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Abstract

the effective section and the decay times.

Emission, absorption, and excitation spectra of 4f — 5d transitions of Ce*"ions in yttrium aluminum borate (YAB)
crystal are reviewed and successfully reproduced by theoretical investigations. The Ce*" energy level diagram has
been compiled after a careful analysis of the optical spectra. Theoretical calculations based on free ion and crystal
field Hamiltonians are used to interpret the observed transitions. The 4f and 5d crystal field parameter permits
determination of the engine states of Ce** ion in YAB and then calculating the absorption line intensities as well as
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Background

The 4f¥ — 4f\"'5d transitions of lanthanide ions have
been extensively studied due to their important role in
many luminescent devices [1,2]. Dorenbos et al. have
made an extensive compilation of the experimental data
for these transitions, from which a semi-empirical
model has been proposed [3,4]. It was demonstrated
that once the energy difference between the lowest 54
and 4f levels of a Ln®* ion is known for a given crystal,
then such energy difference for all other Ln®" ions in
the same crystal can be predicted by the model quite
accurately. The Ce®**5d — 4f transitions are allowed by
both spin and parity selection rules with a short radia-
tive lifetime of about 10 to 50 ns, which is desirable for
applications in scintillations, light-emitting diodes, and
field emission displays [5-7].

In this article, optical properties of yttrium aluminum
borate (YAB): Ce>" is going to be further highlighted by
a detailed theoretical study. The emission, absorption,
and excitation spectra of Ce®" doped in yttrium
aluminum borate (YAl3(BOs)y) single crystals are re-
cently reported [8]. The polarized emission spectrum
permits determination of the °Fs, Stark splitting in
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agreement with EPR results [8]. However, these levels
were not characterized with respect to symmetry type,
and no attempt was made to analyze the observed en-
ergy level structure in terms of model crystal field
Hamiltonian. Based on our recent works on rare earth
ions in YAB, Er®* [9], Yb*" [10], and Tm>" [11], we
present a detailed crystal field investigation for Ce®** ion
in YAB in order to interpret the different spectra. Using
the eigenvectors of the crystal field levels originating
from 4f and 5d configurations, the absorption intensity
peaks are reasonably well simulated, and the calculated
decay time of the 5d — *F5, emissions will be compared
with experimental value.

Crystal structure

YAB belongs to the double borate family which crystal-
lizes in the trigonal structure of the mineral CaMgs
(CO3), and belongs to the Rs, space group. The yt-
trium occupies sites in trigonal prisms, whereas the
aluminum and boron atoms are situated, respectively,
in the octahedrons and triangles of oxygen with cell
parameters a = b =9.295 A and c=7.243 A, Z=3 [12].
Indeed, the Y>* ions can be replaced by other trivalent
RE ions to give optically active materials [13]. Ce®*
replaces Y** in sites through sixfold oxygen coordin-
ation and trigonal geometry with D3 point symmetry.
The AI®* ions are in octahedral sites, whereas the B>*
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ones are surrounded by three oxygen atoms with tri-
angular geometry.

Theory
Matrix elements of Hamiltonians
The single electron Hamiltonian is given by:

H = Hy + Hso (1)

where H, is the electrostatic Hamiltonian translating the
Coulomb interactions with the nucleus, and Hgg is the
traditional spin-orbit coupling Hamiltonian.

Ho=&T1.S (2)

In the absence of Hgo, the Ce®" ion possesses [s.c.c]
4f configuration as fundamental state and [s.c.c] 5d
configuration as first excited state. The 4f fundamental
level with F spectral term is separated into two multi-
plets: %F.,» and 2F,,, under the influence of the spin-
orbit coupling with an energy difference of about
2,500 cm™. According to Hund's rules, the fundamen-
tal state is 2Fs/,. The ?D first excited term splits into
two multiplets: D3/, and *Ds),.

Due to the action of the crystal field Hamiltonian with
D3 symmetry, the (2/+ 1) fold degeneracy of the free ion
states is lifted in a way that is predictable by group the-
ory. The number of the Stark components of a ***'L,
state of Ce®* is (2] + 1), and each sublevel may be classi-
fied as having either E;/, or E3/; symmetry in D3 rotation
group.

The number and symmetry of the resulting states are
expressed by the full rotation compatibility table
(Table 1). Selection rules for electric dipole transitions
can then be deduced by group theory considerations
(Table 2).

