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ABSTRACT

In this thesis, electron paramagnetonance (EPR) was utilized in measuring
and characterizing the dopant ions in three sangjléghium niobate (LINbQ). The
first sample was LiNb@of congruent composition doped with 0.25% mol ahiton
(LINbO3:Cr). This sample was studied in detail using miorowave frequencies, 9.4
GHz and 34.4 GHz. It was also studied both at reemperature and at 10 K. Several
centers including complexes of Cr-Cr pairs wereeoled in addition to the most
prevalent axial Cf center. The other two samples were LiNt\@y:Fe, one of
congruent composition and the other of stoichiommetwmposition. The congruent
composition contained 6% mol Mg and 0.02% mol Ha]erthe stoichiometric sample
contained 0.45% mol Mg and 0.01% mol Fe. The btoroetric composition contains
all the same centers observed in the congruenti@atgus two additional centers.
Since the stoichiometric material provides EPR speaf much higher resolution, those
centers existing in both compositions were charexetd more accurately from the
stoichiometric material. A discussion of modelsdopant center symmetries, dopant
positions in the LiNb@Ilattice, and the charge compensators requirecbly eenter is
provided. It is shown that charge compensatorng aaimportant role in explaining the
existence of the additional centers observed irsthiehiometric material.
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INTRODUCTION

In this thesis, electron paramagnetic resonancetrgseopy (EPR) was
conducted on three samples of lithium niobate (IO¥)b Lithium niobate is widely used
in the telecommunications industry for electro-otnd integrated optics, and is also of
interest for laser application’s.Several topics will be covered in this introdoati The
first section of the introduction deals with sevemgportant properties of LiNbg) such
as the lattice symmetry and how the concentratfontonsic defects defines the
difference between congruent material and stoicktammaterial. The second gives an
overview of the research which preceded this theBie final section explains the
basics of EPR, starting with the theory of EPR fi@ilassical perspective, and then
from a quantum mechanical approach, and finallyief bverview of the equipment

used.

Properties of Lithium Niobate

For this section of the introduction, an overvieitte LiNbG; lattice and
symmetry is given first, and then a comparison ketwthe congruent and stoichiometric
compositions is provided with emphasis placed enriportance of intrinsic defects.
These intrinsic defects are very important whersaering methods for compensating
the excess/deficiency of charge introduced by sowdlent dopants, such as trivalent
chromium and iron, and divalent magnesium.

In the ideal stoichiometric composition, LiNp@®as two molecules in its unit cell,

and this cell has the following dimensions: a 4B.Angstroms, ¢ = 13.863 angstroms.
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This unit cell is rhombohedral with R3c symmetiyhere is no mirror plane symmetry
anywhere in the LiNb@unit cell, but there is a glide mirror plane raigtthe two
molecules. This symmetry will only allow point defs with C3 or C1 symmetry.
Defects residing on Li or Nb sites will posses @3 setry (later referred to as axial
symmetry). If a point defect resides on an oxygiés it will have the lower C1
symmetry (referred to as non-axial symmetry). @ygacancies are extremely
rare, and oxygen enters the LiNbl@ttice in ideal concentrations, as predicted by
stoichiometry. Complex of defects can also haves@imetry depending on how the
ions are positioned relative to each other.

For most industrial applications, LiINB@ grown in congruent

composition, which possesses a large concentrafionrinsic defects. The most
common point defects are vacancies of both Li and?NThe most prevalent defect is

the Li vacancy. Congruent LINB®s characterized by a Li deficiency,

LT _ 45405, (1)
[Li]+[Nb]

from which it can be inferred that for each Nb which does enter the crystal, there will
only be 0.938 Li ions entering the crystalThis is sometimes referred to as a 6% lithium
deficiency.

Another common defect is Nb ions occupying Li sitesown as Nb anti-sites
(Nby). These defects can absorb photons of light greend be recharged to another
valence state. This causes changes in the matendices of refraction. This is usually
an unwanted effect, and is known as optical damage.

These are the main point defects commonly occuimnmdoped LiNb@, and all



3
the various defects can act as charge compengatarsn-isovalent dopants. The

abundance of defects makes congruent LijNb@y tolerant of high concentrations of

divalent and trivalent dopants, suchMig™ , Cr®*", andFe’. These dopants most often
substitute for Li* (MeZ" andMe®" ), however they can also substitute forNb

(Me%; andMe}: ) in cases where the material is highly doped. s€m#opants require

charge compensators. It should be expected thaththrge compensation mechanism
will be different depending on whether the dopant @ccupies a Nb or Li site.

In the congruent composition, there are enougiuhthvacancies to compensate
all the excess charge introduced by divalent amdlént dopants occupying lithium sites,
so explaining the charge compensation mechanism@a §ren center is usually not a
challenge.

However, in stoichiometric samples, the idealdattioes not provide the point
defects to act as charge compensators, and stoietric material is much less accepting
of high dopant concentrations. There are evenscaben a non-isovalent dopant will
not enter the material at all. If the dopant deeter the material, the ions will often
introduce point defects in their nearest neighbodhio create new centers not seen in the
congruent material. Figure 1 below illustrates tiNbO; lattice. Articles have been
published further comparing the properties if the materials®

The differences between congruent and stoichiometinpositions become even
more apparent when considering a codoped crystajta the two samples of
LiNbO3:Mg:Fe studied in this thesis. Consider the géaaping a crystal with one

element which adds a desired property (active dofgpand a second which suppresses
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Figure 1 — Lithium Niobate Lattice

Legend

Niobium

© Lithium

o  Oxygen
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. Niobium Anti-site

The figure above compares the ideal stoichiomdéttce on the left with the more
common congruent lattice on the right showing sofmtie most common intrinsic point
defects.

an undesired property (modifier M). In the congrueomposition, both elements would
enter the crystal independently of each other, withtifficulty finding the required
charge compensator(s), up to some extreme limit.

