible) to green (with resolved absorption bands similar that shown in figure 2.2a) with 

increasing x from 0.02% to 0.24%, respectively.24 Furthermore, the low-temperature 
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emission spectra in both the “red” and “green” samples of Ba(Ti1−xCrx)O3 displayed the 

same 2E→4A2 PL, which is also observed in both Sr(Ti1−xCrx)O3−δ-A and -B NCs presented 

here. Therefore, despite the difference in color of the two sets of Sr(Ti1−xCrx)O3−δ NCs, 

both possess Cr3+ ions that are substitutional at the B-site of the SrTiO3−δ lattice based on 

the variable-temperature PL and room-temperature EPR spectra.  

The EPR spectra shown in figure 2.4 also display two defects: one at ~342 mT 

(g=2.010) that is observed in the Cr3+-doped SrTiO3−δ-A and -B NCs, and the other at ~343 

mT (g=2.004) that is observed only in the undoped and Cr3+-doped SrTiO3−δ-B NCs. Bykov 

and co-workers have also detected both of these defects in 5 nm Sr(Ti1−xCrx)O3−δ 

nanopowders prepared by a different non-colloidal solvothermal method.33 They assigned 

both of these signals to oxygen-related defects: O− (g ~ 2.010) and a surface-adsorbed 

superoxide anion (O2 ̄ at g = 2.004), respectively.34-35 The O− defect, also known as trapped 

hole centers in the TiO2 literature,35 is present in the EPR spectra of both Sr(Ti1−xCrx)O3−δ 

NCs. The EPR signal of Cr3+ appears rigorously cubic and is thus consistent with previous 

studies where charge compensating defects are not within the first coordination sphere of 

the Cr3+ ion in SrTiO3−δ.36  
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Figure 2.4. Room-temperature X-band EPR spectra of (a) Sr(Ti1−xCrx)O3−δ-A and (b) 

Sr(Ti1−xCrx)O3−δ-B with x = 0 (dashed line) and 0.01% (solid line).  

 

The electronic structures of the Sr(Ti1−xCrx)O3−δ NCs shown above suggest that 

both higher Cr3+ substitution yields and suppression of O2 ̄ anions in undoped NCs occur 

when N2H4 is present during the synthesis. The role of N2H4 in the formation mechanism 

of the O2 ̄ defect at the surface of undoped SrTiO3−δ NCs and apparent effect on the 

incorporation of Cr3+ dopants is under current investigation. We propose the following 

tentative mechanism based on an existing model of O2 ̄ formation in TiO2,
34-35 which 

proceeds via electron transfer from Ti3+ to adsorbed O2 as given by eq 2.1  

Ti3+ + O2 → Ti4+ + O2 ̄  (2.1) 

We showed above that N2H4, a reducing agent, hinders formation of O2 ̄ anions. 

Therefore, we propose that instead of reducing surface Ti4+ sites N2H4 is reducing surface 

VO ̇  defects that ultimately produce surface VO ̈  defects. The double-donor VO ̈  defect is EPR 

silent. Therefore, during SrTiO3−δ NC growth without N2H4 there are surface VO ̇  or Ti3+ 
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defects that can transfer an electron to surface-adsorbed O2. Experiments to clarify the role 

of N2H4 in the formation of O2 ̄ anion and promoting increased Cr3+ yields are currently 

underway. 

 

2.4 Conclusions  

We have presented two hydrothermal syntheses of substitutionally-doped Cr3+ in 

colloidal SrTiO3−δ NCs with different oxygen-related defect structures. We find that N2H4 

addition increases the overall efficiency of Cr3+ incorporation into the SrTiO3−δ NC and 

also plays a critical role in controlling the nature of the surface defects. This study provides 

a simple synthetic path to preparing magnetically-doped SrTiO3−δ NCs with tunable surface 

defects and enables integration of these technologically-relevant nanomaterials into new 

device architectures by means of existing solution-based processing techniques. 

 

2.5 Supplementary Information  

2.5.1 Charge Compensation in Sr(Ti1−xCrx)O3−δ. The concentration of Cr doped into the 

system (x) is the sum of Cr3+, Cr4+, and Cr6+. The lack of Cr5+ doped into SrTiO3 is 

confirmed by the absence of a peak at g=1.95 in the EPR spectra.38 The presence of Cr3+ 

substitutionally doped into the Ti4+ site requires charge compensation, either through the 

presence of Cr6+ or through a deficiency in the oxygen content (δ>0). The variables x and 

δ include all possible oxidation states of substitutional Cr and VO defects, and are 

represented by eqs 2.2 and 2.3 in Krӧger-Vink notation: 

x = [CrTi'  ] + [CrTi
× ] + [CrTi

••
] (2.2) 

δ = [VO
•
] + [VO

••
] (2.3) 
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The Cr3+ (CrTi'  ) concentration can thus be determined using eqs 2.2 and 2.3 with eq 

2.4. Equation 2.4 takes into account the lack of spectroscopic evidence of Cr5+ or Ti3+ in 

the samples, but may slightly vary depending on trace amounts of either. 

2[CrTi'  ] = [CrTi
••

] + 2[VO
•
] + [VO

••
] (2.4) 

 

 

Figure 2.5. Powder X-ray diffraction patterns of SrTiO3−δ-B (top) and nominally 0.1% 

Sr(Ti1−xCrx)O3−δ-B (bottom). The grain sizes estimated from the Scherrer equation are 15 

nm for SrTiO3−δ-B and 9 nm for nominally 0.1% Sr(Ti1−xCrx)O3−δ-B. Red lines indicate the 

powder pattern of bulk SrTiO3. 
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Figure 2.6. Representative TEM images of (a) SrTiO3−δ-A and (b) SrTiO3−δ-B NCs. (c) 

Particle size distribution and (d) aspect ratios obtained from analysis of TEM data for 

SrTiO3−δ-A and SrTiO3−δ-B.  
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Figure 2.7. (a) Representative high-resolution TEM image and (b) rectangular color 

profile of the Sr(Ti1−xCrx)O3−δ-B NC shown in (a). The analysis was performed by first 

rotating the image so that the lattice fringes are vertical and then using the “plot profile” 

analysis function in ImageJ software on a rectangle encompassing the entire nanocrystal. 

The average lattice spacing is 2.76 ± 0.08 Å and agrees well with the 2.76 Å d-spacing of 

the (110) plane of SrTiO3.  

 

Figure 2.8. Variable-temperature photoluminescence spectrum of (a) Sr(Ti1−xCrx)O3−δ-A 

and (b) Sr(Ti1−xCrx)O3−δ-B NC powders. The spectra were collected with 488-nm laser 

excitation and the emitted light was detected using a Fourier transform (FT) spectrometer 

with 488 nm and 633 nm notch filters. The 633 nm notch filter is to remove laser emission 

from the HeNe alignment laser of the FT spectrometer. 



 

31 

 

Figure 2.9. Low-temperature 2E→4A2 emission Sr(Ti1−xCrx)O3−δ-B nanocrystal powders 

as a function of nominal Cr content, x. Excitation was the 488 nm line from an Ar+ ion laser 

(JDS Uniphase). The literature emission from a 0.001% Cr3+-doped SrTiO3 single crystal 

at 20.4 K is included for comparison.27 

 

Figure 2.10. Comparison of the relative PL intensities of the visible STE emission for 

Sr(Ti1−xCrx)O3−δ-B NCs with nominal values of x = 0.1% and 0.5%. The intensities of the 
2E→4A2 transition for the two spectra are normalized. The broad STE-related emission 

from the undoped SrTiO3−δ-B NC population in the ensemble is significantly reduced with 

the increase in nominal Cr3+ concentration. Excitation was the 488 nm line from an Ar+ ion 

laser (JDS Uniphase). Sample temperatures are given in figure. 
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Figure 2.11. Room-temperature EPR spectra of “Cr2O3” and Sr(Ti1−xCrx)O3−δ-A 

nanocrystals where nominal x = 0.01% (dotted line) and 1% (solid line). The linewidth is 

much broader in “Cr2O3” from the antiferromagnetically-coupled Cr3+ ions. 