The crystal field Hamiltonian describing 4f and 5d
configuration states is given by:

Hcr = Zququ (3)
k.q

In the case of a crystal field with D3 symmetry, only
six real crystal field parameters (CFPs) are nonzero for
the 4f configuration:

Table 1 Rotation compatibility table of the D; double
group

J E°
3/2 EitEsp
5/2 2B, +Espn

7/2 3E]/2+E3/2
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Table 2 Polarized electric dipole transition selection rules
for the D; double group

Ei/2 Es/»
B2 m 6 6
B3 6 m

f A0 00 5(m3 23 020
Hcp = BZCZ —|—B4C4 +B4 C4 C4_ +B6C6
~-3 ~3 ~6 ~ -6
+B3(Cy -Cq) + B5(Co+ Cy) (4)

The energy level simulation is usually carried out con-
sidering simultaneously both free ion and crystal field
effects. The details of the fitting procedure are reported
in reference [9]. The starting values of the 4f CFPs have
been calculated by averaging over the values reported
for the Er®*, Yb?*, and Dy3+ in YAB [9,10,14]. All para-
meters have then been allowed to vary freely in order to
minimize the difference between experimental and the-
oretical Stark energy levels.

The above Hamiltonian can also be utilized for the 54
configuration. In this case, the sixth-order crystal field
terms BY, B, and Blare equal to 0, and the spin-orbit
coupling constant is &,(r).

However, unlike the 4f configuration, the 54 config-
uration experiences a crystal field interaction that is
considerably larger because 5d electrons are directly
exposed to the host crystal field. In our case, we
have considered the entire Hamiltonian with no ap-
proximation in order to calculate the 4f and 5d en-
ergy levels.

Opticaldensity
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Figure 1 Optical absorption of Ce>*doped in YAB crystal

measured at 300 K [8].
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Figure 2 Excitation spectra of YAB-doped Ce>**measured at 300
K. Emission is measured at 345 nm (continuous curve) and at 371

nm (dashed curve) [8].

Matrix elements of f " — f N~'dtransitions

The interconfiguration transitions are allowed in the
order of electric dipole transitions. They can be correctly
described by considering that their intensities are pro-
portional to the square of the constituents of electric di-
pole estimated between the final and the initial states.
The electric dipole is given by:

D= Z —eT; (5)

where —r; is the position of the ith electron.
The L unpolarized transition intensities of zero-phonon
lines between the 4f and 5d levels is expressed as:

I,foouif<\|/4fN715d‘D;‘\|J4f1 >2 (6)
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where 9; is the zero-phonon line transition wave number,
Dq is the electric dipole operator, and the summation is
over the polarization g (g =0, +1).

These matrix elements were calculated using the pure
electronic wave functions obtained by the energy level
calculations for 4f and 5d configurations. In the calcula-
tion, we made the approximation that the f— d transi-
tion intensity is proportional to the zero-phonon line
energy. The matrix elements are calculated between
starting level states [15]:

<4fN715d7 , La S7 Ia M] |D(11|4'f17 0(/7 L/7 S/7 I/’ M]/> (7)

Radiatif lifetime and oscillator strength

The decay time is a significant parameter to estimate the
efficiency of a laser system. This decay time 7 between i
and i’ states is given by:

1
- 8
= (8)

6412k n(ky ) K (ki)
%Sw = 7.23561010%&/ ©)

where A;; =

Ay is the probability of spontaneous transition be-
tween the degenerated levels in the condensed mate-
rials [16,17], n(k;,) is the refractive index, k;, is the
wave number, g, is the degeneration degree of the
first excited state, and S;;, is the electric dipole tran-
sition line strength. The refractive index #n is sup-
posed to be equal to 1.72 because it's change is small
in the YAI3(BO3), crystals in the studied spectral
range [10].
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Figure 3 Excitation spectra of Ce>*-doped XAl;(BO3), crystals as function of temperature. Solid line, 30 K; dashed line, 300 K (X=Gd, Y, Lu) [20].
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The electric dipole transition line strength between
the i and i/ states is connected to the oscillator strength
fii by the following quotient [18]:

3hg, o,
& — 0921894101 2Ly,

Si’i o2 7 .
8T[2Wlel'/l‘ kl‘fl‘

(10)

where g; is the degeneration degree of the first funda-
mental state.

Finally, the oscillator strength parameter is given by
[19]:

mc®  3n
2e2N n? + 2

3
— 6781001,
n2+2

fir=10%In10 Ly

(1)

where [;; is the intensity transition and N, is the Avogadro
number.