This isn’'t possible in stoichiometric material. efldopants may be more likely to

form self compensating complexes, suchgsM,, orA,,+M ,, meaning that the
concentrations entering the crystal are now caedlalt is also possible that some
complexes will compensate for other centers,Ag+A,, compensating some charge
forM . This can be very important knowledge for appitas requiring stoichiometric

composition material, since the application migiwédnvery specific performance
requirements and these dopant complexes can hawgaoct of the materials’

properties. It is understandable then that knogéeaf exactly how a given dopant will
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find its required charge compensator(s) can beartascientific and industrial
growers, since a very nearly stoichiometric crystal take weeks to grow. Without this
knowledge, growers are left to try varying growtdrameters, melt concentrations, and
possibly post growth reduction/oxidation steps.

Congruent LiNbQ is most often grown by the Czochralski methodlipgla
boule out of a melt of LCO; and NBOs. As mentioned before, niobium anti-sites are a
common defect of congruent material. Thesg Nites cause the congruent composition
to have a low power tolerance for optical damageyradesired effect where high
irradiance light passing through the crystal causasges to the crystal’s indices of
refraction. Thus for optical applications involgihigh power laser light, stoichiometric
material more desirable since it will possess aelogoncentration of Nh except that the
methods for growing stoichiometric LiNB@re often too expensive. Newer methods for
growing stoichiometric LiNb@could possibly address this; however these hawvtoye
see wide use in industry.

There are methods for decreasing the concentrafiotrinsic defects of
congruent LINbQ, such as using melts with an excess of Li or gostvth vapor
transport equilibrium treatment (VTE). Another e for eliminating intrinsic defects
is adding potassium @CQOs) into the melt. It is found that potassium doesenter the
crystal, and the result will be a crystal with véew intrinsic defects.

The last option is to add an element such as Mpdrdongruent composition
melt which reduces the number of niobium anti-sitél Mg taking the Li sites itself.

This effect occurs strongly once LiINb@ doped with Mg above 4.6% mol, a value
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known as the optical damage reduction thresholierd have been studies conducted
showing interesting differences between the mdgegiewn with K or Mg in the
melt.® " The congruent sample studied in this thesis wagd above this level, as well
as being doped with 0.02% mol Fe. The stoichiomsample was doped with only
0.45% mol Mg and 0.01% mol Fe, and the smaller entrations in the stoichiometric
media again reflect the lack of charge compensateigure 2 below shows the two
samples of LINb@Mg:Fe, with a 1964 quarter for size referenceclEsample was 4

mm or less on each side.

Figure 2 — LINbQ:Mg:Fe Samples

The sample on the left was stoichiometric matefiad5% mol Mg and 0.01% mol Fe),
while the sample on the right was congruent mdt@td mol Mg and 0.02% mol Fe).
The sample of LINb@Cr was congruent material, so achieving the ddsire
dopant concentration did not require any speciatitmns. However, our research
reveals knowledge about defects in the surroundihgsrtain centers found in heavily

doped LiNbQ:Cr, as will be further explained later.
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Summary of Preceding Research

Iron is always present in LiNkbs a trace impurity from the growth process. It
was also researched in LiNp®r its photorefractive propertiel? thought to be useful

for holographic memory devices. For LiNh®g:Fe, it was already well known before
this thesis that the most dominant Fe centBgls When congruent LiNbgis

codoped with Mg and Fe, it was also already kndvah Fe forms at least one new
center, but this new center had not been studieetail before, and that is one of the
goals of this thesis.

However, the presence of such a high concentrafidvig adds even more
disorder to the crystal and this has the effedtrofdening the EPR spectra, making it
difficult to accurately characterize the observedters. For greater detail and accuracy,
a stoichiometric sample was also studied. Anlargtudying the differences in the
useful properties depending on the material contiposhas been publishetf. The lack
of defects in the stoichiometric material resuftséry narrow EPR lines! This meant
that even though the stoichiometric sample onlylntithe Fe, the lines were just as
intense, if not more intense, and overlapped mess. |

Several centers were shared by both compositionkssa the stoichiometric
material can provide better data for studying asntéserved in the congruent material.
However, the stoichiometric sample contained séaglditional centers. These centers
have also been observed previously in stoichiométNbOs:Fe,*? but not in
stoichiometric LINb@Q:Mg:Fe. These centers are required in the materiatder to

achieve the desired Fe concentration, as theyawoalpunt for the main centers’ charge
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deficit by substituting at different locations. this way, these additional centers can be
viewed as an effect of the low intrinsic defect @amtration of stoichiometric material.

For congruent LINb@Csr, it was known that the most dominant center @as
also located on a lithium site, however there vadse several low intensity lines
observed. These had obvious non-axial symmetrgvi®us research indicated that these
centers actually disappear in the stoichiometrioposition and so they were initially
interpreted as single Cr ions with a non-stoichitsio&efect in the nearest

neighborhood™® Figure 3 below illustrates a center model presgitt a previous
publication, wher€r’: was observed.

However, a study of congruent LiINGQr with a wide variety of Cr
concentrations showed that these centers only apmelaigher concentrations of Cr.

This seemed to suggest that these small interiség bre actually Cr pairS. The most
likely explanation for these EPR lines then bectmaéthey belonged ©r - Cg,

since this is a self compensating pair. Indeed,dénter was studied through optical
methods™® and may be the most common configuration for thpdlrs in these samples,
but this center cannot explain the non-axial natdithe centers observed through EPR.
It is clear that the new model presented in thesifimust be used to explain all the

features of the Cr pairs observed in the EPR spectr
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Figure 3 — Previous Analysis of Non-Axial EPR Line4.iNbOs:Cr

00 O Nb Vacancy ® Possible Proton Sites ® =5

The model on the left shows a Qwith a Nb vacancy in the near surroundings, wth&e
figure on the right shows a model with\gwith an H in the nearest surroundings.

Basics of Electron Paramagnetic Resonance

For this section of the introduction, a basicadtrction to the theory of EPR is
presented. First, there is a model for an EPRm@xpat using concepts from classical
electricity and magnetism, then there is the quannechanical explanation, and last

there is a brief description of the experimentalipment used.

