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The theory on the intensities of 4f —4f transitions introduced by B.R. Judd and G.S. Ofelt in 1962 has
become a centerpiece in rare-earth optical spectroscopy over the past five decades. Many fundamental
studies have since explored the physical origins of the Judd-Ofelt theory and have proposed numerous
extensions to the original model. A great number of studies have applied the Judd-Ofelt theory to a
wide range of rare-earth-doped materials, many of them with important applications in solid-state
lasers, optical amplifiers, phosphors for displays and solid-state lighting, upconversion and quantum-
cutting materials, and fluorescent markers. This paper takes the view of the experimentalist who is
interested in appreciating the basic concepts, implications, assumptions, and limitations of the Judd-
Ofelt theory in order to properly apply it to practical problems. We first present the formalism for
calculating the wavefunctions of 4f electronic states in a concise form and then show their application
to the calculation and fitting of 4f — 4f transition intensities. The potential, limitations and pitfalls of the
theory are discussed, and a detailed case study of LaCls:Er®* is presented.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

It has been 50 years since the publication of the famous papers
by Judd [1] and Ofelt [2] on the intensities of optical transitions in
rare-earth ions. Their work, which we today refer to as the Judd-
Ofelt theory, has become a centerpiece of rare-earth spectroscopy
as evidenced by the more than 3500 citations each of Judd’s and
Ofelt’s papers. The great appeal of the Judd-Ofelt theory is in its
ability to predict oscillator strengths in absorption and lumines-
cence, luminescence branching ratios, excited-state radiative life-
times, energy-transfer probabilities, and estimates of quantum
efficiencies by using only three parameters, Q) (1=24,6).
Computational power is cheap today, and this easily masks the
complex and diverse mathematical concepts as well as the highly
laborious calculations underlying the Judd-Ofelt theory. Its devel-
opment in the absence of computers in the late 1950s and early
1960s was an exquisite feat not only by Judd and Ofelt but also by
the many that laid the foundation for their work. The introduction
of the Judd-Ofelt theory 50 years ago has been a true and lasting
breakthrough for the field of rare-earth spectroscopy.

Brian Judd’s interest in the topic was first sparked while he
was a graduate student at Oxford University in the early 1950s
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[3,4]. There, his roommate D. Bijl gave him a copy of the 1947
thesis of Hoogschagen from the University of Leiden on the
absorption spectra of the rare earths in aqueous solution [5,6],
and he also immersed himself in the earlier work by van Vleck on
the origin of optical transitions in rare-earths [7,8]. In Judd’s 1955
thesis on rare-earth double-nitrates, however, he omitted his
work on the transition intensities because it seemed too spec-
ulative to him at the time [3]. In subsequent years, Judd learned
about the tensorial techniques and the theory of Lie groups that
Racah had developed in the late 1940s. He started applying
Racah’s mathematical and group theoretical principles to the rare
earths. During a yearlong stay with Eugene Wigner at the
University of Chicago, he succeeded in calculating the reduced
matrix elements of the U* (k=2,4,6) single-electron tensor (see
Section 2.2), which characterizes electric-dipole induced 4f « 4f
transition intensities. Meanwhile, Brian Wybourne at Johns Hop-
kins University published the diagonalization of the spin-orbit
matrices of Nd®>* and Er®* in the early 1960s [9,10]. This allowed
Judd to use the respective wavefunctions for a more accurate
calculation of transition intensities in terms of three intensity
parameters, which Axe later denoted as Q,, [11] and we today
refer to as the Judd-Ofelt intensity parameters. Judd’s work during
this decade led to his seminal 1962 paper on the optical absorp-
tion intensities of rare-earth ions [1] and his 1963 book on
operator techniques in atomic spectroscopy [12]. Independently
and in parallel, Wybourne’s student George Ofelt had developed
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a model of the intensities of crystal spectra of rare-earth ions [2]
that was structurally similar to that of Judd. Together, Judd’s and
Ofelt’s 1962 papers became known as the Judd-Ofelt theory, a
term that was first coined by Weber in 1967 [13]. The theory
however was already being applied in the mid-1960s by Axe [11]
and Krupke et al. [14,15] to analyze the optical spectra of rare-
earth-doped ethylsulfates, yttria, and LaFs.

In the five decades since, there have been hundreds of studies
using the Judd-Ofelt theory to analyze optical spectra of all the
rare earths in a plethora of compounds. There have also been
various important advances on the theoretical side that have led to
several modified Judd-Ofelt theories over the years. A rigorous
derivation of the mathematical foundations of the Judd-Ofelt
theory and a comprehensive survey of its practical applications
to rare-earth-doped materials is clearly beyond the scope of a
review article. Such extensive reviews have been given in the past
[16,17], and they serve as a valuable resource for more detailed
studies of the topic. Instead, this paper takes the view of the

experimentalist who is interested in appreciating the basic con-
cepts, implications, assumptions, and limitations of the theory in
order to properly apply it to practical problems. The simplicity and
great predictive capability of the Judd-Ofelt theory has spurred its
widespread use; this simplicity however is quite deceptive. One
often overlooked fact is that the theory builds on reduced matrix
elements of the UX¥) and L+gS tensor operators (see Section 2.2),
which in turn directly depend on the wavefunctions of the
involved electronic states. Therefore, the proper application of
the Judd-Ofelt theory first requires the calculation of high-
quality wavefunctions for the material system at hand which then
serve as the basis for the Judd-Ofelt intensity calculation. In fact,
the calculation of wavefunctions and corresponding reduced
matrix elements is usually the most challenging and laborious
aspect of using the Judd-Ofelt theory. Many studies however have
glanced over this fact and have used tabulated reduced matrix
elements that were derived for other material systems. While this
zero-order approach often yields results of the correct order of
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Fig. 1. Flowchart for the calculation of 4f intermediate coupling (IC) wavefunctions, Judd-Ofelt intensity parameters, and derived quantities. The colors denote tabular
inputs (red), experimental inputs (blue), numerical procedures (grey), and outputs (green). References to equations and tabular works are indicated. REM denotes reduced

matrix element.
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magnitude, it generally fails to produce results that allow for
quantitative comparison with and physically correct interpretation
of the experiment. Other aspects that warrant closer examination
are the labeling conventions for and assignments of 4f excited
states, the effect of refractive index dispersion, and the type of
least-squares fitting used in the calculations.

In this paper we present a concise collection of all equations
needed for calculating 4f wavefunctions in the intermediate
coupling approximation (Section 2), describe the essence of the
basic Judd-Ofelt theory and its application to experimental data
(Section 3), and illustrate the approach with the exemplary case
of LaCl3:Er3+ (Section 4). Our goal is to provide the reader with a
useful tool set for practical work and, together with an extensive
bibliography, offer a gateway into the more comprehensive
original literature.

2. Theoretical background

To fully appreciate the potential and limitations of the Judd-
Ofelt theory as well as to properly apply the theory to practical
problems, it is important to gain a basic understanding of the
larger context of the Judd-Ofelt theory, the nature of 4f electronic
wavefunctions, and the associated calculus. While the underlying
quantum mechanics of atomic spectra in general and of rare
earths in particular had been solved by the 1960s [12,18-25], the
respective original mathematical texts are often difficult to grasp
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for the experimentalist. As a result, many applied rare-earth
spectroscopy studies resorted to applying existing computer
codes, sometimes with insufficient appreciation for the limita-
tions of the theory and the physical meaning of characteristic
parameters. The purpose of this section, therefore, is to present
the essence of the formalism in a concise format suited for the
practical application of the theory. It is beyond the scope of this
review to cover many of the more fundamental quantum-
mechanical and group-theoretical aspects or to even attempt to
provide rigorous mathematical proofs of the formulae. We pro-
vide here, however, a self-consistent set of all the equations
necessary for the calculation of 4f wavefunctions and oscillator
strengths of 4f« 4f transitions in the context of the Judd-Ofelt
theory. The interested reader may find this section a useful
starting point for the study of the original literature. The flow-
chart shown in Fig. 1 captures the structure of the calculations
and will serve as a guide throughout the following sections.

2.1. Electronic states of the [Xe]4fY electron configurations

The 3+ oxidation state is by far the most common for rare-
earth (RE) ions in condensed matter. Some of the rare earths also
form stable compounds in the 2+ (e.g. Nd, Sm, Eu, Dy, Tm and Yb)
and 4+ (e.g. Ce, Pr, Nd, Tb and Dy) oxidation states. Here we shall
only focus on RE3* ions. Their electron configuration is [Xe]4f",
where N runs from 1 (Ce®>*) to 13 (Yb®*) along the series of RE
ions. The 4f-orbitals are empty for La>* (N=0) and filled for Lu>*+
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Fig. 2. L-S coupling for the [Xe]4f? electron configuration. There are 28 ways of arranging the two electrons (black dots) among the 7 possible [; values, and for each of
those I; arrangements there are two or four possible ways of arranging the spins s;. This results in a total of 98 (s;, l;) microstates with total spin S=3%s;= —1,...,1 and orbital

angular momentum L=3l;=—6, ..., 6.
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(N=14), and these ions therefore do not have any 4f < 4f transi-
tions. For a given [Xe]4f" electron configuration, one can consider
the N 4f electron spins s; and the N 4f electron orbital angular
momenta [; to combine separately to form a total spin angular
momentum S=5s; with a quantum number Ms=-S, ..., S and
total orbital angular momentum L=>"; with a quantum number
M;=-L, ..., L, respectively, as a result of the electrostatic
(Coulomb) interaction between the 4f electrons. The fact that
electrons are fermions (particles having half-integer spin)
restricts the possible (s;, I;, ms;, and m;) combinations according
to Pauli’s exclusion principle. For a single 4f electron, one has
ms, = +1/2 and m;, =-3,...,3 and, thus, for a 4fN electron system
the maximum values Ms=—-N/2,..,N/2 and M;=-3N, ..., 3N.
One can construct an L-S matrix by finding all possible combina-
tions of my, and m;, and tallying up the respective Ms and M;. This
is shown in its entirety in Fig. 2 for the example of the [Xe]4f2
electron configuration, which consists of a total of 98 possible
arrangements (microstates) of the spin and orbital angular
momenta. The number Nqaces Of possible microstates for a [Xe]4f"
electron configuration is given by Nsutes = 14!/N!(14—N).. All
combinations that give rise to the same angular momentum
quantum numbers are denoted by the term symbol 25+!L. Here
the letter symbol L=S,P,D,F,G,H,,K,L, M, N, O and Q, stands for
L=0,1,2,3,4,5,6,7,8,9,10, 11 and 12, respectively, and (25+1)
is the spin multiplicity which is referred to as a singlet, doublet,
triplet, quartet, quintet, for (2S+1)=1, 2, 3, 4, 5, .... The *+1L
terms are then found by successively subtracting the correspond-
ing microstates from the L-S matrix (see Fig. 3). This procedure
can be used to find the 2+ terms of any electron configuration,
however it quickly becomes very laborious as the number of f-
electrons increases. Hund’s rule determines the ground term of
any electron configuration as having both the greatest spin
multiplicity and the greatest value of L (of the terms with the

greatest spin). Note that a [Xe]4fN (N> 7) electron configuration
produces the same 2°*!L terms as the respective conjugate
[Xe]4f'4~N electron configuration because it can simply be viewed
as consisting of (14— N) 4f holes. That is, the types of 25* 'L terms are
mirrored about the 4f” electron configuration, however not their
energy sequence, and only the ground terms are the same for the
conjugate configurations. For 3 <N < 11 there are some >+ 'L terms
having the same L and S and, therefore, a sequential index 7, often
called seniority quantum number, is added to distinguish these terms,
ie. T1L(1). It is conventional to follow the respective group-
theoretical definitions introduced by Racah [21] and tabulated by
Nielsen and Koster [26]. For example, the [Xe]4f> electron config-
uration of Nd3* produces two terms with S=1,/2 and L=5, and the
respective terms are labeled 2H(1) and 2H(2). These terms differ in
the so-called parent terms of the preceding [Xe]4f? electron config-
uration (see Section 2.2), which give rise to these 2H(1) and
2H(2) terms after the third electron is added.