Results and discussion

Absorption and excitation spectra

The basis of our theoretical analysis will be the optical
spectra of Ce®" doped in YAB crystals [8,20]. The most
careful study reported in the bibliography about this
subject is that of Watterich et al. [8].

Figure 1 presents the absorption spectrum of cerium-
doped YAB crystal realized at room temperature [8].
This spectrum extends over a spectral domain varying
from 200 to 400 nm and can be decomposed to seven
bands, labeled from 1 to 7. Five bands among them
should be attributed to the electric dipole transitions
from 2F5, ground state to 5d levels.

35
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25 4

2.0

1.5+

Intensity (a. u)

1.0 4

0.5

0.0

T T T T T v T T T
25000 30000 35000 40000 45000 50000

Wavenumber (cm'l)
Figure 4 Deconvolution of the absorption spectrum of YAB-
doped Ce**measured at 300 K. The green curves correspond to

the deconvoluted absorption bands. The pink curve represents the
absorption spectrum obtained by the deconvolution.
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Table 3 Experimental energy levels and their corresponding
intensities calculated from the absorption spectrum of YAB:
Ce

Peak Energy (ecm™) Intensity (a. u)
1 31,152 14
2 32,934 0.38
3 36,741 0.81
4 39,657 0.78
5 40,533 1.64
6 48,561 1.36
7 50,535 13

(Figure 4, after deconvolution).

The excitation spectrum of YAB:Ce measured in the
200- to 400-nm range is presented in Figure 2. The
seven detected bands correspond well with those
detected in the absorption spectrum (Figure 1).

By considering the decomposition of 4f and 5d config-
urations under the influence of spin-orbit coupling and
crystal field effect, we expected only five lines corre-
sponding to transitions from the *F5, (F;) fundamental
state and the five Stark levels stemming from *Ds/, and
’Ds/, multiplets. Indeed, the evolution of these peaks
with temperature presents different behaviors. The peaks
1, 2, 4, 6, and 7 are not affected by the temperature vari-
ation; however, the peaks 3 and 5 are shifted to lower
energies when increasing the temperature (Figure 3).
These two emissions are then related to the YAB host,
whereas 1, 2, 4, 6, and 7 peaks are related to the Ce®* in-
ternal transitions, which are due to the electric dipole
transitions from *Fs/, ground state to 5d levels.

The best deconvolution of the absorption spectrum is
obtained for seven Gaussian bands (Figure 4). The ex-
perimental energy levels and intensities of each band are
reported in Table 3.

It is worth noticing that the deconvolution of the ab-
sorption spectrum was realized by considering, in the
first step, five bands and six bands; however, the ener-
getic position and the intensity of each band obtained in
these cases were not in agreement with theoretical cal-
culations. For these reasons, we have considered seven

Table 4 Theoretical and experimental intensities of the
lines of YAB:Ce3* corresponding to the 4f — 5d
transitions

Peak lthe (a. u) lexp (a. u)
1 14 14
2 0.36 0.38
4 046 0.78
6 1.28 1.36
7 13 13

lexps €Xperimental intensity; /e, theoretical intensity.
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Figure 5 Experimental and theoretical absorption lines of the
Ce**in YAB.

bands for which we have obtained a good agreement be-
tween experimental and theoretical results (Table 4,
Figure 5).

Emission spectra
The room-temperature emission spectrum of YAB:Ce®*
excited at 274 nm is presented in the 300- to 440-nm
spectral range (approximately 22,000 to 34,000 cm™)
(Figure 6). This spectrum is badly resolved, and it shows
the contribution of ?F5, and °F,, multiplets, corre-
sponding to transitions from the 54" fundamental state
to the Fy, Fy, F3, Fy, F5, Fg, and F; Stark levels stemming
from 4f' configuration. It consists of a broad band with
a double structure.

High-resolution polarized emission from the *D least
excited to the 2Fs, ground state measured at 4 K
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indicates a splitting of this state into three levels. To de-
termine the decomposition of Stark levels stemming
from *Fs), and F,,, multiplets, Watterich et al. [8] used
a polarized emission spectrum of cerium in YAB realized
at 4 K (Figure 7). Three various bands are detected: two
o bands for E L [0001] and a 1t band for E//[0001] [8].
This high-resolution polarized emission spectrum indi-
cates that the °Fs, state possesses three constituents.
The second level is then located at 277 + 18 cm™* above
the fundamental level, and the third is located at 140 +
10 cm ™" above the second one.