EPR — Classical Description

For the most basic picture of EPR, we begin witingle free electron

experiencing a uniform external magnetic field The electron will have a magnetic
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momentz, and this magnetic moment will experience a tordue toB,. This causes

the spinning electron to precess about the direaif@,. The rate of precession is the

well known Larmour frequenay ., =29—e B, whereg is the spectroscopic Lande g-
m,

factor, eis the charge of an electrom,is the mass of an electron, aBds the

magnitude oB,. For the free electrorg = 2.0023, however for ions in materials the

effective value can deviate largely from the frese®on value, and in the most general

situation g is a tensor.

- )
The electron’s dipole moment is equajto= -9, S, whereu, =|26|—
m,

(or 4z =—— in Gaussian units) is the Bohr magneton &ni$ the spin of the electron.

efh
2mc
Classically, the energy of the dipole By will be equal tH, = -7z, + B, = B, * [z, which
is equal tH, = -gx,B, * S. This suggests a continuum of possible energyesalbut

from quantum mechanics the componagtof S in the direction ofB, can actually

only take two valuesin, = i%, leading to the convention that electrons are epe+half
particles,S:% . For ions which can have higher magnitudes of,sp, can take 2S+1

different values.

: . . 1
Since the charge of an electron is negative, wingr +§ the component of the

dipole fz,in the direction ofB, points opposit8,, requiring more energy. Assuming
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that the electron is initially precessing in theslenergetic mode, we can drive the

electron into precessing in the higher energy maileg a second magnetic fied

which oscillates with frequenay in the plane perpendicularBy. B, will successfully
drive the electron into the more energetic moderetession when equals the
Larmour frequency. This is known as the resonaooelition, and the energy absorbed
by the electron will be equal to:
hv = g4, B, . 2)

This was for a free electron; however when we dathl real ions inside
materials, there can be additional fields which tddr subtract from the fiel@, which
we apply externally. This means that the EPR rasoa condition for the ions’ electrons
will be met for different values @&, , giving rise to a shift in the effective valuegf
From this information we can learn about what ellde electrons are experiencing from
their surroundings. In fact, this shift will degkon how the material is oriented with

respect toB,, and so the most general treatment gsas a tensor.

EPR — Quantum Mechanical Description

From quantum mechanics, it is accepted that elestpossess an intrinsic spin

S=1. Also from quantum mechanics it is accepted ¢ini¢ one component of the spin

vector can be known due to the non-commutativeiosiships of the relevant operators.

The component which is effectively measured in BRExperiment will be the

component ofSin the direction oB,, customarily taken to be the z-direction. This
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component is denotex,. This componenim, can only have values in units oftr.
Accordingly, the energi, = L5>0- H.can only have discrete values.

In the classical picture the term precessional nveaie used, here we must speak
of spin eigenstates &f,. Then, the fieldB,will give rise to a perturbation
potentiaH .. If B, =cos(2wt ), thenH ., = g/.S, cos(2wt ). Here, the
operatoiS, =S, +S_ is defined using creation/annihilation operators
S, =3(§+i§))andS_=3(S, -iS,). This perturbation potentidll _, provides the
required energy for transitions between the twa spgenstates ¢1,. The probability

of transitions between spin states is proportiemal

(s+1H o [) =g cos’ (2mt )B 6+ 1)-s 6+ 1) (3)

and
(51{H |8 =5 70%2 cos (201 ) 6+ 15 6= ) @

In most EPR experiments, the frequencys held constant, and then the
magnitude ofB, is varied. WherB, is at the required value according to the resomanc

condition, eq. (2), the transition from lower enegygenstate to higher energy eigenstate
can occur and this can be detected as an incnedise rate of microwave energy
absorbed inside the spectrometer resonant cavity.

This most basic picture of EPR was for a singleteda&, subject only to magnetic

fields B,andB,, however for actual ions in free space therese e possibility of fine
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structure or spin-orbit interaction which splitg thegenerate energy states even before

the application oB,. There could also be hyperfine interaction betwite electron

cloud and the ionic nucleu8e Ae |, wherel is the nuclear spin vector aAds the
hyperfine interaction tensor. The magnetic isosojoe both Fe and Cr are of relatively
small concentrations and for these ions the hypeifiteractiorAis too small to be
resolvable.

Even for free, neutral atoms, the spin-orbit caupimeans that different orbitals
which were previously thought to have the sameesbf energy are actually non-
degenerate. The brief derivation given here véogaly follows that given by

Gasiorowicz}’ When an electron moves with velocitythrough the electric field

E produced by its nucleus, it experiences an additioragnetic field given by

5 _~VxE T de(r)

=—-1lyx

r dr

0N|H

(5)
whereg(r) is the electric potential due to the nucleus. Wdat this potential only in

terms of Sand L. Using 1, = —;ﬂg S with g ~2 so thafz, = _en S, and also the
m m

definitions of linear momentunp , and angular momenturn:

e |_3,SO :ﬂ é.vxrédqa(r): ezhz Se pxridqo(r) (6)
T m cr dr m-c r dr
_ e 2 ~1dgf(r)
=-—— SeL=- . (7)

m-c r dr
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Using the potential due to the nuclexs) = ze ,
47E Y
< 1 zZeh SeL
_lus *B= 3 (8)

m’c® 4rE, r
This is not quite finally correct; the relativisfihiomas precession factor must be

included, which multiplies the above %y

Finally, there is the interaction between the iod the material crystal field. For

both Cr and Fe in LiNbg) this will actually have a greater effect than atiyer (before
the application oEo) on the correct energy levels for the ground stafehe ions. This
will lead to EPR spectra having a strong dependendhe sample’s orientation with
respect to the externg| field.

Rotating the sample with respect to the directibthe external magnetic field is
the only option for completely characterizing tlifeets of the crystal field. This is
usually done by scanning EPR spectra with one ordegree steps in all three planes so
that the complete angular dependence of the EP&rapman be observed. The final
collection of spectra combined from all three pkarseoften referred to as a road map.
Figure 4 below illustrates the three rotations, relée andg are polar and azimuthal
angles.