The next contribution to consider is the spin-orbit interaction,
which results from the interaction of the intrinsic magnetic
moment of the electron with the magnetic field created by its
motion around the nucleus [22]. The magnitude of the spin-orbit
interaction increases with the nuclear charge as Z* [22]. While
spin-orbit coupling (Hs,) is small compared to the electrostatic
interaction between the 4f electrons (H.) for the light transition
metals, it becomes comparable to H, for the rare earths. As the
relative magnitude of the spin-orbit coupling increases, both
S and L cease to be good quantum numbers, and the total angular
momentum J must be introduced. There are two extreme
approaches to accomplish this coupling of L and S to form the
resultant J. For Hy, < < He, the L-S (or Russel-Saunders) coupling
scheme is appropriate where the spin and orbital angular
momenta couple separately, i.e. S=5s; and L=>"I; (as shown in
Figs. 2 and 3), and the total angular momentum is obtained as
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Fig. 3. Derivation of all L-S terms of the [Xe]4f2 electron configuration. The first L-S matrix summarizes all 98 (s; ;) microstates found in Fig. 2. The individual 2* 'L terms
are then obtained by successively subtracting the corresponding microstates (denoted by black frames).
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Table 1

Number of >*'L terms, >*'L; multiplets, and **'L(M;) crystal-field levels in trivalent rare-earth ions (RE**) with [Xe]4f" electron configuration. The electrostatic
interaction between the 4f electrons gives rise to SL terms which further split into SL] multiplets under the influence of the spin-orbit interaction. They split even further
into SLJM crystal-field levels under the influence of a static crystal field and/or magnetic field [41].

Ce3H(Yb3+) PR+ (Tm™) Nd3+(Er**) Pm3*+(Ho3+) Sm3+(Dy**) Eud*(Tb>™) Gd3+
4f electrons (4f holes) 1 2 3 4 5 6 7
SL 1 7 17 47 73 119 119
SLJ 2 13 41 107 198 295 327
SUM 14 91 364 1001 2002 3003 3432

J=L+S. For Hy, > > H,, the jj coupling scheme applies where the
individual spins and orbital angular momentum are coupled first,
i.e. ji=s;+1;, and the total angular momentum is then obtained as
J=>"ji. The rare earths represent an “intermediate coupling” case
where Hs, ~ He. The L-S coupling scheme is commonly used for
RE3*. The spin-orbit interaction causes the >**!L terms of a
[Xe]4fN configuration to split into several ***'L; multiplets with
different energies, where J=|L—S|,|[L—S+1 L+S|. The termi-
nology used here is that of Judd [12]. It is worthwhile noting that
for the less-than-half filled 4f electron configurations, the ener-
gies of the J states within the same 2**'L; manifold increase with
increasing J, whereas the trend is inverted for the more-than-half
filled configurations. For example, for the Pr** ion (4f?) the °H,
(J=4,5,6) levels in order of increasing energy are >Hy, >Hs, >Hg. For
the conjugate 4f'? configuration (Tm3*), the same levels are
ordered as 3Hg, >Hs, 3Hs Table 1 summarizes the electron
configurations, number of 2*'L terms, and the number of >+,
multiplets for all RE3* ions. The treatment so far only yields the
type of 2+ 'L, multiplets for a given [Xe]4f" electron configuration
but not their energy sequence, which requires a quantitative
evaluation of the electrostatic and spin-orbit interactions. This
will be the task in Section 2.3.

The 25*'L; multiplets derived above represent the energy
levels of the RE>* ion in the spherical symmetry of free space,
the so-called “free ions”. A further and much smaller energy
splitting occurs when the RE3>* ijon is placed into the lower-
symmetry electrostatic field that is produced by the charges of
the neighboring ions in a solid. Depending on the exact point
symmetry of the electrostatic field at the RE3* site, a crystal-field
splitting occurs which lifts some or all of the (2]+1) degeneracy
in each of the #**'L; multiplets. Note that independent of the
point symmetry of the electric field, odd-electron systems will
retain a minimum of two-fold degeneracy in each crystal-field
level due to Kramer’s degeneracy [27] which can only be lifted by
a magnetic field. In contrast, the (2J+1) degeneracy can be
completely lifted in even-electron systems by a crystal-field of
sufficiently low symmetry. The Judd-Ofelt theory was originally
formulated within the context of **'L; multiplets. We shall
therefore neglect crystal-field interactions in the following and
restrict the discussion to 2*'L; multiplets and transitions
between them. We will see in Section 3, however, that crystal-
field interactions are the essential ingredient that gives intensity
to the otherwise parity-forbidden 4f — 4f transitions.

2.2. Wigner symbols and reduced matrix elements of tensor
operators

The previous section has illustrated that the systems of
interest comprise multiple 4f electrons. At the heart of the
formalism therefore lies the coupling of angular momenta of
single electrons in order to construct eigenstates of the multi-
electron system. For example, two 4f electrons, each with a well-
defined angular momentum of /=3, interact by Coulomb forces to
form a total angular momentum of the two-electron system.
Likewise, the spin and orbital angular momentum of a 4f electron

can couple by spin-orbit interaction. The mathematical treatment
of coupling two angular momenta gives rise to the so-called
Wigner 3-j symbol, which is related to the Clebsch-Gordan
coefficient [25] and which is given by [19,28]

a b c
(5%
= ()" /A@b,0)\/(a-+mla—n)b+H)b—p)l(c+7)! (c—7)!

-1
xy X0 (1)

t

where x(t)=t!/(c—b+t+a)!(c—a+t—B)!(a+b—c—t)!(a—t—a)!
(b—t+B)!, the sum is taken over all t for which all factorials in
x(t) are >0, and the triangle coefficient is given by A(a,b,c) =
(a+b—c)(a—b+o)\(—a+b+c)/(a+b+c+1)! [29]. Coupling three
angular momenta gives rise to the so-called Wigner 6-j symbol
[24], which is a sum of products of 3-j symbols and evaluates to
[12,30]

i J2 Js e : :
{]] I Js }=\/A(ll-12-13)A01,]2J3)A01-]2Ja)A(11,]2-13)

f®

where A(a,b,c) is the aforementioned triangle coefficient, the sum
is taken over all t for which all factorials in f(t)are >0, and

f@)= (t=j1—ir—js) (t=j1—=Ja=J3) (t=J1—ja=J3) (t=J1 =2 —i3)!
x (1 +j2 +J1 +J2 =) G2 +i3 +Ja +J3 =) (5 +i1 +J3 +J1—1)!

The various interactions in the multi-electron system are
described by tensor operators Tg‘), which transform like the
spherical harmonics Y 4(0,¢) (see Section 2.3) [12]. The asso-
ciated theory of tensor operators has been pioneered by Racah
[19,21]. Throughout the calculation of RE** energy levels and
transition intensities, the need arises to evaluate matrix elements
of various tensor operators that act on only one part of the
system, such as only the orbital angular momentum or only on
the spin. Application of the Wigner-Eckart theorem [24,31]
facilitates the calculation of those matrix elements enormously
by making use of so-called reduced matrix elements (RME). The
mathematical formulation of this theorem is:

t
XZ(—1)(t+1)z 2
t

o

. k j
Gmel TR jmay = (=1 ™ ( ) Go[|[T®] o> (3)

-m q m

where Tg’" is a tensor operator of rank k whose matrix element is
calculated between two states (j'm’a’| and [jmot), with the j, j and
m’, m being the quantum numbers of the total momenta and their
z-components, respectively. All other (if needed) quantum num-
bers are denoted by « and o. The double bar entry on the right-
hand side is the RME, which depends neither on the magnetic
quantum numbers m’, m nor on the g-component of the tensor
operator Tg". The main advantage of the Wigner—Eckart theorem
is that any matrix element of a given tensor operator can be
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calculated in a simple way by multiplying the Wigner 3j-symbol
in Eq. (3) with the corresponding RME, which has to be calculated
only once for a particular combination of TEI"), j,andj.

Three tensor operators U, V('¥) and L+gS and their respec-
tive reduced matrix elements are of particular importance for
spectroscopic calculations. U® arises in the calculation of
electric-dipole transition intensities. Its reduced matrix element
is given by [25]

CINSL||UP|[INSLy = Ny/(2L+1) (2L +1)

« Z (lN—1§‘1N5L>{f Z/ L{ }( 1)L+L+l+k
w(v )
“4)

Here one makes use of the concept of fractional parentage, which
was introduced by Racah in 1943 [20]. This elegant approach
expresses the states of a 4fY electron configuration as linear
combinations of the states of the preceding 4f¥~! electron config-
uration angular-momentum-coupled to one additional 4f electron.
The coefficients of these linear combinations are the coefficients of

fractional parentage, (IN’lﬁ\lNSL), and they have been explicitly
calculated by Nielsen and Koster [26] within the definitions of Racah
[20]. In Eq. (4), the sum extends over all parent states of <lNSL\,
which are denoted by (N ~1!) and the respective quantum numbers
S and L. Note that for the conjugate 4f'#~" electron configuration
one has (["~NSL||[UW)|[M4=NSL S = — (— 1)*CINSL| [UW)||INS'L'y [26].
Coupling S and L to J then yields [32]:

S| JUPINSLY > = (—1)°HE TR )+ 1) (20 +1)

J Tk N
L1u® | Nsp
X{L’ Ls CPSLI U™ [IFSL"y 5)

The V¥ tensor operator arises in the calculation of matrix
elements of the spin-orbit interaction operator, and its reduced
matrix element is given by [25]:

CSL| VIR IINS' L'y = Ny /s(s+1)2s+1)2S+1)2L+1)(25 +1) (2L +1)

S S 1 L I
x Z (le]i‘lNSL){ s s S }{ 11 Zx
v(r)

S+L+S+L+s+1+x+1
oo

(6)
where s=1/2 and [=3 (for f-electrons). Note that for the
conjugate 4f'4~N electron configuration one has <(I~NSL

[[VEOM4=NSL S =(— 1y CINSLI VA |INST' [26].
Finally, reduced matrix elements of L+gS arise in the calculation
of magnetic-dipole transition intensities, and they are given by [25]

VS| [L+-gS||INSL' > = gIT+ DRI +1) (7)
for =] and
CINSL||L+gS||INSLg—1)>

S+L+J+DJ+L-S)J+S-L)S+L-]+1)
=(g-1) a4

for J =]—1, where g = 2.002319304362 which is the g-factor of the
electron.

