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Abstract:

This thesis reports laser spectroscopic studies of stoichiometric EuVO4 and isomorphous compounds.
Electronic and hyperfine stmctures have been used to study the electron-phonon coupling and the
nature of the lattice defects.

Conventional absorption, fluorescence, and Raman scattering spectroscopy was used to study the Eu3+
energy levels of EuVO4, EuAsO4, Eu3+:YVO4, Eu3+:LuV04, Eu3+:YP04, and Eu3+TuPO4. Crystal
field calculations were also carried out for these compounds. The Eu3+ 7F1 singlet levels in EuVO4
and EuAsO4 were found to exhibit Davydov splittings, a result of the ion-ion interaction in the
stoichiometric compounds. The Eu3+ 7Fj 2 doublet levels all have anomalously small Lande g factor
for the vanadates and EuAsO4, a result of the dynamic Jahn-Teller effect due to electron-phonon
coupling.

EuVO04 had been found previously to have over 50 satellite lines in the 7F0 - 5Dq region, each line
corresponding to a distinct defect site. Defect line maps were measured for two additional growths of
EuVO4. Time-resolved fluorescence has been used to study the pathways of the energy migration
among these sites. For example, the site at 515868 GHz was found to transfer its energy to other sites
in 50 fls. Systematics of the rare earth spectra were considered, and a simple relationship between the
energy levels and the lattice cell size of the host material has been suggested.

Spectral holebuming and optically-detected nuclear-magnetic-resonance (ODNMR) measurements
have been used to study the hyperfine structure of the defect sites; each was found to possess a distinct
hyperfine interaction. Ground state quadrupole interaction parameters (P, T|) are given for over 30
defect sites. A new holebuming mechanism -energy-transfer enhanced holebuming was proposed. The
full angle-dependent ODNMR study of some of the defect sites yielded information about the ground
state nuclear magnetic shielding parameters and the principal axes of the ground state quadrupole
interaction. The site with 7Fq - 3D0 transition at 515868 GHz was found to have a quadrupole
coordinate system tilted 10.7° and a very anisotropic nuclear magnetic moment, only 5% of the bare
nucleus value in the defect x direction. This is the first time this kind of information is obtained for a
defect site with no predetermined structural information. It should provide the basis for further
theoretical calculations and the final determination of the lattice defect local structure.
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ABSTRACT

This thesis reports laser spéctroscopic studies of stoichiometric EuVO, and
isomorphous compounds. Electronic and hyperfine structures have been used to study the
electron-phonon coupling and the nature of the lattice defects. :

Conventional absorption, fluorescence, and Raman scattering spectroscopy was used
to study the Eu3* energy levels of EuVOy, EuAsO4, Bu3+:YVO,, Eu3+:LuVOy,
Eu3*:YPO,, and Bu3*:LuPO,. Crystal field calculations were also carried out for these
compounds. The Eu3+ 7F; singlet levels in EnVO, and EuAsO, were found to .exhibit
Davydov splittings, a result of the ion-ion interaction in the stoichiometric compounds.
The Eu3+ 7F,  doublet levels all have anomalously small Landé g factor for the vanadates
and EuAsQy, a result of the dynamic Jahn-Teller effect due to electron-phonon coupling.

EuVO, had been found previously to have over 50 satellite lines in the 7Fy - 5D,
region, each line corresponding to a distinct defect site. Defect line maps were measured
for two additional growths of EuVOy. Time-resolved fluorescence has been used to study
the pathways of the energy migration among these sites. For example, the site at 515868
GHz was found to transfer its energy to other sites in 50 ps.” Systematics of the rare earth
spectra were considered, and a simple relationship between the energy levels and the
lattice cell size of the host material has been suggested.