 

 

Table 2.1 Comparison of measured Cr content (x) for Sr(Ti1−xCrx)O3−δ NCs prepared by 

methods A and B as a function of varying nominal x. 

xnom ICP-OES method 

A 

ICP-OES method 

B 

0.1% 0.15% 0.09% 

0.5% 0.99% 0.72% 

1.0% 1.5% 1.8% 
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CHAPTER 3 

 

REVERSIBLE CONTROL OVER THE MANGANESE OXIDATION STATE IN 

COLLOIDAL STRONTIUM TITANATE NANOCRYSTALS  

 

 

3.1 Introduction 

 

Mn-doped strontium titanate is a promising material due to its various applications 

in ferroelectrics,1-2 photocatalytic water splitting,3-6 magnetism,7-9 and capacitance.10 Mn 

has been reported to exist in a multitude of oxidation states, Mn2+, Mn3+, and Mn4+ when 

incorporated into SrTiO3. It is well known that Mn4+ exclusively substitutes for Ti4+ with 

no local charge compensation. However, Mn2+ has been reported to substitute for both Sr2+ 

and Ti4+ with and without local charge compensation.7-9, 11 There is a lot of inconsistency 

regarding the doping position of Mn2+. 

Mn4+: SrTiO3 has been reported to have applications as a visible light catalyst for 

water splitting. Mn4+ is isovalent with Ti4+ and isoelectronic with Cr3+, a known visible 

light photocatalyst.12-13 The inherent problem with using Cr3+is the formation of 

undesirable defects such as Cr6+ to maintain charge neutrality. Cr6+ is known to act as 

recombination centers and must be removed by co-doping, chemical reductions or other 

post-synthetic modifications.14-17 Since Mn4+ is isovalent with Ti4+, there should be no need 

for charge compensation mechanisms such as oxygen vacancies or higher Mn valence 

states and therefore no post-synthetic modifications should be needed. Due to this 

difference, Mn can serve as a potential replacement for Cr for these visible light 

photocatalysts. Due to their high dielectric and insulating properties, SrTiO3 and BaTiO3 

also have applications in electronics as high dielectric materials.18-20 Mn4+: BaTiO3 has 
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been reported to increase the insulating properties by serving as trap centers to localize 

electrons.21 Conversely, Mn2+ or Mn2+-vo
..  at the Ti site with high oxygen vacancy 

concentrations has been reported to induce a conversion from insulating to a metallic 

state.22 Control over both dopant location and oxidation are both extremely important 

factors for imparting property-based functionality into SrTiO3. 

We previously reported the synthesis and characterization of Cr3+: SrTiO3 using 

two hydrothermal methods, one with hydrazine and the other without noted method A and 

B respectively. In that study, we confirmed through EPR and low-temperature 

photoluminescence (PL) that both methods yielded substitutionally doped Cr3+ at the Ti4+ 

site. We also observed different surface related defects depending on whether hydrazine or 

a dopant was used or not. Herein we report the oxidation state of substitutional Mn 

exclusively at the Ti site in colloidal SrTiO3 nanocrystals. We used a myriad of physical 

characterization techniques to confirm the formation of phase pure highly crystalline 

SrTiO3 including high-resolution transmission electron microscopy (HRTEM) and powder 

X-ray diffraction (XRD). Dopant-specific spectroscopies such as EPR were employed to 

identify the Mn oxidation state. We used photoirradiation to probe the changes in Mn 

valency when doped into colloidal SrTiO3 NCs. 

 

3.2 Experimental Methods 

3.2.1 Materials. Sr(OH)2·8H2O (99%, Alfa Aesar), titanium(IV) bis(ammonium 

lactate)dihydroxide (TiALH, 50% wt in water, Alfa Aesar), Mn(NO3)2∙4H2O (analytical 

grade, Acros Organics), tetramethylammonium hydroxide (10 M NMe4OH, Acros 

Organics), hydrazine hydrate (N2H4·H2O, 99%, Acros Organics), oleic acid (90%, Fisher 
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Chemical), ethanol (200 proof, PHARMCO-AAPER) and hexanes (optima, Fisher 

Chemical) were used as received.  

3.2.2 Synthesis of colloidal Mn: SrTiO3 nanocrystals. Colloidal SrTiO3 NCs were 

prepared using a previously reported modified hydrothermal method using manganese as 

the dopant.23-24 Method A is characterized by the use of hydrazine and method B is without 

hydrazine. The colloidal samples were utilized without further modifications. Powder 

samples were obtained by precipitating the colloids out using ethanol and then allowing 

them to air dry.  

3.2.3 Physical Methods. Room-temperature electronic absorption spectra were collected 

on colloidal suspensions in hexanes with a Cary 50 Bio spectrometer. Electron 

paramagnetic resonance (EPR) spectroscopy were collected on colloidal suspensions in 

hexanes and powdered samples with continuous wave at X-band frequency (~9.6 GHz, 

Bruker Elexsys-500). X-ray powder diffraction patterns were collected using Cu-K 

radiation (PAN-alytical X'Pert Material Research Diffractometer). Transmission electron 

microscopy images were collected on samples deposited onto a carbon film supported on 

400 mesh copper grids at the UMass Amherst Electron Microscopy Center (HR-TEM, JEM 

2200FS-JEOL, 200 kV). Photodoping experiments were performed by irradiating the 

sample (in a cuvette or EPR tube) with a 75-W or 1000-W Xe arc lamp in the presence or 

absence of a hole quencher.  
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3.3 Results and Discussion 

3.3.1 Structural characterization 

Powder X-ray diffraction (XRD) was used to confirm both the crystallinity and 

phase purity of the synthesized NCs. XRD of as-prepared 0.1% Mn: SrTiO3 NCs shows 

phase pure strontium titanate with 8 nm highly crystalline particles evident from 

comparisons to simulated diffraction patterns of SrTiO3 shown in figure 3.1. Particle sizes 

were calculated from the average of the FWHM of each peak and averaged using the 

Scherrer equation. There were no detectable impurity phases present in the diffraction 

pattern. HRTEM was utilized to corroborate the crystallinity and calculated particle sizes 

from PXRD yielding sizes of 7 nm. A rectangular color profile analysis was utilized in 

ImageJ software to yield interplanar spacings of 2.20  0.02 Å matching well to the 

calculated d-spacing of the (111) plane in SrTiO3 of 2.25 Å. A Fast Fourier transform 

analysis indicates single crystalline morphology, highlighting three distinct planes, the 

(111), (211) and (222) planes from the calculated d-spacings of 2.2 Å, 1.6 Å, and 1.1 Å 

respectively. From the structural analysis, changing the dopant from chromium to 

manganese does not alter the structure, morphology, or crystallinity of the SrTiO3 colloidal 

NCs.  
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Figure 3.1a: Powder X-ray diffraction pattern of as prepared-0.1% Mn-SrTiO3. Particle 

sizes calculated from the Scherrer equation yield  8 nm particles. (b) The HRTEM 

indicates  7 nm cubic nanocrystals. (c) Fast Fourier transform (FFT) displaying the (111), 

(211) and (222) planes with measured d-spacings of 2.2 Å, 1.6 Å, and 1.1 Å respectively. 