®)

2.3. The intermediate coupling approximation

The electrostatic (H,) and spin-orbit (Hs,) interactions are domi-
nant in RE®* ions. Detailed studies of atomic and crystal-field
interactions in RE3*-doped solids have shown that the combined
magnitude of H, and H,, amounts to 80-90% of all interactions
[33-39]. The other 10-20% are due to higher-order atomic (e.g. inter-

configurational and two-body spin-orbit interactions) and crystal-
field interactions. These higher-order contributions are important if a
quantitative description of crystal-field energy levels and transitions
between them is sought. In the context of the Judd-Ofelt theory
however, considering only I:Ie and I:Iso offers a useful first-order
description known as the intermediate coupling approximation [40].

The Hamilton operator corresponds to the total energy of the
system and in the intermediate coupling approximation can be
written as

I:I:I:Ie'FI:Iso 9

The energies, E, of the respective 25*'L; multiplets are then found
by solving the time-independent Schrédinger equation:

HY —EY (10)

where W=(¥1, ..., V) represents the wavefunctions of all z =*'L,
multiplets of the 4f electron configuration at hand (see Table 1). This
multi-electron Schrédinger equation has no exact solution. The
common approach for solving Eq. (10) is to use the central-field
approximation [12,25] in which each electron is assumed to move
independently in the field of the nucleus and an averaged spherical
central field produced by the other electrons, —U(r;)/e. This allows
expression of the wavefunctions ¥ in terms of the spherical harmo-
nics Yy m, (0,¢), ie. ¥ = Ry(r)Y m, (0,$), where Ry(r) is a radial function
that depends on U(r) [12]. It is illustrative to write the intermediate
coupling eigenvalue equation [Eq. (10)] in explicit matrix form:

Ain Hip - Hy| 1" Eq ¥,
Hy Hy - H 4 E ||V

.21 .22 . '22 :2 _ :2 :2 (1)
I:Izl I:IZZ cee I:Izz 'PZ Ez le

where each matrix element is given by HU_H(")+H§’;) and the

matrix is square (z x z) and symmetrical, i.e. H; = H;;. Recall that this
general type of eigenvalue equation is solved by calculating each
matrix element H;; of the Hamiltonian matrix H and then diagonaliz-
ing the matrix to obtain both the energies as the corresponding
eigenvalues and the coefficients of the intermediate coupling wave-
functions. The matrix elements of the electrostatic interaction (H.)
and the spin-orbit interaction (H,) are presented in the following.

2.3.1. Electrostatic interaction H,
The Hamilton operator for the electrostatic interaction is:

2
- e
He = — o

— cc (12)
ij

k=0,2,4,6

where the expansion is in terms of the tensor operators
C¥ = \/4n/(2k+1)Yq, which are a function of the spherical
harmomcs Yiq [12]. The matrix elements of H. in Eq. (11) are
then given by [12]:

(NSLIC® - COIINSL Y = bg5 0 (DM (1) 21+ 1)

I k1 \*(1 1 k
x X (o 0 0) {1 I L}F<k>
k=0,2,4,6

(13)
which for f-electrons (I=3) becomes:

CAfNSLIC® . C[4fNS'L ) = 8506, 49(—1)"

3 k 3\%(3 3 k
x X <0 0 o>{3 3 L}F(")
k=0,2,4,6

(14)

In Eq.(14), the <4f"SL| and |4f"SL') are the two interacting states,
and the F, are the Slater integrals. The sum is limited to k=0, 2,
4 and 6 because for all other k the 3j and/or 6j symbols are zero. It
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is important to note that since I:Ie is an electric interaction it
cannot act on the spin [32], and therefore the matrix element is
zero if S#S and L# L, as denoted by the Kronecker dss and J;;/,
respectively. There are two notations Fgy and F* for the Slater
integrals commonly found in the literature, and the respective
conversions are [12]:

Foy=F?

Foy=F® /225

F4y=F®% /1089

F)=25F® /184041 (15)

An additional complication in using Eq. (14) arises for 4f"
electron configurations with 3 <N<11. As shown in Section 2.1,
for these configurations there are some 25" 'L terms with the same L
and S which are distinguished by an additional sequential index .
This produces off-diagonal matrix elements in Eq. (11). This problem
was solved by Nielsen and Koster [26] who have applied the
respective classification of states by Racah [21] to Eq. (14) and have
conveniently and consistently tabulated all electrostatic matrix
elements for all 4fNelectron configurations in the form [26]:

C4fNSL|H,

3
ALy = N e kY (16)
k=0

In Eq. (16), the e, are the coefficients tabulated in Ref. [26], and
the E® parameters relate to the Slater integrals [Eq. (15)]
according to [21]:

E® = F(g—10F 2,—33F 4 —286F 5,

E = (70F 2)+231F4)+2002F 5)) /9

E? = (Fo)=3F )+ 7F@)/9

E® = (5F 3, +6F4)~91F)) /3 a7

Given a set of Slater integrals F), Fa), Fs) the matrix elements of
H. in Eq. (3) can now be readily evaluated by applying Egs. (16 and
17) and using the electrostatic matrix tables by Nielsen and Koster
[26]. Note that the Fg) Slater integral is usually omitted as it simply
produces a uniform shift of the energies of all the states of the
configuration, which is irrelevant when the energies are reference to
the ground-state multiplet of the [Xe]4f" electron configuration [41].

2.3.2. Spin-orbit interaction Hs,
The Hamilton operator for the spin-orbit interaction is:

N
Hso =Y &rsi- 1) (18)
i=1
where r; is the radial coordinate of the ith electron, s; and [; are the
spin and orbital angular momentum, respectively, and &(ry) =
élz/m2C2T,'> {dU(ry/dr;}, where U(ry) is the central field potential
[22]. The spin-orbit interaction is not diagonal in the basis set of L
and S used in the L-S coupling scheme, and Hs, will therefore
contribute off-diagonal elements to the H-matrix in Eq. (11).
Specifically, Hy, mixes all states that have the same J [25]. The
matrix elements of Hy, in Eq.(18) are then given by [12,25,32]:

CAfVSL | Hso[4fVSLY > = (=15 A+ DRI+ 1)
S S 1
X{L, L ]}<1”5Lv<“>|1”s’L’> (19)

where [=3 for f-electrons, the reduced matrix element
CINSL||VAD||INSL'y is given by Eq. (6), and { is the spin-orbit
coupling parameter which is a constant for all the states of a given
4f configuration in a given material [22].

2.3.3. Intermediate coupling wavefunctions and 4f energy levels
We are now in a position to calculate the matrix elements of
H=H.+Hs in Eq. (11) using Eqs. (16 and 19). In the [4f"SLJ>
basis set, the A-matrix has off-diagonal elements that arise from
mixing of different states with the same J by spin-orbit coupling
as well as from mixing of states with the same S and L by
electrostatic interaction. This is now merely a tedious computa-
tional task, and there is no fundamental obstacle in calculating all
energies of all the RE3*+ 4f states given a set of material-specific
Fuy and { parameters. Numerical diagonalization of the square
symmetric H-matrix solves this eigenvalue problem [Eq. (11)] and

yields the wavefunctions and energies of each \4fNSL] > state.
Robust matrix diagonalization algorithms such as the Jacobi
method can be employed [42]. The matrix diagonalization yields
the intermediate coupling wavefunction of each \4fNSL]>’ multi-
plet, which is expressed as a linear combination of all other states
in the configuration having the same J and being mixed by spin-
orbit interaction, i.e.

4fNSL Y =" ¢|afNSLTy (20)

where 3" c? =1. The prime has been added here to emphasize
that the actual |4fSLJ)’" wavefunction is not the pure |[4fSLJ>
wavefunction anymore. This prime is usually omitted, and one
therefore has to be aware that the **'L; multiplet labels do not
convey the complete nature of the wavefunction. For example, the
pure “lg;; wavefunction of Er>* (4f'") in the absence of spin-orbit
coupling ({=0) is “degraded” to

|*Io/2 >’ = —0.4083|*Fg ) » —0.02023|*Gg /2 >
+0.6731|*lg/2 > —0.3122[>G(1)g, > +0.25211>G(2)g 5 >

—0.2080|H(1)g/, > +0.4190*H(2)g 5 > 1)

in the actual intermediate coupling case of an Er**-doped
aluminosilicate glass (F,=433.258cm™~!, F;=62.3544cm™!,
Fs=7.33668 cm~ !, and {=2376 cm~')[43]. Note in Eq. (21) that
the actual \419/2 " wavefunction only retains (0.6731)?, i.e. 45.3%

of its \419/2 » origin as a result of spin-orbit coupling, and all the
other J = 9/2 multiplets of the 4f!! configuration are admixed to
various degrees. In some rare cases this can lead to confusion in the
labeling of the multiplets, especially for ions towards the end of the

Table 2

Complete set of wavefunctions and respective energies for LaF;:Tm>* calculated in
the intermediate coupling approximation (F2=445.040 cm™!, F4=63.9238 cm~’,
F6y=7.60360 cm ™ 1 ¢=2636 cm™~! [35]). The wavefunction components are sorted in
descending magnitude, and the purity indicates the magnitude of the 25+ 'L, state that
is obtained for { —0.

No. **'I,  Intermediate coupling wavefunction Energy Purity
(£-0) (ecm™Y (%)
1 °He 0.9953|H, > +0.09708 "I > 0 99.1
2 R, 0.7889|%F, > +0.5497|'G, y—0.2748[°H, > 5184 622
3 °Hs 1.0000[H; > 8223 100.0
4 Hy 0.7548°H, > -0.5311|°F, »-0.3849|'G, > 12359 57.0
5 °F 1.0000[°F; > 13973 100.0
6 °F 0.8807|°F, »-0.4519|'D, >-0.1419°p, » 14614 776
7 G 0.7414|'G, > +0.5956|°H, »—0.3092|*F, > 20804 55.0
8 'D; 0.6685°P, > +0.6125|'D, > +0.4220°F, » 27299 375
9 s 0.9953|"l5 >—0.0971|Hg > 33414 99.1
10 %P 0.9743|'P, >—-0.2251]'S, > 34267 94.9
1 °P 1.0000°P, > 35058 100.0
12 °p, 0.7301[°P, y—0.6486|'D, >—-0.2152|*F, > 37390 53.3
13 'S 09743]'s, > +0.2251>P, > 75906 949
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Fig. 4. Energy level diagram for the >>* 'L, multiplets of all RE** ions. The calculated diagram on the left shows the complete set of >+ 'L, multiplets for each RE** ion [99].
The classical “Dieke” diagram [65] on the right was compiled in the 1960s from experimental observations. It shows the subset of >5*'L; multiplets with energies up to

40,000 cm ™!, a range that is accessible in a typical optical spectroscopy experiment.

rare-earth series where spin-orbit coupling is strong. Table 2 shows
the complete set of intermediate coupling wavefunctions of Tm>~*
calculated using the parameters for LaF;:Tm>* [35] as an example
for the impact of strong spin-orbit coupling. Inspection of the
wavefunction components reveals that not all energy levels can be
assigned unambiguously. Two levels, No. 8 at 27299 cm~! and No.
12 at 37390 cm™ !, have the 3P, state as the strongest component,
and its contribution amounts to 45% and 53%, respectively. In both
cases, the second component of the wavefunction arises from the
1D, state with the partial weights of 38% and 42%, respectively. Even
in spite of such a strong mixture of these states induced by the spin-
orbit interaction, the state at 27299 cm~! (No. 8) is labeled as 'D,,
whereas its higher energy counterpart is denoted as >Ps. This follows
the convention that the 25*'L; label shall designate the wavefunc-
tion that is obtained for { —0.

