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We have carried out systematic crystal-field energy level calculations of Eu?* ions doped in SnO; based on
experimentally acquired luminescence spectra. In addition, with an aim of revealing systematic trends
in spectra and crystal-field effects for Eu3* ion in similar hosts, we have analyzed the TiO, (anatase):Eu3*
spectra as well. The obtained crystal-field parameters yield very good agreement between the calculated
and observed energy levels. Emphasis has been put on analysis of the crystal-field-induced J-mixing
Keywords: effects and thei_r roles i_n getting proper sets of crystal-field parameters and energy levels. A more general
Eu3*:Sn0; theory concerning J-mixing effects has been proposed and the relevant results will be valuable to under-
Tio, standing of the spectral characteristics of Eu* f-f transition spectra in other hosts. Relations between
the maximum crystal-field splitting of some selected J-manifolds with J=1 and J=2 and crystal-field
invariants have been re-visited and re-derived. The corresponding numbers of crystal-field parameters
influencing the splitting of these manifolds have been taken into account in every case. The derived equa-
tions have been tested in applications to three systems (SnO,, TiO; (three sites) and ZrO,). Consistent
results have been obtained, which confirms validity of the performed crystal-field analysis and opens a

J-mixing
Crystal-field strength
Crystal-field splitting

way for possible applications of the suggested calculating technique to other rare-earth ions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Wide-gap (Eg >3 eV) semiconductors like SnO; (stannia), TiO,
(titania) or ZrO, (zirconia) are technologically interesting since,
due to an efficient energy transfer from host to rare-earth (RE)
activators, these materials could be employed in the form of very
thin phosphor layers and impose the potential of carrier-mediated
excitation of RE ions yet providing transparency throughout the
visible range and reduced thermal quenching of RE emission
[1-3]. Moreover, such doped oxides are relatively easily prepared
in various morphologies employing “soft” wet chemistry tech-
niques.

For applications in lighting or displays, one is interested in
the precise emission colour of incorporated activators. This can
markedly depend on the crystal-field (CF) strength and local site
symmetry as determined by the host matrix. In the case of RE3*
inclusions, the CF around the emission center can greatly influ-
ence the relative intensities as well as the amount of splitting of
various 4f-4f transitions. Therefore, designing fruitful host-guest
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systems for precise tuning of luminescence properties presumes
systematic understanding of the CF influence on RE energy
levels.

Hereby, we conducted an in-depth CF analysis of energy level
splitting of Eu3* in SnO,. A several-steps fitting procedure of the
CF energy levels for multiplets with small J values has been pro-
posed, where the values of the unit tensor operators Uy, (k=2, 4,
6) between these interesting ] manifolds have been re-calculated
to improve the fitting calculation accuracy by taking into account
non-diagonal elements of the free-ion’s Hamiltonian between the
terms with the same quantum numbers S and L. Besides, a par-
ticular attention has been paid to intricate effects of the CF states
mixture, which manifest themselves in a different way for differ-
ent CF states. It was shown that J-mixing effects can not only break
down the “Judd-Ofelt” selection rules of 4f-4f transitions but also
change the barycenter position and CF splitting of some J mani-
fold, which, in turn, leads to the occurring of >Dg — ”Fy transition
and a few wave numbers shift of the 5Dy emitting state of Eu3*
ions.

The crystal-field parameters (CFPs) deduced for the SnO,:Eu3*
system have been used as initial set of input parameters for cal-
culations of the Eu3* energy levels in two sites of another similar
metal oxide: TiO,.

Analysis of the Eu3* energy level schemes in all considered hosts
allowed to establish systematic trends in the maximum splitting of
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some selected J-manifolds as functions of the CF strength. It was
also shown that the CF-induced J-mixing is an important factor,
which has to be considered for getting good agreement between
the calculated and experimental energy level schemes of Eu3* ions
in crystals.

In the next sections we describe theoretical approach to the J-
mixing problem, support this theoretical discussion by a number of
examples, analyze them and after all we conclude the paper with a
short summary.

2. Theoretical background and general analysis of Eu3*
energy levels in crystal field

2.1. CF Hamiltonian and energy levels
The standard form of the Hamiltonian acting within the 4fN con-

figuration of trivalent lanthanides in any host can be commonly
written as [4]:

H=Eag+ »  Fi+ s +al(L+1)+ BG(Gy) + yG(Ry)

k=2,4,6
+ Z Tit; + Z Mhmy, + Z P"pk+ZB’gC§1’<), (1)
i=2,3,4,6,7,8 h=0,2,4 k=2,4,6 k,q

where the notation and meanings of various operators and param-
eters are defined according to the standard practice [5,6]. In the
above equation, all the terms except for the last one represent the
“free-ion” Hamiltonian, whose parameters vary slightly from one
host to another due to nephelauxetic effect [7], which is related to
variation of the electron density distribution of rare-earth ions as
influenced by the ligands. The last term describes the anisotropic
components of the CF interactions; the B’Cj entries are referred to as
the CFPs, and Cék) are the spherical operators. The number of non-
zero CFPs B’g depends upon the site symmetry of the rare-earth ion
position and increases with lowering the symmetry of the RE ion
site.

In what follows we shall focus on description of the Eu3* energy
levels in three metal oxides MO, (M =Ti, Zr, Sn). It is well known that
these oxides under ambient conditions have tetragonal or mon-
oclinic crystal structures, in which the site-symmetry of the M#4*
positions is one of these: Dyq4, Dypy, Cop and Cq [8-11]. After dop-
ing, the RE ions occupy these M** positions; the site symmetry
of these RE ion’s sites can usually be assumed to be the same as
before doping. Sometimes the actual symmetry can be somewhat
lowered as a result of the lattice distortion caused by the ionic radii
mismatch between the substituted and substituting ions and pres-
ence of the charge compensating oxygen vacancies near impurities.
As an example, we mention here that in TiO,:Eu3* nanocrystals
the site symmetry was changed from D,y to D, or Cyy [12]. The
generalized description of the M** site symmetries in the con-
sidered three MO, compounds allows for identification of four
possible local symmetries of the M4* sites: tetragonal, orthorhom-
bic, monoclinic and triclinic [4]. However, it is always possible to
simulate the CF energy levels of the Eu3* 4f5 configuration only
by employing the orthorhombic site symmetry (D,},, D2 and Cyy).
For a higher symmetry site, this can be easily understood because
the low-symmetry CFPs appearing after the local site symmetry is
lowered can be directly set to zero. For the lower symmetry cases,
this method can be explained by the fact that the orthorhombic
C,y symmetry group (often approximately replacing the mono-
clinic and triclinic symmetry groups) is an example of a point group
with the highest symmetry, for which no CF degeneracy exists
for non-Kramers’ Eu3* ions [13]. Thus, according to table 1.7 of
Ref. [4], the CF Hamiltonian may be expressed in the following

form:

Hy = B2C? 1+ BA(C?) + ¢ + BACY + BA(C? + @) + B3P
+C9)+ BSCY + BS(CS® + ¢©) + B§(cSY + ¢©)
+B3(CP + ), 2)

where all CFPs are real.

The theoretical CF energy levels can be obtained by diagonaliz-
ing the parameterized Hamiltonian matrix in the entire nSLJM basis
of the 4f5 electronic configuration of Eu3* (S, L, J, M stand for the
quantum numbers of the spin, orbital momentum, total momen-
tum and its projection, respectively; n denotes all other quantum
numbers needed to distinguish between the states with identical S,
L, J, M sets). By minimizing the root-mean-square (rms) deviation
between the theoretical and experimental CF energy levels, an opti-
mized set of CFPs can be obtained and the complete energy level
scheme (which is to be compared with experimental data) can be
generated.