(d) The rectangular color plot profile analysis performed in ImageJ is shown in (b). The 

calculated interplanar spacings 2.20  0.02 Å agrees well with 2.25 Å, the d-spacing of the 

(111) plane.   

 

 

3.3.2 Electronic structure characterizations 

The electronic absorption spectra for concentrated method A and B Mn: SrTiO3, 

shown in figure 3.2, displays only the bandgap absorption above 385 nm. The broad 

absorption tailing into the visible region for method B is attributed to various oxygen-
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related defects present comparable to those seen in colloidal Cr: SrTiO3 NCs.25-26 The 

oxidation state of manganese was expected to exist as Mn4+, isovalent with titanium when 

doped into SrTiO3. The characteristic d3, Mn4+ 4A2→4T2 ligand field transition reported to 

occur at 556 nm was not observed in these colloidal NCs.27 This observation could indicate 

one of two possibilities, (1) manganese is not doping primarily as Mn4+ into the NCs and 

may exist as either Mn3+ or Mn2+, or (2) the concentration of internally doped Mn ions is 

not large enough to observe these ligand field transitions. To resolve the speciation of Mn, 

EPR was utilized to determine the oxidation state and doping environment.  

 

Figure 3.2: Concentrated electronic absorption spectra of 0.1% Mn:SrTiO3 method A and 

B colloidal NCs. The broad absorption into the visible region in B is due to various oxygen 

related defects.  

 

EPR spectroscopy was used to determine the oxidation state and local environment 

of manganese. As can be seen in figure 3.3, there is a stark difference between Method A1 

and A2 and Method B1 and B2. Both sets of samples were synthesized under the same 

conditions respective of their method, the difference between the two sets of samples was 

the time between when the measurement was taken and how the sample was stored. 

Samples A1 and B1 were taken immediately after synthesis, while samples A2 and B2 were 
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left under ambient light conditions. In A1 and B1, a weak set of sextet peaks arising from 

the nuclear hyperfine of 55Mn (I=5/2, 100% abundance) can be seen. The g-value for this 

set of sextet peaks was calculated to be 1.998 with A=71.4 x 10-4 cm-1. Mn-doped into 

SrTiO3 has been reported as Mn4+ or Mn2+ at the B-site from numerous literature reports 

that utilized EPR spectroscopy.8, 11, 22, 28-30 The calculated g and A values for A1 and B1 are 

consistent with Mn4+ substituting for Ti4+(g=1.994 and A=69.4 x 10-4 cm-1).29 The peak at 

3476 G is due to a small Cr impurity (marked with *). The peak corresponding to g=2.003 

observed in method B has been previously reported and assigned to adsorbed superoxide 

(O2
–) on the surface.24, 31-32 The g-value for the larger set of sextet peaks seen in samples 

A2 and B2 was calculated to be 2.007 with a hyperfine splitting constant A= 79.3 x 10-4 cm-

1.  Mn4+ appears to be absent from samples A2 and B2. Mn2+ can substitute either for Ti4+ 

or Sr2+ as well as form Mn2+-vo
..  complexes at the B-site.8, 22 B-site substitutional Mn2+ 

without local charge compensation has been reported to have g=2.0032 and A=82.8 x 10-4 

cm-1.11 Under reducing conditions, Mn2+-vo
..  complexes with doubly ionized oxygen 

vacancies in the first coordination sphere have reported g-values of 2.003 with A=76.1 x 

10-4 cm-1.11 However, A-site substitution is expected to have larger A values (>90 x 10-4 

cm-1) for a dodecahedrally coordinated environment.29, 33  Mn3+ substituting for Ti4+ is 

another possibility but is not observable in X-band frequencies due to being S=2, exhibiting 

a large zero-field splitting and thus is EPR silent. It is clear from the calculated g and A 

values for A2 and B2 that Mn is not substituting for Sr2+, but for Ti4+. However, the 

calculated hyperfine constant is very close to both assignments of substitutional Mn2+ with 

and without local charge compensation.  
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Figure 3.3: Room temperature EPR of two sets of synthesized method A and B, Mn:SrTiO3 

samples. A1 and B1 were measured immediately after being synthesized. A2 and B2 were 

measured a week after being synthesized and stored in ambient light. 

 

3.3.3 Probing the valance state with photochemical reductions  

To investigate the impact light has on Mn: SrTiO3 NCs, we utilized controlled light 

irradiation to probe the nature of this observed difference in the EPR spectra. The colloidal 

suspensions were irradiated with a 75 W lamp for several hours and then measured. As 

seen in figure 3.4, the weak sextet peaks of Mn4+ disappear for both samples A1 and B1, 

and a new set of sextet peaks appear with g=2.007 and A value of 79.3 x 10-4 cm-1. The g 

and A value of this new set of peaks align with the g and A values calculated in samples 

A2 and B2. Concurrently with the disappearance of Mn4+, a new signal at 3420 G (g=2.009) 

appears in all photo-irradiated samples. This feature has been reported to arise from trapped 

holes.32 For samples A2 and B2, the peak intensities just increase with photo-irradiation.  

The increase in the intensity of the Mn2+ signal in A2 and B2 indicates the possibility of 
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Mn3+ since Mn4+was not originally observed in the as-prepared samples. Through the 

introduction of light, we observe a reduction of the Mn valance state from Mn4+ to Mn2+ in 

A1 and B1 and an increase in intensity for A2 and B2. Further investigation into the 

speciation of Mn in these colloidal NCs are currently underway.  

 

Figure 3.4: Room temperature EPR of colloidal as prepared and after photoirradiation, (a) 

A1 and B1 (b) A2 and B2. Each sample was irradiated with a 75 W lamp for 3 hours and 

then measured immediately. 

 

When Mn: SrTiO3 is left in the dark for a period of time, the photo-induced changes 

are oxidized back to Mn4+ as seen in figure 3.5. This shows the oxidative and reductive 

changes are reversible under light and dark conditions. The increase in Mn4+ intensity under 
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dark conditions compared to the as-prepared samples indicates the possible presence of 

EPR silent species. Experiments are currently underway to investigate the exact nature of 

this observed reversibility of the light-induced reduction/oxidation.  

 

Figure 3.5: Photo-reversibility of Mn:SrTiO3-A1 in both light and dark conditions. The 

sample was left in the dark for 7 days and then measured.  

 

Low-temperature EPR was used to identify which Mn2+ species was present in A2 

and B2 (figure 3.4). The EPR peak intensity increased when the sample was cooled down 

to 120 K, indicating that the large sextet in A2 and B2 are not from Mn2+ without local 

charge compensation. The EPR signal intensity would have gradually disappeared when 

cooled down to 120 K if Mn2+ was present due to antiferromagnetic interactions. A similar 

temperature dependent trend was reported for MnO and in Mn: SrTiO3 powders.28, 30  It is 

likely that Mn2+-vo
..  complexes with doubly ionized oxygen vacancies in the first 

coordination sphere are present in A2 and B2 and when photo-irradiated (vide infra).  
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Figure 3.6: Room temperature EPR spectra of colloidal Mn2+:SrTiO3-A1 (top). EPR 

spectra of colloidal Mn2+:SrTiO3-A1 at 120 K (bottom). Impurities from the cryostat at low 

temperatures are marked with an asterisk.  