An extensive body of work from the 1950s through the 1970s
primarily by G.H. Dieke et al. [41,44-65], W.T. Carnall et al.
[35,66-82], and K.H. Hellwege et al. [83-98] has resulted in a
comprehensive survey, assignment, and calculation of all |4F"SL] >
energy levels up to 40,000 cm~!. This seminal body of work is
embodied in the famous “Dieke diagram” [65] shown in Fig. 4,
which has become the energy level scheme “work horse” used by
the community for spectroscopic work with RE** ions. Fig. 4 also
shows a recent calculation of the complete set of 2+ 'L, multiplet
energies for all RE3* jons [99]. The great utility of the Dieke
diagram arises from the fact that the radial extent of the 4f
wavefunctions is small compared to the 5s and 5p wavefunctions,
i.e. the 4f electrons are shielded quite effectively from the effects
of the surrounding charges in a solid. This is a unique feature of
the rare-earth ions and, as one of its consequences, the |4fVSLJ>
wavefunctions and associated energy levels are rather insensitive
to the chemical surroundings of the RE>* ion. This manifests in the
spectrally narrow optical transitions and the small crystal-field

splittings for RE®* jons in solids. The Dieke diagram therefore
provides an excellent first-order energy-level description for a wide
range of RE**+-doped materials. We will see below however that for
a given RE3* ion, the electrostatic and spin-orbit interactions can
vary as much as + 20% from host to host. A careful determination of
the respective parameters for a given host-RE>* combination is
therefore needed in order to obtain 4f wavefunctions that are of
sufficient quality for meaningful energy-level and transition-
intensity calculations.

2.3.4. Optimizing wavefunctions for a RE°*+-doped material

The weak interactions of the RE3* with its surroundings affect
both the effective electrostatic and spin-orbit coupling strength
to some extent. For a RE3*-doped material there is, therefore, a
set of electrostatic (F(2), F) Fe)) and spin-orbit ({) parameters
that are characteristic for this RE3* and host material combina-
tion. In order to obtain the best |[4f¥SLJ) intermediate coupling
wavefunctions for a specific RE>*-doped material it is thus
necessary to fit these parameters to a set of experimental >+ 'L,
multiplet energies. All too often in the literature this step of
optimizing electrostatic and spin-orbit parameters is forgotten,
not mentioned, or consciously omitted, and wavefunctions and
associated reduced matrix elements of another material (such as
LaF5:RE3* or aqueous RE3™) are implicitly or sometimes expli-
citly used from published tables instead. This may result in
unphysical Judd-Ofelt intensity parameters.

First, care must be taken in the experimental determination of
the Z*'L; multiplet energies, a deceptively trivial task. The chal-
lenge arises from the crystal-field interactions that are present in
any real system. These are not included in the Hamiltonian of Eq.
(9), and they cause a partial or complete splitting of each **'L;
multiplet into its 2J+1 components, depending on the RE>* ion and
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the point symmetry at the RE>* site. The degeneracy-weighted
average energy, i.e. barycenter energy, of a *** 'L, multiplet is given
by:

1
Es <2s+1L]) - ﬁzi:g‘Ei (22)

where the sum runs over all crystal-field levels with energies E; of
the 25*'[; multiplet, and g; is the crystal-field level degeneracy
(.gi=2J+1). The Ep (25*1ch? can be determined exactly by first
determining the energy and degeneracy of each crystal-field level of
each #*'[; multiplet using low-temperature polarized absorption
and luminescence spectroscopy and then calculating the barycenter
energies according to Eq. (22). This approach is laborious and often
challenging and therefore well beyond the scope of most studies. It
is also not practical for amorphous systems such as RE>*-doped
glasses that have significant inhomogeneous broadening, i.e. are not
characterized by a single set of crystal-field energies. Alternatively,
the Eg(***'L;) can be approximated from high-temperature polar-
ized absorption spectra (see Fig. 5). At sufficiently high tempera-
tures, all crystal-field levels of the initial state i are thermally
populated and, consequently, all crystal-field transitions from the
initial state i to the final state f contribute to the observed
absorption spectrum, ¢(E). By assuming equal thermal population
of the crystal-field levels in the initial state as well as equal oscillator
strength of all crystal-field transitions within the i—f transition,
Eg(***'L) can be approximated by the energy at which
f(f‘* &(E)dE'=0.5 in the measured polarization-weighted absorption
spectrum. Note that the integral is taken in the energy rather than
the wavelength domain in order not to distort the spectral distribu-
tion. Determining barycenter energies from high-temperature
absorption spectra however has its limitations. Total crystal-field
splittings of 2S“L] ground state multiplets typically range from
200-500 cm~'. While all crystal-field levels of the ground state will
be substantially populated at 300 K, their thermal population is far
from equal at any practical temperature. As a result, the absorption
spectra of transitions to the various excited-state multiplets will be
weighted more towards the respective higher-energy crystal-field
transitions, and the barycenter energy will be overestimated.
Finally, the electrostatic (F) Fua) Fe)) and spin-orbit ({)
parameters can be obtained by fitting calculated barycenter
energies to a set of experimental barycenter energies. This is
typically done as an unconstrained optimization, and procedures
such as the Downhill Simplex algorithm can be used [100]. Here

N P | " Ep

z
g
E, 0
j—— oo R - - - - = - - = - ]
Absorption
H,+H,, H+H,+H,_ Cross Section

Fig. 5. Determination of the energy (Ej) for a measured transition from an initial
state (i) to a final state (f). Both states i and f are (2J+1)-fold degenerate in the
intermediate coupling approximation H = H, +Hs, [Eq. (9)]. A real system also has
crystal-field interaction I:Icf which lifts some or all of the (2/+1)-fold degeneracy
and causes each level to split (gray box). The transition energy Ejy can be
approximated by the barycenter energy Ep, at which the integrated absorption
cross sections of the low-energy side (E < Eg, shown red) and of the high-energy
side (E > Ep, shown blue) are equal (see Section 2.3.4). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

one can choose to either minimize the absolute root-mean-square
(RMS) deviation

RMSgs = \j n]fp i (E?XP_El?alc>2 23)

i=1

or the relative RMS deviation

2
1 n ngp_Egalc
RMS, = J p > (Ep 24)
1

i=1

between the calculated and experimental barycenter energies,
where n is the number of experimental barycenter energies and p
is the number of fit parameters (p=4 in this case) [101]. It is
generally preferred to use RMS,,; as to not skew the optimization
towards the higher-energy multiplets. Similarly, as we will see
later, RMS,,; is preferably used when fitting the Judd-Ofelt
intensity parameters as to not skew the optimization towards
the highest-intensity transitions (see Section 3.1.2) [101].

2.3.5. Review of electrostatic and spin-orbit interaction parameters

A great number of studies have been performed over the past
decades aimed at modeling the RE3>* energy levels doped into
various host materials. Some of the studies used the simple
Hamilton operator shown in Eq. (9), while more sophisticated
studies included a variety of additional higher-order atomic as well
as crystal-field interactions. Fig. 6 shows the electro-
static (F2y, Fua) Fe)) and spin-orbit ({) interaction parameters for
182 RE**-doped compounds compiled from the literature
[13,14,33-39,51-57,62,71,73-75,94,102-147]. One can see that
all these parameters increase with an increasing number of 4f
electrons. This is due to (1) the enhanced Coulomb repulsion
between 4f electrons when moving from Ce to Yb and (2) the
increasing atomic number Z, since the spin-orbit interaction is
proportional to Z* [22]. Recently, Tanner and Duan have given a
comprehensive analysis of the crystal-field and free-ion para-
meters for the entire series of rare-earth ions doped into
Cs,NaLnClg, and they presented linear and quadratic fits of the
electrostatic (F2), Fua), Fe)) and spin-orbit ({) interaction para-
meters as a function of the number of 4f electrons [148]. While
there are clear trends for each of the parameters along the RE>*
series, the variation of the parameters for a given RE3* ion for
different host materials is striking. The electrostatic parameters in
particular vary as much as +20% about their average depending
on the chemical environment the RE*>* ion is placed in. From Fig. 6
it is readily apparent that using a set of Fy) Fu) Fey and (
parameters for a RE3* ion in one host to describe the wavefunc-
tions of that RE>* in another host can potentially be a poor choice.
For example, consider using the atomic parameters for LaF5:Er** in

an attempt to describe the (*Ijs/2||[U®||*H(2);;,)> intermediate
coupling reduced matrix element in Y,0,S:Er*>* (see Section 2.4):

LaFs:Er**: F,=445.01cm™~!, F4;=68.140cm~!, Fs=7.5269
cm™ !, {=2380cm ~![137]

| (s 2 [[UP]PH2)y3 2> |* = 0.699872

Y,0,S:Er*+: F,=429.52cm~", F4=64.293 cm~', Fs=6.5218
cm~ 1, {=2339 cm~ ' [141]

| *lisj2 | U@ ‘ZH(2)11/2 > |2 =0.595564

The use of LaF5:Er>+ parameters to describe Y,0,S:Er>* would
overestimate the above squared reduced matrix elements by
17.5%, an error that would directly propagate into the Judd-
Ofelt intensity parameters (see Section 3). This illustration further
stresses the need to have good wavefunctions for a system at
hand before performing a Judd-Ofelt intensity calculation.
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Fig. 6. Electrostatic (F2), F4), Fs)) and spin-orbit ({) interaction parameters for 182 RE3*+-doped compounds compiled from the literature (see Section 2.3.5 for references).
The studies included here performed a least-squares fit of a Hamiltonian including the electrostatic and spin-orbit interactions, and in many cases also higher-order atomic

and crystal-field interactions, to a set of experimental >*'L; energies.
2.4. Intermediate coupling reduced matrix elements

Recall that the reduced matrix elements of the various tensor
operators described in Section 2.3 were calculated in the context
of the pure \4F"SL]> wavefunctions, i.e. in the absence of spin-
orbit interaction. They now need to be evaluated in the inter-
mediate coupling approximation for a specific RE>*-doped mate-
rial using the wavefunctions obtained in Section 2.3. Fitting of the
barycenter energies to a set of experimental >>*'L; multiplet
energies (Section 2.3.4) yields optimized electrostatic (F(2), F4),
F6)) and spin-orbit ({) parameters as well as the coefficients ¢; of
the intermediate coupling wavefunctions [Eq. (20)] (Section
2.3.3). The reduced matrix element of a tensor operator X
between two intermediate coupling wavefunctions [4fVSLJ>" and
[4fNS'LT > is then given by

AVSLXINS LY Y =373 e <ANSLIXINS Ly (25)
J

1

where the double sum runs over the i and j components of the
two intermediate coupling wavefunctions [Eq.(20)], and the
reduced matrix element < INSLJIXINS'LT'S is any of Egs. (5)-(8).
Extensive table works of intermediate coupling reduced matrix
elements have been published by W.T. Carnall, H. Crosswhite, and
H.M. Crosswhite in 1978 for the RE** ions from Pr** to Er**
doped into LaF3 [72]. These tables have found widespread use
over the past three decades, and these reduced matrix elements
have been used for many RE3*-doped materials besides the
LaF;:RE3* for which they were originally derived. This was due
to the rather significant amount of calculations involved in the
evaluation of these reduced matrix elements as well as the
assumption that the reduced matrix elements would depend
little on the nature of the host material. The latter can be a poor
approximation if quantitative answers are sought from an energy-
level or transition-intensity calculation. With present day com-
puting power this simplification is not necessary, and intermedi-
ate coupling matrix elements can be readily calculated for
any material following the formalism outlined in the preceding
sections.