Next, it is necessary to deal with the ions’ elegic configurations, which
determine what spin the ions have. Neutral chramsian exception to the Aufbau

Principle and has the ground state configuratio3d#&4s'. Then C* has the electron
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Figure 4 — Road Map Rotations
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The figure above illustrates the three ninety dego#ations, one about each axis, which

must be studied in order to completely characteheeeffects of the crystal field.

configuration [Ar]3d4s" which hasS=g. F€* has the configuration [Ar]3d<’, which

hasS=—. These are high spin ions, and they can be efidzy many different fields

within a sample. Interactions between the high gms with other nuclei and magnetic
fields are described using the relativistic spimtitonian of quantum mechanics:

H = ﬂBBZ g®"s® +Z Bgog(s<‘>) + Z s 3 gk

i i,pq i>k (9)
_gz LD g o 4 Z QeO(1Dy + Z s Al ()
n n p—p
j i.pq ij
Here, I is the nuclear spin vectoy, is the nuclear magnetonand k are the
electron spin numbers,is the nuclear numbeB are parameters for the internal crystal

field with p=2,4,6and -p<qg< p, O3(S) andO)(l) are irreducible tensor operators,

Qp are parameters for quadrupole interaction, andljideand Aare the tensors for

exchange and hyperfine interactions.
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The first term accounts for Zeeman interactions,sicond accounts for the
effects of the crystal field, the third is importdor analyzing the spectra from the Cr
pairs since it accounts for exchange interacti@ia/éen two spin-magnetic ions, the
fourth accounts for nuclear Zeeman interactiors fifth accounts for nuclear quadrupole
interactions, and the last accounts for hyperfimeractions. If these spin matrices have a
rank higher than 2S, and then they vanish. Theifspepin-Hamiltonians used for Cr
and Fe are thus comparatively simplified, and balldiscussed later. As it is, the
number of parameters required to accurately fitoibgerved angular dependences can be

huge. For further information on the spin-Hamilton see references 18, 19, and 20.

EPR — Experimental Equipment

There are many different makes and models of EfeRtometers, but the
majority of them share many of the same basic esnelo begin, there is a microwave

energy source which provides the oscillafifield, and this is connected via a

waveguide to a resonant cavity. This cavity is weltee sample is mounted, and the
cavity creates a standing wave out of the microvemergy, rather than a travelling
wave. There are various modes and sizes of cavitizide use, and the frequency of
microwaves from the source must match the resdneauiency of the cavity. The
process of matching the frequency is called turamgl the goal is to achieve the highest
possible quality factor. Then, this frequencyesdhrconstant during the EPR
experiments.

Next, the cavity should be in between two largetetenagnets which are

powered by a current source. The current soutoesiffor the strength of the external
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B, field to be scanned over the desired ranges foexperiment. The current can be

very high (=50 — 100 amperes), meaning that the electromagretsommonly water
cooled. Finally, there should be some method adnaing the spectra as the external
field strength is swept.

The spectrometer used to study both LiNiM@:Fe samples was a Varian E-109,
and theB, field was introduced using a standing wave ireagverse electric mode

(TEio02)produced within a rectangular cavity. The frequencemitted from the
microwave bridge was in the X-band range (9.4 GHm)duced by a klystron source. In
the TRo2,mode, the electric field of the microwave energgiltetes horizontally with a

node at the sample location, while the magnetid fiscillates vertically with two nodes

and at the sample location there is an anti-nod#lating vertically, perpendicular 8, .

The EO field was provided by current coils creating afam horizontal field at the

sample location.

The Varian E-109 is an old spectrometer, originhlijit well before the
information age. It is now equipped with a Platfidndependent Data Acquisition
Module (PIDAM) from Scientific Instruments. Thiaws for the spectra to be recorded
digitally and analyzed using software developedPlof. Valentyn Grachev for use by
members of Prof. Galina Malovichko’s group. FigGreelow shows the Varian
spectrometer.

For the LiNbQ:Cr sample, an ultra-modern Bruker Elexsys E56@tspmeter

was used. This spectrometer has the ability tdyre double thB, field strength, which
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allows the use of highéifrequencies. Two microwave bridges and cavitiesewsed,

one was a cylindrical X-band (9.5 GHz) supercaasityg the other was a cylindrical Q-

band (34.4 GHz) cavity. Both microwave bridge$izgimicrowave diodes as sources.

Figure 5 — Varian E-109 EPR Spectrometer

J——.:#[“‘ [ h [
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The upper picture shows from left to right the tcohconsole with the PIDAM on top of
it, then the microwave bridge with the brass wawdgugoing down in between the
electromagnets, and finally the current supplytha electromagnets. The lower picture
shows the computer monitor next to the control otmand the PIDAM.

Both cavities have liquid helium cryostats, whictakle them to conduct
experiments at very low temperatures, ranging #o2K up to room temperature.
Finally, the spectrometer has two cavities capabEENDOR experiments, but these

were not utilized for this thesis. This spectrometas of course designed with

computers in mind and the spectrometer is operaet) software created by Bruker.
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The data is then converted to a more useful foandtanalyzed using the same software

package as for the Varian spectrometer. Figute@s the Bruker spectrometer.

Figure 6 — Bruker Elexsys E560 EPR Spectrometer
ru -' we |__. R { 'E'E. | i =

| Microwave bridges

Gas flow and
temperature
_ controllers

frequency
amplifier

Computers
and

s.:;1 Ry e\
Dewar with 'r . : monitors
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The figure above shows the Bruker spectrometer goegp for low-temperature
experiments. Both microwave bridges can be seeuneathe electromagnets, as well as
the liquid helium dewar and transfer line. Theioadequency amplifier is used for
ENDOR experiments, and not utilized for this thesis
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DATA & ANALYSIS

For this thesis, hundreds of spectra had to bededo For each sample it was
necessary to scan the entire angular dependernug arsé or two degree steps. Rotating
through 90 degrees in all three planes gives &abtE35-270 spectra per sample. The
congruent LINb@Mg:Fe sample was studied using two degree st&gisgfrectra), while
the stoichiometric LINbD@Mg:Fe sample was studied using one degree st@&ps (2
spectra). The congruent LINB@r was also studied using one degree steps farXot
band (9.5 GHz) and Q-band (34.4 GHz) (540 spectra).