 

Mn-doped SrTiO3 bulk powders were used to corroborate the EPR assignments for 

the colloidal Mn-doped SrTiO3 NCs. Previous work done in our lab on bulk SrTiO3 showed 

the emergence of multivalent Mn in reduced SrTiO3 as seen in figure 3.7. Reductions on 

SrTiO3 bulk powders were done using NaBH4 and annealed at 300 C. Three separate sets 

of sextet signals can be seen in Mn-doped SrTiO3 bulk powders. The largest set of sextet 

peaks were attributed to Ti4+ substituted Mn4+ (g=1.994 and A=69.4 x 10-4 cm-1). The 

weakest set of peaks was attributed to Ti4+ substituted Mn2+ (g=2.004 and A=82.3 x 10-4 

cm-1). The intermediate set of peaks was attributed to Ti4+ substituted Mn2+-vo
..  complexes 

(g=2.003 and A=76 x 10-4 cm-1). Mn2+-vo
..  complexes are well reported and are known to 

form under highly reducing atmospheres and at high temperatures.34 The Mn2+-vo
..

 

complexes observed in the bulk powders were formed under reducing conditions and at 

moderate temperatures. The large set of peaks in the photo-irradiated Mn-doped SrTiO3 
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NCs align well to the Mn2+-vo
..  complexes in reduced Bulk Mn-doped SrTiO3. These results 

lead to the tentative assignment of Mn2+-vo
..  in as prepared A2 and B2 and in all photo-

irradiated samples. Further experiments to probe this finding are currently underway.  

 

Figure 3.7: Room temperature EPR spectra of 0.1% Mn:SrTiO3 bulk powders reduced at 

300 C using NaBH4 as a reductant (top). Photo-irradiated 0.1% Mn:SrTiO3-A1 NCs 

(bottom). 

 

 

3.4 Conclusions 

The tunability of manganese oxidation states in colloidal Mn-doped SrTiO3 NCs, 

synthesized using a modified hydrothermal synthesis method was studied using EPR. 

Colloidal Mn-doped SrTiO3 NCs and intrinsic defects were probed using photo-irradiation. 

We found that the oxidation state of Mn is multivalent in the as-prepared samples and was 

sensitive to the exposure to ambient light conditions. The EPR, when irradiated, showed a 

decrease in Mn4+ intensity and an increase in Mn2+ intensity, which we tentatively assign 

to Mn2+- vo
..  complexes. This is supported through the findings in low-temperature EPR and 

matching signals in EPR for reduced bulk Mn-doped SrTiO3. We observed an increase in 
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Mn EPR signal intensity at low temperature rather than an expected decrease for Mn2+. We 

demonstrate the reversibility of this observed reduction/oxidation through the 

presence/absence of light respectively. The tentatively assigned Mn2+-vo
..  complex oxidizes 

back to Mn4+ when left in the dark. This facile method offers a way reversibly generate 

Mn2+-vo
..  with just light rather than having to use high temperatures or strongly reducing 

conditions, exhibiting tunability and control over manganese oxidation states. 
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CHAPTER 4 

 

REVERSABLE MODULATION OF THE Cr3+ SPIN DYNAMICS IN 

COLLOIDAL SrTiO3 NANOCRYSTALS  

This chapter has been adapted from the published work: 

 

Harrigan, W.L. and Kittilstved, K.R.; Reversible modulation of the Cr3+ spin dynamics in 

colloidal SrTiO3 nanocrystals. J. Phys. Chem. C, 2018, 122 (46), 26652-26657 

 

4.1 Introduction 

Control over either the individual or collective behavior of spins in semiconductor 

nanomaterials is a grand challenge for the field of quantum information processing.1-3 One 

class of materials that shows promise for this technology are the diluted magnetic 

semiconductors (DMSs) where a fraction of the diamagnetic cations of the host lattice are 

substituted with paramagnetic dopant ions. The exchange interaction between spatially-

confined charge carriers such as excitons or conduction band electrons (ecb
− ) and 

paramagnetic centers in nanoscale DMSs has been exploited to produce new magneto-

optical phenomena such as excitonic magnetic polarons.4 However, traditional II-VI based 

DMS-QDs have isovalent dopants and do not possess appreciable n- or p-type carriers. The 

Fermi-level must therefore be modulated through incorporation of heterovalent dopants or 

reduction of the DMS-QD.  

Previous work on colloidal semiconductor NCs demonstrated that electrons can be 

reversibly added to the conduction band by appropriate chemical reductants5 or 

"photodoping" with UV photons in the presence of a sacrificial reductant under anaerobic 

conditions.6-8 The introduction of chemically-stable ecb
−  into colloidal QDs by aliovalent 

doping has received increasing attention after the demonstrations of tunable localized 
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surface plasmon resonances (LSPR) in Al3+-doped ZnO (Al3+:ZnO) QDs and Sn4+:In2O3 

NCs. Recently, the ability to modulate the carrier concentration of colloidal DMS-QDs has 

been shown to produce interesting effects in DMS-QDs including carrier-controlled 

magnetism9 and spin dynamics,10 and supercapacitance.11  

We recently reported the synthesis and characterization of Cr3+-doped SrTiO3 

colloidal NCs.12 Through dopant-specific spectroscopic methods (including EPR, 

electronic absorption and emission), we confirmed that Cr3+ ions substitute at the Ti4+ site 

in the cuboidal NCs with ~10 nm edges. Herein, we present evidence that the spin dynamics 

of Cr3+ ions in colloidal SrTiO3 NCs are extremely perturbed after photodoping, which 

does not produce ecb
− , but localized Ti3+ defects. These “self-trapped electrons” at Ti3+ 

defects are confirmed by electronic absorption and continuous-wave (CW) electron 

paramagnetic resonance (EPR) spectroscopy and can be completely removed upon aerobic 

oxidation. The drastic change of the Cr3+ spin dynamics is evident even at room 

temperature by the disappearance of the Cr3+ EPR signal upon photodoping. We confirm 

the origin of this effect by performing EPR measurements as a function of temperature and 

power saturation rollover experiments between 4 K and 50 K. We invoke a cross-relaxation 

mechanism between localized Cr3+ and Ti3+ in photodoped SrTiO3. These results 

demonstrate a new type of dopant-defect interaction that is (1) enhanced by spatial 

confinement of charge carriers in NCs, and (2) unique to metal oxides with conduction 

band minima that are comprised of empty d orbitals (d0 metal oxides such as TiO2 and 

SrTiO3). 
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4.2 Results and Discussion 

Figure 4.1 shows the electronic absorption spectra of SrTiO3 and nominally 0.1% 

Cr:SrTiO3 colloidal nanocrystal anaerobic suspensions in hexanes as a function of UV 

irradiation time using a 75 W Xe lamp. The electronic absorption spectra of the as-prepared 

samples are dominated by the SrTiO3 band gap transition above 3.2 eV. The Cr:SrTiO3 NCs 

display a broad, weak transition that extends throughout the visible region and has been 

assigned in bulk Cr:SrTiO3 as a metal-to-ligand charge transfer (MLCT) transition 

involving Cr3+ as the metal and the conduction band (empty Ti4+ 3d orbitals) as the ligand.13 

With increasing photodoping time, the spectra change and the physical appearance of the 

NCs change from transparent or light yellow to dark blue. This change in color is 

accompanied by a new feature in the electronic absorption spectrum centered at ~1.4 eV 

(~900 nm). This feature has been observed previously in reduced titanium oxides14-16 and 

photodoped colloidal TiO2 nanoparticles.17-20 This new transition originates from the 

excitation of trapped electrons at Ti3+ centers to the SrTiO3 conduction band (also known 

as a metal-to-metal charge transfer transition, MMCT). Similar to photodoped TiO2, the 

near-IR transition does not shift in energy with increasing photodoping time, but does 

increase in optical density.  
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Figure 4.1. Electronic absorption spectra of air-free (a) SrTiO3 and (b) 0.1% Cr:SrTiO3 

suspensions in hexane collected after different UV irradiation times. The spectra collected 

before irradiation (black line), and after irradiation at 0.05tf (blue line) and tf (purple line) 

are highlighted by colors. The spectra taken after reopening the cuvette to air is also shown 

(dashed red line). The tf is arbitrarily defined as the time needed for the MMCT transition 

to reach an optical density equal to 0.87.  