However, the fitting calculations cannot always be carried out,
especially when only a few CF energy levels are observed and the
number of fitting parameters is large enough in comparison to the
number of the observed levels. For example, in the CF Hamiltonian
described by Eq. (2), at least 9 CFPs plus one energy barycenter can
be varied.

When the CF effects in powdered samples are studied, it is gen-
erally difficult to acquire adequate absorption spectra due to the
complicated sample morphology. In this case one must rely on
luminescence spectra, but they can give information only about
a few energy levels. In addition, a particular difficulty is related to
fitting of the CF energy levels with a large  quantum number (J > 3),
which are not very clearly observed and distinguished in the exper-
imental spectra. In this case, determination of the sixth-rank CFPs
will be difficult and even impossible due to the selection rule (k < 2J,
k is the CFPs rank) for the CF matrix elements among the J > 3 mul-
tiplet. It is also worthwhile to note that in some centro-symmetric
systems, the spectra of rare-earth ions are essentially vibronic in
character; several vibronic transition bands coming from one sin-
gle CF energy level will hide the neighboring levels. As a result, a lot
of ambiguity will be brought into analysis of the zero-phonon lines’
positions in these systems [14]. All these factors can cause uncer-
tain assignment of the CF energy levels; moreover, an unrealistic
CFPs set can be obtained. To overcome this problem, a several-steps
fitting procedure can be suggested, based on ignoring the J-mixing
effect. Subsequent diagonalization of the CF matrices for the multi-
plets with small J values (J=1 or 2) can be used to obtain estimates
of the second and fourth rank CFPs from the experimental emis-
sion spectra. According to this idea, an effective Hamiltonian of 46
configuration for Eu* ions within one [75*1L]; multiplet can be
expressed as follows:

H([n**'LY)) = E(In* L)) + Her = Eqp(In* "' L)) + Hyy, (3)

where H represents the CF operator (which is determined in the
sub-space spanned by the wave functions of this J-manifold only;
it can have only the second rank (for J=1) or the second and fourth
ranks (for J=2) contributions) and “[]” represents the n**1L as
the dominant component of this ] multiplet, where the nSL states
are actually mixed due to “free-ion” interactions (the Coulomb
interaction, most of all). Here E([#?5*1L];) is the barycenter of the
experimental CF energy levels of this multiplet (i.e. E([**L])),
which in the first approximation is equal to the free-ion energy
level of the [#?5*1L]; multiplet. This scheme is suitable for model-
ing the CF splitting of the [7F]; and [°D]; multiplets (J=1 and 2) of
Eu3* jons. These manifolds are easily observed in the emission and
absorption spectra of Eu3* ions doped in MO,.
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Table 1

The non-zero and upper triangle H. matrix elements within [7?*1L], multiplet of Eu** ions doped in MO,. (unit: cm~1).

Hoo = 22UA([PFTLT, B3 + 2 US(LP 1L, B

Hi = Hoioy = 22UV LL)B — 27 UA(0PS 1L )B

Hy = Hoyp = 22U 1LL,)B] + 57 U1 1L )B

Hoz = Hog0 = 222U ([5111,)B2 + A UA([n%5+1L1,)B)
H.p = 2L U254 11],)BY

Hony = 2UP(PSLL, B2 — 22 UA([n 1L, B

Notes: Hyy' represents the crystal-field matrix elements ([7>*1L]oy [Hgl[n*" ' Llan )(M==2...2, M'=M+1...2). U%([n*+1L],) and U4([25+1L],) are respectively the RMEs of
the unitary tensor U?) and U between [7>*!L], multiplets, and can be referred to in Table 2.

For the simplest case of J= 1 multiplets, the splitting can be well
described only by the second-rank CFPs due to the selection rule of
CF matrix elements (matrix elements of the fourth and sixth rank
operators in the CF Hamiltonian are identically zero if J=1). In the
orthorhombic site symmetry, the 2J+1=3 fold degeneracy of the
2511, multiplet of Eu3* ions will be removed completely, and three
energy levels arising from the /=1 multiplets will be detected. After
diagonalization of the H([n25*1L];) matrix using the JM basis set
(J=1 and M=0,=+1), the energies of three CF components are as
follows:

2V14———c—
TUZ([UZSHI‘]l )B(Z)

V14—
E 11y = Eg(In®+'L]) - ﬁuz([WZSHLh)B(Z)

Ejo) = Eg([n**'L];) +

VT
U2([n2S+1L], B2 4
+o5u3 0 =B, : (4)
V14d———cF7
E| 1y = Eq(In™+'L]) ~ TUZ(MZS“L]HB(%
VT
—ﬁUZ(MZS“Lh)Bg

where ‘—1,1>7:i/~/§(’—1>+’+1>), ‘—1,1>+:
1/v2 (L—1> —|+1)), and |-1), |+1) denote two wave func-
tions of the J=1 state with quantum numbers M=-1 and M=1,
respectively; U2([n25+1L],) represents the reduced matrix element
(RME) of the unit tensor operator U2) between the [7%*1L]; free-
ion’s multiplets. In the above derivation, the matrix elements of
CF interactions can be obtained by referring to the formulae (1.20)
and (1.37) of Ref. [4] and the involved 3j and 6j symbol values can
be found in Ref. [15]. We point out here that the CF eigenvalues
of the J=1 multiplet given in Eqs. (179) and (180) of Ref. [13]
reveal one misprint, which has been corrected in Eq. (4) above. It
should be kept in mind, however, that there exists ambiguity in
the assignment of three observed energy levels to those theoretical
three, which may result in six sets of different CFPs under the
different permutations of the assignments. This is because three
orthogonal and equivalent crystallographic axes will offer six
kinds of equivalent choices of the xyz coordinate systems in the
orthorhombic symmetry groups, although the CF Hamiltonian still
preserves the form of Eq. (2) in each of these coordinate systems.
The six sets of CFPs with different magnitude or sign generate fully
identical CF splitting patterns. The conversion relation between
any two sets of CFPs can be easily obtained from Ref. [16], and a
misprint in the last reference needs to be corrected as pointed out
by Rudowicz et al. [17].

For the J=2 multiplets, the orthorhombic CF also completely
removes the five-fold degeneracy. The second (obtained after diag-
onalization of the J=1 matrix) and the fourth rank CFPs should be
used simultaneously to describe the CF splitting for these states,
which is not influenced by the sixth order CFPs. The non-zero and
upper triangle H.s matrix elements within the [125*1L], multiplet
are shown in Table 1. However, the analytical expressions for the CF
energy levels cannot be directly provided because of alarge number
of non-diagonal matrix elements.

