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Abstract
Polarization Dependence of Two-Photon Transition Intensities
in Rare-Earth Doped Crystals
by
An-Dien Le Nguyen
Doctor of Philosophy in Physics

University of California at Berkeley

Professor Sumner P. Davis, Chair

A polarization dependence technique has been developed as a tool to investigate
phonon scattering (PS), eleétronic Raman scattering (ERS), and two-photon absorption
(TPA) transition intensities in vanadate and phosphate crystals. A general theory for the
polarization dependence (PD) of two-photon transition intensities has been given.
Expressions for the polarization dependent behavior of two-photon transition intensities
have been tabulafed for the 32 crystallographic point groups. When the wavefunctions
for the initial and final states of a rare-earth doped in crystals are known, explicit PD
expressions with no unknown parameters can be obtaiﬁed.

A spectroscopic method for measuring and interpreting phonon and ERS
intensities has been developed to study PrVO,, NdVO,, ErVO,, and TmVO; crystals.
Relative phonon intensities wiih the polarization of the incident and scattered light
arbitrarily varied were accurately predicted and subsequently used for alignment and
calibration in ERS measurements in these systems for the first time. Since ERS and PS
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intensities generally follow different polarization curves as a function of polar angles,
the two can be uniquely identified by comparing their respective polarization behavior.
The most crucial application of the technique in ERS spectroscopy is the establishment
of a stringent test for the Axe theory. For the first time, the F,/F; ratio extracted from
the experimental fits of the ERS intensities were compared with those predicted by
theories which include both the éecond- and third-order contributions. Relatively good
agreement between the fitted values of F,/F; and the predicted values using the second-
order theory has been found.

Two-photon absorption has been observed to the crystal-field levels of the *Dy
and °D; multiplets of Eu** in LuPO; as well as the 6D7/2, 6P5/2, and °D.;’ multiplets at
| 16800, 19900, and 27900 cm'.l, respectively, of Cm** in LuPO,. Polarization isotropy
and non-zero backgrounds have been observed in several TPA transitions in both
materials. The theory of two-photon absorption was re-examined and extended beyond
the electric-dipole approximation scheme to account for both the polarization isotropy
and non-zero background observed. For the TPA transitions where non-zero
background was not observed, second-order theory was adequate to account for the

- polarization dependent behavior and relative intensities among transitions.
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Introduction

Crystals doped with rare-earth (RE) ions play an important role in applied
physics and optical technologies. The sharp intra-configurational f-f transitions of RE
impurities in insulators and semiconductors are utilized for d¢veloping lasers and
amplifiers in the near UV, visible, and IR regions. The short-decay time characteristics
of the electric-dipole allowed f-d transition levels in several RE ions have made wide
band-gap insulators doped with these RE ions potential candidates for scintillators for
medical-imaging and high-energy physics detection applications. RE orthophosphates
have been a potential advanced-ceramic medium for the encapsulation and permanent
disposal of high-level radioactive wastes, due to their long-term stability [1,2]. Because
of these technologically important implications, we have investigated the electronic
energy levels and transition intensities in RE ions doped in crystals using two-photon
spectroscopy.

The main achievement of this dissertation is the accurate prediction of the
‘Raman scattering and two-photon absorption transition intensities in vanadate and
phosphate crystals, i.\sing a theoretical formalism proposed in chapter two. In particular,
a polarization dependence (PD) theory has been developed as a tool to study two-photon
processes such as two-photon absorption (TPA), phonon scattering (PS), and electronic
Raman scattering (ERS) which take place between Stark levels in rare-earth doped

crystals. The PD expressions have been tabulated for all 32 crystallographic point



groups. When applied to a crystal of a particular symmetry with known wavefunctions
for the initial and final states, explicit PD expressions with no unknown parameters can
be obtained.

- Following the PD theory, a new spectroscopic method has been suggested for
accurate measurement and interpretation of the PS and ERS intensities. The new
method is significant in a number of ways. Firstly, for the first time relative phonon
intensities of incident and scattered light with polarization arbitrarily varied in spherical
polar coordinates are predicted, measured, an‘d subsequently used for alignment and.
calibration in ERS intensity measurements. Secondly, the method offers a reliable way
to identify ERS transitions. Since ERS and PS intensities generally follow different
polarization curves as a function of the polar angles associated with the polarization unit
vectors, the two can be distinctly identified by comparing their respective polarization
behaviors. Finally, the PD technique offers a stringent test for the Judd-Ofelt-Axe
theory, which has been the foundation for quantitative studies of two-photon
spectroscopy in rare-earth materials [3-5]. This is in fact the most crucial application of
the new technique in rare-earth spectroscopy.

The thesis contains two main pérts. The first part is the theoretical development
of the PD theory for PS, ERS, and TPA processes. The results are applied to study the
PD intensities in various RE crystals in the second part. The first two chapters of this
thesis provide the theoretical background for the study of the PD technique. The next
three chapters are devoted to the experimental verification of the theory from observed
ERS and PS data in PrVO,, NdVO,, ErVO,, and TmVO,, and from observed TPA data
in Eu**:LuPO,, and Cm**:LuPO,. For Pr**, Nd**, Er**, and Tm** in vanadate crystals,

2



second-order perturbation theory is sufficient to explain the two-photon intensities. But
for Eu** and Cm* in LuPO, one has to include third-order contributions in order to
adequatel); explain’the data. A revisited TPA theory is given in chapter five to explain
the isotropy and a non-zero background observed in the intensities of several TPA

transitions of Eu>* and Cm®* in LuPO,.
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Chapter 1

Fundamental Concepts in Rare-Earth Spectroscopy

1.1 Historical Background and Overview

The rare earth elements, also known as the lanthanides, begin with the element
cerium (Z = 57) and end with the element lutetium (Z = 71). The lanthanides are
associated with the filling of the 4f-shells of their electronic configurations. The neutral
lanthanides possess the common core of a xenon structu‘re of electrons
(1522522p%3573p®3d'%4s24p®4d'%5525p%) with two or three outer electrons (65 or 5d6s?).
In a crystalline environment containing rare earth ions, the rare earth ion commonly
exists in the trivalent state, in which two electrons in the outer 6s° sheli and one in the
4" (N =0,...,13) or 5d shell are removed. The electronic configuration of the trivalent
rare earth ion in its ground state is thus [Xe}f™ (N=0,...13). .

The distinctive sharpness of the spectral lines of rare earth salts was probably
first noticed by J. Becquerel in the early 1900’s [1-4]. For the first time, it was possible
to recognize that the absorption spectra of some of the rare earths consist not of bands,
as expected for most solids, but of lines approximating in sharpness the absorption and
emission lines of gases. Linewidths as narrow as a tenth of a wavenumber at helium

temperature, and a few wave numbers at room temperature, are commonly observed in
5



the absorption and emission spectra. The theoretical explanation for the unusual
sharpness_ of rare earth spectral lines, however, had not been available until the advance
of quantum mechanics. |

By applying the Thomas-Fermi model of atomic theory into the 4f group
elements, in 1941, Maria Mayer [5] and, in following years, others [6,7] have shown |
that the energy and spatial extension of the 4f-eigenfunctions dramatically drop at the
commencément of the lanthanides. From the calculation of the effective radial potential
in the Thomas-Fermi model, Mayer found that at the commencement of the lanthanides
a potential well developed near the nucleus becbmes deep and large enough that it
draws the 4f-electrons from the outer shells of the atom _into the interior. The
contraction increases throughout the entire 4f -shell as the effective nuclear charge
increases. The so-called lanthanide contraction arises from the impérfect shielding of
one 4f-electron by another 4f-electron [8]. The contraction remarkably reduces the
interactions between the 4f-electrons with neighboring atoms. As a result the 4f-
electrons have very little tendency to participate in chemical bond formation and thus
possess atomic-like spectral structures.

The first excited configurations of rare earth ions is 4 '5d’. Figures 1.1 and 1.2
shows the radiaﬂ distn'butior.l functions of the 4f, Ss, 5p, 5d, and 5g orbitals for the Pr**
and Tm** free ions, respectively, as obtained from Hartree-Fock calculations [9]. The
radial distribution function is defined as the square of the radial wavefunction times the

squared radius. In contrast to the ground configuration, the 5d and 5g orbitals are spread



Fig. 1-1: Radial distributions of the 4f, Ss, 5p, 5d, and 5g orbitals for the
Pr** free ion, from Hartree-Fock calculations [9]. Top: 4f, 5s, and 5p |
orbitals of the ground configuration 4f*5s25p°. Bottom: 4f, 5d, and 5g

orbitals of the configurations 4f5d, and 4f5g, respectively.
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Fig. 1-2: Radial distributions of the 4f, Ss, Sp, 5d, and 5g orbitals for the
Tm* free ion, from Hartree-Fock calculations [9]. Top: 4f, 5s, and Sp
orbitals of the ground configuration 4f'?5s%5p°. Bottom: 4f, 5d, and 5g

orbitals of the configurations 4f '5d, and 4f''5g, respectively.



out over a broad range relatively far from the nucleus. The mean radial position of a 4f

electron is shown to be closer to the nucleus than that of a 5s or Sp electron.

1.2 Energy Levels and Wave Functions

1.2.1 The Free Ion

The free-ion Hamiltonian that determines the 4f energy level can be written as

[10]):

Hp=- il ﬁAi _ﬁZ'ez

2m g = I

AN YR (LD

icj Ty =
‘where N=1,...,14 is the number of the 4f electrons, Z'e the screened charge of the

nucleus, and {(r;) the spin-orbit coupling function

2
)= 2m’§czr‘_ dzfir"), (1.2)
where U(r;) is the potential in which the electron is moving.
The Hamiltonian (1.1) can be rewritten:
Hp=H,+H +H,, | (1.3)

where H, is the first two terms in (1.1), the first of which represents the kinetic energy
of the 4f electrons and the second their Coulomb interaction with the nucleus; H, and
H,, are the third and fourth terms in (1.1), which represents the mutual Coulomb
interaction of the 4f electrons and their spin-orbit interaction, respectively.

When H,, is small compared to H,, we have the so-called Russell-Saur;ders

coupling, where the spin-orbit interaction is treated as a small perturbation on the
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energy level structure which has been deterrnjned from the diagonalization of H.. The
good quantum ﬁumbers for the Russell-Saunders coupling scheme are L and S. For rare
. earth ions, however, H. and H,, are of approximaltely equal magnitude and the energy
level calculations involve simultaneous diagonalization of both H. and H;,. It is the
common practice to use a basis set of Russell-Saunders eigenfunctions for the
diagonalization. The new eigenfunctions are now a linear combination of states (terms)
with different L and S but the same J, since the Hamiltonian H, +H,, is diagonal in J.
Without the presence of a crystalline environment the new states are still degenerate in
M,. Sometimes a new quantum number T is introduced to distinguish configurations
wi<th the same L and S that occur more than once [11].

We can now proceed to calculate the energy levels of the rare earth ions. The
first term in (1.3), H,, contributes to the energy shifts that are the same for all the levels
belonging to a given configuration without affecting the energy-level structure of the
configuration. The second and third terms, H,. and H,,, will be different for different
states of the same configuration. We first consider the repu]sive Coulomb interaction of
the 4fY electron, H..

The matrix elements cbrresponding to H. is written [12]:

2
(t,SLIMI Y. <1, 8' L' J' M"). (1.4)

i<j i

Since the electrostatic Hamiltonian commutes with the angular momentum
operators corresponding to L% §?, J, and M, the matrix elements will be diagonal in L

and S (although not in ) and independent of J and M. Thus (1.4) becomes

10



2
(1,51 Y, 1", SL). (1.5)

i<j '}j
The interaction between each pair of electrons can be expanded using Legendre
polynomials of the cosine of the angle 6,; between the vectors from the nucleus to the

two electrons [13]:

e? 2
P Zrk+1Pk(cose,J) (1.6)

where r. is the distance from the nucleus to the nearer electron and r, the distance from
the nucleus to the further away electron. Using the spherical harmonic addition theorem

[13] we can write

P, (cos8, )——ZY 6,,0,)Y,,(6,,0,)
2k+1
(1.7)
— (k (k)y (k) (k)
-Z(—l)‘*(c_q’)i(cq ), =(CHC®),
where the C (' are defined by
an ?
C;“:(ZHJ Y, (1.8)
Expression (1.5) becomes
Z (TS Y —< (c“’ C*)i1'SL). 1.9)

i<j s
The evaluation of (1.9) can be made by use of the tensor operator methods of
Racah [14]. We only consider here the simple problem of 2-electron configuration. The
extensions to more complex configurations can be found in reference [12]. The matrix

element of electrostatic interaction between the two configurations can be written as
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:
(n, a,n,,l,,;SLlr Inl ,n,l,;SL)= z[fk(la,l,,,lc,l YR*(n 1, ,n,l,inl ,n,l,)

12

(1.10)
+ g, (L, 11, 1.)R (n,1,,n,0,5m 1, ,n 1)),

where the f; and g; represent the angular parts of the matrix elements of Eq. (1.10) and
the R"s, the Slater radial integrals, arise from the radial p‘arts of the one-electron

eigenfunctions. The angular factors can be expressed as

Ik |
Felaslyilesdg) = (DA ne®u )(lbuc(")nzd){l : L} (1.11)
and
k) (kyyg yJlala K
g Ul g, 1) = (1S U P neioul, ) 1 Cob (1.12)
b .

where the reduced matrix element (NC™®UI’) is defined by

(1l kT
(c®nry = (-1)’[(21+1)(21’+1)]“-{0 0 o]’ ' (1.13)

The last factor in equations (1.11) and (1.12) are the 6-j symbols, and the last
factor in equation (1.13) is the 3-j symbol. Properties of these symbols can be found in
Appendix A. The numérical values of the 3-j and 6-j symbols have been tabulated by
Rotenberg et al [15].

The Slater radial integrals R* are defined by [13]

R (nala,nblb ncl ndld)
2 (1.14)
=e ” 57Rnt, DRy, )Ry 1 ()R, 1, (12 )dndry.
00’>
We thus have obtained general formulas for the evaluation of the electrostatic

interaction matrix elements within and between all' possible two-elecctron

configurations. A complete tabulation of the electrostatic energy matrices for all the f
12



configurations has been made by Nelson and Koster [16]. In their tabulation, however,
the matrix elements are expressed in terms of four parameters, EX k=0,..,3):
3
E=Y ¢E*, (1.15)
k=0
where e;’s are the ahgular parts and E* are radial parts which are related to the Slater
integrals FYin the following expression [16]:
E0 = FO- 2F/45 - F*/33 - 50F%/1287
E' = 14F° /405 + 7F‘/297 + 350F°/11583

E? = F2 2025 - F'/3267 + 175F%/1656369

E} = F2/135 + 2F'/1089 - 175F%/42471, (1.16)
. and
F(nalo,nolp)=R(nal o nplp;nle,nals). (1.17)

We now consider the spin-orbit interaction, Hs. The spin-orbit coupling

N
Hamiltonian Zg(r,.)s,. -1, is a tensor product of two rank-one tensors, one of which acts

i=1
only on the spin, the other only on the orbit. Using formulas (A7) and (A9) in Appendix

A, we obtain the matrix elements of spin-orbit interaction in an 1N configuration:

gL L 1
(INGSUMIQMX(S" 'li )llNaisnLvJv M|)= Cnl(_l)J+L+S {S' S J}
i=1

(1.18)
X [1(1+1)(20 + 1)) (1M sy 1% s' L),
Here the double tensor V' is defined as
v =Y (su®), (1.19)

13



where #* is a unit irreducible tensor operator, which operates on the spatial coordinates
and is normalized such that [14]
Mu® =1 120

An example for k even is

C(k)
0 e
% = (1.21).

The complete V'V matrices for all éonﬁgurations has been tabulated by
Nielson and Koster [16].

Having constructed the energy matrices of a particular configuration we can
obtain the energy level of that entire configuration, if the Slater and the spin-orbit radial
integrals are known. .In the absence of reliable wave functions, the radial integrals have
traditionally been treated as adjustable parameters. In a least-squa}es method, the
parameters are usually chosen to fit the few known levels of the configuration being
studied. The resulting energy-level. scheme is then used to make further level
assignments, after which the parameters may be refined. A correct fit should also yield
eigenfunctions that can be used to calculate other physical observables with a
comparable precision.

The Coulomb and the spin-orbit interactions are the most important ones for
describing rare earth free ion energy levels. Discrepancies of the order of 100 cm’,
however, still remain in comparing experimental and theoretical results [10]. In order to
réduce these discrepancies, additional interactions need to be taken into account. The
most important one is the configuration interaction via the Coulomb interaction. It can

be put into parameter form with three two-body integrals, denoted by o, B, ¥ [17], and
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six three-body integrals, denoted by T? to T® [18).- The next additional interactions are
the spin-spin interaction and the spin-other-orbit interaction, which are absorbed into
three parameters, M®, M?, and M*, Finally because of the configuration interaction, the
spin-orbit coupling can no longer be described by a sihgle constant {, and this effect can
be put into three parameters, P°, P*, P°[19, 1.20]. Altogether, we have up to 21

parameters with which to describe the free ion spectra.

1.2.2 Ions in the Static Crystal Field

For a free ion, each energy level is (2J+1) fold degenerate because of the
spherical symmetry. On placing the ion in a crystal, the ion experiences the crystal field,
which is produced by the charge distribution in the crystal. The crystal field destroys the
spherical symmetry an'ci' removes the M; degeneracy of the free ion energy levels. The
symmetry about the ion will be reduced from spherical symmetry to the symmetry of the
position the ion occupies in the crystal. The free ion levels will split into a number of
sublevels that may be characterized by the irreducible representations of the group
associated with the point symmetry of the ion in the crystal. If the point symmetry is
well defined, the new basis for the perturbed Hamiltonian will be IaSLJ 51",), where 15I‘r
are the irreducible rep\rescntations of the point group.

The extent of the removal of the M; degeneracy depends on the crystal
symmetry. The number of levels into which free ion J terms are split in a crystal field of

a given symmetry is completely known and well-documented (see, for example,
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references [12] and [21]). We are now only concerned with the problem of calculating
the actual size of the crystal field splitting.
The Hamiltonian for an ion placed in a crystal field may be written as:
H=Hr+V, (1.22)
where HFr is the Hamiltonian of the free ion and V the potential provided by the crystal
environment about the ion being studied. We will assume that the eigenvalues and
eigenfunctions - of Hr are known and regard V as a perturbation. The unperturbed
eigenfunctions will have complete spherical symmetry, and we will try to expand V in
terms of spherical harmonics. We may expand the potential in terms of the tensor

operators an‘) to give

vV =X BHCY), ) (1.23)

k.gi
where the summation involving i is over all the electrons of the ion of interest. The
quantities Bq" can be regarded as coefficients of expansion to be determined empin'cally
from the experimental data without assuming any details of the model. For the f

configuration the matrix elements of V is given by

(FNoSLIMWV|f ¥’ S'L'J' M) = X B* (f aSLIMIU ™| f ¥ S' L' J' M YFIC®If)
kg

(1.24)

where U® is a symmetric unit tensor operator defined as [22]

U® = i".-m (1.25)

i=]

16



Equation (1.24) can be further evaluated using (1.13), (A10), and the Wigner-

Eckart theorem, (A4):

(fXoSLIMIVI|f Yo' S'L' ' M) = =T(J, '] 2, B} (~1)S*+ 42943 (5, §")
| ”

J k 7Y3 k3 k} N— L (26
<M g Mo 0 o)L L s SHIUTIS T SL).

The reduced matrix elements of U™ may be obtained directly from the tables of
Nielson and Koster [16]. From the symmetry properties of the 3-j symbol in (1.26) we
can immediately see that the matrix elements of V are noﬁ-zero only if k is even and
k<6. The number of nonzero terms (k,q) of the series is further restricted by the point
symmetry at the site of the rafe-earth ion of the crystal. In experimental spectroscopy, B,
* are treated as adjustable parameters. In an actual crystal field analysis, the observed
enérgy ]évels are fitted to a Hamiltonian that contains the free parameters, , F», Fy4, Fg,
etc., and the crystal field parameters B, %'s. Except for cases of ve;'y low symmetry,
involving a great many crystal field parameters, there are generally more experimental
data than crystal field parameters and therefore a reliabie set of crystal field parameters

can be obtained.

1.3 Intensities

1.3.1 One-Photon Spectroscopy

The one-photon intensities of an absorption or emission radiative transition are
often expressed in terms of oscillator strengths, f,m, where n and m are initial and final

states of the transition. In purely atomic transitions, f,n is defined as
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2 .
fo = 8n h"‘v Il PIm)P? (1.27)

for electric or magnetic dipole transitions, and

12n‘mv*
fom = 2 2
he“c

I(nIQIm)i? (1.28)
for electric quadrupole transitions, whérc v is the frequency of the transition i->f, P the
electric dipole or magnetic dipole rrioment, and Q the quadrupole moment tensor.

For allowed transitions in free atoms, the electric dipole oscillator strengths are
of the order of magnitude one in the visible, and the magnetic dipole or electric
quadrupole oscillator strengths are of the order 10° or smaller. The electric dipole
transitions between the levels of the 4f" configurations, which are responsible for the
free ion spectra, are forbidden, because the electric dipole operator has odd parity and
the transition matrix element must have even parity (Laporte selection rule). The -
experimental data on the crystal spectra of rare-earths, however, show that the radiative
transitions are mostly electric dipole in nature, though in some cases the magnetic
dipole transitions are also observed. Van Vleck [23] was first to point out that electric
dipole radiation can occur if the 4f" states have admixtures of 4f"'nl configurations,
where 4f"'nl are chosen such that it has opposite parity from 4f". The admixture of the
4f"! wavefunctions into the 4f" wavefunctions is produced by interactions that have
odd parity. In crystals where rare earth ions occupy noncentrosymmetric sites, odd
parity components of the crystal field mix states from opposite parity configurations
into the 4f wave functions. This mechanism of “forbidden electric dipole transitions”,

as first proposed by Van Vleck, turned out to be the dominant source for the one-photon

intensities in the rare earth spectra.
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Van Vleck’s proposal of forbidden electric dipole transitions was developed into
a quantitative theory of rare earth transition intensities in 1962 by Judd [24] and Ofelt
[25]. Using first order perturbation theory, the 4fY initial 1) and final If) state

wavefunctions of the rare earth ion can be expressed as:

N odd .
(il= (f NGJMHZ(f “JME'VCF 20
: e (1.29)
= rarr s T ARe L2 M)
i i

where the symbol z stands for the sum over the lo’’,J°’ ,M’’) states of the n’’1”
i

excited configuration whose parity is opposite to that of the N configuration. Here the
unprime, prime, and double prime symbols denote the initial, final, and intermediate
. states, respectively, o denotes the quantum numbers other than total angular
momentum J and the azimuthal component of angular momentum M needed to
completely specify the wave functions in the intermediate coupling scheme, and Ej=E;-
E,, where x=iorf.

For an electric dipole transition from crystal field state li) to If) the oscillator is
given as [24]

8 2
fy= d hmv x 1GADPIf)E, (1.30)

where ¥ = n(n2 + 2)49, a correction for the refractive index n of the crystal, and Dq‘” is
the electric dipole operator, defined by

D! = Zr CP8,.9,), (1.31)
where Cq(k) is defined in (1.8).
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For transitions between energy levels i and f in an anisotropic medium eq. (1.31)

is written

2
Sy 5wy X 2, 1D f)P (1.32)

TamRI+n
In any case the oscillator strength is proportional to

‘ (WJIMIVZZ| ) IID e J' M)
IGDCIf P =| D 2 be g
J

(IMID 1 (V' ' M)
+Y = |
J i

Ji

(1.33)

in the electric dipole approximation.
The explicit computation of the sum in (1.33) is unmanageable because of the

infinite number of levels in the intermediate configurations. If the denominators in

(1.33) are regarded as constant, however, the closure relation 2| P(l=1 can be
j

invoked. This closure approximation was introduced by Judd and Ofelt in 1962 in order
to transform (1.33) into a more tractable form. In its mildest form the closure
approximation regards all excited configurations E(n’’1’’,’’ J°’) as independent of J*’,
as the splittings within multiplets of the excited configurations are supposed to be
negligible compared with the energies that the configuration as a whole lie above 1[24],
and the sums in (1.33) can be performed over J'’ and M’’. In its most sweeping form the
closure approximation simply regards all excited configurations as completely
degenerate, leaving only a single constant energy denominator. A common
approximation regards the lowest energy configuration 4154 as degenerate and most
significant, and néglects the contribution of other intermediate configurations. After the

summations are performed we obtain [24]
20



8rmv

ed — —— N (A) Nt 11,2
f 3h(2J+1)x,,=22;’§2‘(f aJNUPIf¥et 72, | (1.34)
where
IBXPIHS P
Q. =2 —g __r
= “l)é 2%k +1
and ' (1.35)

1 Ak
H;=Ei2{f ; f}(flr|n'l')(f|lC‘”lll')(fllC“"Ill').

reonr

Equation (1.33) is key to quantitative study of radiative one-photon processes.
The reduced matrix elements of U™ in equation (1.34) can be evaluated in the same
manner as mentioned in section 1.2.2. The coefficients are called the Judd-Ofelt
(JO) parameters, as their values are usually determined by fitting experimental oscillator
strengths. Typically a single set of 2, are used to fit all observed oscillator strengths of
a particular rare earth ion in a given host crystal or solution. The osc'illator strengths of
numerous one-photon transitions in all trivalent rare earth ions have been analyzed
according to such a fitting. The phenomenological treatment has successfully accounted
for the intensities of a majority of transitions in each fare earth ion. The most extensive
work has been done by Carnall et al. [26,27] on the aqueous solutions of trivalent rare
earths. References on analyses of rare earth oscillator strengths can be found in review

papers such as that of Peacock [28].

1.3.2 Two-Photon Spectroscopy

Unlike one-photon spectroscopy, which had been well-established by. the

commencement of this century, most of the studies of two-photon spectroscopy had to
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await the advance of lasers. Two-photon transitions are second-order processes, and are
therefore much weaker than their one-photon counterpart. We will discuss two different

mechanisms contributing to two-photon processes.
1.3.2.1 Two-Photon Absorption

One of the two-photon processes is two photon absorption (TPA), a process in
which two photons are simultaneously absorbed. TPA has been used to locate and
determine the symmétry of the crystal .ﬁeld wavefunctions and their energy levels in the
UV and near-UV ;egion [29]. Since the selection rules for two-photon absorption
processes are different from those for single-photon processes, transitions that are
forbidden in linear absdrption may be explored by two-photon absorption. The first
observation of two-photon absorption was the experiment of Kaiser and Garrett [30].
Since then two-p;hoton absorption has been used as an important tool to study phonons,
polaritons, excitons, and intra- and inter-configurational electronic transitions in a wide

variety of solids [29, 1.31].

1.3.2.2 Raman Scattering

Another two-photon process is Raman scattering, which includes phonon
scattering and electronic Raman scattering. This light scattering phenomenon was first
discovered by Raman in 1928 [32]. He investigated light scattered from a cleér
substance and found that its frequency was shifted in such a way to correspond to the
rotational and vibrational energy characteristic of the substance. The amount of the
scattered light is quite small compared to that of the light passing through the material
without deflection. Furthermore, most of the scattered light was frequency unshifted -
the so-called Rayleigh scattering. Only approximately one percent of the scattered light
was frequency shifted - the Raman scattering. For a liquid sample only 10-3 to 10-7 of
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the amount of the incident light beam is scattered as Raman light. This explains the
difficulty in detection and measurement of the Raman scattering technique in the early
days. However, with the advance of the intense and highly coherent light produced by a
laser, Raman spectroscopy has become one of the powerful techniques in determining
the rotational, vibrational, and electronic energy levels of molecules, which
traditionally had been determined only by infrared spectroscopy.

If the scattered light frequency is shifted to the lower energies, the spectral line
is called the Stokes line. The spectrum line corresponding to the higher energies is
called the anti-Stokes line (fig. 1.3). The Stokes lines come from the inelastic collision
of the incident light and the molecule of the excited sample material bringing the
molecule to a higher energy level. In the quantum language the molecule absorbs a
photon coming from the laser, jumps to an excited level, and induces a photon of lower
frequency, with the difference in frequency corresponding exactly to the difference in
energy between the initial and final states of the molecule. The anti-Stokes lines result
from the deexciting the molecule from a higher to a lower energy level. Thus Raman
scattering is a two-photon phenomenon, one photon being destroyed and the other

created out of the vacuum.
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Fig. 1.3: Stokes and Anti-Stokes spectral lines in Raman scattering. In a

Stokes shift, the molecules are excited to a state of higher energy. In an

Anti-Stokes shift, the molecules are deexcited to a state of lower energy.
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a. Phonon Raman Scattering

If the molecule is excited to a new vibrational level of the same electronic state,
the scattering is called phonon scattering. It is merely the interaction between the
incoming light and the phonons of the medium. In solids there are optical and acoustic
modes of vibration. Only optical modes can be Raman active, due to their ability to
interact with light via induced dipole moments. For non-resonant phonon scattering - in
which the incoming light frequency does not match any elecfronic level of the medium-

the phonon modes have to be symmetric to be Raman active.

b. Electronic Raman Scattering

When a Raman scattering transition occurs between two electronic states of the
medium, the transition is called the electronic Raman transition. Rare earth crystals are
good candidates for the electronic Raman technique because their crystal field energy
levels of the ground multiplet are generally quite sharp and fall well into the infrared
region. Thus a laser with an optical frequency can probe the low-lying levels of a
multiplet (usually the ground multiplet) to reveal the energy separation between these
crystal field levels. The first electronic Raman scattering experiment was reported by
Hougen and Singh in 1963 [33]. From the measured intensities of the electronic Raman
transitions, one can study the mechanisms of the interaction between the lanthanide ion
and the radiation field [34].
c. Selection Rules and Symmetry in Raman Spectroscopy

The selection rules for the vibrational and electronic Raman scattering processes
are determined by the symmetry of the crystal lattice. The phonons of the rare earth
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vanadate crystal medium are classified by the irreducible representations of the group
Dg4p, which is the s;ymmetry group of the unit cell [35]. The electronic levels are
classified by the irreducible representations of the point group Dy, thch is the site
symmetry group of the lanthanide ion in the zircon structure crystal lattice. In Raman
scattering processes, in which an incident light wave of polarization G is inelastically.
scattered into a light wave of polarization p, the amplitude of a Raman scattering
transition is determined by 0O, where p and © cormﬁonly represent Cartesian
coqrdinates [36].
1) Selection rules in phonon scattering:

For (RE)VO4 crystals there are two molecules per primitive cell; hence there are
36 phonon modes, 33 of which are optical. Of these 12 are Raman active: 2A| gt 4Big
+Bog+ SEg. Except the Eg mode, which is doubly degenerate, all Aother modes are non-
degenerate. The polarization dependence of these Raman modes is contained in their

respective Cartesian Raman tensors listed below in Table 1.1 [37].

Table 1.1: Cartesian Phonon Raman scattering tensors for the zircon structure (D4p,).

a 0 O c 0 0 0 d 0
Ajg |0 a 0] Big |0 ~c O Byg|d 0 0O
0 0 b 0 0 0 0 0 O
0 0 e 0 0 O
Eg {0 O 0| and 0 0 f
e 0 O 0 £ 0

ii) Selection rules in electronic Raman scattering:
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The symmetry of the electronic Raman Cartesian tensor apc is determined by

requiring that the direct product I"i®l'(apo)®1'f contain the totally symmetric

representation, where I'j and I'r are the irreducible representations of the initial and final

electronic states, and ¢ and p are the polarizations of the incident and scattered light,
respectively. Here the notation used for the irreducible representations is that of Koster

et al [21]. This means that the allowed tensor is given by the decomposition of I'j®TI's
into irreducible representations. In practice I'j is usually known from absorption data,
I'(0pg) is determined from the experiment, and I’ is found by the requirement stated

above.