 

In pristine SrTiO3, a weak, broad feature appears at 430 nm after short photodoping 

times (see figure 4.1a), but disappears or becomes occluded by the intense MMCT 

transition that grows in at longer photodoping times. A similar visible absorption feature 

has been observed and assigned to transitions from the valence band to oxygen vacancies 

(VO) in bulk SrTiO3.21-22 Notably, this feature is not observed for the Cr:SrTiO3 NCs after 

similar photodoping times likely due to the stronger MLCT transition. We also looked in 

the mid-IR region, but photodoping does not appear to produce LSPRs such as those 

recently been reported for Nb-doped TiO2 (see figure 4.7).23 In addition, the band edge 

absorption does not shift with photodoping that further supports the self-trapping model 

for the electron and not as a delocalized ecb
− , which should display a significant blue-shift 
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of the band edge according to the Moss-Burstein effect if electrons accumulate in the 

conduction band.23 Figure 4.1 shows that photodoping ultimately creates localized Ti3+ 

defects in both NCs that are consistent with previous studies on TiO2 nanoparticles.17-18,24 

These electronic structure changes are also totally reversed upon reoxidizing the samples 

with air as shown in figure 4.1.  

The Cr3+-centered d-d transitions are too weak to be observed in the spectra shown 

in figure 4.1b. We therefore utilized EPR spectroscopy to confirm that Cr is trivalent and 

also monitor any changes in the Cr3+ signal upon introduction of Ti3+ defects in the 

Cr:SrTiO3 NCs. EPR spectra were collected under the following conditions: (1) Cr:SrTiO3 

NCs before and after photodoping at room temperature, (2) Cr:SrTiO3 and SrTiO3 NCs 

after photodoping as a function of sample temperature and (3) microwave power at low 

temperatures.  

The EPR spectra and color photographs of the colloidal Cr:SrTiO3 NCs before and 

after photodoping at room temperature are shown in figure 4.2. As previously reported,12,25 

Cr3+ in SrTiO3 exhibits an isotropic EPR signal at g = 1.978 (Bo ~347 mT in figure 4.2) 

which is consistent with substitutional doping of Cr3+ in the octahedral Ti4+ site of SrTiO3. 

This signal corresponds to spin-allowed EPR transitions within the 4A2 ground state of 

Cr3+. The expected 4-line hyperfine pattern from 53Cr3+ ions (relative abundance, rel. ab. = 

9.5% with a nuclear spin of I = 3/2) is occluded by the inhomogeneously broadened central 

transition of the nuclear-spin free 52Cr3+ isotopes (rel. ab. = ~84%). After photodoping, 

however, the Cr3+ EPR signal disappears completely at room temperature and the solution 

appears blue due to the MMCT transition shown in figure 4.1 and in the color photograph 

in figure 4.2. Both the color of the sample and the Cr3+ EPR signal reverts quantitatively 
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to its original intensity upon reopening the sample to air. In addition, upon reoxidation a 

new feature at ~343 mT (g ~2.009) is clearly observed that we attribute to the reaction of 

Ti3+ with molecular O2 to regenerate Ti4+ and form superoxide ions (O2
−) at the NC surface. 

We recently observed this same defect-related signal in nominally undoped SrTiO3 NCs 

that were prepared in the absence of hydrazine.12  

 

Figure 4.2. Room-temperature EPR spectra of 0.1% Cr:SrTiO3 NCs in hexanes before 

(red) and after anaerobic photodoping (black), and after reoxidation (purple). 

Corresponding color photographs of representative Cr:SrTiO3 samples in EPR tubes is 

included to the right of each EPR spectra.  

 

The disappearance of the Cr3+ EPR signal in photodoped 0.1% Cr:SrTiO3 could be 

explained by (1) the formation of a new EPR-silent Cr3+-defect complex, (2) a change in 

the Cr3+ oxidation state, or (3) a possible interaction between Cr3+ and the paramagnetic 

Ti3+ defects, which typically requires low temperatures to observe by EPR due to fast spin-

lattice relaxation dynamics. To evaluate which scenario was likely operative in the 

photodoped Cr:SrTiO3 NCs, we measured EPR spectra at various temperatures down to 

4.2 K. The EPR spectra of photodoped Cr:SrTiO3 at various temperatures down to 77 K 
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and photodoped SrTiO3 at 4.2 K are shown in figure 4.3. In the photodoped Cr:SrTiO3 

sample, we see the appearance of two broad signals that increase in intensity with 

decreasing temperature. The main feature is observed at ~347 mT (g = 1.978) and assigned 

to substitutional Cr3+ (see figure 4.2), while the second signal at ~355 mT (g = ~1.95) is 

asymmetric and is assigned to self-trapped electrons located at Ti3+ defects.26 This 

assignment of the Ti3+ signal is confirmed by the 4.2 K spectrum of photodoped SrTiO3 

also shown in figure 4.3. Upon warming the photodoped Cr:SrTiO3 to room temperature, 

we note the reappearance of a minor EPR signal from Cr3+ that we attribute to a small 

amount of air that was introduced through the low-pressure valve on the EPR tube during 

the thermal cycling. 

 

Figure 4.3. Variable-temperature EPR spectra collected on photodoped 0.1% Cr:SrTiO3 

NCs and 4.2 K spectrum of photodoped SrTiO3 NCs. The spectra for photodoped 

Cr:SrTiO3 were collected first at 295 K (red), and then decreased to 130 K (green) and 77 

K (blue) followed by warming the sample again to 295 K (black dotted). 

 

The behavior of the Cr3+ EPR signal in the photodoped Cr:SrTiO3 NCs at various 

temperatures supports scenario 3 discussed above where the localized spins of Cr3+ are 

strongly interact with Ti3+ defects. We performed power saturation rollover studies with 
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various microwave powers on Cr:SrTiO3 NCs before and after photodoping, and 

photodoped Cr:SrTiO3 NCs to confirm the effect of Ti3+ on the Cr3+ spin dynamics. 

Representative CW-EPR spectra of these three samples at various microwave powers and 

4.2 K are shown in figure 4.4. The EPR intensity for Cr3+ in the as-prepared Cr:SrTiO3 

sample and Ti3+ in the photodoped SrTiO3 NCs is defined as Y, which is taken as the 

difference in the positive and negative " values. For the overlapping Cr3+ and Ti3+ EPR 

signals in the photodoped Cr:SrTiO3 NCs, we define the EPR intensity by the maximum 

positive " and maximum negative " values, respectively. The Cr3+ EPR signal in the 

Cr:SrTiO3 NCs before photodoping increases to a maximum peak intensity at ~8 mW 

before decreasing and broadening at higher powers. In contrast, the EPR signal of Ti3+ in 

photodoped SrTiO3 NCs steadily increases without saturating even >200 mW. The EPR 

signals for both Cr3+ and Ti3+ in the photodoped Cr:SrTiO3 NCs display behavior similar 

to the Ti3+ defects in photodoped SrTiO3 NCs; continuously increasing without saturating 

with increasing microwave power. These spectra confirm that the spin dynamics of the Cr3+ 

dopants are efficiently modulated by the presence of Ti3+ defects.  
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Figure 4.4. Representative CW-EPR spectra of (a) as-prepared Cr:SrTiO3, (b) photodoped 

SrTiO3, and (c) photodoped Cr:SrTiO3 NCs at 4.2 K (frozen suspension) and selected 

microwave powers. Definitions for the signal intensities for the different EPR-active 

species in the different sets of spectra are included graphically in the panels.  