Spectral holeburning and optically-detected nuclear-magnetic-resonance (ODNMR)
measurements have been used to study the hyperfine structure of the defect sites; each was
found to possess a distinct hyperfine interaction. Ground state quadrupole interaction
parameters (P, 1) are given for over 30 defect sites. A new holeburning mechanism -
energy-transfer enhanced holeburning was proposed. The full angle-dependent ODNMR
study of some of the defect sites yielded inforrhation about the ground state nuclear
magnetic shielding parameters and the principal axes of the ground state quadrupole
interaction. The site with 7F; - 5D, transition at 515868 GHz was found to have a
quadrupole coordinate system tilted 10.7° and a very anisotropic nuclear magnetic
moment, only 5% of the bare nucleus value in the defect x direction. This is the first time
this kind of information is obtained for a defect site with no predetermined structural
information. It should provide the basis for further theoretical calculations and the final
- determination of the lattice defect local structure.




CHAPTER 1

INTRODUCTION

The rare earth vanadate family crystallize in the tetragonal zircon structure (Dﬁ),

_ with the exception of LaVO4 which crystallizes in the monoclinic monazite structure.
~ The rare earth phosphates crystallize both in the zircon and in the monazite structures,
with the heavier and smaller ions (Gd3* to Lu3*, including Y3+) going to the former and
lighter and larger ions (La3*_' to Eu3+) going to the latter. EuAsO, also has tetragonal
zircon structure. A schematic representation of the Itet'ragonal zircon structure is shown
in Figure 1.1. The crystal c-axis is shown as the z axis. The g and a’ axes, parallel to the
natural crystal éurfaces, are shown as x and y. The rare earth ions occupy sites with Dy
local symmetry. The two-fold axes of D,4 are parallel to &, ¥, ), whére (x',y') are in
the basal piane and at 45° to (g, a'), respectively. |
The tetragonal zi;con crystals have a high pressure phase at P ~ 1 GPa where they
undergo alph'ase transition to the scheelite structure (Cqp), fesulting‘in a more efficient
papking of the coordination polyhedra (Jayaraman et al. 1987, Chen et al. 1992). The
high pressure phase transition of Eu3+:YVO4 was studied using Raman scattering, and it
was found that the scheelite structure was almost stable. When relieving the pressuré to
the atmosphere, the Raman scattering spectrum would not return to the zircon-type.
spectrum, the scheelite structure was retained. The electronic transition energieé did not

change dramatically since they were more sensitive to the local environment change and
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3
relatively insensitive to the crystal structural change, but the Eu3+ D, lifetimes changed
drastically in the two different phases (Chen ef al. 1992).

" The electronic structure of Eu3* is simple compared to other trivalent rare earth
ions. The ground state is always the 7F state (a poésible scenario is that 7F; was split
so much by the crystal field that one of the three levels goes below 7F, but such a host
has not been found yet). The 7F; state is usually 370 cm-! above the ground state. The
7F, levels are around 1000 cm™l. The 7Fj levels extend up to about 5000 cm!. From
then on, a large gap of about 12000 cm-! occurs until the next level 5Dy at ~ 17250 cmr
1. The 5D, levels are normally at ~19000 cn;'I, 5D, at 21400 cm-!, and SDj3 at 24000
cm-l. 5Dy, SLg, and even higher levels are more mixed up and difficult to determine.
from experiménts. The levels that we are most concemed with in this work arel
summarized in Figure 1.2.

Brecher‘et al (1967, 1968) studied the spectrum of Eu3+ in YVO, and YPO,, and
concluded that the crystal field parameter By, had opposite signs for the two hosts. It
was positive for Eu3+:YPOQ,, negative for Eu3+:YVO,. Other studies confirmed these
observations. The lattice structures and the a/c ratios for these two hosts are not very
different. The differencé of B,y must come from the local oxygen coordinates. The
crystal field seems to imply an oxygen octohedra elongated along the c-axis for YPOy, |
and an octahedra pressed along the c-axis for YVOy, but this is not coﬁﬁrmed‘ by
structural studies. An interesting observation by .B'rec'her et al (1968) was that the
general crystal field fit was much better for YPOy than for YVOy4. They attributed this
phenomenon to the stronger covalency of the vanadates. We studied the polarized
spectr-a of Eu3* in EuVOy, Eu3+:YVo4, Eu3+:LuVOy, Eu3+:YPO4,. Eu3+:LuPQy, and
EﬁAsO4, and made crystal ﬁeld calculations for each host. The general fit quality
confirmed Brecher et al's observation. These experiments and calculations will be