" The electronic levels of the rare earth (RE) ion in the vanadate crystal host are
classified by the irreduciblé representations of the point group D2d; which is the site
symmetry group of the lanthanide ion in the zircon structure (RE)VOy4 crystal lattice.
The Cartesian electronic Raman scattering tensors are listed in Table 1.2. Note that a
transformation is needed to express the scattering tensors in the crystallographic X, Y, Z
frame, which can be readily observed from the experiment, while the symmetry

properties of the scattering tensors are derived in the local D4 symmetry (the x, y, z
frame). A scattering tensor O observed in the X,Y,Z frame is related to the tensor

oA expressed in the rotated x,y,z frame by the equation:

Opg = Rlojy R , (1.36)
where R is the matrix of a 459 rotation about the Z axis, Rt its transpose, p,6 = X,Y,Z,
and AN=X,Y,2
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cos(n/4) sin(n/4) O
R=|-sin(n/4) cos(n/4) O (1.37)
0 0 1

The z axis is parallel to the Z axis, and the x and y axes are rotated in the X-Y

plane by 450 relative to the X and Y axis. In the Cartesian coordinates, x and y (X and

Y) are completely interchangeable for D4 symmetry. The effect of the rotation of the

tensors is that some tensors having diagonal elements may be transformed into tensors
having elements equal to zero, and vice-versa. Note also that since x and y are

equivalent one must have

f'=ei®fand g =eidg o (1.38)
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Table 1.2: Cartesian electronic Raman scattering tensors for Dy g

Symrnetry.labels Axes x,y,z Axes X,Y,Z
" lfa 0 o (a 0 0)
I 0 a OJ 0 a 0
0 0 b 0 0 &)
0 ¢ 0 (0 ¢ 0)
2 < 0 o] < 0 0
0 0 0 0 0 0J
d 0 0 0 d 0
T3 0 -d o] d 0 0
0 0 0 0 0 oJ
0 e 0 e 0 0
T4 e 0 OJ 0 —e 0
0 0 0 0 0 0
0 0 f (0 0 fI/\2
0 00 0 0 -f/V2}
Is 0 0 /N2 =fIV2 0
(symmetric) 0 0. 0 0 742
0 7 0 0 f/\2
SEAR N2 20
0 0 g 0 0 g/ﬁ}
0 00 0 0 -g/\2
s £ 00 ~g/N2 g/iN2 0 J
(antisymmetric) U 0. (0 0 g/\2
0.0 ¢ 0 0 g2
0-2 O g /N2 -g /2 0
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1.3.2.3 Two-Photon Transition Intensities

The derivation of two-photon transition intensities in the framework of time
dependent perturbation theory can be found in advanced textbooks on quantum
mechanics (see, for example, references [38] and [39]), and a rather detailed discussion
on its application to rare-earth ions was given in Downer’s thesis [40]. We will only
discuss ‘important results for rare-earth ions which will be useful for our theoretical
treatment of two-photon transition intensities in subsequent chapters.

The total Hamiltonian of N atomic electrons of the configuration " interacting
with electromagnetic radiation can be written:

H=H, +V,, : ) (1.39)
where the Hp term includes the centralv’ﬁeld term, the p2/2rn term, the Coulomb
interaction, spin-orbit interaction, crystal field interaction, and other ierms not included
in radiative interaction term. The V, term represents the interaction Hamiltonian, which
can be written:

€

2
Vo =—ﬁA(rH)-pn 4 ﬁ[A(rn)]z, (1.40)

mc o 2mc* 5

where the vector potential A(r,) satisfies the transversality condition V- A =0, often
known as the Coulomb gauge. In a general two photon process the vector potential can
be regarded as superposition of two plane waves of frequencies ®; and @, and unit

polarization € ; and € 2

1 kaming) o A g iCkyrind
A(r,) = [6,4, ™" + 8,4, 0] (1.41)
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In the time-dependent perturbation language, the linear (A.p) term in (1.40)
makes no contribution in first order to a two-photon process. The first-order TPA

transition amplitude from i to f thus comes only from the quadratic (A.A) term in

(1.40):
1 ¢ ) |
(1) ——(d .A itk +ks)r, ‘
)= (& 8)A 4, <il; e I f > g(r), | (1.42)
1 .
h H=z——— (0~ 0, )1 -11. 1.43
where g(1) = Pr— (e ] : (1.43)

The signs in front of k and ® for two-photon emission, would be opposite to
those for TPA. For Raman scattering, one photon is absorbed and the other emitted,
thus the signs would alternate. The exponential operator in (1.42) can be expanded in

the series
. 1
eI =14 ik, +k,) T, ——2—[k1 +k,) r, T +. (1.44)

In the expansion (1.44) the first term only contributes to Raleigh scattering. For
rare-earth transitions between states of the 4f configuration, the second term of the

approximation is smaller than the first term by approximately a factor of 107, This is

because (k, +k,) <4f IZ r,I5d > is on the order of 10 for excitation in the optical
range and assuming <4 flz r,I5d > to be of the same magnitude as atomic level

n

spacings. In addition, due to the small amount of opposite-parity configurational mixing

of the 5d states into the 4f states, the matrix element <4 f Iz r K4 f > is smaller than

<4f IZ r,I5d > by a factor of 10, but non-zero, making the total magnitude of
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(k, +k,) <4 flz r, 4 f > to be approximately 10°. The last term also gives a
1 2 J : g

contribution on the order of 10°. Both of these latter terms turn out to be negligible
compared to the second-order contributions to the two-photon transition probability. It
should be noted that although having the same magnitude order, the second term differs
from tt;e third term in (1.44) by an imaginary factor.

The A.p term in (1.41) can be taken twice in the second order to give a

ccontribution to two-photon amplitude. The second-order transition amplitude c®(t) for a

TPA process between states i and f is given by

fMij(r)Mjf(z) Mijcz)Mj,u)']
Zt + J (1.45)
T LA, ~0,) Ko, -o,)

1 €
cP(1)=———— 8(1)
where the summation is performed over all intermediate states j, and

Aq [1 P AN
Ma,,“”=—2—<a|2 e*™e . p,lb>, (1.46)

where gis 1,2,ais i, j,and b is jf.

In the case of resonant excitation where ®, -®, =0 (or 0, -, =0), the
denominator in (1.45) must be modified to include the linewidth of the excited state, i.e.
Ww, -0, —iT, /2) (or W(w, —©,—iT, /2)).

The exponential operator in (1.46) can again be expanded via (1.44). Tﬁe first

term in the expansion can be written

<alé, Y, pnlb>=—liem-<aléq~D b>, , (1.47)
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where D = 2 r,. An approximation in which only the &€.p term is kept is called the

electric dipole (E1) approximation. When the electric dipole term is sufficiently small,
the second term of (1.44) may be taken into account:

(D2 R B . '0) - A
ok, <alDDIb> &, + 7 <al(k, x&,)- mib>,

<al ik, -T,),-p,)b>=

(1.48)
where the first term on the right hand side of (1.48) is the quadrupolar term (E2) and the
’second term the magnetic dipolar term (M1). These are the terms responsible for the
electric quadrupole and magnetic dipole transition in one-photon absorption. The
transition probabilities corresponding to these terms are of the order 10™ smaller than
for the electric-dipole term. The E2 term is in general out of phase with the E1 term and
M1 term, except in the case of circular polarization, in which the magnetic dipole term

is also out of phase with the electric dipole term, since (k x &, )= ¥ié,, where &, and

€_ are the polarization vectors of right (+) and left (-) circularly polarized light. In most
cases where the second-order electric dipole term is sufficiently large, the electric
quadrupole and magnetic dipole terms can be neglected.

The quantitative study of two-photon processes began when Axe [31], using the
Judd-Ofelt closure approximation, derived an explicit expression for the second-order
two-photon line strength, in a manner analogous to Judd" and Ofelt’s formula for single-
photon line strength. The expression for two-photon absorption line strength, however,
generally contains only one parameter, instead of three, as in the one-photon express-ion.
As a result, the ratio of the line s&engths of two-photon transitions can be computed

without the need for phenomenological parameters. Experimental measurements of line
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strength ratios and polarization dependence of line strengths therefore providé rigorous
tests of the second order theory of two-photon absorption. More details of the
quantitative derivations of the two-photon absorption and electronic Raman scattering
"are provided in the next chapter, where the treatment of the polarization dependence of
the two-photon transition intensitjes in crystals i§ given.

We have just built the foundation for understanding the energy levels of a rare
earth ion in a crystal and the corresponding crysfal field eigenfunctions. We have also
provided the theoretical framework for one-photon intensities of rare-earth transitions,
and contrasted the two-photon with the one-photon spectroscopy. In the next chapter we
will study the quantitative two-photon transition intensities in crystals and provide the

theoretical analysis for the polarization dependence technique.
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Appendix A

The following definitions and formulas have been used in the tensor operator
recoupling techniques. We will employ the following abbreviated notation:

(1= 2j+1

Uigzs---] = 21 +1)(2)2+1)...
1. Definition of the 3-j Symbol
| [;1 . "Jz]= YT o o o =) (a1

2. Definition of the 6-j Symbol

jl j2 'jIZ Ji*irt i s . -1/2 .. o s s e . . - .
PR = (=D)L, ] (G dia ds V5 Gia d)asd) (A2)
3 23

3. Definition of the 9-j Symbol

B
Jo Ja o da [ =EDEREEIG GG T (A3)
Ji das J

X(Gh 2V Cisda)Jaa NG o)) Jas )
Symmetry properties of the 3-j, 6-j, and 9-j symbols can be found in many
textbook references on tensor operators such as [11],[16], and [22].
4. The Wigner-Eckart Theorem

a. Single Tensor Operators

. . N\
_ i ok J
im 1T, %l j'm' )= (=1)""™ (e I'T “ller’ j
(oym | g o jm)=(-1) (o J -m q m'/ (A4)
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b. Double Tensor Operators

(asm_‘.lmllT’(:‘k)la' s' ms' l[ [} m[ [} ) = (_l):-bl—m’—m,
s k s) kU .
X \ o A{osI NT ®es'T)
—ms q m —ml q m

5. Product of Tensor Operators

(aj]jzj-”(vr(k,) xU(k;))(K)”avjl'jzoju)=Z(ajllm(k,)”au:]-l-)(aujznu(kz)“anjzu)
P

j] j]' k]
x[Jj, j'sk]]/Z Ja 1)k
J J K

6. Scalar Product of Two Tensor Operators
T®. v = g(—l)"T;"’U‘_‘;,’
= (=1)*Q2k+1)"*(T® x UH)©®
Setting K =0 and k; =k, =k in (A.6) we get
(0y, j, jml (T - U j,' j,' j'm')=8(j, j' W(m,m )(=1)" 5=
X {j‘ Jle ];}g(aj,lﬂ“"’lla"j,')(a"jzllU""Ilcx'jz')
Setting k> = 0 and then k; = 0 in (A.6) we get
(04, Jo TN 1" Jy' I =8y I =124, 17
x{j J | k }(aj,uT“"ua" i |

B[R TR

and
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(04, WU RN ;' 7, 7)=8(jy, jy W=D, j 17
j i ok
x{ o }(ajleU""lla" i) (A10)

L' Ja

7. Useful Reduced Matrix Elements

a. Ay = [+ DD 81,1 : (All)
b, (shslls?) = [s(s+1)( 25 +1)]"28(s,s") | (A12)

ncrury = n'e,Lr ol B 13
C. ( )-(-‘)[,] 00 o0, (A13)

8. Useful Formulas for Reduced Matrix Elements
hodi' 1
(04, , MWK N i ' ) = (og VWPl ' 3,0 7612 ' 1
J 7 K
(Al4)
(IMaSLIN(UOWO 1Yo ST L' ')
=[JT2Y, (PoSLINUNI Yo SL' T Y1V o SL JHW N ¥ §' L' ')
<
(A15)

(I"aSLIWNIM o' S' L) = J6(I aSLIV MY S'L') ' (Al6)
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Chapter 2
Theory of Polarization Dependence of Raman
Scattering and TPA Intensities in Rare-Earth Doped

Crystals

2.1 Overview

Two-photon spectroscopy has emerged as an important tool in the study of
electronic states of ions in crystals. There are two types of two-photon spectroscopy.
The first type is two-photon “absorption (TPA), in which bqth photons are
simultaneously absorbed by the ion. The second type is electronic Raman scattering
(ERS), in which a photon is inelastically scattered from an ion such that the ion is
excited to a different electronic state. Both types of spectroscopy are considered
complementary to linear spectroscopy. TPA has provided access to higher energy
absorption bands than single-photon absorption, and ERS has been used to probe iow
energy levels near the ground state. Since the selection rules for two-photon processes
are different from those for single-photon processes, transitions that are forbidden in
linear absorption may be explored by TPA. The freedom to independently vary each of
the two polarizations in two-photon processes has provided a powerful tool to study the

symmetries of the initial and final states in a transition. Among the important
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applications of two-photon spectroscopy one may include the study of phonons,
polaritons, excitons, and intra- and inter- configurational electronic transitions in a wide

variety of solids [1-4].

The theory of two-photon prc;cesses owes much of its oriéin to the theory of
one-photon processes. The quantitative theory of single-photon transition intensities
was developed by Judd [2] and Ofelt [3] in 1962. By introducing the so-called “Judd-
Ofelt closure aﬁproxirnation” Judd and Ofelt were able to derive an expressi}on in which
the oscillator strengths of the one-photon transitions of rare earth (RE) ions in host
lattice crystals are described in terms of a radial factor, which can be estimated for a
particular rare earth, and only three parameters. The values of these so-called Judd-Ofelt
parameters are usually determined by fitting experimental oscillator strengths.
Typically, a single set of Judd-Ofelt parameters are used to ﬁt all observed oscillator
strengths of a particular RE ion in a given host crystal or solution. The
phenomenological treatment has successfully accounted for the intensities of a majority
of transitions for each RE ion. The most extensive work has been done by Carnall et al.
[5,6] on the aqueous solutions of trivalent RE’s. References on analyses of RE oscillator
strengths can be found in review papers such as that of Peacock [7].

The quantitative study of two-photon processes began when Axe [4], using the
Judd-Ofelt closure approximation, derived an expression for the second-order two-
photon line strength, in a manner analogous to Judd and Ofelt’s formula for single-
photon line strength. The expression for TPA line strength, however, generally contains

only one parameter, instead of three, as in the one-photon expression. As a result, the
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ratio of the line strengths of two-photon transitions can be computed without the need
for phenomenological parameters. Experimental measurements of line strength ratios

and the polarization dependence of line strengths therefore provide rigorous tests of the

L}

second order theory of TPA. Axe’s theory, however, is traditionally applied to intra-
configurational transitions from one multiplet to another, with the polarization of the
excitation photons being either parallel or perpendicular to the z-axis of the lanthanide

-complex, where the z-axis is the highest symmetry [8].

The overwhelming success of the Judd-Ofelt theory when applied to RE
materials has been the motivation for the intensive study of two-photon intensities using
Judd-Ofelt-Axe’s theory. Strong disagreement, however, was found ;when Axe’s theory
was applied to Gd** ions in a number of RE hosts. In particular, the e;(perimental results
in Gd*:LaF; reported.by Dégenajs, Downer, Neumann, and Bloembergen [9] showed
that two-photon transitions from the ground level 857/2 of Gcl_3+ to the first three excited
levels, °Pap2, ®Pss2 and P, were anomalously strong with respect to the predictions of a
second-order theory, and that the angular momentum selection rule AJ < 2 broke down
in several transitions (887,2 - 6113/2'15/2,17/2, ®D,12). In order to account for the anomalous
intensity observed for S5 — °Py in Gd*, Judd and Pooler expanded Axe’s second-
order theory of TPA to include third-order terms involving the spin-orbit interaction
[10]. Downer and coworkers [11,12] later showed that the inclusion of third-order terms
involving the crystal-field interaction among intermediate states could explain the
anomalous intensity of the ®S;, — °I lines in Gd**. A fuller analysis of the

experimental results for the integrated and crystal component intensities for the 8 — 51



transitions in the Gd** ion using expressions which include up to the fourth order
contributions involving spin-orbit and/or crystal-field interactions was given by Downer
et al [12,13]. Ceulemans and Vandenberghe later presented a more general expression

which can be applied to any RE ion [14].

Other third-order mechanisms in two-photon processes were also investigated by
several workers. Reid and Richardson [15], for example, estimated the ligand-
polarization contribution in two-photon processes. Sztucki and Strek [16,17], expanding -
Reid and Richardson’s idea, proposed the third-order contributions to the TPA
processes from the static and dynamic coupling mechanisms developed within the
independent systems model. Smentek-Mielczarek et al. [18,19] examined the third-
order electron-correlation and crystal-field contributions to the two-photon amplitude

within the framework of double perturbation theory [20,21].

All of the mechanisms mentioned above ha\_f\e been applied to intra-
configurational two-photon transitions, where the initial and final states both belong to
the conﬁgﬁrations and the two-photon processes are therefore allowed because of the
parity rule. TPA transitions from the 4N to the 4f'5d have also been observed for Ce**
ions invvarious crystals [22-26]. Thesé transitions are parity forbidden in the second-
order and thus are directly the effect of third-order contributions. A theoretical
description of the cross section of the’ two-photon f-d transitions based on the
perturbation coming from the rank-one component of the crystal field was first proposed
by Gayen et al [24]. Their cﬂculated polarization anisotropy for the zero-phonon

transition in CeS+:CaF2, however, were far from the observed values. Using the second
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| quantization techniques, Leavitt [27] later derived the static and dynamic contributions
to the TPA cross section and applied the results to the lowest 4f->5d two-photon
transition in Ce**:CaF,. Leavitt’s calculated values were closer to the experiment,
comiaared with Gayen et al’s value, but were still not satisfactory. Expanding the TPA
cross-section theory to include arbitrary polarizations in spherical polar coordinates,
Makhanek et al [28,29] showed that good agreement between calculated and observed
values for the polarization anisotropy might be obtained if the third-rank component of
the crystal field were the dominant term. Sztucki and Strek [17], using the independent
systems model to describe the influence of crystal field and ligand polarization on the f-
d two-photon transitions, obtained a cross-section value of the same magnitude as the
experimental one, if the value of the magnitude of the crystal-field component By was
properly chosen. From the values obtained for the polarization anisotropy, they
concluded that the first-rank component of the crystal field should be the dominant
term, in contradiction to the Makhanek et al’s result. 'Finally, using the symrhetry
adaptation techniques developed by Kibler [30,31], Daoud and Kibler developed a
formalism to determine the intensity of interconfigurational two-photon transitions. The
model was then applied to the case of the Ce** ion in CaF, and LuPQO, with reasonable

agreement with observed data [32].

Except the derivations proposed by Makhanek et al [28,29] and Daoud et al
[32]; all of two-photon studies up to the fourth order mentioned above have been
applied in the framework of the Cartesian coordinates or circular polar coordinates. The

general study of polarization dependence behavior of the thirty two crystallographic
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point groups was initiated vby Inoue and Toyozawa [33]. Bader and Gold [34] later
réevised the theory and tabulated the results for TPA transitions between Stark levels.
These are the most general polarization dependence formulas for two-photon intensities,
in which the polarization vectors are described in the spherical polar coordinates. The
major disadvantage of the Bader and Gold formalism is the presence of a number of

phenomenological parameters, which in some cases weaken the predictive power.

In addition to the second-order theory of polarization dependence of TPA cross-
sections developed by Manakhek [28,29], Kibler, Gacon and coworkers [33-40] have
recently published a number of results in which the polarization dependence of the

reported intra-configurational two-photon Stark transitions were compared with a new

theory: which made use of the symmetry adaptation technique and of the Judd-Ofelt

approximation. The Manakhek’s and Gécon -Kibler’s - formalisms are generally more
useful than that of Bader-Gold’s formalism, since in the former cases the two-photon

intensities between Stark-levels and their corresponding polarization dependence

. expressions for a particular system contain only one or two parameters, which in turn

can be further evaluated if the radial factors are known. Their polarization dependence
expressions are in good agreement with the more general forms given by Bader and
Gold, once the parameters’ values in the latter’s expression are appropriately assigned.
The major disadvantage of the Gacon-Kibler theory is that its computation appears to be
complicated. As a consequence, the theory has been applied to only a few particular
systems, rather than being tabulated for the 32 crystallographic ppint groups as did

Bader and Gold.
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In this chapter another formalism for obtaining the polarization dependent
behavior of two-photon intensities between the Stark levels is developed. The general
expressions for the polarization dependent two-photon intensities are tabulated for the
32 point groups, whose parameters can be calculated explicitly when' applied to a
particular system. The proposed theory is derived from a formalism in which the two-
photon scattering tensdrs in polar coordinates are expressed in terms of the irreducible
representation of the scattering tensors. The explicit expressions for the irreducible
scatteﬁhg tensors can be obtained by applying the second-order theory of Axe for the

TPA processes within the framework of the electric-dipole-interaction perturbation

theory [43-45] and/or by expanding perturbation theories which include higher-order

mechanisms [10-21]. Since Axe’s theory is based on the Judd-Ofelt approximation, the
theory provides a stringent test for the Judd-Ofelt theory. When applied to a givep
system, the expressions for the polarization dependent behavior of the TPA transition
intensities are identical to those of Gacon et al. The calculation using this proposed

method is, however, much more straightforward than that of Géacon et al [36,38]. The

second-order intensity calculations using this new method are given in the electronic

Raman framework, but can be applied to the TPA with little modification.

Intensity calculations involving the irreducible scattering tensors in the proposed
theory are straightforward and have been routinely practiced in ERS work. When
explicit forms for the irreducible scattering tensors are not available, such as in the case
of Raman phonon scattering, the table of the polarization dependent behavior for two-

photon intensities are particularly useful, since this table was derived using the group-
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theoretical selection rules for two photon transitions and the special properties of the
second-rank irreducible tensors without eliciting its explicit forms for a particular

transition.

By use of the irreducible representation of the scattering tensors, the proposed
polarization dependence theory can be readily extended to include higher order
interactions contributing to two-photon transition intensities. Using the standard tensor
coupling technique, the explicit polarization dependence formulas for the third- and
fourth- order contributions to the second-order two-photon intensities are obtained for
the first time. The third-order contributions including the spin-orbit interaction, crystal-
field imeraction are discussed. The fourth-order treatment includes the spin-orbit and
crystal field interactions. The polarization dependence of other higher-order interactions
can be applied in the same manner. In addition the polarization dependence expressions

for inter-configurational two-photon transition intensities are also given.

2.2 Polarization Dependence - Second-Order Treatment
2.2.1 Electronic Raman Scattering Theory

We employ the conventional set up for the two-photon processes. In the ERS
experiment, one beam is incident on the crystal, and the scattered light is collected at
90° with respect to the incidént beam. In the TPA experiment, two light beams are
incident on the crystal. The z-axis is assumed to be parallél to the z-axis of the center

ion. For a uniaxial crystal, the z-axis is the crystallographic c-axis. In the TPA case we
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define by €, and &, the polarization unit vectors of the first and second beams,

respectively. In the ERS case we use the commonly employed notation [43-45] in which

€, denotes the polarization of the incident beam and &, the polarization of the scattered

light.
The ERS amplitude for a transition from state li> to state If> is given by [46]
(18, -Dij) jlé.-Dify (@8, -DIj)jé,-D1fy]
(azx)',f =-z 2 . iXij ] f>+ 1 2 , @1
; o©; -ho, ho; +ho,

where 1,j, and f are the respective initial, intermediate, and final Stark levels of the two-
photon transition, 1 and 2 represent the polarizations of the incident and scattered
photons [47], €, - D is the electric dipole operator of the i" polarization vector, ho,, ho,

are the energies of the incident and scattered photons, and zw;are the energies of the

intermediate Stark levels.

The TPA amplitude for a transition from state li> to state If> is given by the

second-order tensor:

0y =~ 2.2)

J

v (118, D 1 jX jIe,-Dif) . (e, - DI j)( jlé, - DI f)
ho; - ho, ho; —ho, )
The result for the TPA intensity is the same as that for the ERS intensity, with a
change of sign for hw, in the denominator in the second term of expression (2.2). We
thus only consider here the ERS theory and give the modification for the TPA theory at

the end.
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In the second-order quantized form the electric-dipole operator for a transition

between the shell (nl) and the shell (n’l’) can be expressed as [1]

é-D

R T+ 11T
. = - ! S A, DR,
e Zl‘; -1 (2)2L 000

3 }nll rin'I')é- [(a"B)® - (b'a)"]

2.3)

where i denotes the electron participating in the transition, € is the unit polarization

vector, D is the sum Zi",. of the position vectors for all elecrons i in the nl configuration

[48], a’ andla are the creation and annihilation operators for the (nl) shell, and b'and b
are those for the (n’l’) shell. This expression results from the rules obtained by Judd
[49] for finding the second quantized form of an atomic one-particle operator. For an
initial and a final state belonging to the (nf) shell and intermediate states belonging to

the (n’1’) shell a’ and a become f' and f, respectively, and 1 = 3. The radius operator D

becomes
| |
— ll’7(2l'+l)-}5 311' " +3.1(01) g\ (01)
D-(2)2L——3—J (OOOJx(nflrln N[ = b)yo]. (2.4)

Substituting (2.4) into (2.2) we get

oS | AEDY — (') ). e, 1 TE D) —(b*f5‘°"].e,‘°'>|f>
(Ca)s =-§"C(n l ); { 2 ho; — ho,

N (ll [(ftb)(m) __(bff)(OI)]-el(Ol)lj)(jl[(f'fb)(m) _(b‘tf)(Ol)]'ez(Ol)lf)
ho; +ho,

(2.5)
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where ¢; (i = 1,2) denotes the unit polarization vector, j denotes any excited state

different from the initial and final states, and

! 317
conty | HEAL(E oy | 29

The Judd-Ofelt closure approximation [2,3] is now applied:

(a21 )ﬁ = 2 C(n'l' )[ _E__l_ha)_o-l [ez(ol).(f?b)(OI)][el(Ol).(be)(Ol)]' f)
n'l' 1

n'l’

(2.7)

._1__ (01) cptp.N(01) (01) ,3.ten(01)
* En_r+hm2<t1[el (£'b)" e, . (b)Y 1)),

where E, - is the average energy of the n’l’ configuration.

Through standard recoupling procedure we obtain the familiar result for the

scattering tensor [44, 50]:

310
Oy= 2 7(21'+1{0 I(nflrln'l’)z

ro 00

1 37 1 (-1

2 (O a{0))
x;(2[+1) {3 l t}{En'l'—hml +'En‘l'+hm2}e2el) .U ’

where U" is the unit tensor of rank t.

(2.8)

In equation (2.8), the only non-vanishing terms occur for t = 0, 1 and 2. Other

values of t vanish during the recoupling procedure.

If we let
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, (31w .
F=(-1y 3 7(2”1{0 o OJ](nflrlnl)

af" " n'l , (29)
. 41 3 r 1 -1’
x(2t+1)? +
3 1 t)}{E, -~ E, +ho,
then o, = 2(~1)'F. (e,e,)® - U®. (2.10)

The F, parameter, first introduced by Koningstein and Mortensen [43], can be
treated as a phenomenological constant, which is dependent only on the energy of the
n’l’ configurations and the radial overlap between the n’l’ and nl configurations. For the
TPA transitions the expression of F, is the same as in (2-.9), with the minus sign in front
of ha,.

For intensity calculations the ERS tensors in the Cartesian coordinates are
expressed in terms of ti:e irreducible representation' of the spherical scattering tensors

defined by Mortensen and Koningstein [43] :
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1 1 1 1
a, = —-J—gaff’ +5a§2’ +-£a‘_§) --J—gagz>

1 1
= e—® o {? gD = (2
O =% 3% 3% T %

R S A

L1 | !
o, =-i—= Eaf,” —15a‘22’+1—2-a‘_22)
1 1 1 1
J e ==3 o —Ea‘_‘l’ -—Eafz’ +5a‘_2,’
1 .1 1 !
ayz=1-£a§”—1-2-a‘_’,’+1-£a§2’+1§a‘_2,’
1 1 1
e i gD 4t @
ayx—lﬁao i 0 +12a_?
1 1 1 1
o, =-2-a§” +5a‘_‘,’ —Eafz-’ +5a‘_2,’
‘1 ¢V} g 1) 1 2) 1 2) 2.11
cxzy=—15a] +15a_,+1-2-a, -HE(I_,, (2.11)

\

“where the irreducible spherical scattering tensor has the simple form (see Appendix A)

al=FUY. (2.12)

¢ =
We now can determine the ERS amplitude for the transition between

intermediate coupling states li> and If>. We write the initial state as

liy= . a(i;nf "aSLIJ )inf "oSLJJ ), (2.13)

oS,
and the final state is written

e Z a(finffa'S'LI T )nffoeS'LJT,). (2.14)

wSLI,

The ERS amplitude for the transition between states li> and If> is given in terms

of the matrix elements of the irreducible scattering tensor operators:

~
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(oaPIfy=F 2 X alinf"oaSLII, ) (finf"o'S'L'J'J",)

oSLII, a'S'LIT, (2.15)

x(nf YaSLIJ JUPInf Yo' S'L'T' "),
where

(nf YaSLIJ JUPInf "' S'L'J' T ') =

. My ¢ JY\L J S (2.16)
_1\2/+S+L+-d 1 2 () ' ’
(=1) [(2T+1)(2] +1)] (_ I Jz] o t}(SLIIU I1SL'Y8(S, S*).

4

The values of the reduced matrix elements {SLIU®IISL') a;'e tabulated by
Nielson and Koster [8]. The Raman amplitude can be readily evaluated once the
coefficients of the initial and final intermediate coupling wavefunctions are known.
These wavefunctions can be obtained from the crystal-field fits which are based on

absorption and/or fluorescence spectra.
The scattering intensity is proportional to the square of the absolute values of the
scattering tensor:

(Izl)ﬁ=C(w0+wﬁ)4l(a21)ﬁlz, 2.17)

where C is a constant, @y is the laser’s frequency and w; = @ - @ is the frequency

corresponding to the energy difference between the initial and final states [51].

These equations are generally used in ERS calculations, where the intensities are
measured in the Cartesian coordinates. We can now express these equations in polar

coordinates and obtain the polarization dependent forms for TPA and ERS intensities.

2.2.2 Polarization Dependence
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We consider the general case in which both polarization unit vectors are oriented

in an arbitrary direction and independent of each other. In spherical coordinates a unit

polarization vector is written
€= Zcos 6+ ¥sinBsin @+ X sin Bcos Q. | (2.18)

By substitution of (2.18) into a general expression of the two-photon scattering

tensor o 7; (e.g. equation (2.5)), it can be shown that the scattering tensor expressed in

the polar coordinates has the form:

a,. =0, cos6,cos6 +0o, sin6,sin 6 sing,sing, +a,, sinB, sin6, cos @, cos Y,
+0,, cosB,sin6 sing, +0., sin 6, sin ¢, cos 6,
+ 0, cosB,sin 6, cos®, + 0, sin B, cos @, cos b,
+0.,, sin6,sin@, sin B, cos@, +a,, sinB, cos @, sin 6, sin @,

(2.19)

or, in a more compact form,

a,, =nno, +mmo. + Lio, +nmo, +mnao,

(2.20)
+n,lo, + Lm0, +mlo +lma,, )

where we have used the same notation as given in Inoue and Toyozawa [33}, in which

(1,m,n) = (sinB cos @,sin O sin@,cosO). \ : 2.21)

In terms of the irreducible spherical scattering tensors:
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1 1 1 !
+ (_iza(l) +i= > a(_]l) + i;af” + i"z' a(j) )nzml

1 1 1 !
+(i— o® lia('l') + ,-2—(112’ + iza‘j))myn,

1 1 1
+ _a“) +— (l) __a(z) +— 2)
( S0 =3 5o n, ],
1 1 1 1
f(—Eaf” —Ea‘_‘,’ —Eaf” + 2oz‘_z,’)l n,

1 1 1
+(iﬁ al’ 15a2)+z-:2- a?ymyl,

1
=™ —; @4 =@
+( zﬁao 2012 +12 S)m,. (2.22)

The scattering tensor can be rewritten
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1
o, = (“ﬁ)["z"x +mym, + 1,1, Jo”

1
+ 7_6_[2’22”1 —mym, - L1 Jo

1
+E[("2m1 +myn)i—(nyl, + Ln, )jo®

+ -2-[(n,ml +myn)i+(nyl, + L,n))a?