As seen from Eq. (4) and Table 1, the RMEs of the unitary tensor
operators UK) between the [72**1L]; multiplets (or U*([#2S+1L];) for

short, hereafter) can be considered as parameters. When the CFPs
are fixed, the calculated CF splitting will be directly determined by
these RME values. Thus, itis necessary to pay more attention to their
values. Uk([25+1L]))is not the single UX) RME between the domina-
tive n?S*1L; components, but includes the contributions of all 25*1L;
components with different nSL and identical ] quantum numbers.
With the help of the formula (1.38) of Ref. [4], Uk([#?5*1L];) can be
expressed as follows:

UK L) = Y Grsw G (=1 9800 (27 + 1)

wS'L'n'S"L"

{ J
L// L/

where C, g are the mixing coefficients of the state [4f5y'S'L])
occurring in the intermediate coupling basis [7?*1L], the curly
bracket {...} is a 6j symbol [15] and the last term is the sin-
gle RME between the LS spectral terms that has been tabulated
by Nielson and Koster [18]. This means these RMEs rely on the
knowledge of the composition of free-ion wave functions, which
are relatively insensitive to hosts. Therefore, their values can usu-
ally be regarded in a good approximation as constants. Although
their squares were given by Carnall et al. [19], they still need to
be re-calculated because the signs of these RMEs are critical to CF
calculations. The UK([#25+1L];) values for [’F]; and [°D3)]; (J=1-3)
are evaluated and collected in Table 2 by applying the Eq. (5) and
the free-ion wave functions generated by one free-ion calculation
using the free-ion parameter values from Ref. [5]. As a comparison,
the U¥) RMEs without taking nSL mixing into account are also eval-
uated and listed in Table 2. It is easy to see from Table 2, that the
nSL mixing produces a small difference between the RME for the
[7F]] states, but has a profound influence on the RME for the [5D(3)]J
manifolds, affecting not only the absolute value, but also the sign as
well (which, eventually, affects the order of the CF energy levels).

By combining Eq. (4) and Tables 1 and 2, one can easily give esti-
mates of the second and fourth rank CFPs from the experimental
emission spectra. However, the J-mixing effect caused by the CF
interaction (which can mix up states with different J, M values) has
a certain influence on the CF splitting of the J=1 and J = 2 multiplets,
and cannot be simply ignored. Actually, the J-mixing effect depends
strongly on the energy intervals between the ] manifolds involved
and in some (but not all) cases can be omitted without any lack of
accuracy. For example, for the [5D(3)] term of free Eu3* ions (located
at about 17,000 cm~1), the energy separations between the [5D(3)]]
states (J=0, 1, 2) are much larger (about or above 2000cm~!) and
the RME of the UK operators between the [>D(3,]; manifolds are
also much smaller than the corresponding values for the [”F]; man-
ifolds as shown in Table 2. So in this case consideration of the
J-mixing is not necessary for the [5D(3)]] multiplet, but is highly
advisable for the closely located [7F] ; multiplets. In the following, J-
mixing will be given detailed consideration within ’F term with an
aim of revealing their effects upon the CF splitting for minimizing
the deviation between the experimentally deduced and theoreti-
cally calculated energy levels.

é{/ }<n/S/L/ Hu(k)H n//s//L//> , (5)
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Table 2
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The U([1?$+1L];) RME (J=1-3) within [7F] and [°D(3)] terms with and without taking into account the nSL mixing (free-ion Hamiltonian parameters were taken from Ref. [5]).

Multiplets k=2 k=4 k=6
Isolated term 1SL mixing Isolated term nSL mixing Isolated term nSL mixing

["Fx 0.4009 0.3925 - - - -

[7F]> 0.3208 0.3163 —0.3532 —0.3493 - -

[7F]s 0.1667 0.1662 0.1667 0.1612 0.1667 0.1677
[°De3y)li —-0.1260 0.1149 - - - -

[°Dg3)l2 —0.0589 0.03341 0.0898 0.0844 - -

[°Dgs)ls 0.0673 —-0.1256 —0.2332 —0.0482 0 0.0580

2.2. Wave functions and J-mixing

J-mixing effect caused by the non-diagonal matrix elements of
CFinteraction between different  multiplets can influence the com-
position of wave functions and thus intensity of the transitions
between different states. In this way initially completely forbidden
5Dg — ’Fy transition becomes partially allowed due to “borrow-
ing” some intensity from the Dy — 7F; (J=2, 4 and 6) transitions.
To show and understand this mixing effect on the components of
wavefunctions, we firstly use the perturbation method to define
the average mixing percentage from one 7Fjr multiplet into any CF
state of another ’F; multiplet as follows:

(Ew Hy| 7B [

, . 1
W-D=g51 2 |'5E &)
M=
M/:—J/"']/
Ny | B[R] 7B |l 5|

E("F) - E("Fy) '
(6)

where the derivation is similar to Eq. (10) of Ref. [20], and Ny(B¥) is
the CF strength parameter including only the k-th rank CFPs written
as follows:

AT x (21 1)
k=2,4,6

k
2

; (7)

k
q

|
2k +1
q=—k

Ny(B¥) =

as defined in Ref. [20]. Here E(7FJ) stands for the free-ion energy of
the 7F; multiplet and can be approximately generated as 0, 383,
1054, 1918, 2906, 3969 and 5074cm~! for J=0-6 by one free-
ion calculation using the free-ion parameter values of Ref. [5].
("Fj||UM|7Fy) and (fj|c®||f) are the RME of the multi-electron unit
tensor U and the single-electron spherical harmonic tensor c(¥),
respectively. For values of ] from 0 to 3, by using Eq. (6), formulae
(1.20) and (1.38) of Ref. [4] and tabulated RME for UK) (k=2,4,6) in
Ref. [18], the composition of the 7Fg 1 53 levels has been expressed
in terms of three CF strength parameters (Table 3). These wave

functions obtained with taking into account the J-mixing effects
can be readily used for the intensity calculation of the >Dy — ’Fy
and °Dg — “F3 transitions, as shown in Ref. [21]. It is instructive to
estimate numerically, how strong such a mixture can be. If the order
of magnitude of Ny(B¥)? is approximately taken as 106 cm~2 (which
is areasonable assumption based on numerous literature data), the
mixing percentage in Table 3 can be approximately estimated. For
the 7Fy state, the admixture from the 7F, manifold (about 1.9%) is
dominant and usually only considered in the intensity calculation
of the °Dy — ’Fy transition, but when the square of the fourth rank
CF strength parameter is one order greater than that of the second
rank (i.e. 106 cm~2 for Ny(B2)2 and 107 cm~2 for Ny (B#)?), the contri-
bution from the 7F4 state (about 1.7%) has to be taken into account;
the admixture of the 7Fg states is completely ignored due to very
small amount (not more than 0.8% even if the magnitude of Ny(B®)2
is 107 cm=2). For the 7F; state, the contributions of the 7F; multi-
plets withJ' >3 can be directly neglected, as not exceeding 0.8%. This
also implies that the sixth rank CFPs can be safely dropped when
calculating the CF splitting of the 7F; state. Meanwhile, it can be
noticed that the contributions of the fourth rank CFPs will dominate
for admixture from 7Fs into 7F; if the magnitudes of Ny(B%)? and
Ny(B*)? are respectively 106 cm~2 and 107 cm~2 (numerical esti-
mations yield the values of about 1.9% for fourth rank and 0.45%
for second rank; the total mixing percentage from ”Fs is 2.33%). For
the 7F, state, the contribution from the 7F3 state is very important
and larger (about 1.35%), and that from other high-lying ’F; state is
not more than 0.6%. In addition, the sixth rank CFPs will have some
influences on CF levels of 7F,, especially the highest lying CF level,
because there is the same weight respectively for fourth and sixth
rank CF contributions in the admixture from 7F4, ’F5 and 7 Fg. Thus,
only considering the second and fourth rank CFPs for 7F, state will
be a rough approximation.