presented in Chapter 2.
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Figure 1.2 Simplified energy level diagram of an Eu3+.ion.
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Various vanadate, arsenate, and phosphate crystals undergo cooperative Jahn-Teller
(CJTE) structural phase transitiohs at lovs( temperature (Gehring and Gehring, 1975). -
Depending on the specific material. the phase transitions can either be structural or
magnetic or both. Most of the structufal transitions ‘were driven i)y the coupling
between degenerate‘ or near degeneréte ground state electro;lic levels and optical or -
. acoustic phonons, or macroscopic lattice strain. Because of the transparency of these
crystals, the CJTE effect in these compounds were suitébl'e' for optical étudies and the
transition mechanisms are paﬁicuiarly well understood compared to other Jahn-Teller
systems (spinels, etc.).

Since Eu3* has an isolated J = 0 ground étate with very little mlxmg with other
levels, no phase transition is expetted for europium compounds. But Zeeman
experiments on the Dy - F; transition showed anomalously small Landé g factors for
EuVOy,, Eu3*:YVOQ,, Eu3*:LuVO,, and EuAsO,4. Electronic Raman scattering on the
stoichiometric compounds confirmed this observation. The apparent quenching of the
angular momentum is attributed to the dynamic Jahn-Teller effect (Ham 1965). The
ﬂuoregcence and Zeeman experiment will be presented in Chapter 2. The Raman
scattering experiments and the dynamic Jahn-Teller effect will be discussed in Chaptef 3.'

In the ﬂuorescencé spectrum of SDg for EuVO4 and EuAsQy, another anomaly
appears as t}.1e double peak of the D to 'F; singlet transition. Higher terhperature
absorption experiments confirmed the splitting of the 7F, singlet level. The splitting of
the singlet level in the stoichiometric compbunds is proposed to be a Davydov splittihg
due to the exciton nature of the electronic states. The experiments leading to this
conclusion will be presénted in Chapter 2. The possible mechanism causing this splitting
and other exciton phenomena will be discussed in Chapter 3 after the preéentation of the

dynamic Jahn-Teller interaction..
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If a structural defect (impurity, vacancy, or h;terstitial) is present in a crystal, the
active ions close to the defect will experieﬁce a different environment than in the ideal
crystal. It can depart from the ideal environment by so much that numerous satellite
spectral lines appear in the spectrum. Since there can be more than one active ion
adjacent to the point defect and each one has a different environment, more than one
defect site is present for each point defect. In a spectral region with many transitions,
the different crystal fields associated with the various defect sites will give many
transitions that overlap each other. The assig'mneﬁt of the spectral lines to the correct
sites -and transitions could be very difficult. The Eu3+ ion has the advantage that the
ground state 7Fj and the excited state 5Dy are all isolated and are relatively insensitive to
the crystal field, so that each spectral line in the R, - 5Dy region will correspond to é
distinctive environment; a one-to-one relationship can be established between the
spectral line and the crystal environment.

Cone et al. (1984) studied thé excitation spectrum of stoichiometric EuVOy, in the
TFy - 5D, region and found more than 50 defect lines scattered over 50 cml,

" corresponding to over 50 distinct defect sites.. Later experiments.on a dozen different -
grbwths of EuVO, found over 50 defect lines for each  one of them (Robinsbn 1986,
-Cone et al 1988. Lazzouni 1988, Hansen 1990, Cdne et al 1993). Stoichiometric
EuAsO4 was also studied by laser excitation (Robinson 1986, Cone et al 1988); a very
"defective" spectrum was again found in the 7Fg.- 3D region. Excitation spectra for
two additional growths of EuVQ, are given in Chapter 2. Because of the one-to-one
relationship .between the defect sites and the defect spectral lines, this kind of spectral
map for the defect sites is very useful when other work is planned on the defect sites.
We use the line labels from the spectra to label the defect sites. For example, when the
property of line D is discussed, it is really the property of the site giving rise to -the-

spectral line called line D.
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Among all these defect lines, each has a distinctive fluorescence spectrum. In the
5Dy - 7Fy spectra, geﬁera]ly more thqn three spectral lines (expected) are observed,
energy t.ransfer' among the defect sites must be responsible for the extra fluorescence
lines. | | |

Chapter 4 addresses the energy transfer dynamics amohg these sites. Time-resolved .
fluorescence i_s used to ﬁnd the donor-acceptor relations among them; ar_ld to determine
the 7F; levels of the donor. Géneral systematics of the raré earth spectra in different
hosts are considered in- an atteﬁpt to interpret the ~50 le shifts for the relatively
crystal-field-insensitive 7F, - 5D transition. Energy transfer routes and lattice structures
associated with defects will be discussed"in the same chapter.