1

+ 5[(121, - mym,)=(l,m,+ m,l)ijat?
1

+ 5[(121, - mym)+ (Lm, + myl)ija}

i
+ f[”bll -l,m, ]a{)”

1
+ -2-[(m2n, —n,m))i+ (n,l, = Ln)la}”

1
+ -5[(—m2n, +n,m,))i+ (nyl, = Ln)Jat).

(2.23)

or, in a more compact form,

Q,, =i 2 Ao, (2.24)

=0 g=-1

where the polarization dependent coefficients Ay"s are defined by
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1
7»% = —V—E[nzn, +mym, + 1,1}

1 .
AL = -2-[(—m2n, +n,m)i+(n,l, - L,n)]
i
)"lo = 7—5[’”211 - l,m]
1
A= E[(mzn, ~n,m)i+ (n,l, - 1,n))]
1
7»2_2 = —2-[(IZI, = mym)+ (l,m + m,l,)i]
7 |
7»2_, = 5[(n2m, +myn))i+ (n,l, + L,n))]
: 1
A= —\/?[annl -m,m, - 1L,1]
‘ 1
A= 5[(n2m, + myn,)i—(n,l, + 1,n,)]

2 1 :
Ay = -2-[(lzl, - mym)—(l,m + m,l )i].

(2.25)

Putting (2.12) into (2.24) we obtain the polarization dependence expression for

second-order two-photon transition intensities:

(00, )™ =i 2 X, FUY . (2.26)

=0 g=-t

Equation (2.24) is the most general polarization dependence expression of two-
photon transition intensities between Stark levels. Further applications of (2.24) such as
in the case of circular polarization and with various functional forms of o, can be

found in Appendices B and C. For clarity purpose we will use the symbol o, to denote
the matrix element of the irreducible scattering tensor a;". For a particular transition
between Stark levels only certain ¢, are non zero, according to the Raman activity of

the group corresponding to the Stark levels [51,52]. In particular, the following
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comments apply. First, since o is proportional to Uy® in the second order

approximation, where Uy®

is a number operator proportional to -N/(14)'? for the
configuration, 0’ is exactly zero for different initial and final states used in Raman
transitions. We therefore will omit all ap”’s for second-order calculations. As will be
explained in the next section on the third-order theory of two-photon intensities, the
third-order contribution associated with the a{” term is not ﬁways zero, but in fact
might be dominant for certain transitions. One must include the ay” term in the third-

order calculation in order to obtain meaningful results. Secondly, in the case of TPA

where the two beams come from the same source, the a;” terms vanish.

Table 2.1 gives the angular dependence functions for ERS and TPA transitions
for all 32 crystallographic point groups. In table 2.1, we have labeled the hreducible
representations by the usual symbols for molecular representations, in order to facilitate
comparison with Bader and Gold [34]. In RE intensity calculations, however, the
irreducibe representations of a point group G often appear [53] as T, where i denotes
the i representation of group G. Only transitions of the type I'y <—> T, where I is the
totally symmetric representation and I'; any irreducible representation, are considered.

Other transitions can be calculated using the fact that the triple product I, . ® I, ®T,

of any of the 32 point grbups must contain the totally symmetric representation.. The
three terms appearing in the triple product are the irreducible representations of the final
state, the Raman tensor, and the initial state. For a transition to an n-fold degenerate
level the total intensity is proportional to the sum of the squares of each scattering

amplitude corresporiding to each degenerate state. In table 2.1 only contributions from
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one of the degenerate levels is listed. The total contribution is the sum of each

contribution coming from one of the n-fold degenerate levels. If the states of these

levels are Kramers states, the two-photon contribution from an initial Kramers state (¥)
to a final Kramers state(¥7) is different from the two-photon contribution from (¥;) to
the Kramers conjugate state of the final state (¥(%), i.e. loo(¥; >V WP 2 logy(¥; >V
) the two-photon contribution from ¥; to ¥; is however exactly equal to the two-
photon contribution from ¥;X to ¥, _i.e. lazl(‘I’i SY P = oy (X >¥F )P For
transitions between non-Kramers state, the TPA contributions from a singlet (¥;) to
each state of a doubly degenerate level (¥ or ¥yg) are equal, ie. log (¥ ->¥x )W =

o (Wi -> ¥4, ) (see proof in Appendix D).

It can be noted that table 2.1 agrees with Bader and Gold [34], since the
expression for the polarization dependence of the intensities of transitions between
Stark levels only depends on the Cartesian Raman tensors and their corresponding
irreducible spherical tensors whose non-zero values are predicted by group theory. No
approximation has been required to derive the relationship between the intensities and
the general form of the irreducible spherical Raman tensors af;) , which replace the

parameters A;’s in Bader and Gold’s theory. The explicit second-order expressions for

a in (2.26), in terms of F; and U, however, are derived using the Judd-Ofelt-Axe

theory. Since U," can be calculated for a particular transition, the expression for the
intensities for two photon processes in terms of F, provides a stringent test for the Axe

theory. In the case of TPA from the same source only F, would appear in the expression
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for intensities. Thus relative intensities between Stark levels can be calculated and
compared with experimental values. For a single two-photon transition the polarization

dependence of the intensities on 6 and @ can be directly compared with experimental

data.

Another test for the second-order theory of Axe may come from the ratio F,/F,,
as first demonstrated by Becker et al. in the case of TmPQO, and ErVO, [54]. Using
Cartesian coordinates it is common to obtain ERS intensities corresponding to at most
four polarizatioh states. Asymmetry [44] can be measured by the ratio of two of these
intensities, Ixz (or Iyz) and Izx (or Izy), from which the value of F,/F, can be obtained.
From the Raman scattering intensities of light with incident and scattered polarizations
being arbit_rarily varied, a better fit for the ratio F;/F, may be obtained. Thus this new
analysis method should provide a more reliable value for the r;tio F\/F..

- In general the two-photon scattering tensor oy; is related to the irreducible

. representation of the scattering tensor orq(‘) by the relation

@) =2 X D™ @), (2.27)

=0 gq=-1

where (e,e, ). is the coupled form of the polarization unit vectors. Equation (2.27) was

derived by the use of the standard method of tensor operators. The complete derivation
is given in Appendix B. The expression for the TPA amplitude in the case of circular
polarization incident beams is also given in Appendix B. We will use this tensor
coupling method when we derive .the polarization dependence expressions for third-

order and fourth-order terms involving spin-orbit and crystal field interactions in the
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next section. The same procedure can readily be applied to other third-order interactions

such as ligand-polarization [15-17] and electron correlation [18-21]. The polarization

dependence expression for interconfigurational TPA intensities will also be discussed in

the next section.
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Table 2.1. Angular-dependence functions for RE ERS and TPA transitions. The
symbols are defined in the text
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2.3 Polarization Dependence Theory - Higher-order
Contribution

2.3.1 Third-Order Contribution to Intra-Configurational Two-Photon
Transition Intensities

~ The line strength of a two-photon transition from an initial state li) to a final

state If) shown up to the third-order is proportional to

l—Z(ilE . DI j)(j|E.D|f)+z(ilV,Ij)(jIVzlk)(lejlf) —P (228

E, pr EE, O

where E; and E; are the average energy of the excited j and k configurations.

Depending on fhe specific details of the interaction V; (i = 1, 2, or 3) and the
initial and final states, expression (2.28) represents different third-order contributions to
the two-photon intensities. If the initial and final states are crystal field states belonging
to the 4f" configuration, V;= V= E - D, and V, = Hsg, expression (2.28) represents the
third-order spin-orbit contribution. If V, = H¢fg , however, the third-order contribution
comes from the interaction between intermediate configurations via the crystal-field
potential. When the wave functions 1, j, k, and f are products of lanthanide and ligand
wave functions, and V, = He, where Hc is the Coulomb interaction between the
electrons in the lanthanide ion and the ligand excited states, expression (2.28) represents
the ligand-polan’zation third-order contribution [15-17]. This ion-ligand excitation

mechanism is called the dynamic mechanism to distinguish it from the static mechanism
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as it involves ligand excited states. Finally, a third-order contribution can come from

Vv non-central
c

electron correlation, if V, = , where V""" denotes the noncentral part of

the Coulomb interaction:
chon-ceutral.= VC -U, (229)
where U stands for the potential of the central field approximation [18-21].

In the independent systems model [15-17] and in the double perturbation model
[18-21], the third-order terms in which V; is interchanged with V; or V; also arise, and
the electric dipole operator E - D may represent the light-central ion or light-ligand

interaction.
2.3.1.1 Spin-Orbit Interaction

Following Judd and Pooler [10], Downer and Bivas {11], and Ceulemans and

Vandenberghe [14] the third-order spin-orbit operator can be expressed as

nl 21 11
3[1(1+1)(21+1)]"2————§’(nlEr2n ) 2{1 . t}(eze,)“’-(a*a)‘°"‘(a*a)‘“’°
" '

w2 §y(nllrinl')® 3 ,/2{1 l l}{l l l}
“3(+1)(1+1/2)] 2 %',( Nale/ RV M M

x(e,e, )" -(ata)™®

AN

11
(nlirinl')®

—p e e AR Erzn ) Zl<—1)“'(2x+1)"2 11

v 2

X (e,e,)" - (a'a)™".
(2.30)

where {;, {; are the spin-orbit coupling constants for 1 and I’ electrons, respectively.
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In expression (2.30) the only non-vanishing terms occur for t = 0, 1, and 2 and
for A=1, 2, and 3. The expression for the third-order two-photon scattering tensor can be

recast in a more compact form:

(0, = 2(—1)’(926, ) '[H(t) (a'a)®"(a'a)"" + 2. G(1, 1) (a’a)““‘}(2-3 1)
t : A

where

E}, 111

sy _c__<_l'_'_l>_{1 : "}
H()=3(-1)'[I7+ D21 +1)] , (2.32)

and

e i §(nliAnly? LJ1 1 {1 1

G(t, M) ==3(=D'II+ 1)1 +1/2)] g (=DM @A+1) 11 a1
110
=DMEA+D 1 Iy
r A1

2 Gy (nliAnl' Y’

=3(=1Y[I'(I+1)(I'+1/ 2)] £

(2.33)

Applying the procedure given in Appendix B, we obtain the two-photon
scattering amplitude expressed in the third order:

(a2] )3rd = i 2 )‘Iq(a;‘))sm’ ) (234)

=0 g=-t

where A,"s are the polarization dependent coefficients defined in equations (2.25) and

(())37d :

(o is the third-order irreducible scattering tensor operator defined by
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(a;t))Srd = H@) (afa)q(o"‘(a*a)(”)o+EG(I,7\.) (aTa)q(m‘ ) (2.35)
A

The matrix element of the third-order irreducible scattering tensor is given by

(fYLSIMI(0 Y I fYL'S'T' M)

J t J (2.36)
_(_1\/-M N (t)\3rd Nyior o
= (~1) [_Mq M,}f LSTI@®Y I F¥ L S T,

where

(F¥SLIN@® Y™ I F¥S'L' J')= H(z) (f ¥ SLIN(a*a)® (a'a) !l F¥S' L' J'y

+2,G(t, 1) (F¥SLIlata)™ i f s L), (2.37)
A

-For I=3 and I’=2 we have the following values for H(7) and G(z,A):

6€f 2 6‘/8cf 2
H(O)—E(ﬂﬁd), HQ2)= 5 (Aindy’,

(6C/ -4L,) ) (-18 Cu‘ +85,) 2

=——(f1dd)", )=——F———(fIrd)", 2.38
GO \/1—45; ,(ﬂ dy, (2D ME‘; (find) (2.38)

-3y, N L)
G22)= NE (finay’, G(Z3)=—Ezf—(ﬂﬁd)-

The reduced matrix elements in expression (2.36) can be evaluated by using the
following formulas [49,55]
hoito 1
(o4, j, W MO i)' ' ) = (o MWl i 0, 7,k 0, gt 1 (2:39)
k

JjoJ
(IMaSLIN(UOW™M)IM e S'L' ) |
=[I'TY, (MaSLAUCNN e SL T )M S P ITWORN Ve s 1 ) (240)

o

71



(NoSLIW™ N §' L'y = 61N aSLIVIlIYa' S' L) (2.41)

(a'a) ™ = W (2.42)
and

2t+1Y? | '
(ata) ™" = T] Ue® (2.43)

where the values of the reduced matrix elements of W' and V!V can be found in

literature [8,12].

Since the third order spin-orbit contribution to two-photon intensities can be
expressed in terms of the second rank irreducible tensor form, with the same
polarization dependent coefficients as the second-order contribution, one can just add
the results for aq‘ calculated in the third order into the second-order results in (2.26) and

@l o obtain the TPA transition intensities

square the resulting total ampliiude (021)
calculated up to the third order involving spin-orbit coupling. Note from expression
(2.37), because of the presence of the operator (a*a)®"?, the scattering tensor 0, is not
a scalar, and its corresponding matrix elements are no longer zero for different initial
and final states as in the case of the second order theory. It should also be noted H(0) is
generally the largest term in equations (2.38). For this reason the third-order

contribution corresponding to the o term may be dominant in transitions where its

matrix elements have non-zero values [10].

2.3.1.2 Cryst‘al-Field Interaction
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The original expression for the third-order TPA operator involving crystal-field.
interaction has been worked out by Downer and coworkers [12,13]. Its full expression

has the following tensorial form:

BRI o an2 (nllrlnl')2 I 17
(=D [QRI+1)2I+]) ]_——_—\/EEIZ.I [

0 00
rorrYr1 1o
- k 112 172 [¢)] M), (1)\(k) ) | )

(2.44)

where h, k, t are tensor ranks and B® is the crystal field tensor corresponding to the
third-order crystal field interaction acting between excited configurations lj> and k> in

expressions (2.28).

Specific results for f" transitions, with intermediate states f"'d, can be readily
~ obtained by substituting /=3 and I’=2 in equation (2.44). The matrix element of the third

order crystal-field tensor is given by

(@) f)= (ﬂZK(h, k,t)(e," BMe, "))V (UYL ), (2.45)

tkh

where

0 00O

-ty RPN LT LT

v {l 1 I
K(h,k,z)=—(—1)‘*"[<2l+1)(2l'+1)’1“—(n"rmi) ( J
V2E;, |
(2.46)
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As can be seen from expression (2.44), the crystal field tensor operator B® is
coupled to the electric field vectors. By further recoupling the electric field tensors,
Ceulemans and Vandenberghe have obta_ined an expression in which the electric field
tensors are directly coupled and all the 6-j symbols are combined into a single 9-j
symbol [14]. We neverththeless will develop the polarization dependent fonn for
Downer et al’s expression, so that comparison can readily be made between the two
theories in thé_case of parallel and circular polarized beams. Since the unit polarization
vectors are coupled to the crystal-field tensor, B®, in expression (2.44), we have to
resort to the method of tensor operators to derive the polarization dependence for the
third-order crystal;ﬁeld term. The decoupling procedure for all possible values of h, k,
and q is, however, quite tedious; we therefore only consider the special case in which
the only crystal-field term appearing in (2.45) is the fourth rank crystal field term By'®.

Putting h=4, /=3, and I’ = 2, expression (2.45) becomes [13]

(@)1 £) = (0 L L(t, k)(e, " BV, VYRV - (Ul £), (2.47)
tk

where

. 15(nlirinl')?

1 3 2(13 1 2
. 1\ 172 172
L(t, k)= ——_\/55,2, ED"RE+1)(2t+1) {3 . kH4 2 t}' (2.48)

For k = 5 and t = 6, the tensor operator in (2.47) can be written

(ez(n(B(“z)ela))(s))(e) U® = (—-1)2(e2”’(B(4)e,(”)‘”);”Ufzs)
+(=1)! (ez(”(B("e,(” )‘”)f"’Uff’ + (—-1)°(e2(”(B‘4>e,‘”)(5) )f,é)Uff’ (2.49)
+(_1)-1(ezu)(B(A)e]m)(5))(_?”56) + (-l)'z(ez(”(B“)e,(”)‘”)‘_g’U‘;”.
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After decoupling and rearranging, the right-hand side of (2.49) has the form:

B{"{(14199)"(e,),(e,), U —(35/198)"*[(e, ), (e, ), +(e,),(e,), JU®
+(5766)"*[(e,)_(e,), +(e,),(e,)_, +2(e;),(e,), JUP (2.50)
—(35/198)"*[(e,)y(e,)_, +(e,)_,(e,), JUL® +(14/99)"* (e,)_, (e,),, UY}.

Using (B5) we have the final polarization dependent form for ihe crystal-field

third-order contribution:
| .
BY {—371—7 (Y1422, U9 + /3502 U + 35209 + V350U + /142U P}, (2.51)

where Ay' s are defined in (B7).

The crystal-field third-order contribution is proportional to (10/33)"? <ilUo®If>
and (14/99)'? <«ilU,®If> for parallel and circular polarization, respectively. For the
857,2 > 611 transitions 1n Gd3+:Laf3, the ratio of the integrated two-photon line strength
corresponding to parallel polarization to that corresponding to circular polarization is
15/7, in exact agreement with Downer et al. [13].
 2.3.2 Fourth-Order Contribution to Intra-Configurational Two-
Photon Transition Intensities - Spin-Orbit and Crystal-Field

Interactions

The fourth-order contribution to two photon intensities is expressed as

_ Z(ﬂE - DI j)JIVIAYHV' Lk)(KIE - D\ f)

Johk ) EjEkEh
Ny (2.52)
Z (AE - Dl jY(jIV' IR)(WVIK)KIE - D\ f)
Johk EjEkEh ' '

\
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Downer and Bivas [13] have explored the fourth-order terms with V=Hgso and
V’=Hcr for the case of 8 —°L A more general expression was later given by
Ceulemans and Vandenberghe [14]. Following Ceulemans and Vandenberghe’s results,
the expression for the fourth-order scattering tensor amplitude between states li> and If>

taking into account spin-orbit and crystal field interactions can be written

(il(oy, )" f)= @y ((e,8, )" B® )™ .[ M(t,k,n)(a’a)® " (ata)""®

1.k.n

(2.53)
+ 2, N(t,k,n,A) (ata)™ + X P(t,k,n,\) (ata)™ |1 1),
A Aeven :
where t, k, n, and A are tensor ranks, B® is the crystal field tensor,
o 8 RIA DRI (ARl (11 T
M(t,k,n)=2(-1) 5 000
RN b Y A (2.54)
><[1(1+1)(2z+1)]”2(—1)"*"(2z+1)”2[0 00 1 ' Iy,
mkn

N, k,n,A)=2"2(-1)

remiiek G+ DIZ QI+ D)2 QI+1P (nllrnl (11 1
E13'1 000

(2.55)

Ikl 1 1An
. 172 lv
x[(QA+1)(2t+1)] [O 00 1 l{l ] l}’
t kn

and
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P(t7 k, n, ),) = 2’/2(__1)1'+n+l+

C QU+ DI +D)]2 I+ (nli ARl ) (1 1 l')'

E}, 000
— 1 1tn (2.56)
1/2 '
X [(2A +1)(2t +1)] (0 00 11 A1y,
' 'kl

where {; and {; are the spin-orbit coupling constants for 1 and I’ electrons.

As in the third-order crystal field analysis, we only consider the special case in
which the only crystal-field term appearing in (2.53) is the fourth rank crystal field term
Bo“. Appendix C and table 2.2 provide the decomposition of ((e,e, ) B®)™.O® for
different vélues of t and n corresponding to k = 4, where O™ represents the tensor
operator in the square bracket of equatioﬁ (2.53). The corresponding polarization

dependence expression is given therein.

2.3.3 Third-Order Contribution to Inter-Configurational Two-Photdﬁ

Absorption Transition Intensities

The theory of static and dynamic contributions to the two-photon f-d transitions
has been developed by several workers [27, 32, 42]. Most of these works were
developed for the special case of 4f —5d two-photon transition in Ce**:CaF,. We will
discuss the models given by R. C. Leévitt [27] and Sztucki and Strek [17]. Following
Leavitt’s result for Ce**:CaF,, the static contribution is given by

h%e?

W, 100y, )= —(FICPNY (R INR, Py, 12 SUX,,),  (2.57)
k

2
£ry

where

77



172
S;=2(2’+1) (2k+1)(—1)'+q{3 3 t}{3 3 t}(z 1 k)

~ 2(E,+E,)E, 11 2|k 1 2/lg 0-g

12 2 2 2 2 1 %
) yCas) (2k+1)(_1),+q{ ’H ’}(’ qj 2.58)

: E,E, 1130k 1 3f—g0

2t +1)"*(2k+1) I t 1 k
+2, (-1)™42 3 & [ J
E,+E)E 0
k ( d v) v 3 2 1 q

In expression (2.57), € is the effective dielectric constant, o is the magnitude of
ligand position ro, C"" is a spherical tensor depending on the RE electron postion, and t
can take the values 0, 1, or 2. In equation (2.58), the dominant configurations are
assumed to be nf and n’d, and E4 and Ey are the energies of the n’d configuration and
the excitation beam. In Leavitt’s derivation of the static effect, the RE ion and the
nearby interstitial ligands (the charge compensating F ions in this case) are treated as
static point charges. Odd-parity crystal field effects arise from interaction between the

RE ion and these ligand ions.

When the interaction between the ligand-electrons and RE electrons are taken
into account, we have the ligand dependent effect [15]. Leavitt’s expression for the

dynamic coupling contribution to TPA intensities is given as follows

h105E,

(1) _ WAL ES
(an'aq lwn'd) 8rol(Ev + E;)

(ICONFYRIAR,,) T (v, 12 DUX,.,),
. k R

(2.59)
where @, is the charge compensating interstitial ligand polarizability, E; is its the

average excitation energy, and
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2t+ 1" 2k +1)
) ; (Ej —Ev)

12 k{11 ¢k & O)fr 3 &
x{3 2 BHk 3 2}{1 1 1}[-:; 0gq
Z(ZHDW(ZI(H)’
¢ (E,-E)

1 2 k|{1 1 ¢t ||k kK Olft 3 %k
12 3 2[lk 3 2/l 11)lg 0g

D, =(dNCPIf)R,IF*IR,,

(_ 1)|+l+q

) (2.60)

+(dIC®Id)(R,,Ir*IR,,) -1)7

Expressions (2.57) and (2.59) already have the second-rank irreducible tensor
form. Their corresponding polarization dependence expression is therefore given by
equation (2.23), with o being replaced by expression (2.57) for static contribution and

expression (2.59) for dynamic contribution.

The general formulae for the static and dynamic TPA transition amplitude can

be described within the framework of the independent systems model [17]:

W loshy, ) =[(e,e,)” BL 1™ - { (M(fIU™IM ()

2 k3
12 -2 2
xoZ ;_56(35[1][n]) E,,,[O . O)flr \d) 2.61)
odd k<5
["2132z2‘3123z3 "2121tk}
T—Dlzzkan'lst k2 ntTCDH2 3 ’
32n
and

(Wl hy, ) = [(e,e, ) T*P1 - { (M (UM (d))

k+1

x X Z(—l)k*"*’6[-3-23<k+1)[k+1][k][r1[n11"25;6{; . ';}(flrld) .62
1=0.2 n<S

even k<6 i

(3k3Y2 1 3] 2k2Y3 1 2)
ED"3000)k 3 YT A0000k 2 a[irtia] }
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where o5 and ap are the static and dynamic two-photon f-d transition amplitude, @ is
the average polarizability, IM;) is.the free-ion eigenstates of the RE ion (denoted by M),
which is ;'elated to L)), the free-ion eigenstates of the ligands (denoted by L), and I¢;),
the zeroth-order states of the éystem, by the expression

I0j) = IM)) IL), (2.63)

B"fd are the crystal-field parameters, and 7**is the geometrical tensor defined by

B!, = X T (nfIr*Iin'd). (2.64)
L

The polarization dependence of the static and dyhamic two-photon f-d transition
amplitude given by the Sztucki and Strek’s model can be found by decomposition of
((e,e,)"B™)™ .0, and ((e,e,)"T™*")™.0,™, where Os and Op represent the
tensor operators in the square brackets of equations (2.61) and (2.62), respectively. For
a system such as Ce3*:’CaF2, only terms associated with Bo'", Bo®, and To‘3) are relevant.
The decomposition procedure for the case of k = 1 andA3 is given in Appendix C and

table 2.2.
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Table 2.2: Calculated values of D,“(k,n)

o o < —_
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= ™
~ 0 (=} all
|
©
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Py _ o
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13 o (] —
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where

(_ 1 )t+k+n D-q(t)(k, n)

D O(kn)=(-1)' (t-qk01n-g)
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2.3.4 Relative Magnitude of Higher-Order Contributions to Second-

Order Contribution
Finally, we consider the relative magnitude of the third (and fourth) order
contribution to the second-order contribution. Using the intermediate coupling states we

have

<¥ @)™y >
<Y @)y >

J T
Za(SLJM)a'(S'L' J M')[ o }-1)""“ < SLJI(e")y™s'L' J'>
-Mgq

sL sl M

(2.65)
!

J J'
Za(SUM)a'(Sf Ly M'{ M)—l)“"‘” < SLIa™)y*™IS L' J'>

SLI.S'L -M q

where nth can be 3, 4, or any higher order contribution taken into account.

If the SLJ mixing are negligible for the states ¥ and ‘I’ the coefficients
a(SLIM) and a’(S’L'I’M’) are functions of J and M, ie. a(SLIM) = a(IM),
a’(S’L’'I’M’) = a’(I’M’). We then have

<P @) >
<Y 1@ >

J tJ
< SLIN™ Y™ IS'L'I'>  Q,a(IM)a'(J' M’ N G Rak
SLISLY -Mg M

7 1 7 (2.66)
< SLINOY™ IS L' T'> D a(JM)a'(J' M’ —1)¢-M)
-M g M

SL.s'un '
< SU”(a(r))mh“Sv LI'>
T < SLI(eYMSs' L g’
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which is independent of q. For a TPA process with a single laser excitation wavelength,

M (0)

vanishes, and op ~ also vanishes if J’ is different from J. In this case the

O

polarization dependence and relative amplitudes of TPA Stark intensities, which now

depend only on o

, would not change when higher order contribution were included.
We now apply the polarization dependence theory into a number of cases including

intra- and inter-configurational TPA.

2.4 Examples

2.4.1 Intra-Configurational TPA - Application to Sm** in BaCIF

In the second-order approximation the polarization dependence functions of the

®s which can be further evaluated in

TPA intensities are expressed in terms of o
terms of the parameters F;’s when one applies equations (2.12) - (2.16) to a particular
TPA transition. The final polarization dependence functions are thus expressed in terms
of the parameter F,’s and can be compared directly with observed data. In this section

we will provide ._exarnples on how to apply the master formula (2.23) to TPA transitions

in a particular system.

We now apply formulae (2.15) and (2.16) to the transition 7Fo -> D, for Sm** in
BaCIF (Cg, site symmetry). Using the crystal-field parameters given by Gécon et al [38],
we can obtain the crystal-field wavefunctions and coefficients for the initial and final

states.
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The initial state, which is the ground state, can be expressed as [56]

> = .97 'F(0,0) - .17 °D1(0,0), (2.67)

where we have used the *!Li(J,J,) notation.
The final states are
IT> = -.74 [°D3(2,0)] + .6[ *D1(2,0)]
> =- 74[i5D3(2 2) + L 5D3£2 2]+ 6[—1— SD1(2,2) + L SD1(2,-2)]
3 - \/-2_ » JE ) . ﬁ | y Jé' )

To>= -.74[-% SD3(2,2) + % SD3(2,-2)] + .6[--;71-5 SD1(2,2) + 71_2— D1(2,-2)]

Co> = - 74[- D3(2,1)] + .6[- D12,1)]
ITs,> = - .74[- °D3(2,-1)] + .6{- *D1(2,-1)], (2.68)

where I's, and I'sy are the two components of the doubly degenerate I's states.

For Sm?* (4f°) we have
079
—F, fi =0
Tle® M>={ 5 2 = 9
0 for q#0
079
—=E for g=+2
<Tilo® My>={5V2 4
0 for q#£2
079
F—=F for g=*2
T Le>=1"52 2 o 9
- {0 for q#£2
0719,
-=—F =
io® Te>={" 5 12 fr a=!
' 0 for gq#1
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079
<I‘1Iaf’ IF5y>= - 5 F2 for q——l

0 for q#-1,
(2.69)
Equation (2.23) can be rewritten for the case of TPA from the same source:

3cos’6 -1 i °
a, = (—C%—g— al? _(eT sin 26)o!” + (e? sin20)ay
‘ (2.70)

~2ip e2i¢
sin’6 )(1(22) + (—'2— sin’@ )a‘_zz’

+(

| I
<Tile,IT;>= 7= (3cos 0-1) < Tyl Ti>= %(30052 6-1)

e < T 10T, > +e?® < T 1a2IT, >
2

<Tilo, 1 T3> = (sin’@) = a, sin? Bcos 2¢

e <T1a@IT, >+e** <T|102IT, >
2

<T;Ia,2,ll [>= (sin’@) = ia, sin® Bsin 2¢

e <TI?IT, >
2

<Tlot,, [ Toe> = - (sin20) = %(sin 20)e™

e® <T1a?IT;, > g
‘ > L2 " (sin 20) =—%(_sin26)e'°,

<Tilat, , I Tsy> =
2.71)
079

where 2, = =F,. - 2.72)

The angular dependence of the TPA line strengths can be expressed in terms of

the overall strength Sy of the 7F0 - D, two-photon transition:
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] .
S(MH=I) = 380(30052 6-1)°

Sy —T) = S, sin* Bcos? 20
S(I =Ty = S, sin* Bsin” 2¢
S(I';—T's) = S, sin® 26.
(2.73)

Note that we can equivalently obtain (2.62) by using table 2.1 for the case of Ca.

and substitute the nonvanishing values of o given in (2.69) into the polarization

functions for each two-photon transition. Table’ 2.1 is particularly useful when the
intermediate coupling coefficients of the wavefuPcﬁons for the initial and final states

|

are unknown. Once these coefficients are obtaiied, and the corresponding @ s are

determined, the master formula (2.23) can be used instead. The results in (2.73) are
identical with those of Gacon et al [38], which were shown to agree well with
experiment. As pointed out by Gicon et al, the results given in (2.73) agree with the

results of Bader and Gold and, furthermore, complete their results.

2.4.2 Inter-Configurational TPA - Application to Ce**:CaF,

We can apply equation (2.23) to calculate the dependence of the TPA cross-

section on the directions of the electric field vector € and the wave vector kof the
incident laser beam. For the Ce** jon in CaF, with site symmetry Ca,, the TPA cross-

/
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section © for the zero-phonon transition from the 4f ground state to the lowest 5d state

of the Ce* ion is proportional to

1 3cos?6 -1 -
(_E ag + (-—COST——)(:;‘; I + ((eT sin 20 )(!12 j 2.74)

For the case where kIl [100] and & !l [010] we have

o «<1+Csin’20, (2.75)

where C = (2b-1/2)/(3a2-2a+l), (2.76)
1 V2ol 1{a2Y

itha = ~+———2andb = =|—L|. 2.77

with a 3+ 3 o and b 6[(13] (2.77)

Similarly, we obtain
3C ) .2 1. ~
O =< 1+Tsm 20 + Csin“0 for the case where k1l [110] and el [001], (2.78)

and

0 «< 1+ C for the case where kil [111] and &1l [110]. (2.79)

The fitted curves for (2.75), (2.78), and (2.79) are shown in Fig. 2.1. The best fit
for C is found to be 1.774. The polarization anisotropy for the case where k!l [100] and

€11[010] is

_0(45°)-c(0°) C
T 6(45%)+0(0°)  2+C’

(2.80)

is 0.47, in good agreement with the observed value, which is 0.5 in this case.
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The value for A calculated by Gayen et al [24] is 0.076. Taking into account
only the Bo™ component of the crystal field and ignoring the dynamic effect, Makhanek
et al. [28] obtained a value 6f 0.47. Leavitt’s calculated value for A is 0.32 [27]. Finally,
Sztucki and Strek found A = 0.55, 0.15 and 0.52 for the static terms proportional to
By, B¢, and the dynamic one, respectively. A recalculation based on the treatment
given in section 2.3.3 of this chapter however shows that Leavitt’s model gives A equal
to 0.17 and 0.16 for the static and dynamic contributions, respectively. The reason of the
discrepancies stem from the fact that the number of o, %s was being overcounted in
expression 13b of ref. [27] . This is because o, and or;? can not be both nonzero in one
TPA transition‘from one component of a Kramers doublet to another. We also found
that Sztucki and Strek’s model [17] gives A equal to 0.815, 0.51, and 0.16 for the static

oM, Bo®, and the dynamic one, respectively.. We conclude that

terms proportional to B
the third-rank component of the crystal field was in fact the dominant term in the TPA
transition intensity from the 4f ground state to the lowest 5d state of the Ce* ion in

CaF,, as was claimed by Makhanek et al.
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Intensity {A.U.)