2.3. J-mixing and barycenters of J-manifolds

Except for the influence on the wavefunctions, the maximum CF
splitting of every ’F; multiplet is also changed, and the barycenters
of the CF levels within 7F] multiplets are somewhat shifted relative
to the free-ion levels generated by one “free-ion” calculation with-
out any CFPs. As mentioned before, not all energy levels from the

Table 3

The average mixing percentage from one ’F; multiplet into any crystal-field state of another ”F; multiplet (unit: x1076).
o =) "Fo "Fy ’F, "F3 7Fa 7Fs 7Fg
"Fo - 0 1.91N2(B*)% 0 0.171N2(B*)% 0 0.072N2(B5)%
’Fy 0 - 0.589N2(B%)% 0.45N2(B?)% 0.0947N2(B*)% 0.0313N2(B*)% 0.0738N2(B5)%

+0.188N2(B*)%

7F, 0.382N2(B2)%  0.354N2(B2)% -

7Fy 0 0.193N2(B?)%

+0.0804N2(B*)%

0.542N2(B2)% -
+0.423N2(B*)%

0.758N2(B2)%
+0.592N2(B*)%

0.194N2(B2)%
+0.0041N2(B*)%
+0.0246N2(B5)%
0.854N2(B2)%
+0.201N2(B*)%
+0.302N2(B%)%

0.0757N2(B*)%
+0.0637N2(B5)%

0.0059N2(B*)%
+0.0761N2(B%)%

0.0881N2(B2)%
+0.0887N2(B*)%
+0.172N2(B%)%

0.0334N2(B*)%
+0.079N2(BS)%

Notes: The multiplets in the first column represent the dominative ’F; multiplets. Meanwhile, the mixing ’F; multiplets are shown in the first row. The intersection of a row
and a column is the average mixing percentage from one ’F; multiplet into any crystal-field state of another ’F; multiplet.
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7F term are observed, which makes consideration of the J-mixing
effect by the energy matrix diagonalization more difficult. The per-
turbation theory usually provides an approach to understand and
take this effect into account without paying any attention to the CF
splitting of the multiplets imposing perturbations, especially those
of multiplets with J > 3 still relying on the unknown sixth rank CFP
except for the second and fourth rank. Thus, by choosing the 7F
term with all possible J from 0 to 6 as the complete space and the
studied 7FJ (J=0, 1 or 2) multiplets as a model-space, the effective
Hamiltonian can be written in the following form [22]:

y X ) ([ Hy o
EOR)—ECF)
J =06 %]

— _]/.“]/

where the first term E(7F]) is also the free-ion energy of the 7F] mul-
tiplet. The barycenter of all energy levels arising from one J manifold
can also be obtained; it equals to the trace of the effective Hamilto-
nian matrix divided by 2]+ 1 because of the trace invariance before
and after diagonalization. Thus, an accurate analytical formula of
the barycenters of the CF levels within 7F, multiplet can be written
as:

Hey = ECF)) + Hy +

]
Z "F |Hey| "R ) = ECF)

N2(B¥)
A7 x (2] + 1) Z

Es('F) =

+
k=2,4,6 J'=0--6, #]
0B 1®) 78) ¢ ) P ®
E("F) —E(Fy) '

The barycenters E.¢(”F) of the CF levels can usually be obtained
from the measurements, so by following the same procedure of
obtaining Table 3, we can express the corrected barycenters of the
split free-ion energy levels for J=0-2 as follows:

E("Fo) = E("Fg) +2.01 x 10~
+3.66 x 1075 x N2(B®)
E("F1) = E("F1) +1.09 x 107> x N2(B?) + 6.39 x 10~
+4.11 x 107% x N2(B®)
E(’F;) = E,s("F5) +3.75 x 1078 x N2(B2) + 7.64 x 10~
f v
+5.37 x 1075 x N2(BS)

> x N2(B?) +4.98 x 107 x N2(B%)

6 x N2(B%)
6 x N2(B*)

(10)

From the above equation, it can be deduced that the J-mixing
effect results in pushing the free-ion energy levels E(’F;) upward
because of interaction with other high-lying 7FJ multiplets. The con-
tributions of the sixth rank CF strength parameter are not greater
than 5cm~! for the free-ion level of 7F; relative to ’Fy, if the
square of the sixth rank CF strength parameter is estimated as
107 cm~2. Taking Eqgs. (8) and (10) simultaneously, we obtain the
final expression of the effective Hamiltonian taking J-mixing effect
into account:

Hr

H. |7Fg ) (Fppge
7 o |"Frm) ("Fym
Heff=ch( F])"‘Hcf"‘ Z E(7F)—E(7F/)
J= 7 J
M/=—J,~-~],

CNABY Z |CF [JU®)] 7B (£ ]| £)°
4n><2]+1 (7Fy)

— E(7Fy
k=2,4 -6, # ( ])

(11)
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Fig. 2. Raman spectrum of sol-gel-prepared SnO,:Eu powder annealed at 1400°C.
The circles mark the peaks due to SnO, while the peaks indicated by triangles were
assigned to Eu,Sn;07 [24].

Ifin Eq. (11) the denominators of the last two terms are approx-
imately replaced by differences between the free-ion energy levels,
the procedure of fitting the calculated CF energy levels to the exper-
imental ones will be reduced to varying the CFPs only.

3. Applications to the crystal-field analyses of Eu3* ions
doped in MO,

3.1. SnOy:Eu3*

0.5 at% europium-doped SnO, was prepared using a sol-gel
route based on Sn(OPr)4 and EuCl3*xH,0 as precursors (see [23] for
details). The as-prepared dried and grinded powder was annealed
at 1400°C in air leading to a fine nanoparticulate powder with
characteristic particle size of ~250nm as seen by SEM (Fig. 1).
The crystal structure and phase content was detected by Raman
spectroscopy using the Renishaw inVia microspectrometer. The
Raman spectrum (Fig. 2) indicates strong peaks due to the cassi-
terite phase of SnO,. Still, traces of pyrochlore Eu,;Sn,07 also seem
to be present which is apparently the result of a limited solubil-
ity of Eu in SnO, matrix [24]. The annealed sample produces fairly
bright emission due to Eu3*. For acquisition of luminescence spec-
tra, a tunable optical parametric oscillator (emitting nanosecond
pulses) was employed for excitation whereas a CCD-equipped spec-
trometer was used for detection (spectral resolution <2 nm). The
luminescence spectrum excited at 464 nm (corresponding to the
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Fig. 3. Photoluminescence spectrum of sol-gel-prepared SnO,:Eu powder excited
at 464 nm and measured at room temperature. The spectrum is corrected to instru-
mental response.

7Fg — 5D, absorption transition of Eu3*) and measured at room
temperature is shown in Fig. 3. Clearly resolved fine structure of
the various °Dg — F) (J=0-4) transitions of Eu3* is observed indi-
cating that Eu3* ions are incorporated into crystalline surrounding.
Practically identical spectrum was obtained under host-sensitized
excitation at 266 nm which suggests that the emission from one
main type of Eu3* centers is prevailing. In spite of the possible traces
of Eu,Sn;, 07 present, the luminescence spectrum is very similar to
those reported previously by Blasse et al. [25] and Grabtree [9] on
Eu3* in SnO,.