On the basis of these data, Watterich et al. [8]
have proposed a schematic energy level system for
Ce®" in D3 symmetry site. However, these levels were
not characterized with respect to symmetry type, and
no attempt was made to analyze the observed energy
level structure in terms of model crystal field
Hamiltonian.

Based on our recent works on rare earth ions in YAB,
Er* [9], Yb** [10], and Tm>* [11], we have determined
the crystal field parameters of Ce** ion in YAB by con-
sidering the general trend of these CF parameters with
the ionic radius of the rare earth ions [11]. This general
trend allows the prevision of the emission ranges of each
rare earth ions in the YAB host by calculating the crystal
field parameters and then the theoretical Stark energy
level diagram.

The calculated CF parameters of Ce®** in YAB for
the 4f level are reported in Table 5. Using these
parameters, we have established a theoretical Stark
energy level diagram of the Ce®" ion (Table 6). The
calculated values are in good agreement with the ex-
perimental diagram of the *Fs, ground state deter-
mined by Watterich [8]. By considering the 2F. )y
excited state, we have estimated the positions of all

Intensity (a. u)

00

T T
22000 24000 26000

Wavenumber (cm’")

Figure 6 Emission spectrum of Ce**-doped YAB, measured at 300 K and excited at 274 nm [8].

T
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Figure 7 Polarized emission spectra of YAB:Ce>**measured at
high resolution (0.15 nm). (a) £ L (0001) and (b) E//(0001) [8].

emissions from the 2D ground state to the F,,, Stark
levels. The calculated energies correspond well with
the emission lines labeled in Figure 6.

The fitting procedure was then performed between
the calculated and experimental Stark energy levels.
The final set of the CFPs changed relatively little from
the starting set (Table 6). Furthermore, the D; — *Fs/,
and D1—>2F7/2 transitions reported in Figure 6, which
are not included in the fitting procedure, can be
assigned using the calculated Stark energy levels of
2F5/2 and 2F7/2 reported in Table 6, confirming our
assignment.

For the 5d excited level, the calculated crystal field
parameters leading to the best fit between experimental
and theoretical Stark energy levels are represented in
Table 7. The comparison between theoretical and experi-
mental energies is reported in Table 8.

Each level is calculated with its symmetry type E;/, or
Ez;» in D3 double group. The consistency between the
two sets of data is reasonable, and the calculated irredu-
cible representations of the Stark levels reflect the
polarization behavior of the corresponding transitions
(Figure 8).

Table 5 Calculated crystal field and spin-orbit parameters
(cm™") for the f electrons in YAB:Ce3*

qu(f)
Calculated parameters (cm™)

Initial parameters (em™)

Bao 254 247
Buo ~1,081 ~1,165
Bus 682 612
Bso 1,440 1515
Bes -877 -728
Bss —560 —606

& 540 579
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Table 6 Experimental and theoretical Stark energy levels
(em™") of 4f electron in YAB:Ce3*crystal

’F Ethe (cm™) Eexp (cm™) Irreducible representations
’Fs) 0 0 Ei»

241 241 Eva

392 392 Eys
’Fy 2,018 2,015 Ei

2,253 2,258 Es

2421 2426 Evs

2,588 2,587 Ei

Eexpr €xperimental Stark energy level; Ey, theoretical Stark energy level.

Verification of the polarized spectra
Knowing the symmetry site occupied by an ion in a
given crystal, the group theory allows us to determine
the number and symmetry of the Stark levels stemming
from every multiplet **'L, The resulting states are
expressed by the full rotation compatibility of group
table (Table 1). The selection rules for the electric dipole
transition can then be deduced by group theory consid-
erations and are listed in Table 2.

The calculated eigenstates of the 4f Stark energy levels
are given by:

7 7 75 71 7 1
EI:H]I):“IE;E +or 39 +0g ) +0(5§7—§
n 7 5 n 7 7 +B 55 (12)
a7|=,—= )t+ogl=,—= —,=
727 2 827 2 12,2
51 5 1 5 5
+Bs §>§>+ﬁ4§a§>+f36§7§>
7 3 7 3 53 5 3
E: [¥1)=a3 §a§>+a6 5 7_§>+Bz §7§>+[35 B 7—§>

(13)

where the |¥) states are written in |J,M;) representa-
tion, M;=], J-1,...,-] being the z projection of J=7/2, 5/
2, and a; and f3; are reels.