This totaled almost one thousand data files. Adke spectra were then treated
using the “Visual EPR” software package, a coltatof several programs used
exclusively by members of Prof. Galina Malovichkeésearch group, developed by Prof.
Valentin Grachev. To begin, start with a singlectrum and find the centers of all EPR
spectroscopic lines by setting proper analysisrpaters in the software. The program
“VIEWSpec” does this, creating a data file withdinenter positions for that first
spectrum. This is called peak picking, and it goed and records the line centers, widths
and intensities.

Luckily, once proper parameters have been setrferspectrum, all the rest can
be analyzed automatically using the same paramet@mse this is done, then all the
information about line centers from every spectf{tnom a single sample) is combined
into a data file known as a road map. This roag shows the angular dependence of
the EPR spectra.

The next step is to fit the experimental angulgresielence with a calculated one.
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This is how the values of g-tensor and crystatfedements are determined. To better
explain this, the steps taken to analyze the data £iNbO3:Cr are shown in detail.
Then the special steps taken to deal with the teraetion pairs are shown. Then, the
results from LINbO3:Mg:Fe are presented, since As&+high spin ion, and the presence

of so many lines in the stoichiometric material emk difficult to take in at once.

Results from Congruent Lithium Niobate Doped witlr@nium

In the LiNbGs:Cr sample, the main features observed with EPR attributed to
the previously researched main line of'Cwhich hasS:g. Figure 7 below shows

representative spectra from both the X-band ané@@trequencies, for two sample
orientations each. The most intense line in adcspa is due to the main Cr center,
however once the spectra are recorded with greattgased gain (“zoom” factor), the
small intensity lines can be seen. These linegwer main focus for this thesis. The left
side of Figure 7 shows the entire spectrum, whigeright side was recorded using much
higher gain illustrating the small intensity linefsgreatest interest.

The sample was initially mounted in the microwasganator so that its
crystallographic z-axis was parallel By. This resulted in the black spectrum in Figure
7 above. Then the sample was rotated about thiealeaxis by one degree, and another
spectrum was recorded. This was repeated for an8thspectra until the crystal’s y-

axis was parallel td,. This last spectrum is the red spectrum above.

To better illustrate this process, Figure 8 on pgagshows all the spectra

recorded for LINb@Cr using the Q-band (34.4 GHz) frequency in oraael Each blue
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Figure 7 — Representative Spectra From Congruétt@B:Cr
EPR Spectra (X-Band, 9.5 GHz)
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Each plot in the figure above displays a spectruth ||z in black and a spectrum with
Bolly in red. Upper left:low gain X-band, upper tighigh gain X-band, lower left: low
gain Q-band, lower right: high gain Q-band.

line is a single EPR spectrum like the ones shavava in Figure 7, and each line is a
spectrum recorded at a different degree. Compdiigugre 7 and 8, it may be possible to
discern that the bottom spectrum of Figure 8 iglaimo the red spectrum ¢By) in the
lower right side of Figure 7, and the top spectafriigure 8 is similar to the black
spectrum (B||z) of Figure 7. Figure 8 is actually the angdlependence in the zx-plane,
however, due to the symmetry of the LiNpl@ttice, spectra taken with B||y will look

almost identical to those with B||x, as will becomere apparent in the figures to come.

There are actually over 100 degrees recorded aptagied in Figure 8 to ensure
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that both axes were included in the angular depeeleWhen every spectra is displayed
side by side in this way, it is possible to see hlogvspectra change as the sample is
rotated. This collection of spectra is called adranap, but a complete road map should
include the angular dependences from all threegslan
In this sort of EPR spectroscopy, we are interestexkactly what magnitude

of B, was necessary to satisfy the resonance conduiospin state transitions. While

Figure 8 is good for explaining what an angularedgfence means, it is not very good
for determining the values of all the parametere@f(9). For this, the program
“VIEWSpec” is crucial. Figure 9 shows the samecsjzeafter they have been treated
using the “ViewSpec” software.

“VIEWSpec” creates a picture like Figure 9 by markihe center of each EPR
resonance line with a black symbol, and repeassftiiall spectra of a given plane. lItis
most important to note how the black symbols iruFeégd below create lines which are

identical to the most intense features of Figurd Bese features belong to the most
prevalent center in LiINbO3:Cr, the ma@ir>*, which was studied previously.

Figure 10 on page 25 shows the same plot as Fgyurmet highlights how the
axes (red lines) of the crystal can be identifiesing the fact that the resonance lines are

usually at a local maximum or minimum magnitudeBgfwhen the crystal axes are

parallel with the externdd,. The small diagram to the right side in FigurdlliGtrates

that these spectra were recorded by mounting tin@lsan the microwave resonant
cavity so that the crystal y-axis was vertical, #meh rotating about this axis in the z-x

plane.
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Figure 8 — Spectra Recorded in ZX-Plane of CongruitbOs:Cr
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The figure above displays all spectra from the e of LINbO3:Cr. Note: top and
bottom spectra here are similar to the black addspectra in Figure7, lower right.

Figure 9 — Initial Treatment of Spectra Using “VIBpec”
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The figure above displays the same spectra asd-Rjafter they have been treated using

the “VIEWSpec” program. Note: the symbols herarfdines which are identical to the
main features of Figure 8.
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Figure 10 — Determining the Axes in a Single Plane
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The figure above illustrates picking out the axethe z-x plane by finding local maxima
and minima, which correlate to having an axisasafiel to B.