As can be seen from Fig. 3, intensity of the magnetic dipole tran-
sition (°Dg — 7F;) at about 580 — 600 nm is much stronger than
that of the induced electric dipole transitions (°Dg — ’F,) at about
620 nm. This indicates the local environment around the Eu3* ions
to be centro-symmetric, as the site symmetry of the Sn** ions sub-
stituted by Eu3* ions is Doy, or Cyy,. Thus, the assignment of CF energy
levels of7F] multiplets with larger J values, such as J=3 or 4, is very
difficult to be carried out because of the vibronic transitions’ influ-
ence, as mentioned in Section 2. Although the CF fitting calculations
using the full matrix diagonalization within ’F; (J=0. . .6) term will
be not implemented due to the lack of the 7F3 CF energy levels, this
spectrum will be a good example for testing our theory in Section
2.The observed CF energy levels of other 7FJ multiplets (J=0-2) are
listed in Table 4.

At first, we ignored the J-mixing effect to respectively deal with
the CF energy levels of the 7F; and ’F, manifolds, which means only
the first-order correction caused by CF Hamiltonian is considered
from the viewpoint of perturbation theory as the last term is given
up in Eq. (8). Following this approximation, we could directly use

Table 5

Optimized parameters for Eu** ions doped in SnO; (unit: cm™").
Parameter No J-mixing J-mixing
P2 82601 82061
Eur 1327 1317
NE (free) 4 4
N, (free) 2 2
o (free) 29 25
Bg 777 936
B; 298 501
Bg —-1697 —-1814
Bg —-1172 —1046
Bj -575 —832
Ng(cf) 9 9
Np(cf) 5 5
O’(Cf) 8 44

Notes: The ratios of F* and F° to F> and other free-ion parameter values
were fixed at the values given in Ref. [5]. Ny and N, are the numbers
of experimental levels fitted and the numbers of symbols “cf’ and “free”
in brackets, respectively, represent the crystal-field and free-ion calcula-

\/ ZH_MNE (reey Ei(caC) ~ Ei(exp ) /(Ne(free) — Ny(free));

tions. o(free) =

olef) = \/ 3 e B — Eexp ) /NE(e) — No(cf)

Eq. (4), the experimental value of E.(’F;) and the standard value
of the U2(7F;) matrix element to obtain two CFPs with k=2. The
choice of the initial axis system for the CF analysis is arbitrary and
there are six sets of different CFPs, as discussed in Section 2. One set
of CFPs is usually reported, under which the Ejo-. level is assigned
as the highest 7F; stark level while the E_; 1~ ~ and E.1 1> states
correspond to the middle and lowest 7F; Stark levels, respectively.
To further obtain three CFPs values with k=4, we finished a fitting
calculation within the 7F, multiplet by diagonalizing the parame-
terized CF matrix provided by Table 1. In this calculation, the values
of two second rank CFPs were fixed (as obtained from the CF anal-
ysis of the 7F; state); the experimental values of E.¢(’F,) and the
standard values of U2(7F,) and U4(’F,) were used. The obtained
second and fourth rank CFPs are listed in Table 5, whereas Table 4
shows the calculated energy levels in comparison with the exper-
imental data. The free-ion energy levels for 7F] (J=0-2) and 5Dy
listed in Table 6 are respectively equal to the gravity centers of
their CF levels in this approximation without considering J-mixing,
so a fitting calculation of free-ion levels was made by utilizing the f-
shell programs of MLF. Reid, where only F2 and & 4 parameters were
allowed to vary freely while the ratios of F* and F® to F2 and other
free-ion parameter values were fixed at the values given in Ref. [5].
The finally obtained F? and &, parameters are collected in Table 5
whereas Table 6 shows the calculated free-ion energy levels.
Secondly, we began to take J-mixing effect into account to dis-
cuss the CF splitting of F; and ’F,. To have a first impression of
understanding J-mixing, we evaluated the mixing percentages from

Table 4
Observed (Eexp) and calculated (Ecc) CF energy levels of Eu** ions doped in SnO; (unit: cm~!).
Multiplets No J-mixing J-mixing
Ecalc Eexp A= Eexp —Ecaic Ecalc Eexp A= Eexp —Ecalc
7Fo 0 0 0 0 0 0
7Fy 266 266 0 276 266 -10
412 412 0 428 412 -16
572 572 0 547 572 25
7F, 826 836 10 842 836 -6
918 912 -6 896 912 16
1057 1048 -9 1019 1048 29
1138 1137 -1 1108 1137 29
1306 1312 6 1380 1312 —68

Notes: The standard deviations for two cases are respectively 8 cm~' and 44 cm~!. The sixth rank CFPs are ignored in the J-mixing calculation as not contributing to the

splitting of the multiplets shown in the table.
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Table 6

Observed (or presumed) and calculated free-ion energy levels of Eu* ions doped in SnO; (unit: cm~1).

Multiplets ~ No J-mixing J-mixing The average mixing components in any crystal-field state of free-ion level
Ecalc Eexp A= Eexp - Eca]c Eca]c Efree A= Efree - Ecalc

7Fo 14 0 -14 —10 0 10 95.01%7Fo +3.56%"F, + 1.43%7F4

7Fy 393 417 24 366 389 23 95.42%7F1 +1.11%7F, +2.41%”F3 +0.80%” F4 + 0.26%’ F5

7F, 1058 1049 -9 1026 1001 -25 0.69%7Fo +0.64%7Fy +91.52%7F, +6.12%7 F3 + 0.38%7 F4 + 0.60%’ F5 + 0.05%" Fg

5Do 17259 17259 0 17129 17121 -8 N

Notes: E¢,c represents the fitting calculation values of free-ion energy levels. Ege. means the presumed free-ion’s energy levels (i.e. the corrected barycenters of split free-ion
energy levels) form the Eq. (10) when J-mixing taking into account, whereas Eex, stands for the measured barycenters of the CF energy levels and can be treated as the
free-ion energy levels when J-mixing not considered. The standard deviations for two cases are, respectively, 29 cm~' and 25 cm~'. The J-mixing effect is ignored for > Do, but

it pushes downward 7Fy and leads to the change of the Dy — 7F transition energy.

other 7F; multiplet (J' = 0-6) into ’Fy multiplets (J = 0-2) by using the
Eq.(7), Table 3 and the obtained CFPs without considering J-mixing
listed in Table 5. They are listed in Table 6 and only show the contri-
butions of the CFPs with k=2 and 4. From Table 6, it can be deduced
that the mixing percentages from the 7F, state into the ground ’Fg
state is important for this host, and the mixing percentages from
7F3 into 7F; is larger than that from 7F,. The fitting calculations
within 7F; multiplets (J=0-2) were implemented by diagonaliz-
ing the effective Hamiltonian matrix provided by Eq. (11). In the
diagonalization process, the sixth rank CFPs were neglected as an
approximation although they have an influence on the higher lying
stark levels of ’F,. The effective Hamiltonian matrix taking all other
7F] mixing into account was singly diagonalized within one multi-
plet and ch(7FJ) (J=0-2) can be obtained from the measurement
as shown in Table 6, but the energy level fitting was carried out
within the three multiplet due to simultaneously considering the
second and fourth rank CFPs, whose values are also listed in Table 5,
whereas Table 4 shows the calculated energy levels in comparison
with the experimental data. The fitting deviation is much larger
because the calculated highest Stark level of ’F, greatly deviates
from the experimental one due to not considering the sixth rank
CFPs. The presumed free-ion energy levels are shifted by J-mixing
effect, so we calculated the positions of free-ion energy levels rela-
tion to ’Fy by using Eq. (10), and collected them in Table 6. A fitting
calculation of free-ion levels was also made following the same pro-
cedure in the case without J-mixing. The finally obtained F? and &4¢
parameters were also collected in Table 5 whereas Table 6 shows
the calculated free-ion energy levels.