0 45 90 135 180

Polarization o (deg.)

- Fig. 2-1: Polarization dependent behavior of the two-photon cross-section
for the no-phonon transition of Ce*:CaF, at 6-K. The solid crosses
represent the experimental measurements given in ref. [24] and the solid
lines are the fits to the data using the angular functions described in

equations (2.75), (2.78), and (2.79).
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2.4.3 Electronic Raman Scattering and Phonon Raman Scattering

As in the case of »two-photon absorption, the polarization dependence functions
for ERS and phonon intensities are expressed in terms of the non-vanishing values of
the matrix elements of the irreducible representation of the scattering tensors, 0. These
polarization dependence functions can be directly compared with the observed
intensities, from which the fitted values of o' can be obtained. In the ERS. case, the
more explicit expressions of o' in terms of the parameters F,, which arise in the second-
order theory of Axe, can then be obtained from equation (2.12). In the second-order
approximation, the final polarization dependence functions ‘depend only on two
parameters, namely, F; and F,, which in general are simpler than the briginal
polarization dependence functions expressed in terms of ' The simple expressions of
the final polarization dependence thus provide a crucial test for Axe’s second-order
theory. Another sensitive test for Axe’s theory come from the ratio F,/F,, which can be
derived from the ratio orq'/uq'2 obtained from the fit mentioned above. The ratio F,/F; is
predicted from the Axe theory to be aprroximately the same for all ERS transitions of a
particular rare earth ion. Deviation from the value of the ratio F\/F, would provide
insight to further revision of the second-order theory of Axe. Examples and applications
of the master equation (2.23) in ERS and phonon Raman scattering processes are given
in Chapter 3, where all the experimental Raman s;:aneﬁng data given have been

obtained by our group.
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2.5 Summary

We have proposed a theoretical framework for obtaining the polarization
dependence formulae for two-photon transition intensities of rare-earths doped in
crystals. The theory was developed based on the properties of the ifreducible
representation of the scattering tensors calculated up to the fourth order. A table of
angular dependence functions for two-photon transitions for 32 crystallographic point
groups was given. Our third-order expression for the TPA scattering tensor taking into
account the crystal field interﬁction agrees with Downer et al’s expression for the case
of parallel and circular polarization [13]. We havé applied our second-order polarization
dependence formulae to the "Fo->°D, TPA transitions, and the results are identical with
those given by Gacon et al [38]. Third-order inter-configurational two-photon
absorption was also trea;ted. Its applications in the case of Ce*" in CaF, were given. An
excellent fit to the experimental bolan'zatioﬁ dependence curves was obtained. From the
fit we have calculated the polarization anisotropy using Sztucki and Strek’s model, and
we were able to show the dominance of tﬁe 4f-5d third-rank crystal field term in
contribﬁting to the 4f-5d TPA amplitude in the case of Ce® in CaF,, which was in

agreement with Makhanek et al [28].

The properties of the irreducible scattering tensor, o,”, have been exploited to
derive the relationship between the two-photon scattering tensor, o;;, and the coupled
form of the unit polarization vectors, (ese;)®. This relationship has been particularly
useful in deriving the explicit expression for the intra-configurational two-photon

amplitude including the Judd-Ofelt-Axe’s second-order term [2-4], Judd-Pooler’s third-
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order spin-orbit term [10], Downer-Bivas’s third-order crystal field term [11-13],
»Ceulemans-Vandenberghe’s fourth order spin-orbit and crystal-field term [14],.as well
as the inter.-cohﬁgurational TPA amplitude using models given by Leavitt, and Sztucki
and Strek [17, 27]. The relative magnitude of higher order conﬁ'ibutions to the second

®

order contribution was also discussed based on the properties of oy and the Wigner-

- Eckart theorem. Finally, employing the properties of aq(‘)

and using the time-reversal
invariance properties of the Hamiltonian, we have derived the general theorem proving
the equality in magnitude for two-photon transition amplitude calculated either from a
Kramers doublet pair or from its conjugate pair in the case of a system of odd number of
electrons. Similarly, we have proved for the case of a system of even number of

electrons the equal magnitude for two-photon transition amplitude calculated either

from a singlet to a state of a doublet or from the singlet to the other state of that doublet.
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Appendix A

Using the standard tensor transformation [49] one can write

(e,6,)". U = 2. (~1)"(e,¢,)°.U_0 = X X (1) (g, 1g, Irg)(e,), (e,), UY,. (Al

9 992

The scattering tensor (2.10) would then be expressed as

oy, = 2 (-1)'F, 2, 2 (-1)°(1g,1g; 1 lrg)(e, ), (e,), U, (A2)

9 a9

By making the changes qi1->-q1, q2->-q2, and g->q we obtain

o, =2 { DEDFEY UCU-g1-g,l1t-g) K-1)(e,)., (e, )y, (A3)
q

992 4
The transformation from Cartesian to spherical coordinates for the scattering

tensor in equation (2.10) is given by

o, = Z(—l)qaq,qz(ez)-q, (&), (A4)

LIt H
where qj+q2 =-q.

Com;;an'ng (A3) and (A4) we obtain the following expression for the scattering

tensor expressed in the spherical coordinates:

@, = L EUY(1-g1-g,llt-g). AS)
1.q
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The standard coupling technique of irreducible tensor operators gives

@ =2 (glgllg),,, , (A6)
L.k

where o q‘" is a coupled form of the scattering tensor. We then have

o q"’ = Z(—l)"(lq, 1g,l1 ltq)z F,.Uf;ﬁ)(l -q'\1-4,111t'-q"). (A7)
@9 rq .

Using the properties of the 3-J symbols, we can write this as

@, =2 (-1Y EUDY, (1g,1g,11tg)(1g',1q, 1 1¢' ¢ (=12, (A8)

g’ 992

The 1irreducible scattering tensor now becomes

ol = (1) (-1) F,UYS(1,1'}8(g.q') = F,UY. / " (A9)
rg

Note the éompact expression of the irreducible representation of the Raman
scattering tensor. In order to obtain this compact form, a factor (-1)' is present in the
expression for F;: Leaving out this factor in the expression for F; has led to a sign error
for the ratio F\/F; in severél papers written by Smentek-Mielczarek [57-59]. The
derivation for expression (A9) can also be found in Becker’s thesis [50], in which
Becker made an error in expression (8), where (e;e;)' was given as (e;e;)' , which is a
factor of (-1)' different from ( ee;)". In equation (A4), however, Becker made another

error, which accidentally cancels out the previous error he made. In the expression (A9),
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(e;)_(e). was written as (e,)(e;) where the latter is equal to the former

—°

multiplied by a factor of (-1)".
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Appendix B

Consider the two-photon scattering tensor of the form

= - 0
Oy = ﬁ(_l)‘(eZel)(l) 0V =(e,e,)” -0 —(e,e))" - 0V +(e,¢,)? - 0?
=0
— (0) n© \(1 1 1
=(e,€,)5°0p” +(e,€,)50" ~(e,e,)5°0; + (e,¢,),"0F B1)
2 2 2 2 2 )
+(€,6,)202 = (,6,).02 +(e;,)702 — (e, )02 +(e,e,)2 02

Decoupling (ezel)q(‘) in the circular polar coordinates gives

(€20 = (37 (e,)" ()% + (3" (e) (e, )" = (37 (e, (e,
(e,e,)Y) =(2)7(e,)y (e, = (2)*(e,) ) (e,)g”
(e26,)5" = (27 (e,) (€)% = (27 (e, ) (e, )Y
(e,e,)i =(2)™2(e,)"(e,)5) = (2)(e,)y (e )Y
(e,e,)3 = (€)% (e))) B2)
(ez) = (2)7(e,)P () +(2)™(e,) e,
(e,6,)5 = (6)7"2(e,) 1) ()i +(6)2(e,)) (e} +(2/3)"*(e,)5 (€7)5
(e,€,)i2 =(2)7(e,)" (e,)g +(2) 7 (e,)5 (e, )}
(e e )(2) _(ez)(l)(el (1).
From (B1) and (B2) we can obtain the transition intensity expressions for
circular and parallel ( EllZ ) polarizations. For right circular polarization beams in TPA
processes, all terms except e (e21Y in (B2) vanish. For left circular polarization,

only (ez).,“) (ez)-,“) term is ‘non-zero in (B2). For parallel polarization, only (ez)o“)

(e2)o'” term is non-zero. The two-photon scattering tensor becomes
0% (e,)" (e, for right circular polarization, =~ (B3)

02 (e,)")(e)") for left circular polarization, (B4)
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2 1
and ( EO((,” —7-5-0{,0’ )e,)5 ey for parallel polarization (B5)

The spherical polar unit vectors are related to the circular polar unit vectors

according to the transformation:
(&) =—2)"*(I+im), (e)’=n, (e,))=(2)"(I-im), (B6)
where we have used the (1, m, n) notation given in (2.21).

We now substitute (B6) into (B1) to get

2 (_1)1(e2e1)(t) -0 =2 2 ;‘190;0

=0 =0 g=< )
= AP0L + A0 + 100 + 100 ®B7)
+2202 +12.0% +2202 +1P00° + X202,
i

where the coefficients A; ’s are defined by

A = (=)™ (ese),, | (B8)

and

97



1
2.?, = —75-[11271, +m,m, +1,1,]

AL, = =[(-myn, + nym))i+(n,l, — L,n,)]

l’l ==[(m,n, —n,m)i+ (n,l, - 1,n,)]
1 ' .
AL = 5[(121, - m,m)+ (l,m, + m,l,)i]
1 .
12,-1 = 5[(’12’"1 +myn,)i+ (n,l, + 1,n))]
, 1
A, = _J—g-[znan = mym, — L1}
1 ' )
Xf = 5[("2'"1 +myn,)i—(n,l, + 1,n,)]

1 .
7\'22 = 5[(1211 = mym,) = (l,m + myl))i],

which is identical to (2.25).
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Appendix C
Consider the two-photon scattering tensor of the form

Oy = Z [(ezel)l B! ](") -0(")(k,t,n)= z Z(-l)w[(ezex)tBk ]fwol(vn)(k’t’ n)

nk.t nkt w

=3 Y [Z(eze,);B,*(zqkun —w)}—l)“'Of,“’(k,t,n) (C1)
q.!

nkt w
= X XN (DB gkln (g+D) 0D (k,1,n),
nke ¢q 1

where we have used (B8) and the relation w = -g-1 to obtain the last step in (C1).

If we make the change q -> -q in (C1) and define

DOUn )= (-D" (t-gklln-g+l) \ S (C2)

and

@l (k,t,n)= 2 BI D" (k,n, 108 (k,1,n), (C3)
!

we then get the familiar polarization dependence relation

> S e BI-09=Y 3 S n ok rn), (C4)

n =0 n =0 g=—t

where the two-photon scattering tensor has been expressed in terms of the polarization

dependence functions X‘q’s defined in (B9) and the irreducible scattering tensor aq(‘)’s
defined in (C3).

For 1=0 the irreducible scattering tensor becomes
o’ (k,t,n)= B;D{’(k,n) O (k,t,n).

The values for D, (k,n) for k = 1,3, and 4 are tabulated in table 2.2.
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Appendix D

We will use the property of the time-reversal invariance T to préve the relation
lo2) (¥ ->¥5 P = logy (i -> ¥ )P and 043 ->¥ s WP = loy (P -> ¥y, )P

By definition, the time-reversal operator T is defined by

TY(r;, 6z, t) = ¥ (ri, Oz, 1), | ®1)
where Ti, Oz represent the electron coordinates and t represents time. The time reversal
operator T transforms an eigenfunction of the form

¥(ri, Gz, -t) = Y (¥, G) exp(-iEVh) (D2)
into

TY(r;, 0z, t) = " (i, 0z) exp(-iEvh), - (D3) .

so that both ¥ and TY belong to the same energy level E. If ¥ and TY are distinct

eigenfunctions of the Hamiltonian which is time-reversal invariant, then the eigenstate

TV is called the Kramers conjugate state of ¥ and is denoted by ¥X. Applying T to the

spherical harmonics ;{1,,, we get

TYin = (Yim) = (-1)"Yim (D4)
or, in the (J,M) basis,

Tio, I, M> = lo,J,-M>(-1)P*™, (D5)

where p is the sum of the parities of the orbitals making up the state la,J M>, namely
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p= i ]; (D6)
=] _
For an odd electron system, ¥ and ¥X are related by the relation

¥ (K)= 3, ,-M>a"(dM) (-1y'™, (D7)
J.M
where ¥ = 3, II,M> a(J,M). (DS8)
.M

For an even electron system, ¥, and ¥ are related by the relation

¥, = O, 11,-M>a(M), (D9)
M
where ¥, = 3, I M>a(.M). - (DI0)
.M -

A corrollary of (D8) and (D9) is that if ¥ is a singlet, then
a(IM) = a(J,-M) (D11)

We consider next the properties of <%l ¥; > and <Y’ixlaq(‘)l VY. K where

I¥'> represents the [SLYM> intermediate coupling states. It can be shown that
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<¥ lal’¥" >
<Y Flag * >

S a(SLIM)a'(S'L' ' M s 7
. a a' 1 1 L} 1]
SLIS'LY -M g M

J—l)” M) < SLNaUS' L >

J ¢t J )
Y aX(SLIM)aX (S'L'J' M’ =DV < sLia®us L >
SLILS'LY M-q -M '

= (=1)2H MM o ]y,
(D12)
Combining (D12) and (26) we get logy(¥;->¥; )P = |§21(Yix->YfK )N
Si_mjlarly, it can be shown

<¥lo) ¥, >
<¥ oY, >

J t T
> a(SLiM)a,'(S'L'J' M’ A=Y ™M <sLmaus L >
sL.sLr -M q M

J t J' M) }
Za(SLI—M)a).'(S'L'J'M' M-q -M -1) <SLJlaUS'L' J'>

SL.SLT

=(-1)'.

(D13)

Combining (D13) and (26) we get loy (¥ ->¥ P = lag(¥->¥, )2
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Chapter 3
Experimental Aspects

This chapter and subsequent chapters present the experimental verification for
the proposed polarization dependence theory given in chapter two. Most of the
experimental work on phonon scattering and ERS has been done by myself, but the
experiments on two-photon absorption have been the collaboration between myself and
Dr. Keith Murdoch. This chapter deals with the experimental aspect of the polarization
dependencé method used in ERS and TPA experiments. Phonon scattering and ERS
experimental results for PrVO4, NdVO,, ErVO,, and TmVO; are discussed together in
chapter four. TPA experimental results for Eu>* and Cm®* in LuPO, are discussed in

chapter five.

3.1 Polarization Dependence Spectroscopy - Overview

3.1.1 General Approach to Raman Spectroscopy

As discussed in chapters one and two, major developments of quantitative two-
photon spectroscopic studies of rare-earth materials have been built upon the Judd-
Ofelt-Axe theory. It is therefore an important undertaking to verify Axe’s theory. The
aim of this section is to discuss a reliable method for the test of this theory using the

ERS polarization dependence technique which is a modified version of Becker et al.’s
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technique [1,2]. The results will be appiied to PrvQ,, NdV@, ErVO,, and TmVO;, in
the following chapter.

Becker et al’s sensitive test of Axe’s theory [3] comes from comparison between
the observed and calculated intensities of the ERS transitions in rare-earth doped
crystals. Following Koningstein and Mortensen [4], who observed that ERS spectra
display asymmetric features (e.g., Ixz#lzy, where the first and s;cond subscripts
indicate the polarizations of the scattered and incident photons, respectively), Becker et
al showed that the ratio of the intensity corresponding to XZ or YZ polarization to the
intensity correspondjng to ZX or ZY polarization may provide a sensitive test pf the
second-order theory. This is because this ratio is related to the ratio F,/F,, which in turn
can be directly estimated by Axe’s theory. The value of F;/F, obtained from experiment
can then be compared with the value obtained ab initio using the second order theory of
~ Axe. Becker et al’s extensive study of ERS in rare-earth phosphate crystals,
nevertheless, indicate poor agreements between calculated and experimental intensity -
results [2]. This inadequacy of the second-order theory motivated further theoretical
investigations in _the third-order regime by Smentek-Mielczarek [S5]. Even with the
extension to the third-order theory, only moderate agreemeﬁt with observed data was
found.

We have listed in chapter 2 the expressions for the polarization dependent
behavior of the ERS and two-photon absorption transition intensities. The results can
also be applied to phonon scattering, and a tabulation for two photon polarization

dependence functions for the 32 crystallographic point groups has been produced.' The
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new results, when applied to a particular system, yield expressions of polarization
functions that depend only on two parameters F; and F,, which in turn depend only on
the properties of the ion being considered and which can be treated as
pﬁenomenological constants or can be estimated if the energies of the excited
configurations and the overlap integrals of the excited and ground configurations are
known. These factors immediately suggest a new, more reliable method to obtain a fit
for the value of the ratio T = F,/F,. From the old method used by Becker and coworkers,
this ratio was extracted from only two data points, namely Ixz and Irx at 0° and 90°
(parallel and perpendicular to the crystal axis). The new method, however, allows the
extraction of the ratio from an unlimited number of ERS data points associated with
1(6i,9;) and I(6,0;), where 6;, ¢;, 6;, and ¢ describe the polarization states of the
incoming and scattered photons, which can be arbitrarily varied. These ERS data points,
furthermore, can be calibrated using phonon polarization dependent intensities to yield
more accurate ERS polarization information. The calibration procedure will be
described in detail in section 3.3.2.

In order to extract the experimental values of T = F,/F; for Pr*, Nd*, Er**, and
Tm* in PrvO,;, NdVO, ErVO, and TmVO, respectively, the crystal field
wavefunctions for the ground multiplet of these ions must be known. The
wavefunctions used in this work come from results published elsewhere or from crystal
field fits whose crystal field parameters used as input have been taken from literature.
Table 3.1 lists the parameters for crystal field fits for RE* in REYO4 or YVO,, where

RE represent Pr, Nd, Er, and Tm. Most of these crystal field parameters were derived
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from diluted crystals, in which the rare earth ion in consideration has been doped into

YVO,. It is however expected that the energy level structure and wavefunctions of the

diluted crystals will be approximately the same as that of the pure vanadate crystals, as

it has been the case for phosphate crystals [2].

Table 3.1: Fitted parameters-for RE** in REVO, or YVO,

RE™ 4t Crystal field parameters (cm™') Spin-orbit | References
Bs’ |Bo [BsS |Bs*® |B Cas (cm™)
Pr* 4f° -77 71 -68 970 | -200 739 (*) | [6,7]
Nd** 4f° 302 273 | -1245 |-777 |-109 880 [8]
Ert |4 [-218 322 [-702 [917 |10 2366 | [7,9]
Tm™ 4f'* 1-175 337 |-612 |832 -50 2642 [10]
(*)derived from RE**:YPO,

Table 3.2: Raman activity of D4 point group

Symmetry of electronic transition (D¢ | Raman activity o' = <I"ik1q(‘)l I'e>
point group)

r oo’ 0"

I, o'

F3 (122 ,a-22

I, 0,007

s, o’ o'

rsy(.) 0'.12 ,(X.]Z

(*)T'sx and I'syrepresent the crystal field states of the I's doublet.

Once the crystal field wavefunctions have been obtained, the explicit

expressions for the matrix elements of the irreducible scattering tensors a,"'s in terms of

F, can be determined. In general selection rules can be used to determine which o,"’s are

non-zero. The point group symmetry for Pr**, Nd**, Er**, and Tm* in pure vanadate
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crystals is D24. Using table 2.1 we obtain the Raman activity for a rare-earth ion of point
group symmetry Dyg4 listed in table 3.2.

From the selection rules given in chapter 1 and the Raman activity in table 3.2,
the polarization dependence function for each ERS transition can be determined. The
observed polarization dependence curves can then be fitted with the predicted curves.
The relative values of o,"s-can be extracted, from which the experimental value of T

can be determined. The procedure stated above is summarized in the following diagram:

Selection rules - Dyg

non-zero values of <ilogIf>

Polarization dependence functions I;(6;, 6;)

Experimental curves

Least Square Fit
161, 87) e
Relative values of <ilog"If>
Crystal field <ilog“If> in
wavefunctions terms of F, -

1 =F\/F;
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3.1.2 General Approach to TPA Spectroscopy

The experimental and data analysis procedures for polarization dependent TPA
experiments are similar to that for ERS experiments. For the case of TPA from the same
excitation source, &' = O for all transitions. The polarization dependence functions for
TPA transitions can thus be expressed in terms of aqz. The Raman activity listed in
table 2.1 can be used to determine the nonzero o, in TPA transitions for a rare-earth
ion of point group symmetry D,4. With the crystal field wavefunctions provided, a,,z’s
can be expressed in terms of F,. The observed polarization dependence curves will then
be fitted with the predicted curves. The observed relative TPA intensities for different
transitions can be compared with prediction. For a rare-earth ion with an even number
of electrons in the outer shell, the polarization dependence formulas generally depend
on only one nonzero values of aqz. The polarization dependence expressions for this
system would look the same regardless of whether or not aqz can be further expressed in
terms of F;. The relative intensities among different transitions ‘predicted from the
second order theory, however, would depend only on F,, which is the same for all
transitions of a particular system. The ratio of these intensities therefore would nét
contain any unknown parameters and could be compared with observation. For a
transition with more than one nonzero 'aqz (such as a transition between Kramers states),
the observed intensities can be fitted first with the theoretical polérization dependence
expressions, which now depend on more than one nonzero aqz. The ratio of the relative
values of a,’ for different q can be extracted from the fit and compared with the

calculated values. Both the fitted values of the relative o, and the observed polarization
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dependence of TPA intensities for each transition will provide a sensitive test for Axe’s

second order theory.

3.2 Applications to Polarization Dependent Intensities

3.2.1 Phonon Raman Scattering

The polarization dependence functions correspdnding to phonon scattering
intensities can be found in table 2.1. We denote by e, and e the incident and scattered
unit polarization vectors, respectively. Taking into account the 45° rotation of the RE**
center abbut the Z axis and the scattering geometry, in which scattered light is detected
at 90° with respect to the incident beam (fig. 3.1), the required coordinate
transformations are given by:

6, —6, 6,260, ¢ —-45°, @, —>45°. 3.1

Noting that in nonresonant scattering, aq"s vanish for all phonon modes, the

formulas corresponding to the Dgy, point group become

- ++/202 I

., Ajg mode: lo, (A, ) = cos? 8, coszez[ 7

ol +o?
By mode: la,, (B, )2 = sin? 9, sin? 92[_2_5_-_2J

B2 mode: lot,, (B, =0

2
1

E; mode: lo.,,(E,, ) =[%—}[sin2(9, -0,)+sin’(@,+6,)] (3.2)
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scattered photon
(k//Y)

crystal
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Z (¢ axis)
* Y
__—'7

y.

] 450 X
.

X

Fig. 3-1: Crystal orientation in Raman experiments. X,Y,Z represent

the crystallographic axes; x,y,z represent the symmetry axes.
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The polarization dependencg functions corresponding to E; modes at fixed
values of 0; have the following simple forms:

f8,,0)=[(c})* / 2]sin* 6,

f©,4225°)=[(0.?)* / 2)(85sin’6,+15¢c0s’H,)

f®,+45°)=[(a})* /2]

f(©,£675°)=[(0.?)? / 2](85c0s’8,+15sin°0,)

£(6,90°)=[(at?)? / 2]cos’ 8, (3.3)

A particularly interesting case for E; mode is when 6, =45° the scattering
intensity is a constant, independent of 05, and vice versa. This can be conveniently used

as a guide to check the crystal alignment at both room and low temperature.

3.2.2 Electronic Raman Scattering

Following the development in chapter two, the general formula for the

polarization dependence of the Raman scattering tensor is given by
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1
a,, = (—7——)[r12nl +mym, + L1 Jou i
(—‘/—)[ 2n,n, + mym + L1, ]am
1 (2
+5[(n2m,+m2n, )i~ (nyl, + 1,n))a! )

+;[(n m, + myn,)i+ (nyl, +1n,)ja?
+%[(1 L =mymy) = (Lmy + myl)ijes”
+%[(l L= mym, )+ (hm, + m,l, Yl
T—
+ %[(mz’l; .—nzml di+ (nyl, —=1,n)jat”

1
+§-[(—m2n, +n,m))i+(n,l, - Ln))ja")

(34)

In equation (3.4), the terms aﬁlf’;s, wheret=0, 1,2 and q=-2, -1, ..., 2, are the
irreducible second-rax;c tensors, and

(li, m;, n;) = (sin®, cosmi,sinei sin@,,cos0,), (3.5)
where (6;, ¢;) are the polar angles of the unit polarization vector e; with respect to the
crystallographic c-axis.

The initial and final crystal-field levels can be written in terms of Russell-

Saunders coupled wave functions:

liy= O.a(i;nf "uSLIJ, inf "uSLIJ ),

aSLI,

Ify= X a(finf'wS' LI )nf’wS'LIT,), (3.6)

ST,
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The electronic Raman amplitude for the transition between states li> and If> is

given by

@i f)=FE Y, X a(infVuSLIL ) (finf *WS LT,
asL)J a'S'LJ), (3.7)
X (nf "WSLJJ NULInf "W S'L'J'J.'),
where
(nf "WSLIJ NUDInf "W S'L'J' I,y =

(—1)2“5*L"‘"’=[(2J'+1)(2]+l)]15[1 d }{L 78 }(SLIIU“’IISL’)S(S S
- L t _ o

J.q I\
(3.8)
and
310
F5S = (=1) X, 7241 (nfirin'l'y?
=y 000
(3.9)

X(2t+1)%1 3 1 + )
3 1 t)lE, —hw, E_ +ho,

It is instructive to examine the explicit expressions of F; and F,. Making the

v

approximations w;, = @, =@ and ®©, << E, we have

1 31 I'Yy(1 3 I'|2h0
ERS___ 2 ' v\ 2
FES =732 ), (21+1)(4flr|nl)(0 0 oI{s 1 1}___5,2.’

4fN-ln~l.
and .

1 31 ryj1 3 1ryo2
ERS = 2 ' 170\ 2 —_ .
E™ =7(5) 4f§,’1.1'(2l+1)<4flrlnl)(0 . OI{3 1 2} 3 (3.10)
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We now compare separately the contributions of the d and g orbital

configurations.

For the d orbitals:

ms_ V6
RS =T Y (4flr15d)

agi-lsg

32 2
and F =" 4firisd)? —. 3.11
= s R SIS (.1
For the g orbitals:

b

2hm
Flgm=-ﬁ 2 (4firi5g)?

E?
afMlsg g

and F,™ = 3J_ > <4f|r15g>2 (3.12)

4 4prisg g
Assuming the degeneracy of the g- and d- orbital configuration energy levels,

the ratio F\/F; is given by the simple relation:

T=t=—""—"tc 3.13
F,” F,+F, 5 (3.13)
I<4firiSg >’

== 14

where R = firbd oF G-14)

The irreducible scattering tensor corresponding to the third order spin orbit

interaction has the form

(@) = H(1) (a'a),*" (a'a)"™ + L.G(1, 1) (a'a), ™", (3.15)
- |
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where a', a represent creation and annihilation tensors, tcan be 0, 1, or 2, and H(?),

G(1,A) have the following expressions for I=3 and I’=2:

fﬁ;f

4

o
61Z’Wa'f HY=—=Z (Ardy, H)=—=% 6c’(ﬂrmr)

V 3
Aan=—Lt—- 63’1—4_;@ (Aindy, GiD= ﬁ; (Aindy, au>—(1§§)‘f(ﬂﬁd>{
&

- 3@
=" ) ﬁg:f")mnd)’ G2=— ZC’
24

N2, L)
—E}——-(ﬂﬁd)

HO)=

(3.16)

(finay,

G23)=

The first term of the right hand side of equation (3.15) is a scalar product of
coupled tensors. Since this term can connect non-identical initial and final states, the

matrix elements of o,'” no longer vanish. For t = 0, we have two contributions
i)Soo=H (0) (a*a){®°(a’a)"" (3.17)

Since the eigenvalue of (a'a){®” is -N(14)"* when sandwiched between
(INSLJJ,l and INS’L’J°1,’), the first term of @’ becomes N(14)™? H(O)W," ", where
W' represents the standard sum of single-particle double-tensor operators.

ii)S,, = G(0,1)(a'a){"°
The total third order contribution for the case t=0 is

(¥ SLIMI@Q) ™ 1Y S'L' ' M)y = (I¥ SLIM|S oy + S, |1V S'L' J' M")

MO0OM

(3.18)

N J
—= H(0)-G(OD)-1)’" ™™ INSLINWO s L ).
[ 757 HO)-GODID (_ } SLJ v S'LTY

121



For t=1, we have three contributions

i)Slo - H(l) (afa)q(OI)l(aTa)(ll)O = H(I)W(II)O\/gug)

3 J 1T
NoSLIMIS, Yo' S'L'J' M) = |=H(1)(-1)"™ '1-12
( 10 ) 2 (-1 Mg M J']

XZ(INmSUIIU(')IIl”a"SL"J')(l”(x"SL"J'IIW“”OIIINOL'S'L‘J')
oL
(3.19)

- 3 I-M J b J 11-1/2
—\/;H(l)(—n (_M ey

x(I"aSLINO WY oSLY )M oSLINW N Y e S' L' T
i1)S,, = G(L1)(a'a)!"" ' (3.20)
i), = G(1,2)(a'a))*". (3.21)

For t=2, we have several contributions

)8, = H(2) (a'a) “*(a’a)"’ = H(z)w““"\EU;z’

/

5 J2
lN Nt W= |= _1\/-M 1y-1/2
(IMoSLIMI S, 1"a' S'L' J' M') w/211(2)( 1) [_M . M,]J]

> (FoSLINUPNM o SL T )Mo SL PIW NIV S'L' ') N
oL
i1)S, = G(21)(a'a);”? (3.23)
iii)S,, = G(2,2)(a"a)!>”? | (3.24)
)8, =G(2,3)(a'a))?’ (3.25)

As explained in chapter two, the most significant third-order spin-orbit

contribution comes from the terms for which t=0, when the matrix elements

]
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corresponding to these term do not vanish. Since the third order spin-orbit contribution
to two-photon intensities can be expressed in terms of the second-rank‘ irreducible
tensor form, the third order polarization dependence functions have the same forms as
the second order. We therefore can just add the results for o' calculated in the tﬁird
order into the second-order results and square the final result to obtain the final

intensities calculated up to the third order involving spin-orbit coupling.
3.2.3 Two-Photon Absorption |

For the case of two-photon absorption from the same source, the two photon
scattering tensor corresponding to linearly polarized incident photons has the general

form

1 3cos’6 -1 e . e®
Olrpa =——\/-_3-a§)°’+(——-7—-6—— ald —(Tsm 29)a§"+(751n29)a‘_2,>

e—2i(p ezi'D
+( 5 sin’ @) + (—2— sin’8)a?)

(3.26)

where the values of 8 and ¢ describe the orientation of the incident photon polarization
in the polar coordinates, with the z axis being parallel to the crystallographic c-axis of

the crystal.

The two photon intensity is directly related to the matrix elements of the

scattering tensor by
Irp ) o= C00g+© M) o2 | (3.27)
TPA’ fi 07®g mal) g .

where C is a constant, @) is the laser’s frequency and o5 = @ - @ is the frequency

corresponding to the energy difference between the initial and final states i and f.
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In the second order approximation the irreducible tensor o,,’s appearing in

equation (3.26) are related to the standard unit tensor U, by

(@) = FPAU. (3.28)

where t can be 0 or 2 for the case of TPA from a single source, q can take the values

-t, -t+1, ..., t, and

: 31 7r
FTPA = (= H 7 ' vpe\2
T = (=1) IZ, (21+1{0 . OI(Sflrlnl)

s (3.29)
3 1
x(@+D) {3 1 t}[En.,.-ho)}

where E, 1 is the average energy of the n’l’ configuration and ® is the angular frequency

of the incident photon.