The euroﬁium nucleus has a spin of I = 5/2 and possesses a strong quadrupole
moment. In a crystalline environment, nuclear quadrupole splittings occur for different
spin states. - Splitting schemes .are different for different cryst.al environments.
Holebunﬁng (Erickson, 1977a) was used to study the hyperfine splittings of these defect
sites (Cone et al. i984, Robinson 1986, Cone et al. 1988, Lazzouni 1988, Hansen 1990,
- Cone et al. 1992). Very different quadrupole splittings were found for the different
defect sites. Nuclear Zeeman holeburning experiments were aléo used to study the
defect sites in an effort to find the principal directions . of the nuclear quadrupole
intera&:tion axes, and they were found to be strongly tilted (ibid.). A related tephnique -
optically-detected nuclear—magnetic-resonéhce (ODNMR) - was used to 'study the
ground state of these defects (Hansen 1990, Cone et al. 1992). Bec:ause of the strong
- and anisotropic quenching of the ground state Eﬁ3+ nuclear magnetic moment (Elliott
1957. Cone et al. 1992), more 'pa.rameters have to be used to fit the experimental data.
Using only the Zeeman data for a magnetic field either along the a- or c-axis was not
enough to make a successful fit of the data, so the full .angular dependence of the

spectrum was measured.
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In this work, the ODNMR technique is extensively used to study the hy’perﬁhe
structure of the defect ground states in EuVO,. The nuclear qua@pole Hamiltonian
and the hyperfine éplitting measurements for over 30 defect sites at zero field will be
presented in Chapter 5, with extensive discussions of the results and their implications.
A new holebuming mechaﬁism will also be discﬁssed. |

In Chapter 6, we present the angle-dependent ODNMR experiments on some of the
defect sites in EuVO,. These experiments were carried ou;t §vith full angle rotation of
the crystal in a magnetic field. Magnetic site inequivalence in a Dy crystal will be
discussed. Euler angles are used to define tﬁe defect coordinate system relative to the
crystal. A fitting p‘rbgraxh taking into account the site inéquivalence and the anisotropic
nuclear magnetic moment was written for processing the angle-dependent expérimental
data. After a brief account of the apparatus, we will givé the angle-dependent ODNMR

results on some of the defect sites.




CHAPTER 2

PRIMARY: SPECTROSCOPY AND CRYSTAL FIELD ANALYSES

In this chapter, we will'present the abs'o'rption, and fluorescence experiments on the
stoichiomeuic EuVO, and EuAsOy crystals and on the europium doped YVOy,, LuVOQ,,
YPOy, and LuPO4_ crystals. Eu(OH)3 and EuPO,4 were also studied for comparison.
Defect line maps on the TR, - 5D6 transitiqn of two new EuVOy, crystals will also be
presented. _

Brecher et al. (1967, 1968) studied the polarized spectra of Eu3*:YVO, and
. Bu3*YPO,. Those experiments were carried out at liquid nitrogen temperature without -
time resolution. Grenet er al. (1977) studied'.europiu'm doped GdVOQy, YVOy,, and
LuVOy, and made crystal field analyses for each situation. Their results will be
discussed along with ouf analysis. We remeasured these spectra with time resolution,
which has the advantage that at regions with‘many fluorescence peaks, the initial state.
can be distinguished by its lifetime signamre. M. Bouzaoui (1991) carried out'twb-
photon absorption experiments on the higher levels of Eu3+:LuPO,. Because of the
différent selection rules for one-photon and two-photon transitions, additiona}l levels in
.the D, region were determined in 2-photon experiments. We used those data in our

analysis. .