Finally, we paid some attentions to three most pronounced Stark
levels of the 7F; manifold. In the past few years, most people have
adopted the approximation of only considering the second rank
CFPs to analyze the J-mixing effects on the 7F; Stark levels of Eu3*
ions [26,27]. Although their obtained theoretical results may be
used to explain their experimental ones, the values of the obtained
second rank CFPs are still underestimated. In fact, the contributions
of the fourth rank CFPs for the mixing from ?F3 into ’F; cannot be
ignored. In our case, the calculated contribution of the fourth rank
CFPs is about 66% of the admixture from “F5 into ’F; by using Eq.
(7), Table 3 and the obtained CFPs without considering J-mixing
listed in Table 5. To show the influence of the fourth rank CFPs on
the maximum CF splitting of the 7F; state, we finished two CF cal-

Table 7

culations respectively including fixed the fourth rank CFPs or not
by following the method referred by Ref. [26]. The fitting calcula-
tions for 7F; was firstly carried out by only considering the second
rank CFPs, and the second rank CFPs are respectively obtained as
817cm~! for B and 327 cm~! for B3, which are smaller than the
values in the last column of Table 5. And then we added the fixed
fourth rank CFPs obtained from the last column of Table 5 to cal-
culate the Stark levels of 7F; again. The calculated levels of ’F; and
7Fo before and after adding the fourth rank CFPs are respectively
listed in two columns with the name “Method C” of Table 7. From
the Table 7, one can find the maximum CF splitting of 7F; is greatly
compressed from 308cm~! to 216cm~"! after adding the fourth
rank CFPs. This means the values of the second rank CFPs must be
increased to satisfy the experimental data as we expected.

As a comparison, by following the aforementioned procedure,
we used Eq. (8) (i.e. our method) and the same CFPs to generate
two sets of the Stark splitting of F; and 7Fy manifolds, where E(’Fg)
and E(7F;) was set respectively equal to 0 and 383 cm~! (i.e. stan-
dard values produced by free-ion calculation using the parameter
values in Ref.[5]). The reason why to use Eq. (8) instead of Eq. (11)
here is that the CF calculation referred by Ref. [26] is built on the
free-ion calculation using the parameter values in Ref. [5]. The rel-
ative positions of the 7F; and 7Fy Stark levels were collected in the
Table 7, which correspond to the two columns named by “Method
B” in Table 7. In addition, the methods proposed by Nishimura et al.
[27]is actually the special case of our method, which means we can
easily implement his calculation by limiting the summation index
J to 3 in Eq. (7) and only considering the second rank CFPs. The
related calculated results are also listed in the column with the
name “Method A” of Table 7. Two conclusions can also be deduced
from Table 7. One is that ignoring the mixing from 7Fj/ with J'>3
is reasonable for the CF splitting calculation of 7F;. Another one is
that the calculated results from our method coincide with those
from the method referred by Ref. [26].

3.2. TiOy:Eu3*

The two phases (anatase and rutile) of titanium dioxide TiO,
doped with trivalent rare-earth ions are widely studied due to
their potential applications as phosphors [28,2], low-temperature
luminescence-based gas sensing [29] and enhanced photocatalytic

Calculated CF energy levels of 7Fy and 7F; multiplets for Eu?* ions doped in SnO, by using different approaches(unit: cm=1).

Multiplets Only considering CFPs with k=2 Considering CFPs with k=2 and 4
Method A Method B Method C Method B Method C
7Fo 0 0 0 0 0
7Fy 244 244 249 285 272
398 398 396 377 373
569 569 557 508 488

Notes: The “Method A”, “Method B” and “Method C”, respectively, represent the three different schemes proposed by Ref. [27], us and Ref. [26]. In all the calculations, the
values of two second rank CFPs Bj and B3 are, respectively, fixed as 817 cm~! and 327 cm~!, and the other CFP values are obtained from the last column of Table 5.
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Table 8
Optimized parameters for Eu?* ions situated at a site of D, and C,, symmetry in TiO,
(unit: cm~1).

Table 9
Observed (Eexp) and calculated (Ecc) CF energy levels of Eu®* ions situated at a site
of C3y symmetry site in TiO, (unit: cm=1).

Parameter Value (Cyy) Value (D;) Level no. [2571L] Ecaic Eexp A=Eexp — Ecalc
Eavg 63,614 64,718 1. Fy -18 0 18
P 82,256 84,685 2. F 226 233 7
P 61,248 60,381 3. 7F 397 411 14
I 40,411 41,288 4, F 423 435 12
Ear 1,324 1,349 5. F, 739 668 -71
B2 99 24 6. F, 879 891 12
B -721 446 7. F, 1,092 1,060 -32
B} 1079 —-3733 8. F, 1,226 1,222 -4
B! -707 —-1945 9. Fy 1,801 1,819 18
B: —2414 1125 10. F; 1,909 1,956 47
B 2092 -3916 11. F3 1,954 1,994 40
BY -1697 -1853 12. Fy 2,037 2,027 -10
BS 1182 171 13. F3 2,048 2,069 21
BS 1073 121 14. Fy 2,460 2,449 -1
N (cf) 47 42 15. TE, 2,658 2,618 —40
N, (cf) 14 14 16. TE, 2,855 2,860 5
o (cf) 31.8 33.7 17. F, 2,929 2,951 22
7
Notes: The other free-ion parameters were fixed at the values given in Ref. 18. 7F4 3,061 3.072 1
) 19. Fa 3,142 3,114 -28
[5]. Ne (cf) and N, (cf) are, respectively, the numbers of crystal-field lev- 7
Is fitted and th b f freely adjustable free-i d CFPs: = 20. s 3186 3157 -2
els ed an e numbers of freely adjustable free-ion ani s: o(cf) = o1 5Dy 17.081 17.107 26
\/Z;l N f)(Ei(calc.)—Ei(exp.))z/(NE(cf)—Np(cf)). 22. 5D, 18,836 18,828 -8
=t 23. 5D, 18,877 18,861 -16
24, 5D, 18,900 18,871 -29
25. 5D, 21,278 21,247 -31
. . . 5
properties [30]. Recently [12], detailed spectroscopic study of 53 ng ;}fﬁ’? ;}‘ig; ;Z
. . . . . . . . 2 b B
trivalent europium in anatase jflO; was publlshed. slte—selectlve 8. 5Ds 24.109 24,093 _16
spectroscopy methods helped in identifying three different Eu3* 29. 5D, 24,144 24,157 13
sites denoted by them as Sites I, II, and III; detailed spectroscopic 30. :D3 24,260 24,248 -12
measurements resulted in obtaining positions of 26 Eu3* energy 3L Ls 24,500 24,497 -3
. - . . 32. SLg 24,567 24,565 -2
levels for site I, 47 levels for site I, and 42 levels for site IIl. According 33 S, 24656 24655 1
to the assignment of Luo et al., the sites I, Il and III can be respec- 34, 5Lg 24,871 24,882 11
tively referred to as the sites with the site symmetry C;, C,, and 35. SLe 25,107 25,143 36
D;. For site I, there are very few (three) observed CF energy lev- 36. Lo 25244 25186 -58
els in 7F; multiplets with the larger J values (J > 3). This makes the ;; Stﬁ ;g;g; ;g'ggg 7;3
. . . . . - 6 y y
determn}natlop of the sixth-rank CFPs dlfﬁcglt and the 1nc9mplete!y 30, s, 25.695 25.696 1
uncertain assignments of CF energy levels in these ] manifolds will 40. 5L, 25,909 25,920 11
also lead to an unrealistic set of CFPs. In addition, much more 41. st 25,979 25,991 12
CFPs will be further introduced for site I with lower site symme- 42. .G 26,081 26,099 18
t lative to another two sites in CF fitting calculations. Thus 43. Gs 26,171 26,184 13
Ty rela > g - ' 44, 5Gs 26,273 26263 ~10
we have chosen the two sets (site II and III) of Eu3* experimen- 45. 5Gs 26372 26391 19
tal energy levels reported in Ref. [12] for calculations of the CFPs in 46. 5G4 26,454 26,464 10
the TiO,:Eu* system. A large number of the experimental energy 47. °Gs 26,527 26,535 8