 

The EPR signal intensities (Y or |Y|) at 4.2 K of the Cr3+ or Ti3+ ions in the 

different samples in figure 4.4 are plotted as a function of microwave power (h1, converted 

to Gauss units) in figure 4.5. For Cr:SrTiO3 NCs before photodoping, the Cr3+ intensity 

exhibits typical saturation and rollover behavior; increasing steadily with increasing power 

until saturating at h1 ~0.06 G and then decreasing with increasing h1. The temperature 

dependence of this saturation behavior for the Cr3+ signal in Cr:SrTiO3 NCs before 

photodoping shows a steady increase in the saturation power with increasing temperature 

(see figure 4.8). However, the peak intensities of Ti3+ in photodoped SrTiO3 and Ti3+ and 
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Cr3+ in photodoped Cr:SrTiO3 both increase with increasing microwave power, but do not 

saturate even at 4.2 K. 

The data in figure 4.5 were used to estimate the magnitude of the total spin 

dynamics according to eq 4.1. 

∆𝑌 or |𝑌| = 𝑐 ∙ ℎ1 (1 +
(ℎ1)2

𝑃2
)

−𝜀

  (4.1a) 

P2 = (e
2T1T2)−1    (4.1b) 

where c is a scaler and  is a measure of line homogeneity. P2 is proportional to the 

product of the spin-lattice and spin-spin relaxation rates (1/T1 and 1/T2, respectively), and 

e is the electron gyromagnetic ratio (see eq 4.1b).  
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Figure 4.5. Normalized CW-EPR intensities (Y or |Y|) as a function of incident microwave 

power (h1) at 4.2 K for Cr3+ (red) and Ti3+ (blue) EPR signals in the following samples: 

Cr3+ in as-prepared Cr:SrTiO3 (empty circles), Ti3+ in photodoped SrTiO3 (empty squares), 

and the Cr3+ and Ti3+ signals in photodoped Cr:SrTiO3 (filled circles and squares, 

respectively). The dashed curves through the data points are best fits to eq 1a (shaded 

regions are error bars on the fits).  

 

The values of P2 obtained from the experimental fits to the power-dependence of 

the EPR intensities are plotted as a function of temperature in figure 4.6. The relaxation 

dynamics of the Cr3+ spins increase by at least a factor of two below 50 K when Ti3+ defects 

are also present in the NC. In addition, the Ti3+ relaxation dynamics show an even larger 

increase in the photodoped SrTiO3 NCs when Cr3+ is present. This latter result could be 

caused by the relative distributions of Cr3+ dopants and Ti3+ defects in the ensemble of 

SrTiO3 NCs. Furthermore, the density, speciation, and proximity of Ti3+ defects to surfaces, 

other Ti3+ centers and Cr3+ dopants is largely unknown.  
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While there is variability in the temperature dependence of the spin relaxation, the 

trend is consistent with regards to temperature and relaxation rates: (1) the relaxation rate 

is slowest for Cr3+ in SrTiO3 NCs before photodoping and increases upon photodoping; 

and (2) the Ti3+ relaxation rate increases with the presence of Cr3+.  

 

 

Figure 4.6. Temperature dependence of P2, for Cr3+ (circles) and Ti3+ (squares) in before 

(open) and after (filled) photodoping either Cr:SrTiO3 or SrTiO3 NCs. Both signals have 

an increase in the spin dynamics overall relaxation rates increase when Ti3+ is present in 

the lattice. Lines are guides to the eye. 

 

Systematic studies of spin relaxation rates of isovalent Cr3+ and Ti3+ in Al2O3 date 

back to the early 1960s.27-28 Prokhorov first demonstrated that the spin-lattice relaxation 

times of (Al1−xMx)2O3 differ by many orders of magnitude at cryogenic temperatures for M 

= Cr3+ or Ti3+. Spin-lattice relaxation times at 4.2 K for Cr:Al2O3 is ~50 ms, whereas for 

Ti:Al2O3 T1 = ~0.1 ms.27 These reported times are also sensitive to temperature and dopant 

concentration (self or resonant cross-relaxation).28 Here, the difference in P2 between Cr3+ 
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in Cr:SrTiO3 NCs and Ti3+ in photodoped SrTiO3 NCs is much smaller than in Al2O3. This 

deviation is possibly due to the polaronic nature29-30 of the self-trapped electron of Ti3+ in 

SrTiO3 versus the localized 3d1 Ti3+ ion in Al2O3. Future work to address the effect of the 

Cr3+:Ti3+ ratio on the spin relaxation dynamics are currently underway.  

In the absence of pulsed EPR measurements to directly determine relaxation rates, 

we estimated T2 by analysis of the EPR linewidth. The EPR spectra of Cr3+ in Cr:SrTiO3 

before photodoping at 4.2 K and microwave powers well below saturation were fit to the 

first-derivative of a pseudo-Voigt line profile (linear combination of a Lorentzian and 

Gaussian function). For Cr3+ in Cr:SrTiO3 before photodoping, the Lorentzian linewidth is 

found to be ΓL = 6.4 G (see table 4.1), which equates to T2 ≈ 18 ns by the relation,31 T2 = 

2/(eΓL). This value of T2 at 4.2 K is similar to reported values for Cr3+ in bulk Al2O3.32 

Using eq 4.1b and the experimental P2 value, T1 ≈ 150 µs. A strong concentration-

dependence results in a range of T1 values between 170 µs and 110 ms for Cr3+ in bulk 

Al2O3 at 4.2 K.32-33 A similar study of the concentration dependence of T1 has not been 

performed for Cr3+ in bulk SrTiO3, but for a Cr concentration of 0.05% the value at 4.2 K 

is T1 ≈ 1-5 ms.34 The faster spin-lattice relaxation of the Cr3+ dopants in SrTiO3 NCs before 

photodoping could arise from heterogeneity in dopant location and proximity to NC 

surfaces.35  

Unfortunately, accurate deconvolution of the linewidths for the photodoped 

Cr:SrTiO3 samples were complicated due to the overlapping signals of Cr3+ and Ti3+. If we 

assume that the T2 value of Cr3+ is unchanged after photodoping, then we estimate an 

accelerated T1 ≈ 70 µs for the Cr3+ dopants in photodoped Cr:SrTiO3 NCs at 4.2 K. Prior 
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studies of cross-relaxation in Cr3+,Ti3+ codoped Al2O3 have similar reductions in T1-values 

of the Cr3+ dopants at low temperatures when Ti3+ is present.28  

Previously, some of us demonstrated the introduction of Ti3+ defects could also be 

achieved in bulk Cr3+-doped SrTiO3 (and related Sr2TiO4) powders using NaBH4.36-37 After 

this chemical reduction, the Cr3+ concentration increases by an order of magnitude 

according to quantitative EPR measurements due to the reduction of EPR-silent Cr species 

to Cr3+ prior to formation of Ti3+ defects. No such increase in the Cr3+ EPR signal is 

observed at the start of photodoping (see figure 4.13). In addition, the EPR linewidth of 

Cr3+ significantly broadens after lattice Ti3+ defects are formed. We tentatively attributed 

this broadening to a magnetic interaction between Cr3+ and Ti3+, however, we were limited 

due to inhomogeneous distributions of Ti3+ and VO in the bulk material. This clear 

interaction in the current study suggests that similar broadening through cross-relaxation 

is also active in the reduced Cr:SrTiO3, but the Ti3+ defects are limited to the (sub-)surface 

layers of the bulk powders.  