The irreducible scattering tensor corresponding to third order spin orbit TPA
amplitude is the same for that corresponding to the ERS amplitude given in equation
(3.15), except that the terms associated with t = 1 vanish for the case of two-photon

‘absorption from the same source.

3.3 Raman Scattering - Experimental Aspects

3.3.1 Experimental Setup

Figure 3.2 describes the experimental set up for our Raman study. Incoming light
with varied polarization is incident on the crystal sample, and the scattered light is
" collected for analysis at angle 90° with respect to the input beam direction. The main

components of the set up consist of i)an argon cw laser; ii)a series of optical devices
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including a polarization rotator, focusing and collimating lenses, a polarization analyser,
a Dove prism, and a polarization scrambler; iii)a cryogenic system; iv)a spectrometer
and a detection system including a photomultiplier, a preamplifier, and a photon counter

connected to a PC.
3.3.1.1 Laser

The excitation for the ERS experiment is provided by a Coherent Innova model
306 cw argon-ion laser. The laser can operate in multi-line operation or single-line
operatién. The single-line operation is achieved by placing a prism in the laser cavity.
For ERS scans only the single-line configuration was chosen, with the output power
strongest for the single-line 514 nm and single-line 488 nﬁl. These are the two single-
lines most commonly used in our ERS work. Other single-lines were also used for
verification of the nature of the spectral lines, to determine whether they are truly
Raman peaks, whose spectral positions are at a fixed distance with respect to the
excitation spectral line. Weak plasma lines coming from the laser’s plasma tube were
also observed in 488 nm, 501 nm, and 496 nm excitation lines. These plasma lines have
their own fixed poiarization dependent behavior and therefore were readily catalogued
for identification. Except for ERS transitions in NdVO;, none of these plasma lines
interfered with the reported transitions in our ERS work. The wavelengths and
waveﬁumbers of the argon-ion laser lines aré given in Table 3.3.

The linewidth of an argon laser line is approximately 0.2 cm™. An intracavity
etalon can be placed in the laser cévity to further reduce the laser linewidth and produce

a single-mode output. This was unnecessary for our ERS work on vanadate crystals
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since the linewidth of most of the ERS transitions are on the order of 3 cm™ or above.
The beam diameter is about 1.5 mm at the output mirror, and the virtual beam waist
diameter is approximately 1.4 mm, with a beam divergence of 0.5 mrad. In the case that
tight focusing is desired, the beam can be focused to a spot size as small as 50 microns
at the center of the crystal sample, using a combination of a microscope and achromatic
doublet lenses. This will be discussed in more detail in the next section.

Table 3.3: Wavelengths and wavenumbers of argon-ion laser lines.

Wavenumber (cm™)
Wavclength (nm) | Air Vacuum
514.53 19435.1 19429.7
501.71 19931.6 19926.0
496.51 20140.6 20135.0
487.99 204924 20486.7
476.49 v 20986.9 20981.0
465.79 21468.7 | 21462.7
457.94 21837.1 21831.0

The polarization of the output beam is primarily vertical, with approximately
less than one percent horizontal leakage. The small intensity coming from this
horizontal polarization leakage was one of the main causes for polarization leakage
problems in our polarization dependent work. Other sources for polarization leakage
include imperfect crystal alignment or multiple scattering of the laser beam along the
beam path inside the crystal. The latter problem can be alleviated by choosing an

appropriate set of collection optics so that only the narrow beam path on the crystal can
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be imaged and analysed while stray light from multiple scattering or specular reflection

inside the crystal is rejected.
3.3.1.2 Optics

a. Polarization Rotator: A Spectra Physics model 310-21 polarization rotator was
chosen to vary the beam’s polarization between 0 and 360 degree. This polarization
rotator was preferred to a Soleil Babinet Compensator, since the former is known to
give an output with fixed intensity and direction when the beam polarization is varied.
A slight motion of the beam path on the crystal when beam polarization is changed,
which usually occurs when a Soleil Babinet Compensator is used, can immensely affect
ERS signals, whose intensities are extremely weak and sensitive to the beam path along
the crystal.
b. Focusing and Collimating Optics: In Raman scattering, signal coming from Raman
light is much weaker than signal coming from Rayleigh and reflected light. In order to
obtain the maximum amount of the wanted Raman light and reject most of the
unwanted, great care needs to be exercised in arranging a suitable optical system. Two
. observations are made for attaining such a system. |
First, the system has to be prepared in such a way that good alignment can be
achieved and reproduced with little effort. To meet this goal we have mounted every
optical component that may be moved in the alignment procedure such as lenses and
_ prisms in a two-dimensional translation stage which can be adjusted by a micrometer. It
wbas found that collected signal is sometimes greatly enhanced with only a minute

adjustment of the optics.
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Secondly, most Raman signals are concentrated on the thin, narrow laser beam
path on the crystal. The beam waist and beam diameter of the ‘focused spot has to be
chosen such that the beam path’s image can fill the diffraction grating of the
spectrometer. The spectrometer’s slit widths_are normally set at 250 microns in order to
obtain maximum signal. Experimentally, we found that desired signal.'level can be
obtained with a beam diameter of the focused spot between 50 and 200 microns and by
choosing a collection optics with a magnification of less than or equal to 7. A beam
diameter of 200 pm can be obtained by simply using an achromatic doublet focusing

“lens L; with a focal length of 15 cm, which actually was used in a majority of ERS
experiments. When smaller beam diameters are desired, we used a series of components
including a Newport Research Corporation model 900 spatial filter, which acts as an
inverted microscope with a 0.5 cm focal length objective, to expand the laser beam size,
an achromatic doublet with a 15 cm focal lengtl; to collimate the beam, and another
achromatic doublet with a 15 cm focal length to focus the beam to a spot size below 50
microns. The beam diameter can be estimated by projecting the crystal image on a wall,
and the size of the beam spot can be compared with respect to the size of the enlarged
crystal image. The collection optiés we have chosen were composed of two lenses L,
and L3, one collimating and one focusing, respectively. The sample is placed at the focal
point of L,, which is a Nikon camera lens with focal length of S cm and diameter of 4
cm. The collimated light with an aperture of 4 cm coming from L, is focused on the
smc@meter entrance slit by L3, which is an achromatic doublet with focal length of 33

cm and diameter of 4 cm. L3 was so chosen to match the spectrometer’s entrance f-
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number of 7.8. With a magnification of 6.6 coming from our collection optics, the
scattered light image may overfill the spectrometer’s entrance slits, and some signal
ﬁlay be lost. The signal level obtained, however, is sufficient for most of our Raman
study.

c. Polarization Analyser: A polarization sheet is placed right after the collimating lens
to select and analyze the polarization of the scattered light. This polarization analyser is

mounted on a rotator with marks from 0 to 360° for accurate polarization selection.

d. Dove prism: We have so far ignored one important fact in our discussions above. In
our current setup, the laser path is horizontal, while the spectrometer’s slit is vertical. In
order to fix this problem, a Dove prism was used to rotate the laser path image by 90
degree. Two major problems arise when a Dove prism is used. Firstly, it functions well
only with parallel light. For this reason we placed the Dove prism between the
collimating lens, L, and the focusing lens, Ls. Since light coming from L; is parallel,
the beam’s image using the Dove prism would not be distorted. Secondly, due to
multiple reflection, a Dove prism responds differently to the polarization of light being
passed through, in a similar fashion that a spectrometer’s diffraction grating would
respond with respect to light. To eliminate this problem, the Dove prism was placed
behind the polarization analyser, and a depolarizer was placed between the Dove prism
and the polarization analyser. The depolarizer consists of a 2° crystal quartz wedge with

a second compensating fused silica wedge.

3.3.1.3 Sample Crystal and Cryogenics
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a. Crystal Sample

The samples used were grown by L. A. Boatner and M. M. Abraham from the
Oak Ridge National Laboratory. All crystal samples have the form of a plate, with
typical dimensions 1mm x Imm x 4mm. The host crystal belongs to the D,, symmetry.
The RE* ion is at a D,y -symmetry site. The x and y axes, which are the two-fold C,
axes, are rotated in the X-Y crystallographic plane by 45° relative to the X and Y axes
(fig. 3-1). The z axis is parallel to the crystallographic Z axis.

All ERS spect.ra were taken at approximately 4.2 K, the liquid He temperature.
At this temperature, only the ground state is populated for most rare-earth ions, and the
scattering intensities come primarily from Stokes transitions, which originate from the
ground state and end in the excited states of the ground multiplet. When the temperature
is raised significantly above 4.2 K, the intensities corresponding to these Raman
transitions are reduceé according to the Boltzmann factor, due to thermal population. In
addition to Stokes peaks, anti-Stokes can also be observed at high temperature. These
anti-Stokes peaks arise from ERS transitions originating from excited levels.

The cryogenics equipments required to maintain the crystal at 4.2 K are provided
by Oxford Instruments. These equii:ments include a CF1204 continuous flow cryostat, a
TTL low loss transfer tube, a VC30 flow control console, and a ITCV4 temperature
controller.
b. Cryostat: The CF1204 cryostat contains a sample tube, a radiation shield, and a
vacuum space. In the sample space enclosed by the sample tube, the sample is top-

loaded through an access port on top of the cryostat. This port is sealed by a plug
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against an ‘O’ ring, and the crystal sample is suspended from this plug by a rod of
material with high thermal resistance. During an experiment, the sample space is
evacuated and then filled with He exchange gas. The sample tube is surrounded by a
radiation shield which intercepts room temperature radiation. Next to this radiation
shield is the outer vacuum case, where high vacuum is kept at all time in order to
maintain the thermal isolation of the liquid helium. The sample tube, radiation shield
and outer vacuum case have positions for four radial and axial quartz windows. The
clear diameters of these windows are 13 mm for the inner, 15 mm for the shield,}and 25
mm for the outer. It is recommended that these windows be checked for polarization
behavior before each polarization measurement is taken. At one time we discovered that
one of these windows behaved like a birefﬁngent crystal, which is capable of changing
the polarization of light passing through. The cause for such behavior were not clearly
known. We suspect the presence of a strain induced birefringence.

c. Transfer tube, flow controller, and température controller: Liquid He f_rom a He
vessel is delivered to the cryostat by a vacuum-insulated TTL transfer tube. A VC30
flow control console consisting of a vacuum gauge, a needle valve and a flow meter is
used to control the flow rate of the liquid He from the transfer tube into the cryostat.
From the transfer tube, liquid He is transferred down the length éf the cryostat in the
vacuum space to a heat exchanger section. The heat exchanger is fitted with a 27 ohm
Rhodium-Iron resistance sens‘or and heater. An ITC4 temperature controller connecting
to the sensor and heater is used to measure and control the temperature of the sample

chamber. During an experiment, due to laser heating, the actual temperature of the
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crystal may be a few degrees Kelvin higher than the temperature read from the

temperature controller display panel.
3.3.1.4 Spectrometer and Detection System

a. Spectrometer

Scattered light collected is analysed by a Spex Industries model 1403 double
monochromator. The spectrometer has an f-number of 7.8 and a focal length of 0.85 m.
Finely ruled holographic gratings with 1800 grooves/mm are used. Similar to the case of
a Dove prism mentioned in 3.3.1.2, these gratings have spectral response that depends
on the polarization of the incident light. For this reason in every Raman scattering
experiment, a polarization scrambler was placed in front of the Dove prism to correct
for the different polarization efficiencies in both the Dove prism and the spectrometer.
The spectral range of the spectrometer covers between approximately 300 and 1000
nm. A stepper motor inside the monochromator was controlled by a Spex Compudrive
control unit which drove the system through a selected spectral region. Typical scan rate
was 0.01 crﬁ'lls.

In most Raman scattering experiments, slit widths were Vset at 250 microns for
the entrance and exit slit widths. The intermediate slits are widely open. This setting
results in a spectral bandpass of approximately between 2.5 and 3 cm’ for the 514 nm
and 488 nm excitations. The entrance and exit slits were closed down to 150 microns in
cases the intensities of the ERS transitions were being swamped by the intensity of the
Rayleigh scattered light, which happened when the spectral positions of these

transitions were in the vicinity of the laser excitation.

132



b. Detection system

A high gain, low dark count, photo-electrically cooled Hamamatsu model R375
photomultiplier (PMT) tube was placed against the spectrometer’s normal exit slit to
collect light dispersed by the spectrometer. The voltage across the tube was 1000 V. The
tube was placed in a housing which had water flowing at a rate of 2 liters/minute. The
spectral range of the tube is 150 nm to 850 nm.

The photon signals from the photomultiplier tube were amplified by a factor of
five by a Stanford Research model SR445 fast preamplifier and measured with a
Stanford Research model SR400 photon counter. Most noise signals were rejected by
setting the photon counter’s discriminator level at about 6 V. Real signals were
converted into NIM pulses, transferred to a PC 386 computer and then counted by a
Tennelec/Nucleus Multi-Channel Scaler card, which was controlled by a program called
MCS. The background count rate of the PMT tube when the spectrqmetér’s entrance
and exit slits are both 200 um is approximately 200 count/sec. The data was stored in
5'/, inches floppy disks as binary files, which were then converted into ASCII files by a
pl;ogram called SPM2ASC. The ERS transitions intensities were analysed using a

GRAMS program and plotted usihg an ORIGIN program.
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Fig. 3.2: Experimental set up in ERS measurements
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3.3.2 Experimental Procedure

Experimentally, Raman lines are determined from one of the following cn'téria:
a. The Raman lines always appear with the same frequency shift relative to the laser
excitation frequency, irrespective of the excitation.
b. The Raman intensities have their own polarization dependence characteristic of the
corresponding Raman transitions. Phonon lines have their own polarization dependent
curves which are generally different from electronic Raman curves.
c. Due to thermal population, electronic Raman transition intensities decrease as the
température increases. Phonon intensities are only slightly dependent on temperature.

The polarization dependence spectra were obtained by the following procedure.
A total of 45 scans were recorded, each corresponding to a polarization state of the
incident and scattered light. The incident polarization angle 6, was initially set to 0°,
while the scattered polarization angle 6, was incremented for each successive scan by
22.5° from O to 180°. Then 6, was incremented to 22.5° and the process repeated until
8, reached 90°. For calibration purposes, a pair of electronic Raman and phonon
scattering spectra with similar polaﬁzation dependence curves were taken concurrently
for each polarization state (6;,9) of the incident and scattered light.

The observed linewidths were fitted using the computer program GRAMS. Most
ERS transitions were fitted with Gaussians. For the phonon modes, approximately
above 99 % Gaussian and less than 1% Lorentzian produced the best fits. The
linewidths of phonon modes in the vanadate crystals vary between 2 cm’ (Eg') to 20

cm’ (Alg'). The linewidths of ERS transition are typically between 3 - 6 cm’.
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The calibration was performed as follows. The observed intensities of the
phonon mode selected for calibration were fitted using a least square fit analysis with
the predicted polarization dependence functions given in section 32 Since the
polarization dependence expressions for phonon modes always contain only one term,
which is a constant multiplied by a simple function of 8, and 0,, the constant factor in
these expressions could be served as the fitting parameter. The best fit value of this
fitting parameter would provide the fitted values for the phonon intensities for each
polarization sta£e (6,,82). Each observed phonon intensity value corresponding to one
polarization state (6,,8,) ;vas then divided by the fitted value corresponding to that state.
This ratio for each polarization state is called the scale factor for that state. For each
polarization state, the observed ERS intensity was divided by the scale factor associated
with that state. The final results were the calibrated ERS intensity values. By fitting
these values to the theoretical polarization dependent curves, we obtained the best fitted

value for the F,/F; ratio. The following diagram summarizes the calibration procedure.
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- Calibration Diagram
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ERS calibrated intensities (3.4))
L ]
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Calibrated ERS intensities and fitted ERS curves
Best fit for F,/F, obtained

In the calibration procedure mentioned above it was assumed that the phonon
curves were accurately described by the theory and that no interactions other than pure
phonon séattering were involved. As will be reported in the discussion section, good
agreement was found between observed and predicted phonon polarization'dependent
curves, justifying our use of the phonon data for calibration. Once a good fit for phonon
intensities has been obtained, calibrating the ERS data using the phonon data may

reduce systematic errors, since both ERS and phonon scattering data were taken with an
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identical experimental set up, and therefore would suffer approximately the same
systematic errors. In ERS experiments imperfect alignment of the crystal, defects in
optical devices, multiple reflections from optical surfaces and the spectrometer’s
grating, all contribute to systematic errors in the obsgrved data. Calibration procedures
using the known behavior of the phonon modes would be more critical if .these errors
are significant, such as in the case where good crystal alignment is not possible or when

the optical devices being used introduce unwanted polarization dependent behavior.

3.4 Two-Photon Absorption - Experimental Aspects

3.4.1 Crystal Samples

The Eu**:LuPO, sample was grown by L. A. Boatner and M. M. Abraham from
the Oak Ridge National Laboratory. It has the form of a plate with dimensions of 0.2 x
1 x 6 mm’ . The nominal Eu** concentration is approximately 6 mole %.

The Cm**:LuPO, sample was grown by doping a single crystal of LuPO, with
almost isotopically pure 2*Cm using a high-temperature melt [11,12]. It was relatively
small, with dimensions of 0.5 x 2.0 x 1.0 mm>. The nominal Cm®* concentration is
estimated to be less than 0.1 mole %. This radioactive sample was sealed in a quartz
ampoule under a partial pressure of helium for containment purposes.

3.4.2 Absorpsion Measurements

Absorption measurements of Eu* in LuPO, have been carried out with a Cary
17 spectrophotometer and with a Xe lamp source and the Spex monochromator. The
Cary data were taken at room temperature as a quick check of the concentration of the

crystal and the approximate energy levels of the 3Dy, D1, and °D, multiplets. The Xe
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lamp gives the absorption spectra of Eu**:LuPO; and the energy levels in the region of
interest at 4K. Four filters were used in the absorption measurements using the Xe lamp.
Light from the lamp is fitered by water and 4-96 and 4-76 Coming color filters. The
intensity of filtered light passing through the crystal inside the Oxford cryostat is further
reduced by a neutral density filter. The slit were open with slitwidths of 70 um.
Absorption, excitation, and emission measurements of Cm** in LuPO, have

been reported by Sytsma et al [13].

3.4.3 TPA Experimental Setup

Figure 3.3 shows the setup for the TPA experiments. In all Eu’*:LuPO,
experiments and most Cm**:LuPO, experiments the excitation source was a Lambda
Physik Scanmate optical parametric power oscillator (OPPO). This laser is a hybrid
optical parametric oscillator (OPO), which uses a small dye oscillator as a seed laser,

and was pumped by the third harmonic output of a Spectra Physics model GCR-3

- Nd:YAG laser. The output beam was passed through a 2-64 color filter. It had a

sufficiently broad transverse mode for a Spectra Physics model 310-21 polarization

rotator to be used to change the excitation polarization. The maximum excitation power

used was 1mJ/pulse. A 25 cm quartz lens was used to focus the beam onto the crystal. A

.Hamarnatsu R928 photomultiplier tube (PMT) was placed against the window of the

cryostat to detect the fluorescence from the sample. Depending on the fluorescence
wavelength, appropriate color and line filters were placed between the PMT and the

v

window of the cryostat to filter the scattered light. The signal from the PMT was
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preamplified by a Stanford Research model SR445 fast preamplifier and then measured
using a Standford Research model SR400 gated photon counter. If a strong signal was
detected, neutral density filters were used to avoid pulse pile-up.

The TPA spectra of Eu** in LuPO, were obtained using the OPPO laser with
C540A dye for the F, - °D; transitions and C503 dye for the "Fo - Dy transition. A 4-94
and a 3-68 colour filter were used to allow transmission of the fluorescence from these
TPA transitions but effectively blocking the infrared scattered light from the excitation.
In each TPA polarized scan, steps of .01 nm were used, with 10 pulse integrations and
the photon counter’s gate delay and width set at 100 pus and 5 ms, respectively. For
Cm*in LuPO,, the TPA spectra of the ®Sy; - °Dy;; transitions at 17800 cm™ and the
83 - 6P5/2 transitions were obtained using the OPPO laser with a C540 dye, and the
TPA spectra of the 387y - °Dy; transitions at 27900 cm™ were obtained using a Spectra
Physics PDL-3 dye laser with LDS750 dye as the excitation source. A 2-73 color filter
and a 602-10 nm line filter were used to select the transmission of the °Dy;-%S7p
fluorescence. Steps of .004 nm were used in each polarized scan, with- 20 pulse
integration. The gate delay and the width of the photon counter in the Cm*":LuPO, -
experiments were set at 1 pus and 2 ms, respectively, according to the lifetime of the
excited state of Cm>*, which is approximately 500 ps.

All the experiments, unless otherwise stated, were conducted at a temperature of
4.2 K in an Oxford Instruments model CF1204 optical cryostat. The actual sample

temperature may be 1 or 2 K higher due to the absorption of laser energy. Resistive coils
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and an Oxford Instruments model ITCV4 temperature controller were sometimes used

to raise the sample temperature.
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Fig. 3.3: Experimental set up in TPA intensity measurements
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Chapter 4

Polarization Dependence of Phonon Scattering and
Electronic Raman Scattering Intensities in PrvO,,

N dVO4, EI'VO4, and TmVO,

4.1 Raman Spectroscopy of PrvQ,

4.1.1 Pr**- Selection Rules

The open shell configuration of Pr** is 4f°. The point group symmetry of Pr* in
PrVO;, is Dyg. Since Pr** has an even number of active electrons, its electronic states are
labeled by the irreducible representations I'y, I, I3, Ty, and I's of Dyg.

The ground multiplet of Pr** is >H,. The decomposition of the ground multiplet
into irreducible representations is given by 2I'1+ I'>+ I's+ I's+ 2I's. The ground crystal
field state has the symmetry I';. The selection rules and Raman activity for the Raman
transitions originating in the ground state are described in table 4.1. Fluorescence
measurements and Raman spectra of the ground multiplet of Pr’* in PrVO, have been
reported by Bleaney et al. [1], and the corresponding wavefunctions have been given by

Andronenko et al. [2].
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Table 4.1: Selection rules and Raman activity of ERS transitions originating in the

ground state of Pr** in PrVO,.

Transition Scattering tensor symmetry | Raman activity o'
I3—~T; I a22 ,a.22

R I | a0

I3+T3 I o’

I3=T I 0o’

F3-Ts Isx 4 o’ 0y

3T, Tsy oz_l2 ,a.,z

4.1.2 Pr**- Polarization Dependence Functions

Taking into account the necessary transformation given in (3.1), the polarization
dependence curves corresponding to the Raman activity listed in table 4.1 are given in
table 4.2.

We now determine the values of the non-zero matrix elements of &l for Pr’** in
PrvVO,. The wavefunctions were obtained from a crystal-field fit [3] with the crystal
field parameters given by Andronenko et al [2]. The wavefunctions for the ground
multiplet of Pr** in PrVO;, are listed in table 4.3. Table 4.4 lists the nonzero values of
oy, which were calculated using the second-order theory of Axe, and the polarization
dependence functions for the corresponding transitions. Table 4.5 displays the predicted
values of transition intensities taken in ZZ, XY, XZ, and ZY polarized scans relative to
the ZY polarized intensity of the I's - I's transition at 85 cm’. The predicted values are

expressed in terms of T = Fi/Fa.

147



Table 4.2: Polarization dependence functions for ERS transitions originating in

ground state of Pr’* in PrvO,.

the

Transition Polarization dependence curves

;- T, (1/4)(0,% +01.5%)? sin’6, sin’6,

S ) 0

LT3 (2/3) (02)? cos?6; cos?,

=T, (1/2)(0")? sin®6; sin®6,

3T, (1/8)[(0u®) +(0')?] [sin’(82-61)+ sin’(8,+61)]
+ 0,20 'sin(6,-6;) sin(6,+6))

I3y (1/8)[(01%)? +(0u1")?] [sin*(6,-6,)+ sin’(0,+6))]
- 01’0, 'sin(8,-6;) sin(8:+8))

Table 4.3: Wavefunctions for the ground multiplet of Pr** in PrvO,.

Calculated Energy (cm™)(*) | Wavefunction 2 a(J,J,) *"'L,(J))
and Symmetry o
0 (D) ’ " 707 °H, (2) + .707 °H, (-2)
35 () 533H, (4) + .53 °Ha (4) + .67 °H, (0)
85 (I'se) 92 °H, (-1) +.37°H, (3)
(Tsy) 92 °H, (1) +.707 *H, (-3)
171 () 707 3H, (4) - 707 *Ha (4)
195 (T4) 707 *Hs (2) - 707 *Ha (-2) |
343 () 474 °H, (4) + 474 °H, (4) - .75 3H, (0)
409 (Tsy) -92°H, (3) + .37 °Hy (-1)
(Tsy) -923H, (-3) +.37 °H, (1)
(*) From the crystal field fit. >
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Table 4.4. Polarization dependencies of ERS transition intensities in the *H, ground

multiplet of Pr'* in PrvO,.

Transitions | Non-zero o' Polarization Dependencies loi;

(cm™)

0-35 o= oy’=.118F; .014 F,? sin°@, sin’6;

0-84 0,%=.0313F,, 0;'=-.346F;, | 2.45x10™ F,® [(sin’03 +sin’04)(1+123.2
7)) -44.4 T sin6; sin6;]

0-171 o’=0’=05F, 0

0-195 oo'= 261F, 017 F,? sin®, sin®6,

0-343 or’= 0u,%=-.062F, .017 F;? 5in’0, sin’6,

0-409 o, %=.145F,, o, '=.122F, 5.25x107 F,? [(sin®63 +sin’0,)(1+.706 1)

+3.36 T 5inB; sin6,]

83 = 8- 01, 8, = 01+ 6, T=Fi/F.
A particular ERS transition of interest is the first I'; - I's transition at 85 cm'i.
From table 4.2, the Raman scattering intensity corresponding to this transition can be
writtén
let,, (T, = TP =
%{[a,’ sin(0, +0,)+ ] sin(8, —6,)] +[a] sin(6, +6, )+ o? sin(®, —6,)1’}

+%{[ai, sin(@, +6,)—0a, sin(@, —6,))* + [, sin(8, +6,)+ a?, sin(6, —6,)1*},

4.1)

U}

where o' 's denote the matrix elements of the ag" tensors, <I'sl o “IT3>.
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Noting the fact that the 'squared amplitude must be the same for ERS transitions

coming'fron‘) a éinglet to each state of the doubly degenerate level, equation (4.1)

becomes
Ia% (T, =T W=

%{[af sin(®,+6, )+ o sin(8, -8, )12 + o' sin(®, +6,)+ o’ sin(®, —6,)1*}. (4.2)

| F
If we define a =i;+=——=—.09;2-=—— | 4.3)
1

the squared amplitude of the scattering tensor for the transition becomes:

le, (T = T W=

142 .
——(aé) {{sin*(®, +8,)+sin’(®, —0,)}(a’ +1)+4asin(@, +0,)sin(6, -6,)}. (4.4)

Let
f(e),,(az):%{[sinz(e2 +8,)+sin?(0, —0,))(a® + 1)+ 4asin(, +0,)sin(6, —6,)}. (4.5)

We now keep 0, fixed at values incremented by 22.5° and determine the

scattered intensity with respect to 6,. For each value of 6;:
£(0,8,)=(a+1)’sin’6,

f(£225°,0,)=85(a+1)*sin’8,+15(a —1)* cos’8,
1
f(x45°,8,)= E(a2 +1-2acos20,)

F(£675°,0,)=85(a ~1)? cos?0,+15(a+1)sin0,
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£(290°,8,)=(a-1)’cos’6,

(4.6)

Table 4.5: Predicted values of relative linestrengths of ERS transitions in the *H,

ground multiplet of Pr** in PrVO,.

ERS transitions | ZZ XY XZ - ZY
(cm™) . | polarized polarized polarized polarized
35 0 28 0 0
(1+111t)°
85 0 0 1-111t 1
1+1llt
171 0 0 0 0
195 0 3472 0 0
(1+1117)
343 1o 8 0 0
(1+1117)
409 0 0 ) 1+.847 5 1-841
1+11lt l+11ln
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4.1.3 PrVO, - Experimental Raman Spectra

Table 4.6 displays all phonon modes observed for the PrVOQ, crystal at room
temperature and at 4.2 K. These phonon modes were assigned based on their
polarization dependent behavior described .in equations (3.2). Figures 4-1 and 4-2 show

“the unpolarized spectra for the phonon and ERS transitions in PrVO, between 30 and
450 cm’', which were taken at 293 and 4.2 K, respectively, using the 514 nm excitation
line. The capital Arabic symbols represent the phonon modes, and the capital Greek
symbols represent the ERS transitions. Only two electronic levels at 84 cm’! and 344
cm™ were observed, both of which were assigned to the symmetry representation I's, as
their intensities were strongest in XZ and ZY scans, where XZ and ZY correspond to
the polarization states (6,=0, 6,=90) and (8,=90, 0,=0), respectively [4]. The
assignment for the first doublet transition is in good agreemént with reported
fluorescence data [1], in which the first doublet level was assigned at 84 cm’. Our
assignment for the second ERS transition, however, disagrees with the predicted
assignment given by Andronenko ef al. [2]. In their published paper, a single transition
should have appeared at approximately 343 cm™, and a second doublet transition should
have been observed at 409 cm™. Our theoretical assignments using a crystal field
calculation [3] showed that the first and second doublet transitions would be located ai
70 cm™ and 373 cm’, respectively. The difference in energy levels between theory and
observation should not be dverernphasized, as we note that the predicted energy levels
come from a crystal-ﬁeld fit which included only two empirical energy levels. The

remaining threé ERS transitions of the ground multiplet predicted by this crystal field
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calculation are either absent or too weak to be clearly identified as ERS. No other
electronic lines were found in either polarized or unpolarized scans using the 488 nm,

496 nm, and 501 nm excitation lines.

Table 4.6. Frequencies (cm™) and symmetries of the Raman-active phonons in PrvO;, at

297 K and 4.2 K.

Tem(K) E/ B, E’ E’ B By A, E‘ B, By, E’ A

297 113 122 150 233 261 a 381 a 470 792 805 869

4.2 116 115 152 231 260 a 377 a 469 797 807 872

a: not observéd

For calibration purpose, polarization dependence spectra have been recorded for -
the phonon mode at 807 cm™, due to the similarity in character between this phonon
mode and the ERS transition at 84 cm™ and the comparatively large oscillator strength
of the phonon mode.-ERS polarization dependence spectra were obtained for the first
doublet transition at 84 cm’’, whose intensity is strong enough for reliable polarization
measurements. The phonon lines in Fig. 4-2 are located a»;fay from the electronic line at
84 cm’' and do not seem to show an electron-phonon coupling effect. Figures 4-3 and
4-4 show the ZZ, XY, XZ, and ZY polgrized spectra for the phonon mode at 807 cm’
and for the ERS transition at 84 cm’, respectively. The uncertainty for the recorded
spectral positions of the phonon and ERS transitions is less than 0.5 cm’, and the
maximum relative error on the intensity measurements is about 10 percent.

The ERS intensities were calibrated and fitted using the calibration procedure

described in chapter three. Fig. 4-5 shows the intensities of the phonon mode E, at 807
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cm’ and its(corresponding predicted curves described in equations (3.3), with the
constant factor obtained from a least square fit (see section 3.3.2 for more detail on the
fitting procedure). Fig. 4-6 displays the calibrated polarization dependencies for the
ERS transition at 84- cm;’ and the corresponding fitted curves from equations (4.6). In
equations (4.6), the fitted value of a= o, ’/c;' appearing in the polarization dqbendence
functions was obtained from the least square fit of the ERS data to the corresponding
functions in equations (4.6). The observed and predicted data in fig. 4-5 and 4.6 were
scaled in such a way that the maximum values of the predicted data are always 100.