Table 7 Calculated crystal field and spin-orbit parameters
(em™") for 5d electron in YAB:Ce** crystal

Byq(d)
Initial parameters (cm™) Final parameters (cm™')
Bao 10,519 [21] 25,754
Bao —24,549 [21] —28,764
Bas - 457
Fo 30,000 40,542
&y 1,140 [22] 1,083




Kebaili and Dammak Journal of Theoretical and Applied Physics 2012, 6:21

http://www.jtaphys.com/content/6/1/21

Table 8 Experimental and theoretical energy levels (cm™)
of 5d electrons in YAB:Ce>*

Egne (cm™) Eexp (cm™) Irreducible representations
D) 30670 31,152 Esp
32,895 32934 E.
Dsy, 39,499 39,657 Eio
49,341 48561 Ess
50,302 50,535 B

The calculated eigensates of the 54 Stark energy levels
are given by:

155 151 |5 1
E%“I’z)z o §,§>+0(3 §,§>—|—0(4§,—§> (14)
—Q-(x/s 5+B/31+ﬁ/3 1
627 2/ 2272/ P27 2
15 3 15 3 13 3
E%Z“ljg): 253 §,§>+(X5§,—§>+Bl §a§> (15)
/13 3
+B4§a_§>

where the |¥,) states are written in |],M]> representa-
tion, M; =], J-1,...,-] being the z projection of /=5/2, 3/
2, and a; and ; are reels.

Using the symmetry type (E;/, E3/») of these wave func-
tions, all the polarized spectra are confirmed (Figure 7). In-
deed, the study of each wave function associated to 4f and
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5d levels permits the determination of the allowed transi-
tions between 2Fs, level (F;, F,, and F3) Stark states and
the ?D;, (D) first excited state. We note the presence of
two o transitions (*Ds,, — F; and *Dsj, — F,) and one 7
transition (*Ds;, — F3). A schematic representation for
these transitions is given in Figure 7.

Decay time of the 5d — ?Fs,, transition

To calculate the decay time of Ce®" luminescence in
YAB crystal, it is necessary to calculate the oscillator
strength, the effective section, and the 54 — *F5,, prob-
ability transitions. For the D;—%F5; (i=1, 2,..., 5)
transitions, the theoretical decay time, using equations
presented in the section ‘Theory, ends to the values
reported in Table 9. The calculated values are in the
same range compared with the experimental decay
time (25 ns) measured for the Ce®*" in YAB for the
5d" — 2F5), transition (340 nm) [20].

Conclusions

The optical spectra of Ce®" ion doped in YAB crystal
are investigated by presenting the various Hamiltonians
which describe 4f— 5d transitions. The 4f and 5d con-
figuration energy levels and wave functions of Ce®" in
YAB crystal have been calculated using a model which
includes spin-orbit coupling and crystal field inter-
action. The Stark energy levels have been obtained
with their corresponding irreducible representations of
D3 double group. Calculated irreducible representations
are in good agreement with theoretical prediction.
Using the calculated eigenvector, the absorption peak

5d

#

D5, and “Fs,, terms

E1/2

E3/2

E1/2

E1/2 s
E3/2 } D3/2

El/2

El/2

2
l::7/2

E3/2

EI/2

E3/2

E 2
172 Fs;

Figure 8 Energy level diagram of 4f and 5d configurations of Ce** in YAB. The arrows show the electric dipole permitted emission between

E1/2
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Table 9 Calculated parameters for 5d — *Fs,transition of
Ce** in YAB host (i=1, 2,..., 5)

Fi Sie (m?) A 7; (ns)
D, 8921107° 5363 1022 1.92610° 52
D, 222107 12410722 5510 182
Ds 303107 1411077 108108 9.2
Dy 7.84107° 293107 43810° 23
Ds 803107 294107% 46610° 2.14

intensities are reasonably well simulated. Previous as-
signment of the 5d electronic energies in YAB:Ce®" is
critically examined, and in light of the new energy
level and transition intensity calculations, a revised as-
signment is put forward for the 54 energy levels. The
calculated relative intensities of the profiles, as well as
the decay time of the 5d — F5), transitions, are in ac-
cordance with the experimental values.

Methods

We have carried out theoretical analyses of the optical
spectra of Ce®" ion doped in YAB crystal. A simulation
program was developed in order to calculate the fand d
electrons' crystal field energy levels in a crystalline host.
This program written in C language was developed to
calculate the theoretical Eigen states and the line inten-
sities of the f— d transitions and then the decay time
5d — *Fs, transitions.
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