 

4.3 Conclusions 

We report the efficient and reversible modulation of the spin relaxation of Cr3+ 

dopants in colloidal SrTiO3 NCs. This spin phenomenon results in the disappearance of the 

Cr3+ EPR signal at room temperature and can reappear either by (1) reoxidizing the Ti3+ 

defects in the NCs with air, or (2) lowering the sample temperature. The latter scenario also 

confirms the presence of paramagnetic Ti3+ defects. Power saturation rollover experiments 

at 4.2 K confirms the origin of the accelerated spin dynamics of Cr3+ in photodoped 

Cr:SrTiO3 to an efficient, near-resonant, cross-relaxation involving Ti3+ defects.  
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While similar cross-relaxation processes are evident between the Cr3+ and Ti3+ 

defects these SrTiO3 NCs and similar bulk lattices, these changes are quantitatively 

reversible by using only UV photons and mild oxidants. The facile generation of many Ti3+ 

defects within a single SrTiO3 NC via photodoping ensures that every Cr3+ dopant is in 

spatial proximity for near-resonant cross-relaxation processes to dominate the Cr3+ spin 

dynamics even at room temperature. This discovery introduces an interesting spin-based 

phenomenon in colloidal semiconductor NCs. We are currently investigating the generality 

of cross-relaxation to other EPR-active isovalent and heterovalent dopants in SrTiO3.  

 

4.4 Supplementary Information  

4.4.1 Materials. Strontium hydroxide (99%, Alfa Aesar), titanium(IV) bis(ammonium 

lactate)dihydroxide (TiALH 50% wt in water, Alfa Aesar), tetramethylammonium 

hydroxide (NMe4OH, Acros Organics), chromium(III) nitrate (Crystalline Certified, Fisher 

Chemical), hydrazine hydrate (N2H4·H2O, 99% Acros Organics), oleic acid (90% Fisher 

Chemical), hexanes (optima, Fisher Chemical), ethanol (200 proof, PHARMCO-AAPER) 

and reverse-osmosis deionized (RO/DI) water.  

4.4.2 Preparation of anaerobic undoped and chromium doped SrTiO3 colloidal 

nanocrystals. Undoped SrTiO3 and 0.1% Cr3+:SrTiO3 colloidal nanocrystals (NCs) were 

prepared using previously reported methods (with hydrazine hydrate).12 To prepare 

anaerobically suspended colloidal NCs for photodoping experiments, a suspension of NCs 

were precipitated with ethanol, centrifuged, and the pellet was transferred into a N2-filled 

glovebox. Two short pump/purge cycles with N2 were done to remove any oxygen and 

moisture from the sample. Once inside the glovebox, the samples were suspended in 4 mL 
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of degassed hexanes and 0.4 mL of ethanol. The resulting suspension of NCs was 

transferred to either an air-free cuvette, an air-free EPR tube, or a KBr demountable cell 

with a 0.05 mm pathlength for subsequent photodoping measurements. Reoxidation of the 

photodoped samples was done by exposing the solution to air.  

4.4.3 Physical Methods. Photodoping experiments were performed by irradiating the 

sample (in a cuvette, EPR tube, or demountable KBr cell) with light from a 75-W or 1000-

W Xe arc lamp for various times. Electronic absorption measurements were collected on a 

Cary 50 Bio. EPR measurements were collected on a Bruker Elexsys E-500 fitted with an 

ER 4116 dual-mode X-band cavity (in perpendicular mode). Mid-infrared absorption 

spectra were collected on a Varian 670 Fourier transform spectrometer using a KBr beam 

splitter and DLaTGS detector. 

 

Figure 4.7. Mid IR spectra of UD STO-A before and after photo-irradiation. There is no 

change in the absorption spectra after irradiating the sample in a KBr demountable cell 

with a 0.05 mm path length using a 1000 W lamp for 1 hr. 
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Figure 4.8. EPR spectra of AP-nominal 0.1% Cr:SrTiO3 as a function of temperature. The 

inset shows the temperature dependence of the total peak to peak line width. 

 

  

Figure 4.9. EPR spectra of photodoped undoped SrTiO3 showing the Ti3+ signal as a 

function of temperature. The inset shows the temperature dependence of the total peak to 

peak line width. 
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Figure 4.10. EPR spectra of 0.1% Cr:SrTiO3 NCs collected at 4.2 K before photodoping 

as a function of microwave power. The red and blue lines are the partitioned signals 

obtained from fitting the spectra to a double pseudo-Voigt. The Lorentzian widths obtained 

from red lines were used to calculate the actual T2.  

 

Figure 4.11. EPR spectra collected at 4.2 K of photodoped SrTiO3 as a function of 

microwave power. The red and blue lines are the partitioned signals obtained from fitting 
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the spectra to two pseudo-Voigt profiles to account for the g-anisotropy of the distorted 

Ti3+ defect. The Lorentzian widths obtained from red lines were used to calculate the actual 

T2. 

 
Figure 4.12. EPR signal intensity of Cr3 before photodoping as a function of microwave 

power at different temperatures. The microwave power in which the signal saturates 

increases with temperature.  

 

Table 4.1: Temperature dependence of the spin-spin relaxation time (T2) using the 

deconvoluted Lorentzian width from fitting each CW EPR spectra to a first derivative 

pseudo-Voigt line profile.  

Temp. (K) L, Cr3+ (G) T2, Cr3+ (ns) L, Ti3+ (G) T2, Ti3+ (ns) 

4.2 6.36  0.13 17.8  0.4 60.6  5.2 1.87  0.16 

10 6.29  0.16 18.0  0.5 53.4  3.9 2.13  0.16 

25 5.42  0.001 21.0  0.004 34.9  1.6 3.26  0.15 

50 5.14  0.17 22.1  0.7 37.2  1.9 3.05  0.16 
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Figure 4.13. Room temperature EPR spectra of 0.1% Cr3+:SrTiO3 nanocrystals in hexanes 

before (red) and after (blue) UV irradiation. Inset: reversible EPR intensity of the Cr3+ 

maximum at 356 mT under aerobic conditions in the EPR spectrometer. Note the initial 

decrease of Cr3+ EPR intensity begins immediately upon light irradiation. This experiment 

is also done for short irradiation times, which does not result in total disappearance of the 

Cr3+ EPR signal (the y-axes of the main spectrum and inset are the equivalent). This result 

is consistent with initial formation of Ti3+ and not with reduction of EPR-silent and higher-

valent Cr ions such as Cr4+ or Cr6+.  
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CHAPTER 5 

 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

 

Doped perovskites such as SrTiO3 have gained increased attention due to the vast 

potential in a wide variety of applications based on dopant induced properties. The main 

focus of this work was to investigate dopant speciation and defect formation in colloidal 

NCs compared to bulk analogs. Another focus of this work was on understanding the 

interactions between photoinduced electrons and the interactions with intrinsic and 

extrinsic defects in colloidal NCs.  