The observed data for the polarization dependent ERS and phonon spectra agree
extremely well with prediction. This agreement seems to stem from the fact that the
polarization dependence form of the scattering tensor described in expression (3.4) has
been obtained purely from group theoretical consideration (see chaptef 2). The Judd-
Ofelt-Axe approximation waS not introduced until the evaluation of the ratio oqz/ (x;' in
terms of T = F,/F2 , which appears later in equation (4.4). Thus when applying equation
(3.4) for the particular rare earth material, one should substitute the values of og"s in
terms of F; only after the fit has been performed, especially when there exists more than
two nonvanishing ag""s in equation (3.4).

Two fitted values of o,%/ o' for the doublet transition at 84 cm™ were extracted
from the least square fit analysis using a total of 45 data points. These fitted values are
the quadratic solutions of equation (4.4) and were found to be -0.0865 and -11.57. The
corresponding values of T are l'.04 and 0.0078, respectively. Taking into account only

the d-configuration and assuming Edf(Pr3+) = 50,000 cem’! and ko= 20000 cm’, the
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calculated values for a = a;/ ;' and 7 are -0.175 and .52, respectively (see equations
(3.11) and (4.3)). The fact that one of the fitted values of T (and a) only differs by a
factor of 2 with prediction from the second-order perturbation theory of Axe
demonstrates the dominance'of the d-configuration in accounting for the two-photon
intensities in PrVO,.

Table 4.7 compares the observed and predicted relative linestrengths for the case
7= 1.03. From tables 4.5 and 4.7 it is clear that a value T = 1 explains rather well the
inherently weak observed linestrengths and hence the absence of most of the ERS
transitions originating in the ground state. For example, equating (1- .847) in table 4.5 to
zero for the absence of the transition at 344 cm™ in the ZY polarization gives a value of
T=1.2.

Table 4.7: Comparison between predicted and observed relative linestrengths of ERS

transitions in the *H4 ground multiplet of Pr** in PrVO, for the case T=1.03.

ERS ZZ -polarized XY-polarized | XZ-polarized | ZY-polarized
transitions

(cm™)

Thry. | Exp. |[Cal. Obs. | Cal Obs. | Cal Obs. \Cal. Obs.
35 - 0 - 18 - 0 - 0 -

85 84 0 - 0 - 7 71 1 1
171 - 0 - 0 - 0 - 0 -

195 |- 0 - 23 - 0 - 0 -

343 |- 0 - 05 - 0 - 0 -
409 | 344 0 - 0 - 47 25 002 |-

~ (-) Not observed
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(*) From the crystal field fit

From the analysis above we conclude that the value of T is most likely near
unity. The other value of T coming from the fit is very close to zero and does not fit the
observed intensities and is thus considered non-physical. This result is in contradiction
with the finding of Becker et al [5,6], who reported that T = F,/F; =~~0.03 for most ERS
transitions in the ground multiplet of TmPO,. From the deduced small value for 1,
Becker et al suggested the possibly important role of the excited g-configuration in
making contribution to two-photon intensities [7]. As we can see from equation (3.13),
if only the d-orbital configuration is taken into account, and using the values of R and
Eq given by the Hartree-Fock calculation of the free-ions, the ratio F;/F, is
approximately 0.25 for Tm**, which is an order of magnitude larger than their observed
values. Becker et al. asserted that a value of magnitude -0.03 for this ratio can 6nly be
obtained when the second term of the numerator in equation (3.13) is comparable to the
first term, which indicates the g-orbital configuration might play an important role in
two-photon processes. Our analysis for PrVO,4 has shown on the contrary that only the
contribution from the d-orbital configuration is sufficient to account for most transition
intensities in the ground multiplet #nd the prediction is especially excellent for the
polarization dependent behavior of the ERS transition at 84 cm in PrVO,.

It remains to consider other possible ¢ontﬁbuti9ns to the ERS intensities. These
contributions include third- and fourth-order effects such as spin-orbit, crystal-field,
ligand polarization, and electron correlation. Using the spin-orbit constants for pr**

given in table 3.1, we have computed the third-order spin-orbit contribution for the ERS
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 transitions in the ground multiplet. These contributions turn out to be at most a
inagnitude order smaller than the second-order contributions and therefore would not
affect the result obtained above. For Pr** the considerably large second-order term
associated with <HMNUPIPH,> for the *H; ground multiplet compared with the third-
order term associated with <HJIUPW!PH,> and the relatively small spin-orbit
constant both contribute to the small contribution of the third-order spin-orbit effect
relative; to the second order contribution. Table 4.8 summarizes the third-order spin-
orbit contributions relative to the second-order contributions for the doublets at 84 cm’
and 344 cm’.

Table 4.8: Relative magnitude of third-order spin-orbit to second-order contributions for

ERS transitions in PrvQa.

Transition | (0.>)™ | (o)™ (uf T"d

(x2 ned thd Tﬁned
1
(an‘

(Cm_]) (alz )an (a‘l )an a_:
84 -.036 -.072 -.175 -.181 -.089 52 1.04
344 -.036 -.072 2.32 24 1 52 1.2

Although we were not able to compute all third- and fourth-order contributions
corresponding to other effects, we do not expect significant changes in our analysis
given thus far. First, the polarization behavior will look exactly the same when higher
order terms are added into the second order term. This is because the polarization
dependence for these transitions only depend on one variable, namely a=ou%/ o', which
is related to T = F/F.. Adding higher order terms only changes the computed values bf a

and T, but the general expression of the polarization functions will be the same.
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Secondly, as pointed above, unless the second-order term is negligibly small, which is
not the case for Pr'*, in general the contributions to the ERS intensities would decrease
rapidly beyond the second order, therefore the values of a and T should not be very
differeni from the second order values when higher-order terms have been added. This
is not the case for Gd**, whose leading contribution to two-photon intensities is zero in
the second order. In this case, adding the third or higher order contributions' would
drastically change the result, as nicely demonstrated by Downer et al. [8,9].

In summary we conclude that the second-order theory of Axe is sufficient to
explain the observed intensities in all transitions originating in the ground state of the
3H, ground multiplet of Pr** in PrVO;. The polarization dependence formalism given in
chapter 2 predicts extremely well the polarization dependent behavior of the observed
phonon and ERS intensities. The phonon polarized intensities of a phonon mode can be
used to calibrate the ERS intensities whose polarization dependent behavior is similar to
that of the phonon line. The fitted value of the F)/F; ratio for one transition (84 cm’) for
Pr’* is found to be approximately unity, which is half of the predicted value using the

second-order theory and taking into account only the d-orbital configuration.
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4.2 Raman Spectroscopy of NdVO,

4.2.1 Nd*- Selection Rules

Nd** has the open shell configuration 4f°. The point group symmetry of Nd** in
NdVOy, is Dyg. Since Nd** has an oda number of active electrons, the electronic states of
the ion are labeled by the irreducible representations I's and I'; of D,4. All the electronié
levels of Nd** are thus doubly degenerate Kramers® states. The crystal field energy
levels and wavefunctions of Nd** in YVO, have been fully established by Tanner and
Edelstein [10].

The ground multiplet of Ng** ig “Issp. The decomposition of the ground multiplet
into irreducible representations is given by 3I'7+ 2T. 'fhe ground crystal field state has
the symmetry I';. The selection rules and Raman activity for the Raman transitions

originating in the ground state of Nd** are described in table 4.9.
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Table 4.9: Selection rules and Raman activity of ERS transitions originating in the

ground state of Nd** in NdVO,.

Transition Scattering tensor symmetry | Raman activity o'
Ih~T4 IN+I, LA

= % (*) | T+ T o' 0"

X Ty su(**) o’ 0

Iy - X Ts, o o’

I T+ Ty o’ o’

| ERE P I3+Ts 0?00

f7K nd 0 [sx a? oy

Iy — I Ts, oo’

(*)T and T¥ represent the members of a Kramers doublet.

(**)I'sx and I's, represent the states of a I's doublet.

4.2.2 Nd**- Polarization Dependence Functions

From table 4.9 we can construct the polarization behavior for ERS transitions in
NdVO,. Table 4.10 lists the two curves comresponding to I';~ I';-and I'; « T
transitions.

In order to determine the values of the non-zero matrix elements of a;‘) for Nd**
in NdVO,, we use the wavefunctions given by Tanner and Edelstein [10]. These
wavefunctions were obtained from a crystal field fit using the observed energy levels of
Nd** diluted in YVO,:Nd**. The wavefunctions for the “I, ground multiplet of Nd** in
YVO,:Nd* are listed in table 4.11. The polarization dependencies of ERS transition

intehsities in the *ly» ground multiplet of Nd** are given in table 4.12, and the
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intensities relative to the ZZ polarized intensity of the first transition at 115 cm™ are
given in Table 4.13.
Table 4.10: Polarization dependence functions for ERS transitions originating in the

ground state of Nd** in NdVO,.

Transition Polarization dependence curves

I'h—T15 (0")? sin?0; sin6; + (4/3) (002)” cos’0; cos?6,
+ (1/8)[(0y%)? +(ou ")) [5in®(8,-6,)+ sin’(82+6,)]

+ a,zal’sin(ﬁz-el) sin(92+91)

(1/2)(02% +01.2%)° sin’8, sin’6;
I; — T HU/D[(0D)? +;1)?] [sin®(82-8, )+ sin’(6246))]

+ (1120.1 lsin(Oz-el) Sil’l(62+61)

Table 4.11: Wavefunctions for the ground multiplet of Nd** in NdVOs,.

Calculated Energy (cm™) | Wavefunction
and Symmetry Za(J,JZ) »4L,(J,)

&4
0 (I 773 “Iopa (1/2) - 606 *Iop2 (-7/2)
108 (T) T -768 Lo (-7/2) - 603 Iy, (112)
175 (Ts) 825 “Iop (3/2) -.525 “loa (-5/2)
219 (I'y) -.981 “Io2 (9/2) +.166 2H24/2 (9/2)
437 (Te) -.83 *Iy; (-5/2) - .524 *Io2 (312)
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Table 4.12. Polarization dependencies of ERS transition intensities in the *I;, ground

multiplet of Nd** in NdVO,.
Transitions | Non-zero o' Polarization Dependencies loi; I’
(cm™)
0-108 0= 0395F,, 0'=-.259F; | .002 F;* [cos6; cos8,+33 T’sin’0, sin’8;

0,%=0, 0;'=.229F,

+6.55 T%(sin’0; + sin°64)]

02=-.015F,, 0t.,°=-.029F,

0-175 o ’=-.004F,, o, '=.432F, 3x10”° F,? [sin®6, sin®0,-58 1 sinB; sinf,
0z%=-.053F,, 0.,>=.045F, +(sin’03 +sin’0,)(.13+1566 T°)] (*)
0-219 a;’=.041F,, a;'=.175F, 7.2x10° F,? [1 5in6; sin6,
+(sin%03 +5in?0,)(.059+1.06 19)]
0-437 o ’=-.046F,, oy '=-.003F, 9.5x10™ F,? [sin0; sin’0, +.15 T sin6s

sinB,

+(sin0; +sin%0,)(.56+.009 )]

(*)t=F/F,03=0,-0,,6:=6,+ 6,

Table 4.13: Predicted values of relative linestrengths of ERS transitions in the “Iy

ground multiplet of Nd** in NdVO,.

ERS transitions | ZZ XY XZ Y

(cm™) polarized polarized polarized polarized
108 1 3B XA 350

175 0 0.015 47(1-.009° | 47(t + .009)
219 0 0 7.6(t + .23)* 7.6(t - .23)°
437 0 475 .008(t+8.3) | .008(t - 8.3)°
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4.2.3 NdVO, - Experimental Raman Spectra

The observed phonon modes in NdVO; are listed in table 4.14. All the phonon
modes except the Bzg' mode were clearly identified by their polarization dependent
~ behavior. According to equations (3.2), a phonbn mode of B, character can not be
observed for the crystal orientation specified in our ERS setup. At room temperature,
however, a weak line was observed at 375 cm™ for the XY scan, and no feature appears -
between 375 cm” and 385 cm™ for the XZ and ZY scans. At 4.2 K the observed
linewidth of the A g‘ mode at 380 cm™ is unusually large in an unpolarized scan, which
suggests the observation of two superimposing phonon modes with approximately 2
cm” apart. These observations prompted us to assign the Raman line at 375 cm™ to
Bzg’, whose intensity may arise from the leakage through imperpect crystal orientation.
The E,’ mode has never been observed. Polarized spectra of ERS and phonon transition
intensities in NdVO, were recorded at room temperature and at 4.2 K using the 488 nm
excitation line. The crystal field energy levels for the *Ior2, 2K1312, and Gy, multiplets of
Nd* in YVOy are shown in figure 4-7. Fig 4-8 shows the unpolarized spectrum for the
Raman transitions between 90 cm™’ and 490 cm™ in NdVO,, which was taken at 4.2 K
using the laser excitation at 476 nm. The line appearing at 358 cm™ in fig 4-8 is absent
in unpolarized spectra using other laser excitation lines and therefore assigned as an
extraneous peak.

Three ERS transitions were observed and labeled by their energies in fig 4-8.
These lines were assigned according to their predicted polarization dependent behavior

given in tables 4.10 and 4.12. The intensity of the first transition at 101 cm’is strongest

169



when 0; = 8, = 90° and weakest, but not zero, when 6; = 0, = 0°, which is consistent
with the first I+ T'; transition predicted to be at 115 cm’™. The intensity of the second
transition at 169 cm™ is zero when 6, = 6, = 0°, relatively weak when 8, = 6, = 90°,
and strongest when 6, = 90 and 8, = 0° or when 8, = 0 and 6, = 90°. The intensity of the
third transition at 178 cm™ is zero when 6; = 6, = 0° or when 6; = 8, = 90°, and
strongest when 6; = 90 and 6, = 0° or when 6, = 0 and 6, = 90°. We thus assign the
second and the third transitions to the second and third I';— T’ transitions predicted to
be at 182 cm™' and 226 cm, respectively. Figures 4-9, 4-10, and 4-11 show the ZZ, XY,
XZ, and ZY polarized spectra for the Algz'phonon mode at 875 cm’, the ERS transition
at 101 cm’, and the E,’ phonon mode at 151cm™ and two ERS transitions at 169 cm™
and 178 cm’’, respectively.

Table 4.14. Frequencies (cm") and symmietries of the Raman-active phonons in NdVO,

at297 and 4.2 K.

E/ B, E’ E° By By Ay E' By By E’ A

297K 113 123 148 237 260 375 381 a 472 795 808 871

42K 111 121 1S1 242 259 378 380 a 473 797 810 873

a: not observed

Polarization dependence spéctra have been recorded for the A, g2 mode at 875
cm’! and for the observed electronic transitions at 101, 169, and 178 cm™. Calibration
was not performed for these ERS intensities because the polarization curves associated
with the phonon modes are Aconsiderably different from those associated with the ERS

transitions. Figures 4-12, 4-13, 4-14 and 4-15 display the experimental polarization
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dependencies of the A;,” mode and the ERS transitions at 101, 169, and 178 cm’’,
respectively. These experimental curvés are plotted in the same graph as the predicted
curve§ given in equations 3.2 and table 4.10.

The best fitted data using a least square fit program come from the ERS
transition at 101 cm™. Since o;’=0 for this transition, we only obtain the fitted values
for au'/ &', ou'/ 0?, and o'/ot’. Using the relations of o' in terms of T given in table
~ 4.12, two values of T can be extracted from the fitted values of o'/ 0o and o' /o’
These values of T were in turn compared with the predicted values, which were obtained
from the ab-initio second-order theory of Axe which takes into account only the d-
configuration. The fitted value of | is found to be approximately 0.48, comparing with
the predicted value of T = 0.43 assuming Eg4r = 60,000 cm’ and ko = 20,000 cm’ (see
equation 3.13). The fitted value for o'/, was also compared with the calculated value
given in table 4.12. These values differ by less than 10 per cent. Table 4.15 summarizes
the comparison discussed thus far for the transition at 101 cm™. The maximum relative
error on the intensity measurements for this transition is about 20 percent.

The other two ERS transitions have weaker intensities, and their spectral
positions are close to one another and to a strong l':',g2 phonon mode at 151 cm™, which
ma.ke it very difficult for accurate intensity measurements. As a result the fits for these
transitions are poor and the fitted values for T are not consistent, which are discounted

as unreliable results.
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Table 4.15: Comparison of the fitted and calculated values for the relative magnitudes

- of 0g"s for the ERS transition in NdVO, at 101 cm’.

Transition o} a_}, a_:, ] a_} .
(101 cm™) o) al |’ ol )’
Fitted Values 0 . 733 102, +.488 |7.4,+.471
Calculated Values | O 784 8.0, .43 6.2, .43

We can now use the fitted value of T from the transition at 101 cm™' to predict
the intensities of other transitions in the *Iy ground multiplet. Table 4.16 compares the
predicted and observed relative intensities for different transitions for the case T = 0.48.
As we can see, the agreement between theory and experiment is excellent for all
transitions in the ‘I, ground multiplet of NdVO,. Similar to the case of PrVOQ;, this
agreement provides another vindication for the second-order theory of Axe. Since the
number of nonvanishing o"s associated with a transition between two Kramers’ states
is generally greater than that associated with a transition between two non-Kramers’
states, ERS intensities corresponding to transitions between Kramers’ states such as that
'of Nd** provides a stronger test for Axe’s theory than those corrgsponding to transitions
between non-Kramers’ states. Excellent agreement found between theory and
experiment in the case of NdVO, has thus been important for the verification of the

second order theory.
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Table 4.16. Comparison between predicted and observed relative ERS transition

intensities in the “Iy» ground multiplet of Nd** in NdVO, for the case 7= 0.48

ERS transitions | ZZ -polarized XY-polarized | XZ-polarized | ZY-polarized
(cm™) |
Thry.” | Exp. Cal. Obs. | Cal. Obs. | Cal. Obs. | Cal. | Obs.
107 101 1 1 7.6 7.5 3.0 25 3.0 2.6
175 169 0 0 015 0 10 7.5 11.2 7;9
219 178 0 0 0 0 3.8 4.5 1.9 2.2
427 - 0 - A48 - 6 - 5 -

(-) Not observed
(*) From the crystal field fit

Table 4.17 shows the relative magnitude of the third-order spin-orbit
contributidn relative to the second-order. As in the case of PrVO,, the third-order spin-
orbit contribution was found to be relatively small compared to the second-order
contribution, and the caculated values for o' would only change slightly when the third-
order term was included (compare, for example, tables 4.15 and 4.17). Since Nd** is a
Kramers doublet, it is expected that all I';—~ I'; transitions should at least have different
polarization dependence curves when higher order terms are taken into account, because

-of the presence of the o’ term. For Nd** in NdVO,, however, due to the negligibly |
small J-mixing in the states of the ground multiplet, ao° vanishes (chapter 2), and the
polarization dependence curves will look the same when higher order terms are
included. This small J-mixing in the states of the ground multiplet, which is also found

in PrVO,, ErVO,, and TmVO,, is probably due to the small magnitude of the even rank
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tensors of the crystal field present in vanadate crystals, which are responsible for the 4f
configuration mixing into the 4f crystal field states. The relative magnitude of third-

order spin-orbit to second-order contributions are given by

(a§ ) - (alz ) - (a?) ) = <9I9/2” (o )3r¢1"919/2 >
@3 @)™ (@)™ Ll (@)™I’L,, >

=0.036

and

@)™ _ (@) <Ll @) IPL,, >
@)™ (o)™ <Ll (@)™ IR, >

=0.0395

for all transitions in the 419/2 ground multiplet of Nd*in NdVO, (chapter 2).
Table 4.17: Relative magnitudes of (th‘) for the ERS transition in NdVO;, at 101 cm’.

Calculated values (0g')™ is the sum of the third-order spin-orbit and second-order

contributions.
Transition (aé ) ((l,‘ ) ((1:,)
101 cm™ (@) (@) (o)
Fitted .733 7.4 10.2
Calculated (total) 78 6.28 8.05

174



21561
21482
21236
21204
21101
21013
20912
20872
20842

20794
488 nm

19429
19298
19257
19216
19172
19109
19055

433 Is
226 I,

173 Ts

108 I;

Fig. 4-7: Crystal-field levels of the “Io, Goy, *K3, and ’K;s;, multiplets

of Nd** in NdVO, [10].
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4.3 Raman Spectroscopy of ErVO,

4.3.1 Er*- Selection Rules

Er’* has eleven 4f electrons, three short of a full éhell, which makes Er**
formally equiya]ent to Nd3+. The point group symmetry of Er** in ErVO, is Dya. The
doubly degenerate Kramers states of Er’* are thus labeled by the irreducible
representations I's and I'7 of D,q. The optical absorption spectrum and crystal field fit Qf
Er’*in dilluted YVO, (the ratio of Er’* to Y** is between 1:100 to 1:100) have been
fully reported first by Kuse [11] and the crystal field fit was subsequently modified by
Kaminski et al [12].

The ground multiplet of Er** is *I;s;». The decomposition of the ground multiplet
into irreducible representations is given by 4I'7+ 4I'¢. The ground crystal field state has
the symmetry I';. The selection rules and Raman activity for the Raman transitions
oﬁginating in the ground state of Er’* are described in table 4.9.

4.3.2 Er**- Polarization Dependence Functions

The general polarization beh;avior for ERS transitions of Er** in ErvO, is
similar to that of Nd** in NdVO,, which is shown in table 4.10. Using the
wavefunctions given by Kaminskii et al {12], we can determine determine the values of

the non-zero matrix elements of -a‘q" for Er** in ErVO,. The wavefunctions for the 411 5

ground multiplet of Er** in YVO4Er* are listed in table 4.18. The polarization
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dependencies of ERS transition intensities in the *I;5;, ground multiplet of Er** are given

in table 4.19, and the relative polarized intensities are given in table 4.20.

~ Table 4.18: Wavefunctions for the ground multiplet of Er

Calculated Energy (cm™') and Wavefunction
Symmeny Y a(,4,) L,(J,)

JJ.
0(T>) =793 “Lisn (-712) - . 415 *Lisp (9/2) +.327 *Lisp (112) +. 25 *15p (-15/2)
44 (Iy) -.833 1155 (9/2) + . 374 115 (-7/2) - 35 “Lisp (-15/2) +. 117 *y5 (1/2)
48 (Ts) =798 “Iisp (-52) - . 503 Lysp (312) -.242 “Iysp (11/2) +. 145 *Lysp (-13/2)
75 () 886 *Iysp (-15/2) +.366 *Lisp (-7/2)-.217 “Lis, (9/2)
147 (T) 866 “Lisp (11/2) - . 386 *Lisp (-5/2) +.234 “Lisp (3/2) +. 132 *Lisp (-13/2)
255 (Ts) -787 *Lisp (-13/2) +. 506 *I;55 (3/2) +.295 “Lisp (11/2) +.087 “Lys5 (-5/2)
288 (T) 637 “Lisp (3/2) +. 559 *Lisp (-13/2) +.42 *Lisp (-5/2) +. 274 “Lisp (-11/2)
319 () =793 *Iisp (-712) - . 415%L15p, (9/2) +.327 *Iysp (1/2) +. 25152 (-15/2)
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Table 4.19: Polarization dependencies of ERS transition intensities in the s ground

multiplet of Er** in YVO,.

Transitions | Non-zero oy’ Polarization Dependencies lai; * (*)
(cm™)

0-43 0o’= .0043F;, 0p'=-.286F, | 2.5x10°F,* [cos’8,c0s°0;

0,°=.0386F; , a;'=-.235F]

+ 33007%sin%6,5in%6, - 3647 sin®6sin®6,
+(567 T2 +15)(sin’6; + sin?6,)]

0-49 0;°=-.048F;, 0.,’=.0407F, | 2.6x10° F,’ [sin’0;sin’6,  +3851
0,’=.024F;,  0,'=.417F, | sinBssinf,
+(1600 T°+5.5 )(sin’0; +sin’6,)]
0-75 0o’=-.0287F,, 0p'= .214F, | 1.1x10" F2? [cos°0,c0s°6,
o, %=.0204F;, 0,'=-.0086F, | + 427%sin’0;sin’0, - .1587 sin’03sin6,
+(.016 T +.096)(sin’0; + sin’6y)]
0-147 05°=.064F,, oLo*=-.03F; | 2.8x10* F,’ [sin°0;5in’0, 41 sinB3sinf,
@;’=.0405F;, o,'=-.028F, +(.7 +1.5 )(sin?03 +sin%64)]
0-255 0:’=-01F;,  0.,°=-.0017F; | 6.8x10”° F,* [sin’0,5in8, +6.67 sinB3sinb,
' a’=-01F,,  oy'=-.045F, +(7.3 T+.37 )(sin0; +sin’0,)]
0-288 0y’=-031F;,  0L;*=-.006F; | 6.6x10F,? [sin’,sin’0; +.367 sinB3sinf,
0 ’=-.004F;, oy'=-.061F, |  +(1.4 T7°+.0058 )(sin’6; +sin’6.)]
0-319 0’=.012F;,  0p'=-.038F, | 1.89x10™*F,? [cos*8,c0s0;
o;%=-005F;,  04'=-.021F,; | + 7.27%sin’0,sin’0, +.567 sin®63sin°0,

+(.56 T2 +.033)(sin’0; + sin64)]

(*)1=F/F;,0:=6,-0,,8;=6,+6,
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Table 4.20: Predicted values of relative linestrengths of ERS transitions in the “I;s;

ground multiplet of Er’* in YVO,.

ERS transitions | ZZ XY X7 ZY

(cm™) polarized polarized pdlarized polarized

43 95 3100 7° . (5.5-32 1)* (5.5+32 1)
48 0 1 (3.3+56.6 7)° (3.3-56.6 7)°
75 42 1777 (2.9-1.17 1) (2.9+1.17 1)
147 0 10.8 (5.7-3.9 1) (2.9+3.9 1)
252 0 26 (1.4+6.2 1)* (1.4-6.2 1)?
288 0 25.4 (.5+8.4 1)* (5-8.4 1)
319 7.3 537 (.7+2.8 1)’ (7-2.8 1)°

4.3.3 ErVO, - Experimental Raman Spectra

The observed phonon modes in ErVQ, are listed in table 4.21. Fig 4-16 shows
the room temperature, unpolarizéd phonon spectrum of ErVO, between 90 and 550
cm’’. As in the case of NdVOs,, the line at 380 cm™ in fig 4-16 has unusually large
linewidth (approximately 20 cm™") and may be the superposition of a Alg' phonon mode
and a very weak Bzg' mode appearing as an intensity leakage through imperfect
orientation. The crystal field energy levels for the “Ijsp, *Far2, and “Fspp multiplets of
Er’* in YVO, are shown in figure 4-17. The unpolarized spectrum for the Raman
transitions between 30 cm™ and 300 cm™ in ErVO, is shown in fig 4-18, which was
taken at 4.2 K using-the laser excitation at 498 nm. The 488 nm excitation line is in
resonance with the 4F7/2 inultiplet (see figure 4-17) and therefore was not used in .'non-

resonant intensity measurements. Two ERS transitions were found at 43 and 252 cm.
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Their respective polarized spectra at 4K using the 476 nm excitation line are shown in
figures 4-19 and 4-20. The liqe apearing at 275 cm’ in fig. 4-18 is absent in spectra
using 476 nm excitation line and was assigned as an extraneous peak. The line at 43
cm’ in figures 4-18 and 4-19 only appeared in XZ, XY, and ZY Raman spectra at low
temperature and was assigned to an I';~ T'; electronic transition, which was predicted at
44 cm’. The assignment for the ERS line at 252 cm™” was more ambiguous. The
intensity of the line at 252 cm™, which is approximately the same position for the Eg3
phonon mode observed at room temperature, was enhanced when the temperature drops
below 77K, and weak intensities were observed in the XY scans, which should not have
been observed for the I:‘.gl phonon mode. The same degree of enhancement at low
temperature wés also found in the case of the B;;' mode at 157 cm' (e.g. compare fig 4-
16 and 4.18). For the line at 157 cm™, however, intensity is strongest in the XY scan,
and zero intensity was found in the ZZ, XZ, or ZY, which indicates the absence of
polarization leakage. Comparing with the expected polarization dependence curve fdr
the ERS transition at 252 cm’, we conclude there possiBly exists an I’y T electronic
transition superposed on an E, phonon mode at 252 cm’'. Fig 4-21 displays the
temperature evolution spectrum for this Raman peak at 4, 20, 77, 140, 210, and 297 K,
using the 488 nm excitation line. The polarized spectra for this transition at 4K using
the 476 nm excitation line is shown in fig 4-21.

The intensities for the ERS transition superposed on the Blgz phonon mode at
252 cm” could not be accurately determined and therefore were not used for

polarization dependence analysis. Fig 4-22 shows the experimental polarization
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dependencies of the ERS transition at 43 cm’

. Calibration using the phonon
polarization dependence curves was not performed for the ERS intensities. The
experimental curves are plotted in the same graph as the predicted curves given in table
4.10.

Table 4.21: Frequencies (cm™) and symmetries of the Raman-active phonons in ErVO,

at 297 and 4.2 K.

Tem.(K) E B, E’ E’ B, By A E' B,y By E A/

297 105 117 156 251 261 a 380 a 489 820 838 894

4.2 109 118 157 252 260 a 383 a 480 723 840 898

a: not observed

Table 4.22 compares the experimentally fitted values of the relative ay"’s for the
transition at 43 cm™ and the predicted values with 0y"s given in table 4.19, which were
predicted from Axe’s second order theory, assuming Eg = 100,000 cm”! and Ao =
20,000 cm’'. The best fitted value of 7 is found to be approximately 1.0. In comparing
the fit for this transition and the transitions at 101 cm™' in the case of NdVO, and 84 cm’
!'in the case of PrVO,, we note that the transition at 43 cm’ is close to the laser
excitation, and the peak intensity is weakest among the three, which resulted in more
uncertainty in the fit for the transition at 43 cm™ in ErVO,. The maximum relative error
on the intensify measurements for this transition is about 25 percent.

Table 4.23 compares the predicted and observed relative intensities for different

transitions in ErVO, for the case T = 1.0. The predicted relative intensities among

transitions seem to account for the abscence of most transitions in ErVO, except the
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ERS transition predicted to be located at 48 cm™', which was predicted to be at least as

strong as the transition at 43 cm™. Whether or not this transition might be located below

40 cm’ is unclear, since the strong background scattering intensity from the laser

excitation in the energy range below 40 cm™ make it impossible to detect the existence

of ERS transitions located below 40 cm™. Also the polarization dependencies of the

peak at 43 cm™' matched better with the predicted transition at 44 cm™ than that at 48

cm’’, which eliminates the possibility for identifying the latter with the observed peak at

43cm’.

Table 4.22: Comparison of the fitted and calculated values for the relative magnitudes

of a”s for the ERS transition in ErVO, at 43 cm™.

Transition Fitted Values Calculated Values ' | Calculated Values
(43 cm”) (second-order) (second-order)
o) 2618, £0.771 277,0.25 4424,1.0
— 1, T
0o
ala; -96.1, .261 -123,0.25 -491, 1.0
(o)’
oo 200489, 2.25 20.44,0.25 0.11,10
(o)
(@) +(a,)* 2124, +0.828 267.3,0.25 3068, 1.0
(@)
@)Y +(a) )’ 0.811, +£0.364 0.97,0.25 0.69, 1.0
(o)
@) +(o,) 16.6,2.7 or 0.01 2.2,0.25 6.3,1.0
ooy
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We now consider the possible ERS contribution from the third-order spin-orbit
interaction. Taking into account only the d-configuration, the third-order spin-orbit
coﬂtﬁbution was found to be approximately a magnitude order smaller than the second-
order contribution, and would not significantly affect the second order results. Because
the states of the ground multiplet in ErVO, are highly pure in J, the third-order ap”’s
vanish for all states of the ground multiplet. The negligibly small J,L,S mixing is also
responsible for the relatively small third order contribution in ErVO,. Comparison
betweep the relative magnitudes of (o:q')’s calculated from both second and third order
contributions and the corresponding fitted values for the ERS transition in ErVO, at 43
cm’’ are listed in table 4.24. The relative magnitude of third-order spin-orbit to second-

order contributions in ErVO, are given by

(a2)3rd _ (alz )3rd _ (ag )3rd _ < 1912” (a )3rd”9 o S =-O 131 and
(a7)7nd (a12)2nd (ag )2 919/2“ (a )an”9 o > :
(a )3rd (a] )3rd < I9/2” (a )3’d"9 9/2 >

. 2 0.03

Ind - yi2nd 2nd P ] =
(@) (o) < 19,2I| @ )?™I’1,, >

for all transitions in the “I;s ground multiplet of Er*’ in ErVO,.
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~ Table 4.23: Comparison between predicted and observed relative ERS transition

intensities in the *I;s» ground multiplet of Er** in ErVO, for the case 7= 1.0.