Figure 11 below shows this final road map for Qbaifhis figure was made
using parameters in “VIEWSpec” which mark the cesitd as many spectroscopic lines
as possible, as are all future road maps presemteds thesis. Note that the zx- and zy-
planes look very similar; this is due to the synmnef the LiINbQ; lattice. Also, many
lines do not exhibit an angular dependence in thplane. These lines belong to axial
centers. The figure also shows green lines whietewreated using a computational

calculation for the angular dependence, after phe-Hamiltonian parameters were

properly fitted.
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The figure above shows the final road map of LiNI&D using the Q-band frequency.
The green lines were produced using a computerlaiion for the angular dependence,
after the terms of eq. (9) had been properly fitted

To create the calculation shown in green on Figdrabove, the following spin-

Hamiltonian was used:
N - 1 { )
HO_/'{BBO.g.S-i-T' (10)
where g = spectroscopic g-tensSnz,g for Cr*", b, =parameters of crystal field and

0)(S)is the irreducible tensor of electron spin. Thasethe only non-vanishing terms

of eq. (9) for C¥' in LiNbOs. The best fitting was achieved using a zero-fighiting of



27

0.784 cnt, g = 1.995 .005, ‘bg‘:O.SQJi 0.001. Again, this is for the main axial®tr

center, which has been previously studied.

Figure 12 below shows the final road map for X-béh8 GHz) after those
spectra had received the same treatment as the®@spactra had, as well as a
computational calculation also in green using traes parameters as in Figure 10, only
with the different frequency. It can be seen thase parameters also fit the data for the
most intense lines very well, providing good camftion that the parameters of eq. (10)

have been accurately determined.

Figure 12 — X-band Road Map for Lle@r
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The figure above is the road map of LiNDCr using X-band. The green computer
simulation lines used the same parameters as urd-igl with the new frequency.
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Figures 11 and 12 show good agreement betweenxpegimental data and the

calculated angular dependence. However, it issden that several features do not
belong to the main axialr’" center. Also, the fact that some features shayulan

dependence when the sample is rotated about te&blographic z-axis indicates that
these features belong to centers with non-axiahsgtry. Initial analysis indicates that
these centers could be complexes with single G wath a non-stoichiometric defect in
the near vicinity, or Gf-Cr** pairs.

One possible model to explain the position of thegin the lattice is for them to

consist of one Cf on a lithium site Cr**) and the other on a niobium sit€if}). These

are self-compensating nearest neighbor pairs, @agesthought to be the most common
pairing of Cr ions. However, this model cannotlexpthe observed spectra since this
model is an axial center.

Another model involves next nearest neighbors Witth CF* ions on Li sites*
This would leave an excess of charge; the modelgnmted in this thesis uses a Nb

vacancy as a nearest neighbor of one of the Crf@rsharge compensation. This

overcompensates for the excess charge broughel@fi-CrX pairs. This final lack of

charge can also compensate the main &xjal allowing even more Cr to enter the

crystal, or simply be accounted for by one of thenLi” vacancies.

The position of the Nb vacancy is not randomlyribstted around the Cr-Cr pair;
if it were, it would cause these Cr centers to haueh broader lines. Since they have
widths narrow enough to be comparable to thossifgle Cr centers, the Nb vacancy

therefore must have a consistent position for egenter. The model presented here
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suggests that it is along the z-axis above or belogvof the Cr-ions. Figure 13 below

illustrates the two models for Cr-Cr pairs.

Figure 13 — Possible Models of Cr-Cr Pairs in LINKD
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The figure above shows the two models for Cr-Crsai LINbG;:Cr. The left model
can be observed using optical techniques, but ¢aexpmain the non-axial nature of the
centers observed with EPR. The right model is sttpd by the data of this thesis.

Figure 14 below shows an early attempt at fittimg pairs observed using the X-
band frequency; it can be seen that this calculaimwn in blue used an axial symmetry
by the lack af angular dependence in the xy-plar@better fit the actual behavior of the
EPR lines, a good understanding of how the spinthiatwo ions add together is
necessary.

Figure 15 on page 31 shows how the spins of hydroages add together. For
calculating the angular dependence of two ions $/itis, :g such as Cf, the problem

becomes more involved, since there are more pessbllts for combining two spin
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Figure 14 — Initial Calculation to Fit Parameteys €r-Cr Pairs
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The figure above shows an early attempt to fitdata from LiNbO3:Cr using X-band.
The blue lines are a computer simulation usingaal aymmetry, which cannot fit the
observed behavior of the EPR lines.

momenta into total spis,, =S, +S,. According to the theory of angular momentum

summation, total spin can have the following values

3 3 3 1 3
=2+2=3 S4+-=2 -
o 2 2 2 2 2

1. 1, and 3

A S O (11)

N Illoo

Therefore, there are four energy levels charaadriy their values of total spin
Si2. In general, distances between these four l@azide described by three
independent parameters. In crystals, the charsiiterof exchange interactions can be

positive or negative and become tensors. Tensoponants are determined from the
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Figure 15 — Breif Diagram lllustrating Key Concefiis Pair Interaction
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The figure above shows several key concepts for pderaction. The plots of
¥,, ¥, [¥,|, and|¥ | show how the hydrogen ground state wavefunctions su
together for bonding and anti-bonding. The enatiggram to the right of those shows

that there will be a difference in energy depenainchow the wavefunctions add due to
the exchange interaction.
sequence, positions and splitting of these enengsls.

The energy levels of two &rions can be described by the following spin-

Hamiltonian with reasonable accuracy:

H, = 4B S, +S,) +b5,05(S) /3+b%,0%S ) /3+S [J .5 (12)
where J,, is the exchange interaction tensb}, and b}, are the characteristics of

crystal field in the locations of chromium ionsr(fastance, Li and Nb substitutions). It
is also possible to describe the same energy léyalsing the effective spin-

Hamiltonian for every value of total spin:
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Ho= 4B+ Y BY(S)ON(S)/3+ ¢(S)0)(S)/3. (13)

k=2,4,6;0=0,1,..k k= 2,4,69= 1k,
Figure 16 below shows a much improved computatioakgulation for the Cr-Cr pairs

using this spin-Hamiltonian in blue, as well as t&n axial Cr center now in magenta
including the theoretical behavior of the linesanges ofl_3>0 not actually experimentally

recorded.