Using two modified hydrothermal methods, with and without hydrazine 

corresponding to methods A and B respectively, the incorporation of Cr3+
 into colloidal 

SrTiO3 was studied. Highly crystalline phase pure doped colloidal SrTiO3 was synthesized 

via these methods. Cr3+ was confirmed to be internally doped for Ti4+ through the use of 

electronic absorption spectroscopy, EPR spectroscopy, and low-temperature emission. For 

method A, the 4A2→4T2 and 4A2→4T1(F) ligand field transitions of Cr3+ in an octahedral 

ligand field were observed. In contrast, the ligand field transitions were not observed for 

method B, but rather a broad featureless absorption tailing into the visible region was 

observed. Regardless of the method, both showed internal doping of Cr3+ in EPR from the 

calculated g and hyperfine A values (g=1.978 and A=16.2 x 10-4 cm-1). Different defects 

were observed depending on the method used and if Cr3+ was used. The use of hydrazine 

(HH) yielded specific surface defects (O2
- when HH omitted) and when Cr was used (O-) 

identified through EPR.  

Mn-doped colloidal SrTiO3 NCs were also synthesized and investigated. Mn4+, 

isoelectronic with Cr3+ should have no need for charge compensation and therefore should 
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induce or omit certain defects. In both methods, Mn dopes into colloidal SrTiO3 NCs with 

mixed valency, exclusively at the Ti4+ site. This was confirmed through intensive EPR 

spectroscopic analyses, with corresponding the calculated g and hyperfine values to 

literature reports. There was no spectroscopic evidence of Mn2+ substituting for Sr2+ in the 

colloidal NCs. The variation in the synthesized Mn-SrTiO3 colloids, evidenced by EPR 

concluded that the Mn dopants are very easily photosensitized. Compared to high-

temperature reductions with long annealing times, this is a facile way to reversibly change 

the oxidation state of Mn. The product of this photo-induced reduction has been tentatively 

assigned to a Mn2+-𝐯𝐨
..  complex.  

To gain a better understanding of how photo-induced electrons interact with 

dopants and defects, a photodoping technique was used. In Cr-doped SrTiO3, Cr only exists 

as Cr3+ when doped into SrTiO3, as we do not see an increase in EPR intensity at the early 

stages of the photodoping process. A reduction of Ti4+ to Ti3+
 was observed under anaerobic 

conditions when a hole quencher, ethanol was used. This was verified through the deep 

blue color of the suspensions upon photoirradiation, a non-shifting near-infrared absorption 

peak centered around 900 nm, and the Ti3+ EPR signal that only appeared below 105 K. 

The generation of Ti3+ caused a disappearance of the Cr3+ EPR signal at room temperature. 

Upon cooling the sample down to low temperatures, both the Cr3+ signal and Ti3+ signal 

reappeared. The photochemically added electron did not reduce Cr3+ to a lower oxidation 

state. Instead, it was found through power saturation experiments and line width analyses, 

that a cross relaxation mechanism between Ti3+ and Cr3+ was responsible. The linewidth 

analysis provided the spin-spin relaxation time, T2 and the power saturation experiments 

provided P2, the product of T1 and T2. The spin-lattice relaxation time, T1 could then be 
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calculated. The linewidth analysis yielded a T218 ns and the power saturation experiments 

provided the spin-lattice relaxation time, T1150 s in the absence of Ti3+. In the presence 

of Ti3+, T1 was calculated to be 70 s. The decrease in the calculated T1 time in the presence 

of Ti3+ shows that Ti3+ is cross-relaxing Cr3+, explaining why the Cr3+ EPR signal 

disappeared at room temperature.  

Insight into dopant incorporation of two dopant ions, Cr and Mn and the 

corresponding defects were studied in a colloidal SrTiO3 NC following a modified 

hydrothermal synthesis. Different defects were observed depending on whether a dopant 

was used, if hydrazine was used or when SrTiO3 was photo-irradiated. The ICP data 

showed an increase in the concentration of Cr3+ when hydrazine was used compared to 

when hydrazine was omitted during the synthesis. The correlation between dopant 

incorporation and hydrazine use is evident, but the nature of hydrazine is still unknown. 

Literature reports simply state the importance of the use of hydrazine in the hydrothermal 

synthesis to only have structural influences.  The use of hydrazine was reported to have 

control over individual nanocube formation and without it, only irregular large aggregated 

particles were formed. The results of this work showed there may also be electronic 

influences on SrTiO3 with the use of hydrazine evidence from the different defects 

observed. Hydrazine is a known reducing agent and oxygen scavenger. The use of 

hydrazine could be creating an oxygen deficient environment, favorable for oxygen 

vacancy formation. The extent or validity of this oxygen vacancy formation mechanism is 

unclear and would bring light into increasing dopant or oxygen vacancy incorporation to 

SrTiO3. Looking into the role hydrazine plays during the synthesis would provide further 

understanding on defect formation when doping colloidal SrTiO3.  
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Photo-induced electrons play a huge role in the chemical reactions behind 

photocatalysis. Modulating the defects or dopants is important for the functionality of the 

material and its designated application. Photodoping is one way to probe the nature of 

dopants and defects in colloidal NCs. Photodoping Cr-doped SrTiO3 showed interesting 

spin-based phenomena that were reversible only through light and air. A cross relaxation 

mechanism between localized Cr3+ dopants and Ti3+ was found to dominate at room 

temperature. Applying this cross-relaxation mechanism to other isovalent and heterovalent 

such as manganese for the generality of the cross relaxation mechanism would allow a 

better understanding of the extent of this observed spin-based phenomena. Mn is a widely 

used dopant for magnetic applications in spin-based systems. To be able to modulate the 

relaxation time in this system is a step forward in spintronics. The photodoping of electrons 

to form Ti3+ would be a facile and reversible way to exhibit control over the spin relaxation 

dynamics.  

The problem with photodoping is the need for air free to observe the effect due to 

the detriment of holes for long relaxation times. The use of La3+ doping could potentially 

facilitate long spin relaxation times due to the introduction of free carriers without holes. 

Reports with other n-type dopants such as Nb5+ indicate a reversible temperature-

dependent switch between free charge carriers and localization of conduction band 

electrons on Ti4+ forming Ti3+. La3+, another n-type dopant, could facilitate a similar effect 

without competition for doping at the same site as Nb5+. Therefore, co-doping La3+ and 

Cr3+ could allow a temperature dependent modulation over spin dynamics in air compared 

to the limitations of anaerobic photodoping mentioned earlier. Apart from focusing on 

modulating spin dynamics in these La, Cr co-doped systems, another direction is to better 
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understand the differences in dopant induced defects for donor dopants compared to the 

aliovalent acceptor dopants Cr and Mn that have been focused on thus far. Donor dopants 

such as La3+ or Nb5+ inject extra electrons into the lattice or form strontium vacancies as 

charge compensation when La3+ substitutes for Sr2+ and Nb5+ substitutes for Ti4+ in SrTiO3.  

As such, the defects introduced should differ from the acceptor dopants previously studied. 

It is still uncertain whether ion vacancies form in these colloidal NCs compared to the bulk 

analogs. In the event ion vacancies do not form, the extra positive charge would have to be 

compensated by injecting an extra electron. The electrons injected through from charge 

compensation mechanisms for La3+ or Nb5+ doping should behave differently compared to 

photodoped electrons as seen in this study. Investigating co-doping an A-site dopant such 

as La3+ simultaneously with a B-site dopant already well studied, Cr3+ should self-

compensate itself with no further need for other defects. The use of La3+ could potentially 

function the same way as hydrazine in the synthesis and increase the amount of Cr 

incorporated into the NCs, giving more control over doping efficiency.  
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