3. Transitions between 4f electronic states: the Judd-Ofelt
theory

3.1. The original Judd-Ofelt theory

3.1.1. Intensities of transitions between 4f electronic states

The probability for a transition from ¥, to ¥, to take place is
proportional to the transition moment
My, = /WJZ v, dr 26)
where 7{ denotes the dipole moment operator. The integral in Eq.
(26) is non-zero only if the direct product of ¥, ® n eV is
symmetric (gerade) with respect to the center of symmetry (also
known as Laporte selection rule). The exchange of energy
between an electromagnetic field and the electrons of an atom
is generally dominated by electric-dipole (ED) interactions, and
the electric-dipole operator has ungerade (u) inversion symmetry.
Likewise, the 4f wavefunctions have ungerade (u) inversion
symmetry. Hence, for an ED-induced 4f < 4f transition, the direct
product is u®u®u=u, and the transition has zero probability
because the integral in Eq. (26) vanishes.

In order for ED-induced 4f < 4f transitions to occur at all, some
admixture of states with opposite, ie. gerade, parity into the 4f
wavefunctions is required. In a solid, such admixtures can be
mediated by odd-parity crystal-field components (giving rise to
electronic transitions) as well as odd-parity vibrations (giving rise
to vibronic transitions) [32]. This is the fundamental premise of the
Judd-Ofelt theory. The formalism begins by admixing even-parity
states ¢y into the pure 4f wavefunction |fN JM;> (Section 2) via an
odd-parity crystal field in order to obtain a new wavefunction |B),

B> = £y + S (((FI9V]ow)) |0
E(f"IM; ) —E(0y)

where E(fYJM))—E(¢,;) are the energy differences between the 4f
state and the several perturbing even-parity states ¢, and Vis the
crystal-field interaction operator. The 4f¥~15d states are the even-

27
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parity states that are most strongly admixed into the 4f states
because they are closest in energy to the 4f states. The separation
between the barycenter energies of the 4f and 4f¥~15d states
ranges from ~50,000 cm~! for Ce>* to ~100,000 cm~! for Yb3+,
while other even-parity states such as 4f¥~'6s and 4f"~'6d are at
much higher energies [65]. For the divalent rare-earth ions (RE>*),
the 4f¥-4f¥~15d separation is much smaller than for RE3* ions
[32], and the respective 4fY—4f¥~15d transitions can extend into
the visible spectral region. These transitions are parity allowed and
thus orders of magnitude stronger than 4fY—4f" transitions; as a
result, they tend to mask the weak 4fY—4f" transitions. Further-
more, the much smaller 4fN—4f¥~15d energy separation largely
invalidates the use of the perturbation approach in Eq. (27). For
these reasons, the Judd-Ofelt theory is ill suited to describe 4f¥—
4fN transition intensities in RE2* ions.

For a transition between two 4f states B—B and using the
admixed wavefunctions of Eq. (27), the matrix element of the
electric dipole moment is given by [1],

<My |V @ > <EN'M DP9 >
E("IM; ) —E(¢n)
L <PUMVIgu> <MD | o>
E(f"/M;)—E(n)
Two assumptions are now made in order to solve Eq. (28). First it
is assumed that all sublevels of a given even-parity state ¢, are
degenerate. This is a rather drastic assumption when compared to

typical 4f¥—4f¥~15d separations, because actual crystal-field split-
tings of the 4f¥~15d states for example are on the order of 5000-

30,000 cm~ ! [149]. Second, it is assumed that E(fN]M]) —E(py) =

<BIDY[B> =3

Pni

(28)

E(f” ]’M]’> —E(¢,,). Likewise, this is a rough assumption because the

4fN_ 4fN—15d separation is within a factor of 2— 10 of typical 4f 4f
transition energies [41,104]. With these assumptions, however, it is
possible to combine the two sums in Eq. (28) and to simplify the
matrix element of the electric-dipole moment to a sum of only three
terms. Expressed as oscillator strength, the intensity of the ED-

induced absorption |lN SLj> — \IN S'L'J’> then becomes [1,11,150]
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where Q) are the three Judd-Ofelt intensity parameters, the reduced
matrix element is given by Eq. (5), v is the mean transition frequency,
n is the refractive index at the transition frequency, % is the local-
field correction, and the summation is over the even-rank reduced
matrix elements 2=2, 4, 6 of the U*) tensor operator [151]. The fact
that the transition strength can be expanded as the sum of three
even-ranked tensors is one of the key results of the work of Judd and
Ofelt [151]. The oscillator strength for a magnetic-dipole (MD)
induced absorption \INSL] > - |IN SLJ’> only depends on one reduced

matrix element < I"SLJ||L+gS||['SLJ’>. Unlike ED-transitions, it has
no intensity scaling parameter and is given by [152]

abs hv n
MD ™ 6m,c2 2]+ 1)

] Sy |L+gS| sy )2 (30

where the reduced matrix element is calculated from Eqgs. (7) and (8).
There is no need for a local-field correction for magnetic fields in non-
magnetic materials, i.e. H,./H =1 [153]. Some transitions have both
ED and MD contributions, and the total oscillator strength is then
given by f™ =i +firp.

The factor y in Eq.(29) takes into account that the local electric
field, Ejoc, at the site of the ion undergoing an optical transition is
generally different from the macroscopic field in the medium, E.

Several models for this “local-field correction” have been pro-
posed in the past [154]. The virtual-cavity model (also called
Lorentz model) is a reasonable approximation for RE>* ions
doped into a solid such as a crystal or glass, while other models
have been proposed for nano-particles embedded in a medium
[154]. The local-field correction for an ED-induced absorption is
given by x5 = [Ejc/E]* = [(n?+2)/3]? in the virtual-cavity model,
which also shows that the oscillator strength is proportional to the
square of the electric field. The additional factor of 1/n in Eq. (29)
is often combined with y# even though it has a different physical
origin. Specifically, the photon flux in vacuum is @y = (C2/4TE)E(2)
while in a dielectric medium it is ®n = (v/47)n?E} = n(c/4n)E]
with v = ¢/n. Since the photon flux does not change upon entering
the dielectric medium from the vacuum, an additional factor of
1/n has to be included in the expression of the ED oscillator
strength in Eq. (29) so that ®y=®,, [16]. Note that the virtual
cavity model is strictly only valid for cubic symmetry and for equal
polarizability of the RE** ion and the medium [155,156]. Devia-
tions from this ideal case would require more complex descrip-
tions of the local electric field [156]. In some systems, the empty-
cavity model with y& = [Ej,./E* = [3n%/(2n?+1)]* was found to
provide a better description [157,158]. Most studies however
implicitly use the virtual-cavity model and the associated local-
field correction shown above.

Another complication is the refractive index dispersion of the
material. It is often ignored, and a fixed refractive index, e.g. the
index np at the sodium D-line (589.3 nm), is used independent of
the wavelength of the transition. This can be problematic for
transitions near the band gap energy of the material where the
refractive index can easily be up to 30% greater than np. It is
desirable to include dispersion for example by describing the
refractive index with the Sellmeier equation [159]

n()>? =1+ 23: B 31
) =12

where B; and C; are phenomenological material constants that are
typically obtained from a fit of Eq.(31) to a number of refractive
index measurements at different wavelengths. The situation is
further complicated in anisotropic crystals that have more than
one characteristic refractive index. In uniaxial crystals, taking the
average of the ordinary and extraordinary refractive index is a
good approximation as long as the birefringence is not too large
[16]. Finally note that the above ED and MD-induced absorption
oscillator strengths have to be multiplied by n? for the case of
emission [16].

3.1.2. Application to experimental data

We are now in a position to calculate reduced matrix elements
with a given set of electrostatic (F(2), Fi4), Fs)) and spin-orbit ({)
parameters (see Section 2) and use them to calculate ED and MD
oscillator strengths with a given set of three Q;) (1=2, 4, 6) Judd-
Ofelt intensity parameters in Egs. (29 and 30). The calculated total
oscillator strengths can then be compared to experimental oscil-
lator strengths as part of the procedure for fitting the Q)
parameters. Experimental oscillator strengths are typically deter-
mined from absorption spectra and are calculated according to
[16,160]

4g9mec? 10 In(10) o
fexp= %Tj/g(‘))dv

. ' 2 g
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where the vacuum permittivity (&), the electron mass (m.), the
speed of light (c), the elementary charge (e), and Avocadro’s
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number (N,) are given in SI units, the molar extinction coefficient
&(v) is given in units of 1/(mol cm), and the energy V is given in
units of 1/cm. That is, the integral in Eq. (32) is determined by
integrating over the respective band in an absorption spectrum
plotted as &(¥) [1/(mol cm)] as a function of v [1/cm]. Belaboring
the exact units here has some merit because there are different
formulae in the literature. The confusion is usually rooted in the
definition of the elementary charge, which some authors take as
the SI unit 1.60218 x 107! C (as is done here) and others as
e2/\/4mey =4.8032 x 1071% in esu units. Furthermore note that
for crystals with symmetries lower than cubic it is necessary to
measure polarized absorption spectra and take the appropriate
sum to obtain the “unpolarized” &) for use in Eq. (32). For
example, tetragonal, hexagonal, and trigonal crystal systems are
typically uniaxial, ie. having an extraordinary axis ¢ that is
different from the other axes @. In this case, the “unpolarized”
&) 1s obtained by separately measuring the o-polarized

E L ) and m-polarized Eic absorption spectra and add-
ing them according to &(V)=2¢&;(V)+&-(V) [102]. Unless the
material is amorphous or of cubic symmetry, it is therefore
critically important to measure all applicable polarizations sepa-
rately and to properly add them to obtain the “unpolarized”
absorption spectrum. Not doing so can introduce substantial
errors in the oscillator strengths.

As with fitting the barycenter energies (see Section 2.3.4), a
choice must be made here as to which quantity to minimize when
fitting the three Q;) Judd-Ofelt intensity parameters to experi-
mental oscillator strengths. In analogy, one can either minimize
the absolute root-mean-square (RMS) deviation

1 & 2
RMSps = \j ﬁ Z (fiexp_ficalc> 33)
i=1

or the relative RMS deviation

1 n exp calc
RMS, ) = \jn—p > (f fe,£ > (34)
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between the calculated and experimental oscillator strengths,
where n is the number of experimental oscillator strengths and
p is the number of fit parameters (p=3 in this case). Judd has
pointed out that weak transitions contain as much information
about the wavefunctions as the strong ones [3], and that this is
only properly accounted for by minimizing RMS,; in the fitting
procedure. Goldner et al. have used both absolute and relative
RMS in the analysis of the spectra of a Pr>*-doped fluorozirconate
glass, and they have found that only the RMS,,; gave stable and
physically meaningful values of the Q) parameters [101] [161].
In particular, they were able to successfully predict the oscillator
strength of the 3H,— 3P, transition, which is notoriously difficult
to model when fitting with RMS.