The energy levels of EuVO, have been studied extensively by Cone et al.(1984),

Lazzouni (1988), Hansen (1990), and Cone et al. (1993). Some of the results have been
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used in this study. The EuAsOy spectra have been studied by Robinson (1986) and Cone
et al. (1988). |

Zeeman experiments were used to measure the splittings of the energy levels. In

particular, we focussed our attention on.the SD(-F; transition. This transition, in the

vanadates and EuAsOy4, has been found to have smaller Landé g factors than that

expected for pure electronic states.

Experiments

Absorption Experiments

White light absorption experiments were employed to measure the 5Dy and 5D,
‘levels of Eu3*. The experimental setup is shown in Figure 2.1, together with the
ﬂuoresceﬁce setup. A 55 W tungsten halogen >1an-1p was used aé the light source. A 75
mm lens focused an image of the lamp ﬁlame.nt. onto the crystal, which was immersed in
pumped liquid helium. The crystal was normally masked by shim brass to minimize tfxe
stray light. The light exiting from the crystal was collected and collimated by a 75 mm

/2.8 cmﬁera lens. The collimated light was then focused by a 200 mm f/3.5 camera lens

onto the slit of a SPEX 14018 scanning double monochromator (referred to as the SPEX

in later discussions). Regular Polaroid polarizers were used just after the collecting lens
to select the polarization measured. A quaJTer;wave plate was pléced before the 200 mm
léns to scramble the polarization in the mohochromator.

The monochromator scanning was' controlled 'by computer generated TTL pulses.
Fifty pulses move the spectroﬁnetqr down by one wavenumber. Since the SPEX has a
maximum scan -rate of 130 mﬁrl/s, the pulses were generated at a much iower rate
(<<6.5 KHz) so that they would not overwhelm the SPEX control box. “The light .signal

was detected by an EMI9558QB photomultiplier at the exit slit of the spectrometer. The
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output from the PMT was low-pass filtered and amplified by a Tektronix 7A22 ampl'iﬁ'er,
and then was fed to one channel of the DT2762 A/D converter. In the data acquisition
process, the SPEX was set first and the light intensity was mcasured‘;‘ theﬁ the
_spectrometer was scanned down, and the light intensity was measured again. An iron-
neon hollow-cathode lamp was used to calibrate the SPEX.

The SPEX is most sensitive at around 19000 cm-l. We had the best signal in the

5D, region, while that for the 5D, levels was weaker.

Fluorescence Experiments

In the fluorescence experiments, the laser was focﬁsed onto the samples by a 250
mm lens. When the laser fréquency was tuned onto a transition peak, there would be
fluorescence along the path of the laser beam. The fluorescence was collected at a 90°
"angle to the exciting beam direptidn. Otherwise, the collecting optics are identical to that
used in the absorption experimeﬁts. A Dove prism was usué]ly used between the 75 mm
lens and the 200 mm len§_ to rotate the v‘image of the fluorescence from the horizontgl
laser path to a vertical orientation so that most of the image can be focused ont§ the
vertical monochromator entrance slit. This arrangement increased the signal by an order
of magnitude in fluorescence experiments.

The output from the photomultiplier passed through a preamplifier énd a
discriminator before being converted to TTL pulses. These pulses were then seﬁt to a
GPIB-controlled Fluke 1953A counter/timer. Photon counting was the method of
choice for fluorescence data. Monochromator scanning was the same as in the

absorption experiment.
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Laser Excitation '

Sometimes, measuring energy levels by absorption is simply impossible due to the
weak transition probability. HoWever, the immeasurable amount of absorption may
result in observable fluorescence that cah be detected easily because of the higher
sensitivity of a fluorescence experiment. The dependence of the fluorescence intensity
upon the excitation frequency can serve as a good indication as to where the transition
occurs, and how wide and strong it is. The spectra measured by monitoring the
fluorescence while scanning the laser excitation frequency are called excitation spectra.
This way of measuring.absorption does not always provide the same spectra as those
- measured by absorption experirhents, but in case of extremely weak absorption, this may
be the only alternative. '

In our mapping of the defect 7F; - 5D spectra and in the measurement of the
intrinsic 7Fg - 9Dy transition in a magnetic field, laser excitation spectroscopy was used.
A Coherent 599/21 single frequency cw dye laser was used to excite these transitions.
The laser can scan 30 GHz (1 cmrl) at one tirne, To map out a 50 cm-! range , many

"pages” of 30 GHz spectra had to be assembled together.