levels allow to vary not only 9 CFPs but also free-ion parame-
ters, such as Slater integrals and spin-orbit coupling constant, as
well.

Table 8 below shows the two sets of the free-ion’s parameters
and CFPs for two sites of Eu3* doped in anatase TiO,. With 47 and 42
energy levels respectively included into the fitting procedure, the
rms value is respectively 31.8 cm~! and 33.7 cm~!, which indicates
good fit quality. The next Tables 9 and 10 collect the correspond-
ing experimental energy levels of two sites of Eu3* in TiO, [12],
in comparison with our calculated results. From Tables 9 and 10,
one can find that there are large deviations between a few cal-
culated and experimental energy levels. For instance, the largest
deviation - 108 cm~! - between the calculated and experimen-
tal energy levels is for one component from the 5Dy level of site
D, of Eu3* (i.e. in Table 10). This shows the correlated CF effects
are needed to be further considered as reported previously in the
literature [31,32].

It should be emphasized that these calculations have been per-
formed using the complete basis set of the Eu3* 4f% configuration,
consisting of 3003 wave functions. Thus, the J-mixing effects were
taken into account automatically by means of the chosen basis
set. For the sake of brevity, only those energy levels which have
been experimentally detected in Ref. [12] are given in Table 9. The

Notes: The standard deviation is 31.8cm~". The symbol “[>*1L;]" represents the
dominative multiplet component of the crystal-field energy level.

complete calculated energy level scheme of anatase TiO,:Eu3* is
available from the authors upon request.

4. Discussion of the relation between CF strength
parameters and the maximum splittings of one J manifold
(J=1and 2)

It has been shown by Auzel etal.[20] and Maltaetal.[33] that the
maximum crystal-field splitting of J-manifolds is a linear function
of the CF strength parameters. Such a remarkable property allows
for efficient and reliable estimation of the maximum splitting of
particular J-manifolds (provided the set of the CFPs is known). It is
also possible to evaluate the CF strength parameter from the exper-
imental data (provided that the positions of the CF sublevels arising
from a particular J-manifold are measured with good precision).

To find out how the J-mixing effects contribute to the above
described relation, we considered two J-manifolds of Eu3* ions (7F;
and ’F,) in three hosts; SnO, (for which the experimental data
were obtained in the present work), anatase TiO, (with experi-
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Table 10
Observed (Eexp) and calculated (Ecc) CF energy levels of Eu?* ions situated at a site
of D, symmetry site in TiO, (unit: cm~1).

Level no. [254’1 L]] Ecaic Eexp A=Eexp “Ecaic
1. "Fo -3 0 3
2. F, 277 278 1
3. F, 384 377 -7
4. 7Fy 400 407 7
5. F, 697 677 -20
6. F, 875 880 5
7. 7F, 1,093 1,070 -23
8. 7F3 1,842 1,805 -37
9. 7F3 1,873 1,865 -8
10. 7F3 1,949 1,966 17
11. 7F3 1,960 1,980 20
12. 7F3 2,081 2,069 -12
13. 7F3 2,404 2,411 7
14. 7Fy 2,585 2,596 11
15. 7Fy 2,669 2,663 -6
16. 7Fy 2,931 2,952 21
17. 7F4 3,088 3,116 28
18. 7Fy 3,136 3,131 -5
19. 5Dy 17,020 17,063 43
20. 5Dy 18,745 18,787 42
21. 5D, 18,788 18,798 10
22. 5D, 18,914 18,806 —-108
23. 5D, 21,215 21,183 —32
24. 5D, 21,317 21,341 24
25. 5D3 24,028 24,031 3
26. 5D3 24,059 24,087 28
27. 5Ds 24,181 24,184 3
28. 5Lg 24,400 24,406 6
29. 5Lg 24,550 24,566 16
30. 5Le 24,804 24,781 -23
31. 5Lg 24,907 24,904 -3
32. 5Lg 25,048 25,065 17
33. 5Lg 25,053 25,107 54
34. 5Ly 25,182 25,190 8
35. 5G3 25,511 25,504 -7
36. 5L, 25,662 25,603 —-59
37. 5Ly 25,862 25,837 -25
38. 5G, 25,941 25,925 -16
39. 5L, 26,001 26,016 15
40. 5Ge 26,182 26,172 —-10
41. 5Gs 26,282 26,299 17
42. 5Ly 26,472 26,469 -3

Notes: The standard deviation is 33.7cm~'. The symbol “[>*'L;]" represents the
dominative multiplet component of the crystal-field energy level.

mental data for three possible sites from Ref. [12]), and ZrO, (with
experimental data from Ref. [34], based on the energies of the fol-
lowing emission transitions: °Dg — ’F; at 591.5 nm, 596.7 nm, and
598 nm). Table 11 along with Figs. 4 and 5 show the results of analy-
sis of the ’F; and F, splittings without and with taking into account
the J-mixing effects.

Table 11
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The CFPs and related CF strength parameters obtained from the splitting of the 7F; and ’F, levels for Eu®* ions in three different hosts (unit: cm~'). The values obtained with

J-mixing effects are given in the parentheses.

Host Site symmetry Fy 7F,
B} B2 N,(B?) N, = 1/ N2(B2) + N2(B4)
Sno, Dy, (or Cap) 777 (936) 298 (501) 1401 (1861) 3499 (3612)
TiO, D, 265 (~24) 202 (446) 618 (1001) [4090] (5879)
Coy 377 (99) 363 (=721) 1010 (1624) [3676] (4683)
G 603 233 1089 -
ZrO, Cy 368 300 890 -

Notes: The J-mixing has not been considered for all the cases because there are not enough data to implement J-mixing calculation for every site or host. The value in the
bracket was obtained from the fitting calculation of CF energy levels within the separate multiplet ’F, where the theoretical CF energy levels were including in the fitting

calculation due to the lack of experimental data.
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41. J=1

Ifonly a single 7F; level is considered, then determination of the
B%, B% parameters is straightforward. In the J=1 case the obtained
Ny(B?)values excellently follow the straight line predicted by Malta
etal.in their Ref.[33] (Fig.4). The proportionality constant between
the maximum splitting and the CF strength parameter is about
0.218 if the o parameter in Eq. (7) of Ref. [33] is regarded as 0 in
a good approximation due to the symmetrical splitting observed
for the 7F; level. However, if the 7F, and 7Fs perturbation terms
are added (SnO; and TiO, (D, and Cyy) systems), the CFPs should
be increased, in order to fit the experimental splittings of both
states. Such a behavior of CF strength is illustrated by the horizontal
dashed arrows in Fig. 4; it can be explained by repulsion of the CF
energy levels between J=1 and J=2 and 3 manifolds, which can be
compensated by corresponding increase of CFPs. This observation
leads to the conclusion that if the CFPs obtained from fitting of the
J=1 states only are used to calculate the CF splitting in a larger basis
set, reliable reproduction of the experimental results would not be
possible. As a consequence, re-fitting procedure (which results in
an increase of the CFPs) should be used if such an enlarged basis set
is employed in the CF calculations.