3.2. Modified Judd-Ofelt theories

The original Judd-Ofelt theory presented in Section 3.1 has
been found to provide quantitatively good predictions of the
transition strengths of many rare-earth ions in a wide variety of
host materials. One prominent exception is Pr>*, for which large
deviations of the calculated oscillator strengths compared to the
experimental ones were found [162] [163]. Furthermore, the fit of
the Judd-Ofelt intensity parameters for Pr’* has sometimes
yielded a negative Q) parameter [164] [165] [166], which is
clearly unphysical as it may imply a negative excited-state life-
time. More specifically, the values of the fitted Q,, parameters
were sensitive to the Pr>* transitions that were included in the
fit, and the calculation could go particularly awry when the high-

energy >H,—>P, transition (~22700cm~! [72]) was included
[160,167]. For Pr®>*, the energy of the perturbing 4f5d configura-
tion (~60000 cm~! [41]) is particularly close to the energy of the
4f states. The assumption of the original Judd-Ofelt theory (see
Section 3.1) that the energy difference between the perturbing
4fN-15(d states and the 4f" states is constant may therefore not be
adequate. Specifically, it may range from ~60000cm~' for

4f* (*H,)-4f5d to ~37300cm~" for 4f*(°P,)-4f5d. Similar

failures of the original Judd-Ofelt theory have been observed for
Sm>* [168] and Tb3* [169,170]. Several modifications to the
original Judd-Ofelt theory have been proposed with a particular
focus on Pr3+.

Auzel et al. have shown that the interconfigurational energy
difference can be accounted for explicitly if the perturbing
configurations are restricted to only 4f¥~'5d, a valid approach
given that other even-parity configurations are significantly
higher in energy [171]. They expanded Eq. (29) to include
4fN _4fN-15d energy differences explicitly:

1
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by also introducing odd-ranked U tensors. Goldner et al. have found
this approach to provide a ~30% improvement in the RMS,,; but only
when considering the even-ranked tensors 2=2, 4, 6; the additional
inclusion of the odd-ranked tensors A=1, 3, 5 yielded unphysical
results [101]. This may have been in part due to the only six
experimental oscillator strengths available to fit the now six Q,,
(A1=1, 2, 3, 4, 5, 6) intensity parameters. A re-examination of this
model for an early series RE?* jon with more experimentally
accessible transitions (eg. Nd®*) may be warranted. A similar
approach has been taken by Kornienko et al. [172] [173], who have
used third-order perturbation theory to derive the expression

abs _ 8T°me v iy N DNy |2
D= "3p 2J+1) n 2;69(2)‘“ SLJ U1 SL])’

{1+ 20(E() +E(J') —2E(4f )]} (36)

where the parameter o=1/{2[E(4f5d)—E(4f)]}. For Pr*T,
o~ 1075 cm, but it is usually treated as an additional fit para-
meter. It can be shown that Eq. (36) follows as a first-order
development from Eq. (35) by considering the even terms only
[101]. Using Eq. (36) for the analysis of Pr>*-doped fluorozirconate
glasses yielded a fitted value of o~ 2.5 x 10~° cm, which would
imply an energy of the 4f5d configuration of ~30000cm™! [101],
which is clearly too low [41]. In turn fixing o to the more realistic
value of 10> cm provided similar results to using the even-ranked
terms in Eq. (35). More recently, a further improvement was achieved
for Pr>*-doped double molybdates by inclusion of covalent interac-
tions of some Pr>* multiplets with the ligands [174].

Finally, a somewhat more phenomenological approach has
been described by Florez et al., who proposed a combination of
even and odd-ranked tensors according to [170]
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where T = (8m2mcy@%s /3nh)Q;, ¥ is the transition energy in
cm~!, and ¢ =V/AE, where AE is the energy difference between
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the 4fN and the 4f¥~15d configurations. Apart from the second
sum in the bracket, Eq. (37) is equivalent to Eq. (29). Using Eq.
(37) for the analysis of the spectra of Th®>*-doped fluoroindate
glasses, they found that only the combination {7(2), 7(3) T(6)}
resulted in all non-zero parameter values.

Overall, these modified Judd-Ofelt theories attempt to refine
some of the drastic assumptions made by the original Judd-Ofelt
theory. Some improvement is clearly achieved for the well-known
problem cases, however usually at the expense of additional fit
parameters and some loss of physical insight. In general, the
original Judd-Ofelt theory provides useful results, and the mod-
ified theories merit consideration only if the original theory is
found to fail.

3.3. Derived quantities

Several important quantities can be calculated once the Judd-
Ofelt Q, intensity parameters are known for a specific material
system For example, the rate of spontaneous radiative decay

Aq)_spy for an electric-dipole transition ‘INSL]> ’lNS/LJ > is
given by
8nhv3
Asysiy = Bsuﬁs Ly (38)
Here, the Einstein coefficient is:
A (39)
SU-SL = Zhmgeqv

where the oscillator strength f£° is given by Eq. (29) in the context
of the Judd-Ofelt theory. Combining Egs. (29), (38), and (39)
yields:

16m3e% V3
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(40

where the fundamental constants are given in SI units, the
transition frequency v is given in (Hz), and the Q,, intensity
parameters are in units of (m?). As mentioned earlier, care should
be taken with the definition of the elementary charge, and it is
given as 1.60218 x 10~ '° C in SI units here. Further note that the
local-field correction in emission differs by a factor of n? form that
in absorption, i.e. ygni = n?y%s (see Section 3.1.1) [16]. In analogy,
for a magnetic-dipole transition one uses fMP from Eq. (39) to
obtain:
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Asuasu

The total spontaneous radiative decay rate for a transition
|INSLJy — |INSLJ » is then given by Asiysiy =Ad) sy HAS sy
In most cases, an excited state |[VSLJ) can decay to several lower-
energy final states \INS L] >, and the total radiative decay rate of
\INSL] > is simply the sum of the respective radiative rates. The
resulting radiative lifetime of the \INSL] > excited state is thus
given by
1

ED MD
s% (ASLJHS’L’]’ +ASL]aS’L’]’)

rad

Ty = (42)

It is important to note that Eq. (42) only captures radiative
contributions to the decay of \INSLJ>. There can be additional non-
radiative decay mechanisms such as multi-phonon relaxation and
a variety of energy-transfer processes like cross-relaxation,
upconversion, and energy migration. The combined rate of these
non-radiative decay processes adds to the radiative decay and
gives an overall shorter actual lifetime than the purely radiative
lifetime calculated from Eq. (42).

Another important characteristic of a decaying \INSL] > excited
state is the so-called branching ratio. It is the relative contribution
of one \INSLJ >—|INS'LJ'y transition to the total radiative decay
rate of the |l SLJ» excited state, i.e.

ASL]%S’L’]’ +A5Ljas’L'j' 43)
AED AMD
s% sy sry tAsy sy
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The branching ratio is directly accessible in an experiment via
the relative intensities of the various emissions from a INSLJEl
excited state in a photoluminescence spectrum. A transition wit
p>0.5 is a potential candidate for laser action for a given
transition [175] [176].

3.4. Chemical trends

The 4f transitions gain their intensity via admixture of odd-
parity crystal-field components (see Section 3.1.1), ie. their
intensity and thus the Judd-Ofelt Q) intensity parameters
should depend on the type and symmetry of the ligands in a
given material. Gorller-Walrand and Binnemans have provided
the so far most complete compilation of Judd-Ofelt Q,) intensity
parameters for a wide range of rare-earth doped materials [16].
Attempts have been made in the past to correlate the magnitude
of the Q; intensity parameters with the local coordination type
and/or geometry of the RE3* ion. Clear correlations are difficult to
establish because the coordinating environment has only a small
influence on the well-shielded 4f electrons [16], and the inten-
sities of specific 4f — 4f transitions generally varies by a factor of
two at most. Possibly even more important, the comparison of
Q) intensity parameters from different studies is limited by
potentially different computational approaches, such as fitting the
Q; intensity parameters using optimized wavefunctions for the
given material vs. using wavefunctions from another material, the
types of transitions included in the fit, and the type of RMS error
minimized in the fitting procedure.

Nevertheless, some general tendencies have been established
(see Ref. [16] for a detailed discussion). The Q) parameter was
found to scale with the degree of covalency in the chemical bonds
between the RE>* ion and the coordinating ligands [177] in a
number of systems. This trend appears to be particularly pro-
nounced for the oscillator strength of hypersensitive transitions
(transitions having |AS|=0, |AL| <2, and |AJ| <2 [16]), which
have a large magnitude of the <INSLJHU(2)HINS’L] > reduced
matrix element and thus the ) parameter that is associated
with it [1]. A variety of models have been suggested over the
years regarding the physical origin of this correlation. Trends in
Q) intensity parameters have been studied extensively for RE3+
doped glasses, for which a large compositional space is accessible.
The Q) parameter was found to decrease with increasing rigidity
of the matrix, which scales inversely with the vibrational ampli-
tude relative to the RE3*-ligand bond length. The rigidity
decreases along the series of mixed crystalline oxides, glasses,
viscous solutions, hydrated ions, halide vapors, and complexes
with organic ligands [178]. A similar trend was found for Q4
[179]. Other authors have correlated Q) and Qg with the
overlap of the 4f and 5d orbitals [180], the 6s electron density
[181], the ion size of the glass modifier [182], the ligand-field
distortion [183], the basicity at the RE>* site [184], the degree of
covalency in the RE3>*-ligand bond [185] [186], and the ionic
packing ratio of the glass host [186]. This variety of explanations
illustrates the difficulty in identifying consistent trends across
many material systems. More importantly, it clearly highlights
the rather phenomenological nature of the Judd-Ofelt theory,
which is rooted in its various rather drastic assumptions (see



234 M.P. Hehlen et al. / Journal of Luminescence 136 (2013) 221-239

Section 3.1.1). In most cases, therefore, it is difficult to go much
beyond treating the ;) as phenomenological parameters. It
would be valuable to reexamine where possible or remeasure
where needed the existing body of spectral information using a
consistent experimental and computational formalism that
includes proper measurement of polarization-weighted oscillator
strengths at room temperature, 4f wavefunctions optimized for
each material and the associated reduced matrix elements, dis-
persion and local-field corrections, and the use of relative RMS
errors for the least-squares fitting of atomic and Judd-Ofelt Q,,
intensity parameters. While this is a daunting undertaking, it
would remove methodological differences that exist among past
studies and may yield a much clearer picture of chemical and
structural trends in the Q,) intensity parameters.

4. A case study: LaCl3:Er®+

It is instructive to discuss the formalisms presented in Sections
2 and 3 in the context of a specific example. We have chosen
Er’*-doped LaCl; because energy-level and intensity measure-
ments as well as calculations with various degrees of sophistica-
tion exist for this system. This makes it possible to compare the
merits and pitfalls of each model. LaCls crystallizes in the hexa-
gonal space group P63/m with the La** site having Cs, point
symmetry. Er>* can be doped into LaCl; up to ~2 mol% without
changing the LaCls structural parameters. The crystal growth and
experimental procedures have been described in detail in Ref. [133].