ERS transitions | ZZ -polarized XY-polarized | XZ-polarized ZY-poiarized
(m") |

Thry. |Exp. [Cal. |Obs. [Cal. |Obs. {Cal. |[Obs. |Cal. |Obs.
44 43 1 0 3100 [2080 {700 | 700 | 1406 | 1052
48 - 0 - 1 - 3588 |- 2841 | -

75 - 2 |- TR 3 15 -
147 |- 0 - 11 - 3 - 17 |-
255 | 252 0 0 3 u 120 |u 23 u
288 |- 0 - 25 - 79 - 62 |-
319 - 7 - 0.5 - 12 - 4 -

(-) Not observed
(u) Unknown, due to superposed phonon intensities

(*) From the crystal field fit
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Table 4.24: Relative magnitudes of (orq‘) for the ERS transition in ErVO, at 43 cm™.

Calculated values (0g')™ is the sum of the third-order spin-orbit and second-order

contributions, with only the d-configuration taken into account.

Transition Fitted Values Calculated Values
43 cm’! (second and third order)
o) ¥ 2618 328
o
oo, -96.1 -146
()’
oo, -0.0489 -0.37
(o)’
@2y +(a, ) 2124 290
(o))’
(@) +(a)) 0.811 0.9
()’
@) + (0 )’ 16.6 2.0
oo
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4.4 Raman Spectroscopy of TmVQO,

4.4.1 Tm*- Selection Rules

Tm** has twelve 4f electrons and two 4f holes, which is equivalent to Pr** which
has two 4f electrons. The point group symmetry of Tm>* in TmVO, is D,y, and the
crystal field states of Tm>* are labeled by the irreducible representations I'y, I3, I3, Iy,
and I's of Dzd. The absorption and fluorescence spectra and crystal field fit of Tm* in
dilluted YVO, (the ratio of Tm>* to Y** is between 1:100 to 1:5) have been reported
first by Knoll [13]. An improved crystal field fit was later obtained by Wortman,
Leavitt, and Morrison [14].

The ground multiplet of Tm>* is *Hs. The decomposition of the ground multiplet
into irreducible representations is given by 3I's+Is+ 4T'3+2T",. The ground crystal field
state has the symmetry I's. The selection rules and Raman activity for the Raman
transitions originating in the ground state of Tm* are described in table 4.25.

Table 4.25: Selection rules and Raman activity of ERS tré.nsitions originating in the

ground state of Tm** in TmVO..

| Transition Scattering tensor symmetry | Raman activity aq‘
2 1 2 1

I's— Iy {Ts o L0 (0,00 )
T T3 1

Is—T> Is o0 (07 ,00)
2 1 2 1

I's-I3 I's oy ,0q (0L ,0e)
T T 3 1

Is=T4 I's o L0 (007 ,0k)
I's—Ts I+ D+ T3+ T o', 0’y o 00’
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4.4.2 Tm™- Polarization Dependence Functions

The general polarization behavior for ERS transitions of Tm>* in TmVO, are
given in table 4.26. Table 4.27 shows the wavefunctions for the ground multiplet of
Tm* in TmVO, obtained from a cfystal-ﬁeld fit with the crystal field parameters given
by Wortman et al. [14]. The nonzero th' and the polarization dependence functions for
the ERS transitions in the ground multiplet are shown in table 4.28. The relative
polarized intensities of ERS transitions in the ground multiplet of TmVOQ; are given in
table 4.29. |
Table 4.26: Polarization dependence functions for ERS transitions originating in the

ground state of Tm** in TmVOs,.

Transition Polarization dependénce curves

I's—T (ozol)2 sin261 sin262+(4/3) (ozoz)2 c0s%0, cos’0,
+(1/2)(0% +01.5%)” sin’6; sin®0,

Is-T, (118)[(042)? +(01")*] [sin(8,-61)+ sin’(6,+6)]

Is-T, + 0% 'sin(02-6;) sin(6,+6)),

L=l | or (UA)ad? o)) [sin’(0s-8:)+ sin(6:+6))]

Ts~T, | - ;20 'sin(8,-6,) sin(62+6))
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Table 4.27: Wavefunctions for the ground multiplet of Tm** in TmVO,.

Calculated Energy (cm™)(*) | Wavefunction -
and Sym;netry 20(1,12) 25+1LJ(_]Z) ’ .
J.J.
0 (Ts) -.888 *He (5) + .408 *H (1) - .19 *He (-3)
30 () -.643 *Hg (0) + .537 *Hg (4) +.537 *Hg (4)
115 () 617 °Hg (2) - .617 *H, (-2) - .3385 *Hg (6) + 3385 *H (-6)
146 (T's) 6716 *Hg (-3) -.603 *Hg (1) - .42 *Hg (5)
150 (Ty) .704 *Hg (-4) - .704 *Hg (4)
186 (T3) -.683 *H (6) -.683 *Hs (-6) +.17 *Hg (-2) +.17 *He (2)
221 (Ty) .617 *Hg (-6) - .617 *Hg (6) - .3385 °H, (\2) +.3385 *H (-2)
306 () .76 *Hq (0) + .4546 *He (4) + 4546 *Hq (-4)
341 (Ts) .71 *Hg (-3) +.68 *Hg (1) + .1605 *Hg (5) '
367 (T3) ) -.6828 *Hg (2) - .6828 *Hg (-2) - .17 *Hg (6) - .17 *He (-6)

(*) From the crystal field fit.
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Table 4.28. Polarization dependencies of ERS transition intensities in the *Hg ground

multiplet of Tm** in TmVO,.

Transitions | Non-zero oy Polarization Dependencies loy; ¥ (*)
(cm™)
0-30 0°=-.0812F,, oy'=-29F; | 1.65x10° F,* [(sin0s +sin’6,)(1 +12.67
) + 14.27 5inB; sinBy)
0-115 0, ’=-.0576F,, 0u'=.214F;, | 8.3 x10™* F,? [(sin’0; +sin0,)(1+13.9 T)
-14.87 sinB; sinBy]
0-146 0’=.107, 0u2’=-.0667F, | .0103 F,? [cos’8,cos’6,
0tp’=-.088F,, 0p'=-.182F) +5in’6,5in’0, (3.2 T°+.078)
0-150 a,’=.1426F,, o, '=.1436F, | .005 F,? [(sin’0; +sin’0,)(1 +1.1 T
+ 47 sinB3 sinBy]
0-186 ay’=-.115F;, o, '=.151F, .0033 F,? [(sin0; +sin®6,)(1 +1.7 T°)
- 5.247 5inB; sinfy)
0-221 ¢12=-.0911=2, a;'=.041F, | .0021 Fy? [(sin’03 +sin®04)(1 +.2 T°)
_ -1.81 sinB3 sin6;]
0-306 0%=-.053 Fy, a;'=-.023F, | .0007 F;? [(sin%0s +sin0,)(1 +.184 %)
' +1.77 sind; sinfy)
0-341 0r°=0241, 0= 028 F; 0025 F2? [co0s®0,co0s’6;
0o’=.05F,, 09'=.003 F; +5in”0;5in’0, (3.6 T+5.15) x10°
0-367 o,’=.015F,, o;'=-.03F, 5.9x10° F,? [(sin®8; +sin’0,)(1+3.8 T)
- 7.77 sinB; sinB,]

(.)93 = 92- 91, 94= 91+ 92, T= F]/F2.
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Table 4.29: Predicted values of relative linestrengths of ERS transitions in the *Hg

ground multiplet of Tm* in TmVOs,.

ERS transitions | ZZ XY XZ zZY

(cm™) polarized | polarized polarized polarized
30 0 0 3(143.56 1)° 3(1-3.56 1)°
115 0 0 16(1-3.7 1)° .16(1-3.7 7)°
146 2 2(.078+327) |0 0

150 0 0 (141.05 1)? (1-1.05 7)°
186 0 0 65(1-1.3 1) 65(1+1.3 1)°
221 0 I 41(1-.457)° 41(1+.4517)°
306 0 0 24(1+.4317)° 24(1-.437)?
341 488 1.8x10°(1.4+7%) |0 |0

367 0 0 0 0

4.4.3 TmVO, - Experimental Raman Spectra

Table 4.30 displays the observed phonon modes in TmVOy at room temperature
and at 4.2 K. Phonon modes in TmVO, have been previously studied by Harley et al
[15], whose reported phonon enefgies at 77 K are listed in the second row of table 4.30.
Most of our assignments agree with Harley et al except the phonon modes at 252, 260,
and 265 cm’. We have assigned Eg’, B)%, and Byg? to the phonon modes at 252, 260,
and 265 cm’, according to their polarization behavior described in equations (3.2). The
phonon intensities at 252 and 260 cm’! were found to be strongest in the XZ (or ZY)
and XY scans, respectively, when the beam is parallel with the crystallographic X axis

of the crystal. When the crystallographic X axis is rotated at 45 degree with respect to
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the incident beam, a phonon mode appears at 265 cm™ with intensities strongest in the
XY scans. Harley et al, however, reported a E;° mode at 260 cm, a Bi,’ mode at 269
cm’, and a By;' mode at 262 cm™. The discrepancies may be the result of the ignorance
of a 45 degree transformation of the scattering tensors in the work of Harley et al. Fig 4-
23 and 4.24 show the unpolarized phonon and Raman spectra, respectively, of TmVQ,,
with excitation lines at 514 nm and 488 nm. The phonon spectra were taken at room
temperature and the Raman (both phonon and ERS) spectra were taken at 4K. Fig 4-25
shows the low temperature Raman spectra'of TmVO, between 240 and 280 cm™, with
the excitation linés at 497 and 488 nm, and with the crystal’s crystallographic XY plape

being rotated at 45 degree about the Z axis.

Table 4-.30. Frequencies (cm™) and symmetries of the Raman-active phonons in TmVO,

at297,77,and 4.2 K. .

Tem(K) E; B, E’ E° By By Ay E' By By E A

297 106 117 157 253. 261 265 381 a 490 826 841 897
77 ' 102 119 157 260 269 262 385 a 493 823 843 899

42" 100 119 159 253 260 265 386 a 491 823 844 900

a: not obsérved
(*) This work
(") Reference [15]

The crystal field splitting for the *Hs ground multiplet and G, multiplet of Tm™
in TmVO, are shown in fig 4-26. Four electronic lines were observed at 119, 150, 183,

and 881 cm’, two of which were identified as ERS transitions orginating in the *Hg
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ground multiplet of Tm* in TmVO,. The lines at 119 cm™ and 150 cm', which were
predicted to be at 115 and 150 cm™, were assigned to the I's—TI's and ['s—T; transitions,
respectively. The ERS transition at 119 cm™, with linewidth approximately 2 cm’, is
superposed on a weak B,g' phonon line, which resulted in non-zero intensities in XY,
XZ, ZY scans. The polarized spectra of this transition at 4K is shown in fig 4-27. The
ERS transition at 150 cm™ has a larger linewidth of approximately S cm™ and has
nonzero intensities in XZ and ZY scans. Its polarizéd spectra at 4K is shown in fig 4-28.
The electronic line at 183 cm™ has strongest intensities in XY scahs and zero intensities
in ZZ, XZ, and ZY scans. Note that there is no phonon B, modé at this frequency, and
the I's—T transitioﬁ predicted by the crystal field fit at 189 cm™ would have zero
intensities in XY scans, we conclude this observed ERS transition at 183 cm™ might be
due to an unknown impurity other than Tm>*. The same conclusion is applied to the
electronic line at 881 cm”, whose intensities are strongest in XZ and ZY scans. These
two electronic lines, however, did not fit to any known ERS transitions of RE** in rare
earth vanadates or phosphates reported to date. We therefore could not confirm the
impurity origin of the lines at 183 and 881 cm™.

Polaﬁzation dependence measurements were performed for the Eg2 phonon line
at 155 cm™ and the ERS line at 150 cm™. The phonon polarization dependence data
were used to calibrate the ERS data at 150 cm™. The respective observed and predicted
polarization dependence curves of these Raman lines at 155 and 150 cm’ are shown in
figures 4-29 and 4-30. The phonon predicted curves are described in equation 3.3. The

I's—T transition at 150 cm™ has the predicted curves described in equation 4.2, with
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o F, 993
150cm™?)=—1+=9932 ==
a (150 cm™) o R 4.7)

Due to the slight overlap between the Eg2 mode at 155 cm™ and the ERS
transition at 150 cm’, the intensity measurements of both of these Raman lines were
very difficult. To obtain consistent fitted intensities, we kept the linewidths of ?he ERS
transition fixed at 4.8 cm’ aqd the phonon transition fixed at 10.0 cm™, with both being
Gaussians fitted. The maximum error in these intensity fits were about 30 percent. The
values of a extracted from the polarization dependence fit were 13.9 and .072, and the
corresponding fitted values of T were .0715 and 14.18.

Observed relative ERS intensities in the ground multiplets of Tde4 can be
compared with prediction. Table 4.31 compares the observed and predicted intensities
of ERS transitions in the ground muitiplet of TmVO, relative to the ZY-polarized
intensity of the transition at 150 cm’ for the case T = .072. Only approximately three
fourths of the transition intensities were accurately accounted for.

Finally we determine the third-order spin-orbit contribution for the transitions in
the ground *He multiplet of Tm* in TmVO,. The relative magnitude of third-order
spin-orbit to second-order contributions for the transition at 150 cm’ given in table 4.32
is less 0.1. As expected, inclusion of the third order spin-orbit interaction in the total
ERS intensity only results in marginal agreement with the intensity obtained from the
fit. The magnitude of (') in TmVO, calculated from the third-order spin-orbit
contribution relative to that calculated from the second-order theory are given by

<Hll (a®)*™IPH, >
<Hll (?)*™IPH¢ >

=0.086
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and

<H(l (@' Y“IPH, >
<H @)™IPH, >

for all transitions in the *H, ground multiplet of Tm*? in TmVOs,.
Table 4.31: Comparison between predicted and observed relative linestrengths of ERS

transitions in the *Hg ground multiplet of Tm>* in TmVOj for the case T = .072.

ERS transitions | ZZ -polarized XY-polarized | XZ-polarized | ZY-polarized
(cm™)

Thry.” | Exp. Cal. |Obs. |Cal Obs. [Cal. |Obs. |Cal. |Obs.
30 - 0 - 0 - - -
115 119 0 - 0 u .09 .08 25 3
146 |- 2 - 18 - 0 - 0 -
150 150 0 25 0 - 1.15 1.1, | .85 .85
186 |- 0 - 0 - 5 - .78 -
221 - 0 - 0 - . ].38 - 44 -
306 |- 0 - 0 - 25 - 23 -
341 - 5 - 002 - .008 - 011 |-
367 |- 0 - 0 - 0 - 0 -

(-) Not observed
(u) Unknown
(*) From the crystal field fit
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Table 4.32: Comparison of the relative magnitudes of (o) obtained from calculation

using the second-order theory, third-order spin-orbit, and from the fit for the transition

at 150 cm™ in TmVO,.

)

Transition

(150 cm™)

Second

Total

Fitted

S
o
pwy
o, )

3.8

14
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Fig. 4-23: Unpolarized phonon spectra of TmVO, at 293 K, with the laser

excitation at 514 nm and 488 nm.
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4.5 Summary

We have i‘eported polarization dependent ERS measurements for the ground
multiplets of Pr’*, Nd**, Er**, and Tm® in vanadate crystals. The agreement between
relative intensities obtained from prediction by the second-order theory and from
observation was excellent in the case of PrVO4 and NdVO, and only marginal in the
case of ErVO4 and TmVO,. The third-order spin-orbit contributions were found to be
approximately a magnitude order less than the second-order contributions in all cases
and therefore did not affect the general results obtained  from the second-order
calculations. The best fitted value of T for PrVO,, NdVO,, ErVO,, and TmVO,; were
1.0, 048, 1.0, and 0.07, respectively. These values of T were in-contrast with the
considerably small fitted values for 7 in Er**: YPO, and Tm**: YPO, reported by Becker
et al [6,7]. The near unity values of T in the case of Pr’*, Nd**, and Er** in vanadate
crystals have confirmed the validity of the Axe’s theory taking into account only the d-
configuration in accounting for the ERS intensities.

In all four cases the use of the polarization dependence technique has proved to
be important in determining the symmetries and origins of the ERS spectral lines. The
polarization dependence theory developed in chapter two has been extremely accurate in
predicting the intensities of one of the ERS transitions in PrVQ,, whose linestrengh is
sufficiently strong for accurate intensity measurements. The factor of two difference
between the observed value of T and the value of T predicted by theory was probably due

to the lack of accurate wavefunctions of the ground muitiplet of PrVO,, as we observed
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that the only crystal field fits reported to date came from only a few lines of the ground
multiplet and that there has been no reported spectroscopic work on higher multiplets of
PrVO4. As for NdVOQ,, the MQMy accurate and complete crystal field fit reported by
Tanner and Edelstein [10] has probably been responsible for excellent agreement
between theory and expeﬁment on the value of 7. Poorer agreements in the case of
ErVO,4 and TmVO, were partially due to difficulties in intensity measurements, which
arised from either interference of neighboring Raman lines or the Rayleigh excitation
line.

We conclude that Axe’s theory was sufficient to account for a majority of ERS
intensities in our experimental studies on rare-earth dop.ed vanadate crystals. Further
work should be done on host materials doped with rare earth ions of different site
symmetries  than D,q. Polarization dependence should always be done whenever
possible, as the technique has shown to be superior than the currently used polarization
technique in ERS experiments, in which only ZZ, XZ, ZY, and XY scans were
performed. If the wavefunctions of the transitions considered are known, relative
intensities can be obtained using the procedures mentioned in chapter two and three.
When only the symmetries of the transitions were known, general polarization
dependence functioqs can be obtained from table 2.1. The experimental procedure
described in chapter three should be used as a guideline in polarized Raman scattering
experiments. In our Raﬁm set up we have tried to eliminate all the interfering factors
that might possibly alter the intensities of the incident and scattered light. For example,

by putting the polarization scrambler in front of the Dove prism to depolarize the
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scattered light, we have avoided the polarization dependent response of both the Dove
prism and the spectrometer. Previous polarized Raman scattering experiments reported
have overlooked the device-polarization dependent effects and might have been the

/

source of disagreement between theory and observation.
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Chapter 5

Polarization Dependence of Two-Photon Absorption

Transiﬁon Intensities in Eu** :LuPQ, and Cm3+:LuPO4.

Tﬁe main motivation for studying the polarization dependent behavior of TPA
transitions in Eu>*:LuPO, and Cm*":LuPO; is to investigate the role of o’ contributing
to the TPA intensities. TPA was observed to the *Dy and °D; levels of Eu** and to the
D11, levels at 16800 cm™, ®Psy; levels, and the °Ds); levels at 27900 cm™ of Cm®*. The
second-order contributions to the TPA intensities were found to be relatively small for
these levels in Eu** and Cm**. As a result, the corresponding non-zero 0’ terms
calculated in the third-order are expected to give at least a comparable if not dominant
contribution compared to the second order terms. Polarization dependent behavior of
the tfansitions for which o’ is nonzero is also expected to drastically chméc by\

inclusion of the third-order interaction.

5.1 Introduction

| Traditionally, pplarizatio;'l dependent TPA spectra have been analyzed using
Bader and Gold’s formﬁlae derived from group theoretical methods in the frame work
of the second order perturbation theory [1]. The main disadvantage of Bader and Gold’s
polarization dependence functions, however, is the presence of a number of

phenomenological parameters, which often weakens the predictive capability of the
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theory. Other polarization dependence formalisms have been developed by Makhanek et
al {2,3] and by Kibler, Gacon, and coworkers [4-7]. Makhanek et al’s theory has been
developed within the second-order theory framework and could not be extended to
include higher order interactions. Kible; et al theory, apparently due to its complexity,
has been applied to only a few rare earth systems. Applying Judd-Ofelt-Axe’s
approximation [8-10], the Kibler-Gacon’s second order results can be expressed in
terms of only one parameter, which can be further estimated when proper
approximations are made. Their third order analysis [6], however, is based exclusively
on a few phenomenological constants, similar to those giv‘en in the Bader and Gold
theory.

Recently Gacon et al reported experimental results in which Bader and Gold’s
theory has failed to predict the polarization dependence behavior of the reported TPA
transitions. Gacon et al found that several of the TPA transitions in Eu(OH); and
Eu*:LuPO, have a constant background which is non zero for all polarization angles 6
between the three-fold c axis and the beam polarization direction [11,12]. By fitting the
experimental curves with the polarization dependence functions. coming from a
phenomenological model with a constant being added, agreement with theory was
restored. The origin of the constant, which appeared to be an arbitrary complex number
in the expression of the gcaneﬁng amplitude, has never been explained in their papers.

Prompted by Gacon et al’s observation we have investigated several TPA
transitions in Eu’*:LuPO; and Cm*:LuPO,. The observed data were interestingly

similar to what have been observed by Gacon et al. For those transitions for which
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second-order contributions are significantly small, a constant background was observed.
In addition the Cm** data have shown curious isotropic polarization dependent behavior
in nearly all of the observed transitions. Both the origin of the constant background
observed in Eu** and Cm* and the lack of anisotropy observed in Cm** will be
explained in this chapter as ﬁle theory of the two-photon scattering amplitude developed
in the time-dependent perturbati»on framework is reexamined. The few transitions which
display neither the nonzero background nor isotropy have their polarization dependent
behavior and relative intensities which can be explained by the second-order theory of
Axe. It is interesting to note that the lowest among the TPA transitions to the D,
multiplet of Eu**:LuPQ, was predicted to have zero intensity when the crystal plane is
oriented at 0° or 90° with respect to the incident excitation beam buf have nonzero
intensity whén the crystal is rotated at other angles with respect to the beam direction
abou.t the z-axis. This was observed exactly as predicted. When the crystal was rotatéd
at 45° with respect to the incident beam, a strong line appeared with energy, polarization
behavior and relative transition intensities with other transitions agreeing with
prediction. The transition disappeared when the crystal plane was perpendicular with the

incident beam.

5.2 TPA Spectroscopy of Eu*in LuPO,

5.2.1 Eu*'- Selection Rules

The open shell configuration of Eu® is 4f°. The host lattice LuPO, has the

tetragonal zircon-type structure with space group D4y'®. The site symmetry of Eu** in

1
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LuPOy is Dyg. The electronic states of Eu®* are labeled by the irreducible representations
Iy, Iy, T3, Ty, and T's of Dyg.

The ground state of Eu** is "Fo, which has the symmetry I';. The selection rules
and Raman activity for the TPA transitions originating in the ground state are described
in table 5.1. Emission and absorption spectra of Eu®* in YPO, have been reported by
Brecher et al. [13]. The crystal field wavefunctions for Eu** in LuPO, are provided by
Piehler and Kim [14].

Table 5.1: Selection rules and Raman activity of TPA transitions originating from the

ground state of Eu** in LuPO,

Transition TPA scattering tensor symmetry | Raman activity o'

I-TI,; I, o’ 0
I-I, I, none
I-T; T 02,0007
I~T, T o’ o’
=T I'sx ‘ o’
Iy Ts,y oy’

5.2.2 Polarization Dependence Functions

The polarization dependence functions corresponding to the TPA "Fo—"D;
transitions are listed in table 5.2. |

The wavefunctions for the states of the "Fo and °D; multiplets of Eu** in LuPO,
are listed in table 5.3. These wavefunctions were obtained from a crystal field fit using

the crystal field parameters provided by Piehler et al [14]. The nonzero values of oy
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calculated in the second-order and the corresponding polarization dependence functions
for the 7Fo—>5D; transitions are listed in table 5.4. Taking into account only the d-
configuration and using E¢=100,000 cm™, T4=1330 cm™ , the second- and spin-orbit
third-order contributions for the "Fo—"D; transitions are shown in table 5.5. The
predicted values of TPA transition intensities are provided in tables 5.6 and 5.7 for the

case 0 =0°, 45° 90° when @=45°and ¢ # 45°, respectively.

Table 5.2: Polarization dependence curves for the TPA 7F0—’5Dj transitions of Eu** in

LuPO,.

Transition Polarization dependence functions
I-T, [_%ag_*_(koi;ge—l)az]z

-, 0

I~T5; (1/4)(0rz% +01.2°)* sin*0 cos?2¢
-, (1/4)(ct2® —01.2%)? sin0 sin®2¢

I -Ts (1/4)(04*) sin’20
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Table 5.3: Wavefunctions for the Fy and °D; multiplets of Eu** in LuPO,.

Multiplet ~ Calculated ~ Symmewy  Wavefunction 2 a(J,J,) *"'L,(J.) ]
J.J.
Energy (cm™)
Fy 0 I -.963 'F, (0) +.188 °D1, (0)-.167 *D3, (0)
' +.039 F, (0) -.006 °D1, (0)+.005 *D3, (0)
Do 17181 I 244 "F, (0) +.55 *D14 (0) -.672 °D3, (0)
D, 18940 Ts 216 'F, (1) +.576 °D1, (1) -.71 °D3, (1)
18959 Ty 216 'F, (0) +.577 °D1, (0) -.71 °D3, (0)
D, 21403 ' T; 1197F, (-2) +.422 °D1, (-2) - 518 °D3, (-2)
+.1197F, (2) +.422°D1, (2) -.518 °D3, (2)
21423 Ts .168 'F, (1) +.597 °D1, (1) -.734 °D3, (1)
21440 I -.168 'F, (0) -.597 °D1, (0) +.734-°D3, (0)
21450 T -.119'F; (-2) -.422°D1, (-2) +.518 °D3, (-2)
+.119 'F, (2) +.422 °D1, (2) -.518 °D3; (2)

Table 5.4. Polarization dependencies of TPA intensities for the "Fo—°D; transitions of

Eu* in LuPO, (second order contributions).

Transitions (cm™)” | Non-zero o' Polarization Dependencies o
- "Fo-°Dg  0-17181 | 0= -.0016 Fs 4.3x107 F? (3c0s%6-1)°
N 'Fo-°D;  0-18940 | none 0
‘_‘ 0-18959 | none 0
! "Fo-°D2  0-21403 | 0,°= 0.,°=.0188 F, 3.5x10* F,* sin6 cos®2¢
0-21423 | 0,’=-.0266 F; 3.53x10™* F,? sin’26
‘ 0-21440 | 00’=-0266 F; 1.18x10 F;? (3cos’0-1)
. 0-21450 | ®’=—0,’=.0188 F, 3.5x10* F,? sin‘0 sin2¢

(*) Energies calculated from the crystal field fit.
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Table 5.5. Polarization dependencies of TPA intensities for the "Fo—°D; transitions of

Eu** in LuPO, (second and third order contributions).

Transitipns (cm™)” | Non-zero og' x 107 Polarization Dependencies loy;°x107™
Fo-"Do  0-17181 | ap’=-.11, 0’=6.0 | 2.0x10” (24.4+cos’6)’
Fo-°D; 0-18940 | none - 0
0-18959 | none 0
"E,-D, 0-21403 0p’= oy’=1.3 1.8 sin*0 cos®2¢
0-21423 | w’=-1.9 1.81 sin*26
0-21440 | 00’=-1.9, ag’= 2 44 (3.5c05°6-1)°
0-21450 | a’=-o02’=1.3 1.8 sin®8 sin®20

(*) Energies calculated from the crystal field fit.
. Table 5.6: Predicted values of relative TPA intensities for the 7F0"’5D_] transitions of

Eu* in LuPO4 for the case p=45°

TPA transitions 6=0° 0 =45° 0 =90°
(cm™y Second Total Second Total Second Total
" lorder  (2"+3"™) |order (2™+3") |order (2"+3")

"Fo-"Do

0-17181 107 72 |0 6.9 10° 66
71:0 ~ le

0-18940 0 -0

0-18959 0 0 0 0
"Fo-"D;

0-21403 0 0o |o 0

0-21423 0 0 1.0 1.0

0-21440 1.3 1.5 .08 14 33 24

0-21450 0 0 25 25 1.0 1

(*) Energies calculated from the crystal field fit.
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Table 5.7: Predicted values of relative TPA intensities for the 7F()_’5Dj transitions of

Eu** in LuPO; for the case n = c0522(p #0° (n =1 when @ = 0°

TPA transitions | 8=0° 6= 45° 0=90°
(cm™)y’ Second Total Sccqnd Total Second Total
' order  (2"+3") | order (2™4+3™) |order (2"4+3™)
7Fo _ SDo
0-17181 102 72 |0 6.9 10° 6.6
"Fo-"Dy
0-18940 0 0 0 0 0 0
0-18959 0 0 0 0 0 0
7F0 N sD2
0-21403 0 0 |na4 n/4 n n
0-21423 0 0 1.0 1.0 0 0
0-21440 0 15 |0 14 0 24
0-21450 0 0 |do4 Qa4 |ln 1a

(*) Energies calculated from the crystal field fit.
5.2.3 Eu* in LuPO, - Experimental TPA Spectra

The set up for TPA experiments was described in chapter three. For the case ¢ =
45° | the wavevector of the incident photon, ki, is perpendicular to the crystallographic
XY plane of the crystal, and its polarization vector, e;, varies in the ZX plane (see figure
3.1 for the deﬁnitipn of X,Y, and Z directions with respect to the ¢ axis of the crystal).
When the crystal’s largest surface is perpendicular to the incident wavevector (¢ = 45°),
"TPA was observed to the > Do le;'el at 17186 cm', which was assigned to the I'j, and to
the D5 levels at 21412, 21422, and 21458 cm™, which were assigned to the T's, I'; and

T4, respectively. The TPA transition to the lowest level of the °D, multiplet which was
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absent in the TPA spectra for the case ¢ = 45° was observed as predicted at 21371 cm’
when the crystal is rotated about the ¢ axis at 45° from the original position described
above. We thus assigned this level to the I'; symmetry. Taking into account the indices
of refraction of the phosphate crystals [15], this latter configuration is equivalent with a
rotation about the ¢ axis with a rotation angle = 22° (¢ = 23°). The polarized s;;ectra of
the TPA transition to °D; for the case @ = 45° and 23° are shown in figures 5.1 and 5.2.
Figure 5.3 shows the experimental polarization dependence curves for' the TPA
transitions to the Dy and °D, multiplets, which were plotted in the same graph as the
predicted curves whose polarization functions calculated in the second and third order
were listed in table 5.5. The values of the experimental intensities were not calibrated

with respect to the curves of the laser dyes being used.
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Fig. 5.1: Polarized spectra of the TPA transitions to the *D, multiplet at 4.2

K (¢ = 45°).
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For the TPA transitions to the I's, I's and Iy levels of the D, multiplet, which
correspond to the "Fo —°Da(1,2,4) transitions, respectively, the experimental
polérization dependence curves agreed well with prediction f;om second order theory.
This relatively good agreement between theory and experiment deserves further
attention. As explained in chapter two, the f)olarization dependencies listed in table 5.2,
which were deﬁved from a Raman scattering mechanism, could also be derived using
the Bader and Gold theory [1]. As discussed in chapter two, the two methods are
equivalent. In the case of the Bader and Gold theory, their polarization dependence
formulae were derived using the group theoretical method. The derivation leading to the
formulae given in table 5.2 was obtained using the properties of the sec.ond-rank
irreducible scattering tensors and group theory. The relative intensities among various
transitions, which were not given in Bader and Gold theory, were obtained using the
second-order Axe theory. For these transitions second-order contribution should be
sufficient, since the third-order spin-drbit contribution was found to be at least two
magnitude order smaller than the second-order contribution. Tables 5.8 and 5.9 compare
the theoretical and experimental values for the relative intensities corresponding to
these levels for the case ¢ = 45° and ¢ = 23° and 35°, respectively. Agreement with
theoretical values was marginal for the observed relative intensities. A factor of three
difference between theory and observation was found for the for the case ¢ = 45°, and -
an order magnitude difference between theory and observation was found for the IN-Ts

transition for the case ¢ = 23°. For the I - T's transition, the difference between theory

and observation can be traced back to the ratio [0512(1"5) /a22(1'3 or F4)]2. This ratio in
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turn depends on the coefficients of the initial and final eigenfunctions. With more
accurate fits for the crystal wavefunctions of Eu®* in LuPOy, a smaller gap between
theory and observation may be obtained for this transition. For the I'; - T’ transition, the
gap between prediction and observation comes mainly from the faétor cos® @. A fit to
the observed intensities with cos® @ being treated as a fitting parameter shows much
better agreement would be found if ¢ = 35° (table 5.9).