Sample Temperature

Most of our experiments were carried out at pumped liquid helium temperatil_re'.
This has the advantage that the phonon contributions to most of the transitions can be
neglected. The results ‘quoted in this thesis should all be at T < 2 K unless otherwise

indicated.

Cryostats and Magnetic Fields

All our zero field experiments were carried out in a transverse access glass cryostat.

In that dewar, the equipment layout was almost exactly like that shown in Figure 2.1. !
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The Zeeman eiperiments were carried out in a sﬁperconducting magnet dewar with an
inner bore of about two inches. The magnetic field and supply current ratio was 1.00
kG/A. In this dewar, the layout changed a little in that the Dove prism was not used.
Due to the axial access geometry, a mirror was used to send the li,‘ght vertically into the
dewar. The laser light was then reflected by a right angle prism to pass. through the
sample horizontally. A second prism sent the transmitted light out of the dewar for
analysis in the absorption experiments. In ﬂﬁorgscence experiments, a third prism was
used oﬁ the. side to collect the fluorescence light for analysis. The fluorescence

collection lens just outside of the dewar normally had a focal length of 330 mm.

Selection Rules
Group theory states that in order to have a ciipole-allowed-transition between an
initial state represented by I ; and a final state represented by Iy, there must be an
excitation mechanism represented by T’ e SO that I} x T’y c'onytains I, wheré I'y is the
rei)resentation either for an electric- or a magnetic-dipole (Tinkham 1964, for example).
From the multiplication tables given by Koster er al.(1963), selection rules in any
symmetry may be determined. For Dgg symmety, as laid out by Brecher et al (1967),
and restated by others (Macfaﬂane and Shelby 1987, Hansen 1990), the selection rulés
~are listed in Table 2.1.
The éompatibility table for this symmetry shows
J=0:Ty.
J=1: 1, I's.
J=2: 11,13, T4, and I's. : , u
From the.transitio‘n rules we can see that along the c axis, we see only the circularly
polarized light originating from transitions with at least one doubly degenéra'te stat; as a

terminal state, as would be expected since the a and a’ axis should be equivalent.
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Table 2.1. Selection ruies in Dyg symmetry*.

| I, - I'3 Iy I's
Iy Mo Ern Eca
Mrao
Iy Mo Ern Eca
Mrao
I3 Ern Mo Eco.
‘ Mro
Iy En Mo Eca
| . , Mrao

Ts Eca |Eca |Eca |Eca |En

Mro Mno Mrno | M7 o Mo

* In Eu3+, all transitions for which AJ # +1 obey electric-dipole selection rules. For AJ =
+1, magnetic-dipole rules are obeyed when J = 0 is one of the terminal states. .
Otherwise, the transition will be of mixed character. ' '
E denotes electric-dipole; M, magnetic-dipole; =, electric vector parallel to c-axis; ©, .
electric vector perpendicular to the c-axis; o, circularly polarized around the c-axis.

Crystals

We have studied a range of europium-doped zircon-structured crystals of different
Eu3+* concentrations. The stoichiometric EuVO, crystal we used most was‘ grown in tﬁe-
Clarendon Lgboratory of the University -of Oxford by B. Wanklyn. It was colorless and
about 1x1.5x3 mm3 in size and was classified as growth A in Corl_lle et al. (1993) and
Hansén (1990). An EuVOy, crystal classified z;s growtﬁ I by Cone et al. (1993) was
studied using angle-dependent opticé]ly-detected' nuclear-magnetic-resonance (see
Chapter 4). Another growth of EuVOy crystals obtained from the University of Oxford
were doped with 1% pr.aseodymium; it also had-a tint of brown color. Other Equ4
samples used were grown by Dr. M.M. Abraham of Oak Ridge National Laboratory on

22 Nov 1991; these crystals have a brownish color and are transparent. They have not
























































































































































































































































































































































































































































































































































