Figure 16 — Improved Fitting of Cr-Cr Pairs in Li®aCr
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The figure above shows an improved computationahukition using the spin-
Hamiltonian of eq. (13).

According to the theory of exchange pairs, the e@afib) (S) must be close to

b;),A + bgb 0 0 H : H
— g whereb, , and b, ; are axial crystal field parameters of the first a@cond

ions in the pair. A pair consisting @f>* with b ;= 0.387 crt and Cr3; with b, =
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0.0215 crit, should haveb(3) = (0.387+0.0215)/5 = 0.082 cnwhereas a pair

consisting of twoCr>" should haveb?(3) = 2*0.387/5 = 0.155 cih The last value is
very close to the measured value of 0.164 ctnerefore we can now say that the
observed pairs are complexes of t8g" — Cr;*. This confirms the model which uses a

Nb vacancy for charge compensation, with the vacahgays on the z-axis in the
complex.
The Table 1 below displays the Parameters of threl$amiltonian for chromium

pair in the S = 2 state.

Table 1
Spin-Hamiltonian Parameters for Cr-Cr pairs obsg¢vgng EPR
Parameter Value
GO0 1.97000
G20 0.00001
G22 0.00001
b20 -280.000
b21 1.000
c21 240.000
b22 40.000
c22 1.000
b40 640.000
b41 1.000
c41 -340.000
b42 800.000
c42 1.000
b43 1.000
c43 -500.000
b44 -1200.000
c44 1.000




34

Results from Lithium Niobate Codoped with Magnesiama Iron

Iron in lithium niobate usually comes in two chasgates: F& and Fé&".
However F&" is not observable by EPR for two reasons. Hfst, has orbital

momentum L=2 and thus a non-zero orbital mometis hteracts strongly with the
crystal field even without the application®f. The energy of the applied microwave B
is much smaller than the zero-field splitting betwenergy levels withm, = +1.

Second, EPR transitions between the doublet levieish do not split due to the crystal

field are forbidden since for these stafgs, = +2. F€" however has L=0, and S=5/2. It

is therefore concluded that all Fe observed by BReFe F&*.

This higher spin brings its own problems, howesgerce the spin — Hamiltonian
will require more non-zero terms. The spin — Héonilan will have rank 25+1 = 6.
Since the zero field splitting and Zeeman splitang now comparable, the energy levels
cannot be calculated by perturbation theory. Agtie special software developed for
use by members of Prof. Galina Malovichko’s resegmoup is absolutely required to
numerically diagonalize the spin-Hamiltonian matsc For G symmetry, the spin

Hamiltonian has the form:
H, = 1B, [ 5+b203(S)/3+b%0(S)/60+bJ0:6)/60+c N :6)/60  (14)
while for G, symmetry, the spin Hamiltonian will include thédldaving terms:

Ho =B, @B+ Y bjO3(S)/3+ D ciQi(S)/3
g=0,1,2 q=1,2
+ > bi0oj(S)/60+ > ciQ](S)/60

0=01,2,3,4 g=1234

(15)

The calculation of energy splitting for when thgstal axes z and y are parallel
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to L5>O are shown below in Figures 17 and 18 (having =lferto By looks identical to the

splitting when vy is parallel, and so is not shown).

Figure 17 — Energy Splitting for Fein LiNbO3z With Bo|ly
fxial Fat in LiNGOS:N
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The above figure shows a computer simulation ofetiergy splitting as functions obB
This was now necessary due to the large interaetiimthe crystal field.

The fact that F& has S = 5/2 causes some interesting features iBRIR spectra
not observable for Gf. The b}0Z(S)/60 term has the effect of splitting lines in the zx
plane, and thelQ’(S)/ 60term leads to an asymmetry in the zy plane. Tisétérm

technically gives an asymmetry in the zx plane,tbigtis undone by the glide mirror

plane of LINbQ. The observed angular dependence in the zx pldhlee a
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Figure 18 — Energy Splitting for Eain LiNbO; with By||z
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The above figure shows a computer simulation ofetiergy splitting as functions ot B
This was now necessary due to the large interagtitimthe crystal field.
symmetrical sum of asymmetric dependences.

Several representative spectra from the congr@enpke are shown below in
Figure 19, illustrating the asymmetry describedvabdNote the very broad and often
overlapping lines due to the intrinsic defects additional disorder introduced by the
presence of Mg.

To better characterize the lines observed in tingieent sample, a stoichiometric
sample was also studied. Figure 20 on page 38shawmparison of spectra from both

samples, for the same sample orientation with tgpeB,. Note that the figure

normalizes the intensity of the spectra; the naerowed line from the stoichiometric

sample was also more intense.
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Figure 19 — Representative Spectra From Congruéti@s:Mg:Fe
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The figure above shows several spectra from thgreemt sample of LINb@Mg:Fe. In
the bottom plot, the two spectra are recorded @@ads from each other, equal distances
from an axis, and yet are not equivalent. Thisramsetry is due to the presence of an
oxygen ion, and detectable now by Fe3+ due to idgfie $pin value.

To fully appreciate the greater detail offered Ihg stoichiometric sample, Figure
21 on page 39 shows the same spectrum that appeadsabove by itself on the left,
and on the right it was recorded with much gregéen. Note that the lines are much
more narrow, but that there are also several amtalhsity lines. These belong to
additional centers other than the main axial center

To confirm that the spectra from the stoichiomesample could be used to aid in

characterizing centers found in the congruent sanipgure 22 on page 40 overlays both

road maps. Note the similarity of many featureshsas the non-axial behavior of
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Figure 20 — Comparing EPR of Congruent and Storokioic LINbO3:Mg:Fe
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The figure above shows a comparison between thetrapgom the congruent and the
stoichiometric LINbO3:Mg:Fe. The red spectra wésoamore intense, but this plot
normalizes the data set so that the differenceidthacan be seen, most notable around

200 and 500 mT.