Serious discrepancies between theory and observation were found for the TPA
transitions to the T levels of the Dy and °D, multiplets. For these transitions second-
order contributions were found to be relatively small, being comparable to or smaller
than the third-order spin-orbit contributions. For the T'; transition of the SDO multiplet,
the predicted intensities incorporating the second- and third-order spin-orbit
contribution vanish twice wheﬁ © changes from O to 180 degree. The observed
intensities, however, are nonzero for all values of 6. For the I transition of the D,
multiplet, both the predicted and experimental intensities are nonzero for all values of 6.
The theoretical curvature nevertheless was significantly different from the observed. It
is obvious that even inclusion of the comparatively large third-order spin-orbit effect
was not sufficient to account for both the relative intensities and the observed nonzero
background in the TPA polarization dependencies. Good agreement with observation,
however, was restored if the expression of the matrix elements of the scattering tensors
described in chapter two contained both real and complex values. Figure 5.4 shows the
fitted curves for these transitions using the revised formula (A+Bcos?8)?, where A is

complex , and B is real. The imaginary part of A turned out to account for the
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approximately constant background | observed, since
(Re(A)+Im(A)+Bcos’6)’=(Re(A)+Bcos’8)? +[Im(A)]%, where [Im(A))? is the non-zero
background.

Table 5.8: Comparison of predicted and observed values of relative TPA intensities for

the "Fo —>D1(1,2,4) transitions of Eu*>* in LuPOj for the case ¢=45°.

TPA transitions 6=0° 0 =45° 6 =90°
(em™)’ Cal. Obs. Cal. Obs. Cal. Obs.
(2nd+3nd) (2nd+3nd) (2nd+3nd)
'Fo-°Dy  0-21371 |0 0 0 0 0 0
10-21412 {0 0 1.0 3 0 0
0-21458 |0 0 25 28 1.0 1.0

(*) Observed energies
Table 5.9: Comparison Qf predicted and observed values of relative TPA intensities for

the "Fo—>D,(1,2,4) transitions of Eu** in LuPO, for the case ¢ = 23° and 35°.

TPA transitions 6=0° 0 =45° 0 =90°
(cm™)" Cal. Obs. Cal. Obs. | Cal. Obs.
™ +3nd) (2nd +3nd) _ (2nd +3nd)
"Fo-°D,, =23°
0-21371 0 0 21 4 |.86 1.5
0-21412 0 0 1.0 22 {0 0
0-21458 0 0 035 23 |.14 75
Fo-°Da,¢ = 35°
0-21371 0 0 17 18 | .67 67
0-21412 0 0 11.0 1 o 0
0-21458 0 0 .08 1 [.33 33

(*) Observed energies
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The complex number A appearing in the TPA transition intensity expression has
first been noticed by Gacon et al [6,11,12]. In their report a non-zero background was
observed in the polarization dependence curves for TPA transitions to the I'; level of the
*Do multiplet of Sm™" in BaCIF [6] and of Eu®* in LuPO4 [11] and Eu(OH); [12] and to
the T's level of the *D, multiplet of Eu** in Eu(OH); [12]. Using a phenoménologiéal
model, they expressed the TPA transition intensities which contained a complex‘
parameter responsible for the non-zero constant background. The origin of the nclm-zero
background, however, was not explained in their model, whose expression is equivalent
to (Re(A)-l-Bcosze)2 +[Im(A)] our fitted formula mentioned earlier. We will now offer
a qualitative ex'planation for the existence of this non-zero background.

Let Im(A) now denote the total imaginary contribution to the two-photon
transition amplitude. We note that the two photon transition amplitude given in chapter
two was obtained in the electric dipole approximation scheme.lExpansion beyond the
electric dipole approximation was discussed in chapter one. If we include the electric
quadrupole in expression (1.48), the TPA amplitude expression will contain both the

real and non-zero imaginary values. A similar case is found where only circular
polarization is used, since the magnetic dipole term would differ the electric dipole term
by a pure imaginary constant. We will illustrate the last two points by denoting by (E1)
the electric dipole term in the matrix element M,, appearing in the second-order
expression (1.45), i(E2) the electric quadrupole term, and i(M1) the magnetic dipole
term for the case of circular polarization, where (E1), (E2), and (M1) are real. Including

(E1), (E2), and (M1), the numerator in (1.45) will contain the terms (E1)(EIl),
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M1)M1), (E2)(E2), i(E1)(E2), and i(E1)(M1). Only the last two terms (E1)(E2) and
(E1)(M1) would contribute to the Im(A) term discussed above. A

Another source contributing to Im(A) is the i(k, +k,) <Dl f > term in the
first-order two-photon transition amplitude expr;:ssion given in (1.42). When the ground
states 1 and f are mixed with states of configurations with parity opposite to that of the
ground configuration, this term gives non-zero contdbutioﬁ to Im(A). Finally, under
resonant .excitation, the factor il'; appearing in the denominator of (1.45) may also
contribute to Irh(A).

We now compare the magnitudes of the terms contributing to Im(A). For two-
photon transitions with non-resonant excitation, the term associated with I'; would be
negligible. As explained in chapter one, the i(k, +k,) <ilDi f > term is smaller than
the second-order electric-dipole term by a factor of 10~ and can alsp be neglected. We
are left with the terms (E1)(M1) and (E1)(E2). There are several pathways through two-

photon transitions via (E1)(M1) and (E1)(E2). Consider, for example, the expressions

2

Y <4flmisd ><5dIDkf > 3 <47ID5d >< Sdlmidf >
54 h((l)df '(0) ’ 54 h(ﬁ)df ‘0))

z<4f|ml4f ><4fIDI4f>,andz<4f|Dl4f><4flml4f>.

"; o, -0) Y W, -) .1

Comparing each term of (5.1) with the second order electric dipole expression

2<4f|DlSd><5dlDI4f >

52
5d h((ﬂ)df - (0) ( )

241



it is easy to see that the first two terms of (5.1) are negligible, since <4fiml5d> is smaller
than <4flml4f> by a factor of 10°, which in turn is smaller than <4fIDI5d> by a factor of
102 . The last two terms of (5.1) are much larger than the first two. The denominators
of the last.two terms of (5.1) can be of the order of a few hundred wavenumbers, which
is smaller than the denominator of (5.2) by a factor of 1073, and their numerators are
smaller than the numerator of (5.2) by a factor of 10°. Their magnitude could be
approximately two order of magnitudes smaller than the secondjorder electric dipole
term. When the denominators of these terms are sufficiently small, their total magnitude
could be comparable to the second-order electric dipole term, if the latter is sufficiently
small.

Having established the (E2)(El) and (M2)(M1) terms as the dominant
contributions to Im(A) we can rewrite the scattering amplitude for TPA from the same

source (see, for example, equations (2.2) and (1.48)) as follows:

<Hltrpylf >= = 2[““2 D 1jX 8, -le>}

jes h(Dj—h(D

_iew zi(ﬂfcz-DD-ézlj)(jlél .le)}_ z[(ﬂ(ﬁzxéz)-mlj')(j'lé, ~le)}

2¢ jes RO, -ho jeas ho, —ho

(5.3)
where the first, second, and last terms correspond to the (E1)(El), (E2)(El), and
(M1)(E1) contributions, respectively. The polarization dependent TPA expression for

the scattering amplitude is given by (see equation 2.24)

a, =i 2 Aol +a(E2)+aMl), (5.4)

=0 g=-1
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where the second and third terms in (5.4) represent the polarization dependence form of
the second and third terms in (5.3). In our TPA experiments on Eu*:LuPO,, the
dominant contribution to Im(A) comes from the. second term of (5.3). When the
magnitude of this term is small compared to the (E1)(E1) term in (5.3), the former can
be approxirriatcly independent of the polarization angles 8 and ¢. The matrix element of
| the TPA scattering amplitude between states of the 4f configuration becomes (compare,
for example, with 3.26)
3cos’0-1_, €

1 e
(@flopf)=@fil-—=a + —=)o’ = (——sin 20)a}”
V3 V6 2 (5.5)

ei:p e—Ziqa e2i¢
+(—2—sin26)a<j’+( > sinze)a‘f)+(—'2"Sin29)(1(.22)]l4f )+iA,

where A is a real constant corresponding to the matrix element of the o(E2) term in

(5.4). For a Ty - T} transition the squared TPA amplitude is written

2 g0 £l o © 3c0s’0-1 ar2 |
1(4 1oy, 4 P =I(4£I] % +( Te Y4 f )+ Al (5.6)
or
(4 f10up, 14 )P =I B+ Ccos™® + AP, (5.7)

where B,C, and A are real constants, with B and C corresponding to the matrix elements
of the first and second terms on the right hand side of (5.6). As previously mentioned,
the iA term in (5.7) might be responsible for the nonzero background observed in the I

-T, TPA transitions of Eu** in LuPO.,.

5.2.4 Conclusion
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We have shown that when the second-order electronic-dipole contribution is
sufficiently small, the relative contributions ffom the imagninary terms to the electronic
dipole term may become significant. Among these imaginary terms, (E2)(El) and
(M1)(E1L) have shown to be the dominant terms for the case of linear and circular
polarizations, respectively. It should be noted that each of these imaginary terms have
their own polarization dependencies which may not be the same as those given in table
2.1. When their relative magnitudes to the (E1)(E1) termn are small, their total
contribution may be approximated by a constant Im(A) added to the regular polarization
dependence expressions for the (E1)(E1) term. Explicit evaluation of Im(A) for the case
of Eu** in LuPO,, however, was not performed, due to the difficulty in determining the
values of the matrix elements <4fIDI4f> for Eu®* with the 4f states being mixed with the
5d states via the odd-rank tensor of the crystal field Hamiltonian.

There are not many reports in the literature on the (M1E1) and (E2E1) terms
contributing to TPA linestrengths in crystals doped with rare-earth ions. The studies of
the contributions of the (M1El) term to TPA linestrengths of rare-earth doped crystals
to our best knowledge have been limited to the area known as two-photon circular
dichroism [16-20]. One-photoﬁ circular dichroism [21,22] has been known for years,
but observation of two-photon circular dichroic linestrengths of raré-earth compounds
were reported only recently [20, 23]. The (E2E1) term may be responsible for the phase-
shifted quadrupole second-harmonic contribution recently observed in Si(001) metal-
oxide-semiconductor structures [24, 25]. Through our analysis above we have

demonstrated for the first time that the (E2E1) term may be the main factor contribﬁting
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to the nonzero background observed in the polarization dependent TPA spectra of Eu**

in LuPO,.

5.3 TPA Spectroscopy of Cm*> in LuPO,

In this section we will present the polarization dependent TPA intensity
measurements of Cm>* in LuPO,. Compared with Eu**, Cm®* is a more ideal ion for
studying the fole of ag"’s for several reasons. Firstly, due to the more spatial extension
of the 5f wavefunctions into its crystalline environment compared to its 4f counterparts,
the magnitude of the spin-orbit effect is larger for Cm®* than for rare-earth ions. The
third-order spin-orbit contribution is therefore expected to be more significant for Cm™
than for rare-eaﬁh ions. Secondly, the second-order TPA contribution in Cm’ is
relatively small due to the vanishing ‘value of the leading term < BSIU@f” 1L ih\
the expression of the TPA transition intensities originating from the ground 8S7n
multiplet. In fact this was the main reason why crystals doped with Gd** has displayed
anomalous TPA linestrengths not accounted by the second-order theory [26-29]. By
inclusion of the relatively comparable third-order spin-orbit and crystal-field
contributions, agreement was restored between calculation and observation. Until now
attention has been piid only to integrated TPA linestrength calculations on Gd**, since
the extremely small splitting of the 81 ground multiplet of Gd** (only a fraction of a
wavenumber) made accurate intensity measurements for TPA Stark-to-Stark level
transitions o;-inating from the ground manifold of Gd** virtually impossible to obtain.

The larger crystal field interaction of the 5f wavefunctions allowed access to

245



observation of the ground state splittings for Cm®* and hence measurements of Stark-to-
Stark TPA linestrengths, which are essential for studying the role of ag'. In light of the
| discussion on thc_contributions from the imaginary terms in the TPA expressions in the
previous section, TPA measurements on Cm*>* in LuPO, would provide important

information for understanding the emerging role of these imaginary terms.
5.3.1 Cm™*- Selection Rules

The trivalent Cm** ion has an open shell conﬁéuration 5f". The lanthanide
analogue of Cm*, Gd*, has a 4f’ electronic structure. Because of the greater spatial
extension of the 5f wavefunctions, the interaction of the Sf electrons of Cm®* with the
environment is greater than that for Gd>*. The free-ion spin-orbit coupling parameter for
the 5f configuration of C‘mS*,V is about twice the value for the 4f configuration of Gd** or
Eu**. The point group symmetry of Cm>* in LuPO, is D,q4. The electronic states of Cm3'_'
are labeled by the irreducible representations I'¢ and I'7 of Dag.

Due to the large intermediate coupling effects, the ground state of Cm™ is not
pure °S;5 state, but it is admixed with other states with the same value of J, but with
different values of L and S. The ground state of Cm®* in LuPQy is I‘%. The selection
~rules and Raman activity for the TPA transitions originating in the ground state are
described in table 5.10. EPR, emission and absorption measurements of Cm** in LuPO,
- have /‘been reported by several research groups [30-32]. The crystal field wavefunctions

for Cm>* in LuPO, are provided by Sytsma et al [32].
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Table 5.10: Selection rules and Raman activity of TPA transitions orginating from the

ground state of Cm** in LuPO,

Transition Scattering tensor symmetry | Raman activity o'
-1y I+I o’ , o’
IFerXe [N+ o, 0

PR [sx(**) o’

I~ r7K Tsy oy’

Iy T I3+ o, oy’

| R I3+ o2, oy’

I — T Tsx o’

I; = I Ts, oy’

(") and T'* represent the members of a Kramers doublet.

5.3.2 Polarization Dependence Functions

Polarization dependence functions for TPA transitions of Cm™ in LuPO, are
shown iﬁ table 5.11. The angles 6 and ¢ were defined in chapter two where the
expression for TPA intensities was given. The o’ term is non-zero when third-order
spin-orbit interaction is taken into account. Because of the non-zero value of the o’
term calculated in the third order, the polarization dependence curves for I'7— Ty
transitions would look different when third-order spin-orbit effect is included. For TPA
transitions between Kramers doublet states, the polarization dependent TPA
linestrengths would generally depend on two or more non-zero orq‘. Table 5.12 listsv the
crystal-field wavefunctions of Cm>* in LuPO4 for crystal-field levels of the 887/5 ground

multiplet, D112 multiplet at 16800 cm™, %Ps/2 multiplet, and D12 multiplet at 27900
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cm’’. For each Kramers level only one state of the Kramers doublet is lisied; the other
Kramers conjugate state can be obtained using expressions (D6) and (D7) of chapter
two. To avoid a potential ambiguity in the labeling of the multiplets, %Dy, will be used
to denote the multiplet at 16800 cm™, while ®Dy/, (distinguished by a prime) will be

used for the multiplet at 27900 cm™. The nomenclature 25*'L;(n) will be used to indicate
the n';h highest energy level in the multiplet 25+11 ;. Using the crystal-field wavefunctions .
given in table 5.12, the polarization dependent TPA intensities can be expressed in
_ terms of only one variable. Tﬁe crystal field wavefunctions were obtained from a fit
with 60 levels [3;2]. Due to the large intermediate coupling effect, a single eigenstate of

f 2S8+1

Cm** would be composed of a large number o L; states, where J is the same but L

and S may be different. Only **'

L; states with sufficiently large coefficients (one
percent or above) were used in the calculations. Adding smaller terms only changed the
values ‘of the corresponding o' by less than one percent. The non-zero values of ag'
calculated up to third order for various transitions in Cm*:LuPO, are shown in table
5.13. Their respective polarization dependencies are ‘shown in table 5.14. Only
transitions for which experimental data were obtained were listed in tables 5.13 and

5.14. We have assumed only the 8 dependence, with ¢ taken to be 45°. For different

configurations corresponding to different values of ¢, table 5.11 can be used.
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Table 5.11: Polarization depéndence curves for TPA transitions originating in the

ground state of Cm® in LuPO.

Transition Polarization dependence curves
I T; » 1 3cos’0 -1 sin®20
T Ao+l (@)
) . 4
sin 20 (a?)’ L8 le™*02 + >0,
T~ T | 2 2

Table 5.12: Wavefunctions for various multiplets of Cm®* in LuPO,.

Calculated ~ Symmetry Wavefunction Ea(J J,) 9L, 2)
JJ.
Energy (cm™)
*San
0.0 T, - 844 88, (7/2) - 403 ®P(7/2)+.088 °D1 (7/2)
- .27 885 (-1/2) - 13%P12 (-1/2)+.028 *D5 (-1/2)
3.0 T .808 S, (5/2) +.386 *P1(5/2) -.084 D5 (5/2)
| +.363 88, (-3/2) +.173°P;,(-3/2) -.038 °D;5 (-312)
14.6 T, -.27 8855 (712) -.13 *P3p(712)+.028 D1 (7/2)
- 844 8,5 (-1/2) -.403 *P;5 (-1/2)+.088 °D5 (-1/2)
15.4 Te .363 885, (5/2) +.173 °P32 (5/2) -.038 D1, (5/2)
+.808 55, (-3/2) +.386 *P35(-3/2) -.084 D5y, (-3/2)
*Dsn
16526 Ty 233 88,,(7/2) -.25 SP1p(712)+ .27 °D1 (7/2)
+.225 883, (-1/2) -.24%P1, (-1/2)+.26 *Dop (-1/2)
16565 T 307 884 (5/2) -.33 SP212(5/2)+.354 °Dyp (512)
+.104 8855 (-3/2) -.113 %P5 (-3/2)+.12 °Dy (-3/2)
16992 T, 225 88,5 (712) -.24 *P1p (112)+.26 *Dap (112)
-.233 88,5 (-1/2) +.25 *Pp(-1/2)-27 *Dop (-112)
*Psp,
19841 T 46 °P5(5/2) -4 Dy (5/2)+.16 Fs (5/2)+.16 D6y, (5/2)
+.45 °Psp (-3/2)-.39 ®Dspp (-3/2) +.16 Fspp (-3/2) +.15 *D6sp (-3/2)
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27913

27971

128023

Te

Te

Iy

-.05 °P1(5/12) -.06 ®D11 (5/2) +.05 °Fy (512)
-.04 5Gy (5/2) -.04 “D67,(5/2) -.03 *D13, (5/2)
+ .36 P(-3/2)+.46 Dy (-3/2) -.39 °Fyp (-312)
+.3 %G1 (-3/2) +.28 *D6,, (-3/2) +.21 ‘D15, (-3/2)
19 Pap(7/2) +.24 *D1p (112) - 2 Fan (712)
+.155 %G1 (7/2) +.148 *D6,7, (712) +.11 ‘D13, (7/2)
-3 %P3(-1/2) -39 Dy (-1/2) +.32 Fip (-172)
-.255%G1(-172) - .24 D64, (-1/2) -.18 D14, (-1/2)
-.36 SP1(5/2) - .46 D11, (5/2) +.38 F1 (5/2)
-3 %G7,.(5/2) -.29 *D65, (5/2) -.21 *D14, (5/2)
-.056 *P3p(-3/2) -.07 °D7 (-3/2) +.058 °Fy (-3/2)
-.046 °Gypp (-3/2) -.044 D695 (-3/2) -.03 ‘D13, (-3/2)
-3 %Pn(712) -.38 °D1 (712) +.313 °Fap (712)
-.25 %G1 (712) -.235 *D65, (7/2) -.18 *D1,,(7/2)
-2%Ps(-1/2) - 254 °Dpp (-1/2) +.21 *F5p (-1/2)
=17 %G+ (-1/2) -.16 *D63, (-1/2) -.12 *D15, (-1/2)
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Table 5.13. Non-zero contributions of o= <ilog®If> for the 2S7,—°Dsp, °Psp

transitions of Cm>* in LuPO, (¢=45").

Second and third order o' x 107

0,%= .655, 0L,°=1.666, a,°= 1.22

Transitions | Second order oy’ x 107
(cm™)
*S112- Dy
1 0-16526 |op2=1.36 0?=1.93, 0’= 7.88
0 -16565 |ay’= =-226, 02’=-989, oy’=|o’=-.32,0,°=-14, a;’=2.86
0 -16992 |2.01 00’=3.0, 0g’= 3.9
3-16526 0’= 2.086

%= .93, 0,%=2.36, oy ’= 1.73

®S72-°Pssa
0-19841
3-19841

oL’= 243, 0=-1.27, 0,°= -.96

0= 1.534, o;°= -.568

0,°= 298, 0?=-1.55, oy 2= -1.18

oo’= 1.88, oy ’= -.097

%S72- Do’
0-27869
0-27913
3-27869
3-27913

0,%= .559, 01.,%=.968, 0, %= -.526
0’=1.38
0°=.393, o;%= 1.59

0L%= .637, 0.2%=.99, o, %= 1.21

or’= .71, 0.,°=1.23, o ’= -.67
ap’=1.76, 0= -1.54

00’=.5, 0= 2.03, ;%= 2.03
o= 812, a?=1.264, 0= 1.54
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Table 5.14: Polarization dependencies of TPA intensities for the ®S7,—Dyy, ®Psp

transitions of Cm®* in LuPO, (¢=45).

Transitions Second order Second and third order
(cm™) lo; Px10™ lota; Px10™
857/2 -*Dyy
0-16526 | 616 (3cos0-1)? 11.1 (2.26 - c0s’6)?
0 - 16565 | .29 sin*@ +2.02 sin 220 .58 sin*@ +4.1 sin 226
0 -16992 | 145 (3cos?0 -1) 24 (1 - 1.06c0s°6)’
3-16526 | 511sin*0 +.743sin 220 sin‘0 +1.5sin 226

*S72- °Pspa
0-19841
3-19841

1.14 sin®6 +.46 sin 220
.784(3cos’6 -1)* +.161 sin 226

1.7 sin*@ +.7 sin 220
1.18(3c0s%0 -1)* + .24 sin 220

3 [ Sp—
S12-"Dinn

.0623 sin0 +.732 sin 226

0-27869 | .0838 sin*d +.138 sin 220 .135 sin*@ +.224 sin 220
0-27913 | .6348 ( 3cos?0 -1)? 9.24 (cos’6 +.08)*

3-27869 | 05(3cos?0-1)4+1.26sin 20 | 2(.61cos?0 -1.38)* + 2.06 sin 226
3-27913 -

.1 sin*@ +1.2 sin 220

" 5.3.3 Cm* in LuPO, - Experimental TPA Spectra

5.3.3.1 ®Sy;; - *Dy;; Transitions |

TPA Was observed to three of the four levels of the ®D7, multiplet (figure 5.5).
Two transitions are observed to the °D;/5(1) level, which are separated by 3.5 cm’. This
is a ground-state splitting and identifies these transitions unambigously as originating
from the two lowest 8.1 levels. The fitted linewidths are 3.5 cm™, broader than the 2.3

cm’ linewidth measured for single-photon absorption. Their polarization behavior is
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unusual, with both transitions appearing surprisingly isotropic (figure 5.6). At higher
temperatures a third transition was seen, originating from the third ground-state level.
However, it was two weak to yield good line fits.

| Two transitions were observed to the ®D;5(2) level, separated by 7.9 cm’,
originating from the first and third ground-state levels. Only one broad line, with a
linewidth of 20.2 cm™, was observed to the *Dy/5(3) level. The originating level can not
be determined definitively as no ground-state splittings are resolved. However, the
strong polarization anisotropy suggests that this comprises absorption from mainly one
level. As the intensity of this line decreases immediately when the sample Iis heated, this
transition probably originates from the lowest ground-state level.

In addition to the electronic transitions, there are numerous minor excitation
features in the spectra, which have reproducible structure. These were also observed in
single-photon absorption (figure 5.7), and appear to be phonon bands coupling to the
main electronic lines. Their displacements are in approximate agreement with phonon
energies measured by Raman spectroscopy [33]. In the two-photon case, the features in
the region 8400 to 84_60 cm’’ appear strongest for 6-polarization excitation. This would
suggest that they are coupled to the 8S7/2(1) - °D112(2) transition, which appears strongly
for o-polarization excitation. Selection rules forbid phonon-assisted transitions in two-
photon spectroscopy, which would explain the absence of the features above 17000 cm™
seen in the single-photon spectra. However, the appearance of any phonon bands in

two-photon spectra is unusual.
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Fig. 5-5: Pi and sigma polarized spectra of the TPA transitions to the D12

multiplet.
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Fig. 5-7: Single-photon and two-photon absorption transitions to the four

levels of the %Dy multiplet.
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5.3.3.2 %Sy - Ps;, Transitions

TPA was observed to two of the three levels of the %P5, multiplet (figure 5.8).
Three distinct transitions can be discerned to the 6Ps/z( 1) level. Two of these originate
from the twb lowest levels of the ground state and are identified by their common
splitting of 3.1 cm’™. Their polarization behavior is plotted in Figure 5.9. The third
transition could originate from either or both of the third and fourth ground-state ievels,
with a fitted displacement of 8.8 cm’. The line to the 6P5/2(3) ievel could not be
resolved into its ground-state components, and its shape and intensity does not change
appreciably with temperature.

Phonon bands are also observed in these two-photon excitation spectra. With the
exception of the feature 20 cm’! higher than the 8Sm(l) - 6Ps/z(l) transition, these are

weaker than for single-photon excitation.

257



2x Excitation Energy (cm-')
19800 20000 20200

- "7

‘ Ps,2(1) ®Ps5/2(3)

/

Pi

Excitation

Sigma

. | i A I ] 4 L 1 N '

9900 10000 10100

Excitation Energy (cm-')

Fig. 5-8: Pi and sigma polarized spectra of the TPA transitions to the °Ps/,

multiplet.
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5.3.3.3 %S, - “Don’ Transitions

TPA was observed to all four crystal-field levels of the D,y multiplet (Figure
5.10). Two of the transitions to the 6Dm’(l) level could be identified as originating
from the two lowest levels of the ground state. There was an additional transition with a
displacement of 9.1 cm™. These three transitions had fitted linewidths of 4.8 cm™.
Similarly, both the transitions between the two lowest ground-state levels and the
6D7,2’(2) level were identiﬁed. A third transition, with a displacement of 8.6 cm’, was
aléo observed. The polarization behavior of these transitions is plotted in Figure 5.11.

A broad line was observed to each of the 6D7/2’(3) and 6D-;,z’(4) levels. Neither
of these could be resolved sufficiently to identify components originating froﬁ the
different ground-state levels. Both of these exhibit rather isotropic polarization
behavior. To test whether these transitions are really due to TPA, the excitation power
dependence was measured for the lines to the 6D7/2’(3) and 6D7,2’(4) levels. In both
cases the fluorescence intensity fitted well to a quadratic function, confirming their two-

-~

photon nature.
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5.3.4 Discussion

Except for the “Siz(1) - “Din(3), *S7(2) - Psn(1), and *S(1) - Dan’(2)
transitions, all of the TPA intensities of the transitions observed (figures 5-6, 5-9, and 5-
11) are very different from the prediction of the theory (table 5.14) which includes the
second and third-order spin-orbit effect. Varying the values of ¢ as shown in table 5.11
did not result in better fits. Most transition§ are highly isotropic. The observed isotropic
polarization behavior of the TPA transitions can. be explained by noting that the second-
order contributions in these transitions are relatively small, comparable to the third-
order spin-orbit contributions. The quadrupolar (E2)(E1) term discussed in the previous
section which is of approximately the same order of fnagnitude as the third-order
contributions may now be comparable with the sum of the (E1)(El) term and other
third-order terms. This quadrupolar term, which is 90° out of phase with the (El)(El_)
term, would give rise to the non-zero background, or isotropic behavior of the observed
TPA transitions. In transitions with small background shifts, the small contribution from
the (E2)(E1) term may be regarded as a constant, independent of the polarization angles
6 or ¢. In transitions where the (E2)(E1) term is more appreciable, its dependence on 6
and ¢ must be taken into account. The TPA amplitude for transitions between states of
the 4f configurations can be written

3cos’6 -1

1
(4flaTPA “f)= (4f![—ﬁ a§,°’ + (——\—/—6—)(182) .

_
(2

(5.8)

o
sin 20)a'? + (52— sin20)a? 4 f)+iA

for I'; - I'; transitions, and
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-ip i@
(@flo, KUf)=(4 fl[-(iz—sin 28)0® + (%sin 268)0?
o - (5.9)
sin’ @)as” + (sin’ )04 f)+id

-2iQ

2

+(

for I'; - T's transitions. Figure 5.12 shows the fit for six of the ten transitions observed
with

A + (Bcos’ 6 +C)* + Dsin20 for I'; - Ty transitions, - (5.10)
and A’+B’sin®6+ C’sin229> for I'; - T'g transitions, (5.11)
where A, B, C, D, A’, B’, and C’ are positive fitting parameters.

The fits for the transitions shown in figure 5.12 are quite good. The other four
transitions did not result in good fits using (5;10) and (5.11) and are not shown in ﬁg.'S-
12. The poor fits for these transitions are probably due to their large background which
may slightly depend on the polarization angles. Explicit evaluation of their polarization
dependence, however, is not available, due to the difficulty in determining the values of
the term
<4fIDI4f> = <4fIDISd><5dIV oqdldf> / (Esqg - Ear) (5.12)
whiéh in turn depend on the values of Bq“‘), with k odd [8,9]. Considering the
experimental uncertainties such as the ambiguous measurement of the ¢ angle of the
Cm sample and the difficulty in measuring the intensities of overlapping transitions, the
excellent agreement between observation and prediction using (5.8) and (5.9) is

surprising.
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265



5.'4 Summary

TPA have been observed to the crystal field levels of the *Dy and *D, multiplets
of Eu* in LuPO, and of the °Dyp, ®Ps, and ®D+,” multiplets of Cm** in LuPO,. For
transitions whose second-order contributions are sufficiently large, the polarization
dependent behavior can be explained from the framework of the second-order theory.
For transitions whose second-order contributions are comparable or smaller than third
order contributions, one must add the contribution from the ao° term. We have also
shown that several imaginary terms of which the (E2)(E1) term is dominant, which have
been ignored in TPA theoretical treatments up to the present, might account for the non-
zero background observed in two .transitions of Eu**:LuPO; and in most transitions of
Cm* in LuPO,. Thus in addition to the contribution from the o’ term in TPA
transitions of Eu** and Cm®**, one must add the contributions from the (E2)(E1) term in
order to account for the observed isotropic polarization behavior. When more empirical
data for the values of B;“" (k odd) for LuPO,4 doped with Eu** and Cm®* are available,
explicit polarization dependencies can be obtained for the imaginary terms in (5.1).

The (E2)(E1) term has been shown to be the most important contributions to the
Im(A) term discussed in section 5.2. The role of other terms should also be explored by
studying systems for which these terms are dominant. For example, the contribution
arising from the il'j term in (1.45) may become more significant for excitation at
resonance. Resonant ERS [33-35] and TPA [36,37] e#periments have been studied on
LuPO, hosts doped with rare-earth ions. In these studies only conventional TPA

techniques were used. Polarization dependence techniques developed from chapter two
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to five in this thesis can be used as a new powerful tool to interpret the two-photon

intensities coming from the resonant ERS and TPA transitions.
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