The dashed line in Fig. 4 goes through three data points of the
J-mixing calculations as a guide to the eye. Since not enough exper-
imental levels were given for ZrO,, TiO, (C; ) systems, the J-mixing
calculations are not possible. Nevertheless, approximate estima-
tions of the CF strength parameter Ny(B2) for ZrO, (as 1345cm~1)
and TiO,(Cq) (as 1632 cm~1) can be easily obtained from Fig. 4.

42. J=2

Maximum splitting of the 7F, level is depicted in Fig. 5. The
straight line here is the maximum splitting of the 7F, as described
by Auzel et al. [20], and the dashed line is a plot of the following
equation:

AE = Agggfgigggfiﬂ
T | g(ga+2)(ga+ N

1/2
| L s o ey s e
k=2,4

(12)

where N, = \/N2(B2) + N2(B%) is the CF strength parameter for
the J=2 manifold, g is the state number of this manifold (i.e. 5),
and g, equal to g is the degeneracy effectively removed by field.
(4f8[(SL]2||U%)|| 4f8[(SL]2) and (f||c®)||fy are the RME of the multi-
electron unit tensor U) and the single-electron spherical harmonic
tensor c%), respectively.

This equation has been derived similarly to Eq. (15) of Ref. [20],
with that difference that only CFPs of the second and fourth rank
are considered (since the matrix elements of the CF Hamiltonian are
zero on the wave function of the J=2 manifolds, if the sixth rank
operators are considered). The only difference between Eq. (12) we
proposed and Eq. (15) of Ref. [20] happens upon the power of the
absolute value of the product of all the RMEs of the multi-electron
tensor C'K) (defined by Wybourne [6]) within one J manifold. This
originates from the approximation proposed by Auzel et al. (i.e. Eq.
(14) of Ref. [20]) is not held in general. This approximation actually
presents the viewpoint that one quadratic equation of a quadric
surface in the k-space (k is CFPs rank) can be replaced by a sphere
of the same volume, which implies the dimension of k-space must
be three. For those manifolds with larger J value (J> 3), it is very
suitable and right as shown in a lot of successful applications of
their theory of Ref. [20], because the possible values of k are equal

to 2,4 and 6 according to the selection rule (k < 2J) (i.e. three dimen-
sional k-space). But for these manifolds with J=1 or 2, the possible
values of k are respectively equal to 2, or 2 and 4, which means the
three dimensional k-space (3-D) essentially degenerate into 2-D
or 1-D. Thus, their viewpoint shall be further modified as that one
quadratic equation of a quadric surface or curve in the k-space can
be replaced by a sphere or circle of the same volume or area, and
the power must be written as 1/3 for 3-D and 1/2 for 2-D. For 1-D
case, this approximation can be skipped as shown in Ref. [33] (i.e.
the power is 1).

As seen from Fig. 5, the estimations of the ’F, maximum split-
ting for SnO, and TiO, (D, and C,,) closely follow the solid line
of Eq. (12). The proportionality constant between the maximum
splitting and the CF strength parameter is about 0.141. In addition,
similarly to the previous case of the 7F; manifold, inclusion of the
J-mixing effects implies increase of the CFPs values, if the experi-
mental splitting is to be kept as close as possible to the calculated
results. Absolute value of the CF strength parameter increases sig-
nificantly with increase of the maximum splitting; it varies only
from 3499cm~! to 3612cm™! for SnO, (with the 7F, splitting
476cm1) and it changes more significantly from 4090cm~! to
5879cm™! for D, site of TiO, (when the 7F, splitting equals to
621cm~!) and from 3676cm™~! to 4683 cm™! for Cy, site of TiO,
(when the 7F, splitting equals to 554 cm~1). According to the anal-
ysis of J-mixing for 7F; state, three data points of the J-mixing
calculations for 7F, state can be expected to be uniformly dis-
tributed nearby the dotted line as plotted in Fig. 5. But the data
point of SnO, deviates from the assumption. This is because the
theoretical energy position of the highest-lying CF energy level of
7F, state is overestimated due to ignoring the sixth rank CFPs in the
J-mixing calculation for SnO,, which leads to the underestimate of
the CF strength parameter. Thus, to obtain the accurate CFPs, the
experimental CF energy level of 7F5 or high-lying ’F; maybe need
to be known as discussed in Section 2.

These examples unambiguously show importance of proper
consideration of J-mixing effects for analysis of CF splitting of Eu3*
energy levels, thus urging to use as large basis set as possible. Even
when excellent fittings can be performed for the 7F; and ’F, man-
ifolds with very small rms deviation between the calculated and
experimental energy levels, the obtained sets of CFPs are by no
means fully applicable to calculations of CF splitting of other mani-
folds, but rather provide a lower estimate of the actual CFPs, which
would lead to considerable underestimation of the experimentally
measured CF splitting of the high-lying manifolds.

5. Conclusion

In the present work we have calculated the energy level schemes
of Eu3* ions in a number of metal oxide matrices. A perturbation-
theory based approach developed in the present paper, allowed
to quantify the J-mixing effects (produced by CF interactions) by
evaluating the actual composition of the J-states in terms of the
CF strength parameters. Inclusion of non-negligible contribution
from higher located J-manifolds is crucial for modeling the CF split-
tings and intensities of the electric-dipole transitions. In addition,
the relation between the maximum CF splittings and CF strength
parameter for ’F, state was discussed for the first time, and the
original theory proposed by Auzel et al. was further developed. The
modified theory can also be applied to the manifold with J=1/2 and
5/2 (here the value of ] should satisfy the condition 0<J<3, due to
the above-mentioned CF operators selection rules).

The developed method of analysis of the Eu3* energy level
scheme has been successfully tested on three Eu3*-doped hosts: (i)
SnO, (cassiterite); (ii) TiO, (anatase); (iii) ZrO, (monoclinic). Good
agreement between the calculated and experimentally derived
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energy level schemes serves as an indication of correctness of the
suggested model. As a result of the performed CF analysis, reliable
sets of CFPs have been obtained for all systems.

The J-mixing effects were proven to be of crucial importance for
getting reasonable agreement between the calculated and exper-
imental energy levels. In the simulation of the CF splittings of
7F; state (J=1 or 2) when considering J-mixing effect, our cal-
culation showed that the neglect of the CFPs with rank k=2/+2
will lead to significant underestimation of all CFPs values. Sep-
arate consideration of the CF splitting of individual manifolds -
although quite often used in the literature - cannot produce a
suitable set of CFPs, but, in the best case, gives the lowest CFPs
estimate.

A similar consideration of treating the J-mixing effects can be
performed for other rare-earth ions.
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