Let us first look at the barycenter energies. In the present
work, we have measured ¢ and 7 polarized absorption spectra of
a LaCl;:1%Er3* single crystal at 300 K, and we now compare these
results with an earlier complete crystal-field analysis of this
crystal [133]. The barycenter energy results are summarized in
Table 3. First, the “unpolarized” absorption spectrum and indivi-
dual barycenter energies were obtained from the measured ¢ and
n polarized absorption spectra according to Section 2.3.4. We
then performed a first calculation (Case #1 in Table 3) that took
the electrostatic (F), Fa) Fe)) and spin-orbit ({) interaction
parameters derived for LaFs:Er>* by Carnall et al. [72] and used
them to calculate the barycenter energies. The average absolute

Table 3

Case study of calculated (ES') versus experimental (E5*®) barycenter energies in LaCl;: 1%Er . Case #1 took Fi and { parameters derived for LaF3:Er** (F2)=436.46 cm ™!,

deviation of this calculation is 6 + 179 cm~ . A second calculation
(Case #2 in Table 3) was then performed that fitted the electro-
static (F2), Fla), Fs)) and spin-orbit ({) interaction parameters to
minimize the relative RMS deviation [Eq. (24)] between the
calculated and experimental barycenter energies. This calculation
used the respective parameter values of LaF;:Er®>* [72] as starting
values for the fit and achieved an average absolute deviation of
42 +101 cm™~'. The fitting of the atomic parameters for this
specific case changed their value by a few percent and decreased
the standard deviation by 77%. The energy-level description with
the fitted atomic parameters is therefore better than assuming
LaF5:Er** atomic parameters and, consequently, the wavefunc-
tions should be of better quality. A third calculation (Case #3 in
Table 3) was taken from a full crystal-field analysis of
LaCls:1%Er>* [133]. In this work, the barycenter energies are
exact because all crystal-field levels are known. This earlier study
used a Hamiltonian with 15 atomic and 5 crystal-field parameters
to fit 73 experimental crystal-field energies, and it achieved an
average absolute deviation of 6.0 + 6.8 cm ™!, i.e. about one order
of magnitude improvement over Case #2. Table 4 compares the
barycenter energies obtained from the 300 K polarized absorption
spectra using the f(fB &(E)dE = 0.5 method (see Section 2.3.4) with
the exact barycenter energies from Ref. [133]. The 300 K bary-
center energies are found to be overestimated by an average of
39433 cm~ . One factor contributing to this difference is the
unequal thermal population of the crystal-field levels of the *I;s),
ground state multiplet at 300 K (see Section 2.3.4), which are at 0,
36, 63, 95, 112, 140, 179, and 228 cm~! [133]. The thermally
weighted average energy of the “I;5; multiplet is 84.1 cm~" at
300K and 106.6 cm~! for infinite temperature (equal thermal
population), a difference of 22.5cm™! that contributes to the
above overestimate. Another source of deviation arises from the
fact that not all individual crystal-field transitions from the 4115/2
multiplet to the various excited-state multiplets have the same
oscillator strength. This can cause additional barycenter energy
shifts in either direction.

Let us now look at the oscillator strengths (see Table 5). The
experimental oscillator strengths were determined from ¢ and &
polarized room-temperature absorption spectra according to
fave=2fs+fr [102]. We then calculated intermediate coupling

1

F4y=63.995 cm ™!, F6y=6.6679 cm ™!, {=2370.0 cm ! [72]) to calculate barycenter energies for LaCl3:1%Er>* in the intermediate coupling approximation [Eq. (9)] using
the formalism described in Section 2. Case #2 (present work) used the same formalism but performed a least-squares fit of RMS,,; [Eq. (24)] to experimental barycenter

-1

energies of LaCl;:1%Er®>* determined from polarized room-temperature absorption spectra (see Section 2.3.4) to find optimum Fy and { parameters (F2)=433.22cm™ ",
F(4)=66.887 cm~ 1 F)=7.2952 cm™ 1 (=2385.9 cm™~!). Case #3 is an earlier detailed analysis of LaCl5:1%Er>* that included 15 atomic and 5 crystal-field parameters to fit
73 experimental crystal-field energies [133]. Note that the experimental barycenter energies determined from Case #3 are exact. The quality of the calculation improves

considerably from Case #1 to Case #2 to Case #3.

2y, Case #1 Case #2 Case #3
LaF3:Er®* parameters [72] This work (300 K) Full crystal-field analysis [133]
E;;Xp E‘C;alf Acalc—exp E;Xp E‘c?alc Aculc—exp EEXP Egﬂlc Acalc—exp
“Lis2 0 0 0 0 0 0
4113/2 6520 6491 -29 6520 6527 7 6482 6494 12
M1 10165 10001 —164 10165 10145 ~20 10112 10116 4
419/2 12375 12103 —-272 12375 12296 -79 12351 12346 -5
4Fg/2 15172 15296 124 15172 15139 -33 15176 15194 18
4S3p 18383 18495 112 18383 18311 -72 18290 18295 5
2H(2)11/2 19068 19018 -50 19068 19185 117 19035 19046 11
4F7/2 20414 20586 172 20414 20304 —-110 20407 20406 -1
4F5/2 22099 22193 94 22099 21949 —150 22065 22068 3
4F3/2 22510 22501 -9 22510 22303 —207 22407 22411 4
2G(1 Joj2 24467 24169 —298 24467 24430 —-37 24453 24466 13
4G, 1)2 26290 26540 250 26290 26415 125 26257 26259 2
A 6+179 42 +101 6.0+6.8

Acalcfexp
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reduced matrix elements of the U*) and L+gS tensors (see Section
2.4) using the optimized wavefunctions found above (Case #2 in
Table 3) and performed an oscillator-strength analysis using
the Judd-Ofelt theory (see Section 3). The calculation also
included the refractive index dispersion in the form of the
Sellmeier equation [Eq. (31)] and respective parameters derived
from Ref. [187]. The least-squares intensity fit minimized the
RMS,.; [Eq. (34)] and vyielded the optimized Judd-Ofelt
parameters Qq) =5.449 x 1072 cm?, Q,=2.077 x 107%° cm?,
and Q¢ =6.873 x 107! cm?2. The resulting calculated oscillator
strengths compare well with experiment and have an average
relative deviation of 1.004 +0.129. The same Judd-Ofelt analysis
was performed, but this time the wavefunctions and respective
reduced matrix elements for LaFs:Er** were used (Case #1 in
Table 3). This calculation yields an average relative deviation of
0.999 + 0.149. Comparing the two calculations we find that
there is a slight improvement of ~10% in the standard devia-
tion by using optimized wavefunctions. Note that for this case,
the substantial improvement in the barycenter energy

Table 4

Comparison of experimental barycenter energies in LaCl3:1%Er>*. The values in
the left column were determined from polarized room-temperature absorption
spectra using the flf“ &(E)dE =0.5 method (see Section 2.3.4). The values in the
right column were determined from a complete crystal-field (CF) analysis of
LaCl3:1%Er** and are exact [133]. The first method overestimates the barycenter

energies by A3gox_cr =39 + 33 cm~! on average.
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description by using fitted atomic parameters is not as pro-
nounced in the oscillator strength description. In fact, the
LaF3:Er>* wavefunctions provide a rather good description of
the oscillator strengths in LaCls:Er3+. It would be interesting to
see how the two approaches compare for other compounds,
particularly those that are chemically quite different from
LaF5:Er® ™.

The earlier complete crystal-field analysis of LaCls:Er3* [133]
also provided calculated ED and MD oscillator strengths for all
individual crystal-field transitions in both ¢ and m polarization.
This data allows us to test the assumption that the oscillator
strength of a multiplet transition is sufficiently well approxi-
mated by a measurement at 300 K. Fig. 7 shows the calculated
line strengths for selected multiplet transitions in LaCls:Er®™.
They exhibit substantial temperature dependencies up to 200 K as
the various crystal-field levels of the “I;s5/, ground-state multiplet
are being thermally populated and lower-energy crystal-field
transitions begin to contribute to the total line strength. For this
example of LaCl5:Er** we find that the oscillator strengths of the
various multiplet transitions at 300K deviate by ~13% on
average from the ideal case of equal thermal population of the
crystal-field levels of the 4115,2 ground state multiplet. This
constitutes a significant source of error that is inherent to the
Judd-Ofelt approach. We also note in Fig. 7 that the line strength
can either increase or decrease with temperature, depending on
the strength of the individual crystal-field transitions that con-
tribute to the respective multiplet transition. Therefore, the effect

2S5+1 eX| eX| B . .
B Ej, 300K Ey*, Full CF analysis A300K—CF of non-uniform thermal population of the crystal-field levels of
4 0 0 the initial state cannot readily be corrected for unless a complete
15/2 . . . .
T 6520 6482 33 and laborlqus. cry§tal.-ﬁeld calculatlon. is carfled out.

(I 10165 10112 53 The radiative lifetimes and branching ratios are a good test of
;'19/2 12375 12351 24 the theory because they involve transitions in emission that were
459/2 }Z;;g ig;;g 9‘34 not part of the fitting procedure for the ;) intensity parameters.
ZHB(/E)n/z 19068 19035 13 Table 6 summarizes the calculated radiative relaxation rates and
E,, 20414 20407 7 respective radiative lifetimes for the first 8 excited states of Er>*
“Fsp2 22099 22065 34 in LaCls. The calculation used the optimized wavefunctions
;'Fa/z 22510 22407 103 (Table 3, Case #2) and optimized Judd-Ofelt intensity parameters
s 2t 24453 14 (Q@) = 5.449 x 102 cm?, Quy = 2.077 x 1020 cm2, Q) = 6.873
T 39433 x1072! cm?; Table 5). Where available, we also list experimental

K-CF - . . . . .
lifetimes that were measured at 300 K by direct excitation of
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Fig. 7. Calculated total line strengths (in squared Debye units [133]) of selected multiplet transitions in LaCls:Er** as a function of temperature (solid bold lines). Also
shown are the respective total line strengths for the ideal case of equal thermal population of each crystal-field level of the 4115,2 ground-state multiplet (thin horizontal

lines).
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Table 5

Oscillator strength analysis of LaCl3:1%Er®* using the Judd-Ofelt theory (see Section 3) with calculated reduced matrix elements (see Section 2.4) based on the optimized
wavefunctions (Table 3, Case #2). The optimized Judd-Ofelt intensity parameters (2 =5.449 x 107 cm?, Q) =2.077 x 1072° cm?, Q, = 6.873 x 107! cm?) were
obtained from a least-squares fit of RMS,.; [Eq. (34), final RMS,;=0.2222] to experimental oscillator strengths determined from ¢ and 7 polarized room-temperature
absorption spectra according to fo,g=2f;+fx [102]. The refractive index dispersion was assumed to follow the Sellmeier equation [Eq.(31)] with parameters B, =0.62646,
C; =6.1295 x 10* nm2, B,=1.5212, C; =6.1087 x 10°> nm?2, B;=0.2465, and C3 = 1.4086 x 10* nm2derived from Ref. [187]. A calculation (oscillator strengths not shown)
using reduced matrix elements calculated from LaFs:Er®* atomic parameters (Table 3, Case #1) but otherwise identical was also performed and yielded
Q) =5.575 x 1072 cm2, Q4 =2.258 x 1072° cm?, Q) =6.430 x 1072! cm? (final RMS,;=0.2363). The ratios of calculated and experimental oscillator strengths are
shown for both calculations. The last column gives the calculated radiative lifetime of the excited states.