I
0 200

certain lines in the xy-plane, but also the mamgitazhal lines observed in the
stoichiometric sample.

For fitting the data, the main axial center wastfaharacterized approximately 40
years ago. This center is referred to as Felreldme also Fe3 and Fe4 observed in the

stoichiometric sample, which are attributedRe; . It is not clear exactly what makes

Fe3 different from Fe4. Itis accepted that them®ers occur due to the lack of charge

compensators, and also compensate the main axiarce
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2500 —

Figure 21 — Spectra from Stoichiometric LiNbRIg:Fe
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The figure above shows the entire spectrum on dfteahd a spectrum recorded using
much higher gain for the same sample orientatiblote the abundance of small lines
visible in between the large intensity lines.

Figures 23-27 on pages 41-44 show the experimevddlmap for the
stoichiometric sample overlaid with calculated dagdependences for Fel,Fe3 and Fe4.
There is also a center known as Fe2 which was tg@gidied several years ago, which
appears when LiNb{s codoped with Fe and Mg. It is accepted that IFe 3 and F4
are axial centers of single Fe ions, but the natfifé=2 is not so well known. The road
map of the stoichiometric sample shows at leasthmmeaxial center. This center is also
entering congruent LiINb$£Mg:Fe, and is probably Fe2. The last figure aigerlays all
calculated angular dependencies for Fel, Fe3 athaiie has arrows to indicate lines
belonging to at least one non-axial center.

The lines highlighted with arrows above belongttteast one non-axial center.
These could be explained by complexesef, with two Mg?". This complex would

completely compensate all charges. However, thésis has not yet progressed to the

point where this model can be proven.
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Figure 22 — Overlay of Road Maps for Congruent tadchiometric LiINb@Q:Mg:Fe
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The figure above shows the road map from the c@mgrmaterial in magenta,
road map from the stoichiometric material in bladkote that in the x-y plane, the non-
axial lines observed in the congruent material matg well with the lines observed in

the stoichiometric material.

z

and the

Table 2 below displays parameters of the spin-Hamén for axial Fe3+ centers

Fel, Fe3 and Fe4. Table 3 below displays a cospanf the values of axial crystal

field b,° parameter for several dopant centers, which canbsasurprising amounts

depending on the ion’s location.
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Figure 23 — Data and Computational CalculationFet
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The above figure shows the data from stoichiomelildbO3:Mg:Fe as well as a
computational calculation of the angular dependarideel, first observed over 40 years

ago.
Table 2
Spin-Hamiltonian Parameters for Fel, Fe2, Fe3
Parameter
Center g 0 [ by’ by’ s
Fel 1.995 0.012 1768 -49 +650 -380
Fe3 2.005 -0.001 495 -59 +1400 860
Fe4d 2.004 -0.004 688 -41 +420 380
Table 3
Comparison of the Axial Crystal Field Parametgrfor Several Centers
Center
Crystal Mn; Cr Crnb Fa; Few Fe2
LiINbO3 0.088 -0.387 0.0215 +0.166 0.485 0.068
LiINbO3:Mg <0.01 0.042 <0.06
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Figure 24 — Data and Computational CalculatiorFe8
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The above figure shows the data from stoichiometildbO3:Mg:Fe, as well as a
computational calculation of the angular dependevicé-e3, observed previously in
stoichiometric LiNbQ.
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Figure 25 — Data and Computational CalculatiorFe4
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The above figure shows the data from stoichiomelildbO3:Mg:Fe as well as a
computational calculation of the angular dependesicé-e4, observed previously in
stoichiometric LINbQ.
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Figure 26 — Data and All Calculations with Highligtior Non-Axial Center
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The above figure shows the data from stoichiomdtidbO3:Mg:Fe as well as all the
computational calculations of angular dependeni€es,in green, Fe3 in red, and Fe4 in
blue. This figure makes it easy to see that tlaeeestill some centers unaccounted for,
most importantly at least one non-axial centerhliggpted with arrows.
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CONCLUSIONS

The stuctures of several centers in congurenuhthniobate heavily doped with
chromium, congruent lithium niobate codoped withgmesium and iron, and finally
stoichiometric lithium niobate codoped with magoesiand iron were investigated and
characterized. These materials are importantderin industry; chromium was
investigated for possible use in lasers, and iras imvestigated for its photorefractive
properties, particularly for possible holographiemory uses. Understanding how
dopants enter the materials can have a useful ignpaticularly for those applications
requiring stoichiometric LINb@ where explaining the methods of charge compensatio
becomes more complicated.

The use of EPR to investigate these materials datagled information on several
aspects of these dopant centers. In the heavigalaiNbQ::Cr, there were several lines
attributed to chromium pair centers in additiorttte main axial CGf center. These
centers had not been previously studied in degiice these centers exhibit an obvious
angular dependence in the xy-plane, they must bdlmfow symmetry centers.

The initial model for the pairs as occupying Li axid nearest neighbor locations
would produce and axial center, and so it cannpla@x the experimental results. The
most likely model of chromium pairs has both orsiteés does explain the angular
dependence. This would require +4 charges forgsroparge compensation. This can
be explained by one Rbvacancy, or 4 Livacancies. Since the linewidths of these
centers are the same as for singl& €enters, the option of 4 Li vacanies in the

surrounding of the Cr-Cr pairs is less likely siticese vacancies would be randomly
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distributed around the center, and this would beoattie EPR lines.

In stoichiometric LINbO3:Mg:Fe, three axial centargl at least one non-axial
center were identified. If there is a second neiadacenter present, this would now be
called Fe5. This was possible because: firstabk 6f charge compensators requires that
they exist in the material in order for the desicedcentrations of dopants to enter the
material, and secondly because the lack of intridsfects gives better resolution and
sensitivity for EPR lines. This analysis can helpre accurately characterize Fe2 in

congruent LINb@Mg:Fe.
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