Transition Experimental Oscillator Strengths [10~°] Calculated Oscillator Strengths [10~°] Teale (1)
*hisja—

e 3 fo I fiip Fiota Fiota/Fovg Fiota/Fovg Optimized

Optimized Optimized Optimized Optimized LaF5:Er3*

4113/2 0.5825 0.5780 1.738 1.039 0.5757 1.615 0.929 0911 5577
4111/2 0.1114 0.1948 0.5010 0.5527 0 0.5270 1.052 1.015 4954
419/2 0.2212 0.1323 0.4858 0.5733 0 0.5733 1.180 1.090 2735
4F9/2 1.289 0.8767 3.043 2.641 0 2.641 0.868 0.925 403
453/2 0.1199 0.1297 0.3794 0.3502 0 0.3502 0.923 0.821 597
2H(2)11/2 2.074 4.404 10.88 11.56 0 11.56 1.062 0.903 67
41:7/2 0.8680 0.7995 2.467 1.897 0 1.897 0.769 0.760 184
41:5/2 0.1070 0.1434 0.3939 0.4348 0 0.4348 1.104 1.031 272
4F3/2 0.07296 0.07003 0.2130 0.2505 0 0.2505 1.176 1.190 333
2G(1)9/2 0.1615 0.2180 0.5976 0.6142 0 0.6142 1.028 1.219 96
4Gz 4743 8.967 22.68 2159 0 21.59 0.952 1121 16
Average 1.004 +0.129 0.999 +0.149

the respective excited state. Multiphonon relaxation generally
becomes negligible compared to radiative relaxation if more than
6 phonons are involved in the relaxation to the next lower
electronic state. The maximum optical phonon energy of LaCls
is 263 cm~! [188], and Table 6 shows multiphonon relaxation
rates calculated using the parameters for LaCl; given in Ref. [189].
With the exception of “F7, and *Fs;, (the 2H(2)11)2 is a special
case discussed below), multiphonon relaxation is completely
suppressed for all states in Table 6, and radiative relaxation is
expected to be the dominant relaxation mechanism. The calcu-
lated lifetimes for *I;32, “I11j2, and “*Fopp, while of the correct
magnitude, are longer by 10-40% than the measured lifetimes.
This may indicate a limitation of the calculation and/or the
presence of additional non-radiative processes. Both “l;3, and
1112 can undergo energy-transfer upconversion processes with
an excited neighboring Er** ion, which would shorten the
respective lifetimes from their purely radiative values. The Ss),
excited state is an interesting case because it is located only
745 cm~ ! below the 2H(2)1, state. The two states are in thermal
equilibrium which couples their radiative decays. At 300 K and by
properly taking the (2/+1) multiplet degeneracies into account,
the ?H(2)11;2 has a thermal population of P11/2 =0.0777. The
expected radiative relaxation rate of the coupled system is then
given by the weighted average p; ;A3 2 +P11,2411/2, Which yields a
calculated lifetime of 377 ps that is within 15% of the measured
lifetime of 330 ps. The calculation overestimates the “Fs), lifetime
by ~70%. The multiphon relaxation rate, k,, of this state is
calculated to 5037 s~ ! [189] and therefore competes with radia-
tive relaxation. The combined rate A4 4 k,,, = 8726 s~!, which
corresponds to a lifetime of 115 ps that is within 40% of the
measured lifetime.

Finally, branching ratios offer another test of the Judd-Ofelt
theory. Unfortunately, Er’* poses some experimental chal-
lenges for the measurement of branching ratios because the
first few excited states are at relatively high energy, and
radiative transitions to these final states are located in the
infrared region. We have measured a branching ratio of 3.06 for
the “F;/,— %1572, *l13)> transitions, which is quite close to the
value of 3.65 expected from the respective calculated radiative
rates in Table 6.

5. Conclusions

The Judd-Ofelt theory has become a centerpiece of rare-earth
optical spectroscopy over the past five decades. It has spurred
research into the theoretical foundations of the model and led to
numerous modifications over the years. In parallel, the theory has
been applied to a broad range of rare-earth-doped solids. Many of
the studied materials have important applications in solid-state
lasers, optical amplifiers, phosphors for displays and solid-state
lighting, upconversion and quantum-cutting materials, and fluor-
escent markers. The Judd-Ofelt theory has proven to be a valuable
tool to analyze transition intensities, identify specific transitions
of interest, and make estimates of quantum efficiencies. Our
attempt in this paper was to provide the experimentalist with a
comprehensive toolset that is suited for the calculation of the 4f
wavefunctions, the associated energies and reduced matrix ele-
ments, and the Judd-Ofelt intensity parameters.

We have reviewed the two main assumptions made by the
original Judd-Ofelt theory (Section 3.1.1), i.e. (1) all crystal-field
levels of the perturbing odd-parity states (primarily 4f¥~15d) are
assumed to be degenerate, and (2) the energy difference between
a 4fN(SL]) multiplet and the degenerate perturbing odd-parity
states is assumed to be the same for all 4f¥(SLJ) multiplets. These
two approximations allowed the transition strength to be
expanded as the sum of three even-ranked tensors, which is the
key accomplishment of Judd and Ofelt. Various modified Judd-
Ofelt theories have partially addressed these assumptions over
the years and achieved up to 30% improvements in the accuracy
of calculated oscillator strengths (Section 3.2). Nevertheless, it
is important to be aware of a number of additional assump-
tions, limitations, and pitfalls that are typically encountered
when applying the Judd-Ofelt theory in practice. Any
study using a Judd-Ofelt analysis should explicitly discuss or
- at a minimum - state the following six assumptions and
conditions:

e The type of 4f wavefunctions that were used to calculate the
reduced matrix elements. Ideally, the 4f wavefunctions are
obtained by fitting an intermediate coupling Hamiltonian Eq.
(9) to a set of experimental barycenter energies (Section 2.3.4),
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Table 6

Calculated ED (Affd) and MD (A’,Wag) radiative decay rates, total radiative lifetime (7,44), and branching ratios () in LaCls:Er>*. The calculation used the optimized
wavefunctions (Table 3, Case #2) and optimized Judd-Ofelt intensity parameters (2, = 5.449 x 1072 cm?, 4, =2.077 x 107 cm?, Q) = 6.873 x 102! cm?; Table 5).
Where available, the measured lifetime (exp) obtained from direct excitation of the respective excited state is given. Also shown are multiponon relaxation rates, kpp,
calculated using the parameters given in Ref. [189].

Transition AR (s71) AVD (5= 1y Aol (5=1) kmp (s™1) Trad (KS) B
Nizp -5 115.3 63.9 179.2 ~0 5580 1.00
179.2 5000 (exp)
Mg -5 163.0 0.0 163.0 ~0 5035 0.82
-3 21.8 13.9 35.7 4000 (exp) 0.18
198.7
*op2 B 319.4 0.0 319.4 1 2735 0.87
—M3p 43.8 0.0 438 0.12
- 1.0 15 2.5 0.01
365.7
“Foj B 2274.6 0.0 2274.6 ~0 403.0 0.92
-3 116.8 0.0 116.8 280 (exp) 0.05
- M1p2 68.8 10.5 79.3 0.03
—gp2 7.0 3.9 10.8 0.00
2481.5
4S3p2 —%51 1129.3 0.0 1129.3 ~0 593.8 0.67
-3 4383 0.0 4383 330 (exp) 0.26
-1y 363 0.0 363 0.02
-y, 79.4 0.0 79.4 0.05
—*Fop2 0.7 0.0 0.7 0.00
1684.0
2H(2)11)2 —%sp2 13121.3 0.0 13121.3 70.8 0.93
-3 216.3 112.6 328.9 0.02
- 1353 309.6 444.9 0.03
—4g2 170.1 43 1744 0.01
—%Fgp 452 0.3 455 0.00
—4S3) 0.1 0.0 0.1 0.00
14115.1
“Frp2 -5 3805.7 0.0 3805.7 3.01 x 10° 183.7 0.70
-3 1041.5 0.0 1041.5 0.19
%l 391.8 0.0 391.8 0.07
>4y 163.0 15.6 178.6 0.03
—Fop2 10.6 15.8 26.4 001
—4S3) 0.1 0.0 0.1 0.00
—2H(2)11)2 0.7 0.0 0.7 0.00
5444.8
“Fspa —%isp2 13826 0.0 13826 5037 271.1 0.38
—%li3p 1714.9 0.0 1714.9 160 (exp) 0.47
- 249.7 0.0 249.7 0.07
-y 159.0 0.0 159.0 0.04
—%Fgp 173.2 0.0 173.2 0.05
—4S3) 1.7 0.8 2.5 0.00
—2H(2)11/2 3.8 0.0 3.8 0.00
—Fyp 1.8 13 3.1 0.00
3688.8

followed by calculation of the reduced matrix elements using
the optimized atomic parameters (Section 2.4).

The type of model used for describing the refractive index
dispersion. Depending on the compound, the refractive index
can easily be ~30% higher in the near UV compared to the
near infrared spectral region (Section 3.1.1). This enters the
oscillator strength via the term &5 /n [see Eq. (29)] and can
induce errors on the order of 50% in the calculated oscillator
strength unless an adequate dispersion description such as the
Sellmeier model [Eq. (31)] is used.

The type of local-field correction that was used. A typical choice
is the virtual-cavity model (Section 3.1.1) which, however, is
strictly only valid for cubic symmetry and for equal polariz-
ability of the RE** ion and the medium.

The temperature at which absorption spectra were measured.
The determination of barycenter energies and oscillator
strengths for a Judd-Ofelt analysis assumes equal population
of all crystal-field levels of the initial state of a transition

(Sections 2.3.4 and 4). While room temperature measurements
are usually the practical choice, we have shown that errors in
the oscillator strength on the order of 10-15% in either
direction are to be expected from a measurement at 300 K.

e The method used to account for polarization. The Judd-Ofelt

theory is formulated for unpolarized transitions, an assump-
tion that is usually well met for amorphous systems such as
glasses and liquids. In crystals with symmetry lower than
cubic, however, absorption spectra polarized along the various
crystal axes have to be measured individually and then
properly averaged. The polarization-weighted molar extinc-
tion coefficient is &(V)=2¢,(V)+¢&,(V) for uniaxial systems
(tetragonal, hexagonal and trigonal) (Section 3.1.2). More
complex formulations are needed for even lower symmetry
crystals.

e The type of root-mean-square (RMS) error that was used in the

least-squares optimization of both the 4f wavefunctions and
the Judd-Ofelt intensity parameters (Sections 2.3.4 and 3.1.2).
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Minimizing the relative RMS error (Egs. (24 and 34), respec-
tively) makes best use of the available information and
typically provides better results than minimizing the absolute
RMS error (Egs. (23 and 33), respectively).

This paper may serve as a useful starting point for research in
this area. We hope that the Judd-Ofelt theory continues to evolve
and to provide valuable insights in future rare-earth material
research.

6. Note

A public and free version of a software package based on the
formalism presented here will be available for download from Los
Alamos National Laboratory. Please contact the first author for
instructions.
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