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Low temperature, infrared absorption spectra of gadolinium gallium garnet crystals doped with Ce are
presented. In the region of intraconfigurational 4 /-4 f transitions the spectra exhibit existence of at least two
different, major Ce** related centers in the GGG crystals and also some other centers at lower concentration. The
spectrum of 4 -4 f intrashell transitions of Ce** ions extends up to about 3700 cm™' due to the large splitting
of the 2F,), excited state. In the visible region the absorption spectrum shows influence of symmetry-related
selection rules. The absorption coefficient changes in the region of 4 f!-5d" transitions due to thermal population
of the second level, belonging to the ? Fs/, ground state. This suggests that the symmetry of the site occupied by
Ce’* ions, which substitute Gd*, is higher than D, expected for garnet hosts.
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I. INTRODUCTION

Cerium doped materials are the subject of numerous
studies for solid state laser materials,"> phosphors,>® and
scintillators.”!? Ce3* has the simplest of the 4 f” ground state
configurations (n = 1) and in many compounds it exhibits
broadband emission originating from parity allowed intercon-
figurational 4 f°5d' — 4 f154° transitions. Itis also studied for
better understanding of d <> f absorption and luminescence
processes, both experimentally''~'* and theoretically.'*'® The
special importance of Ce** ions among the lanthanides comes
from the fact that the splitting of 5d states of cerium can be
extrapolated and used for the analysis of f-d spectra of other
rare-earth ions.

Gadolinium gallium garnet (GGG) doped with some
rare-earth ions is an important laser material.!”>!® Its optical
properties are also studied upon doping with various
transition-metal ions.'*?> The crystal structure of GGG is
described by the /a3d space group (No. 230) and there are
eight formula units in one cubic unit cell with the lattice
constant 12.3829 A2} Ce’* ions doped in GGG substitute
Gd** ions in sites eightfold coordinated with oxygen ions
in D, point-group symmetry, as shown in Fig. 1. The
geometrical figure formed by the GdOg molecule can be
viewed as a highly distorted cube (each side of this cube is
divided into two triangles, tilted slightly against each other).
More detailed inspection of the nearest neighborhood of the
Ce* dopant demonstrates that there are two kinds of oxygen
ions (hereafter, termed O1 and O2) with different interionic
distances R(Ce-O1) =2.35842 A and R(Ce-02) =2.47268 A.
Such alocal coordination environment is similar to that of Ce**
ions in the well-known Y3Als01, (YAG) reported in Fig. 1 of
Ref. 24, suggesting that the optical properties of Ce>* ions in
YAG may be regarded as a good reference for our system.

As it has been shown in Ref. 25, the distances between
the central rare-earth (RE) ion and the two nonequivalent
surrounding oxygen ions are a function of pressure in GGG
crystal. For this crystal at a pressure of ~11.8 GPa the distances
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between the central Gd and all surrounding oxygen ions
become approximately equal to each other. The dodecahedron
surrounding the central RE ion in GGG host is transformed
into a polyhedron with two opposite slightly rectangular (not
square-shaped) faces, which are parallel to each other but
twisted around the vertical axis. Each of the four other faces
still forms two triangles (typical for the REOg dodecahedron
in a garnet structure). The shape of this figure (similar to a
square antiprism) has a symmetry close to D,; (higher than
D, symmetry, and closer to cubic); although it still can be
viewed as a distorted cube. The approximate picture of the
GdOg molecule at a pressure of 11.8 GPa is shown in Fig. 3
of Ref. 25. Substitution of Gd** ion with Ce** can lead to the
similar effects as application of pressure.

In some garnets Ce®* ions form very efficient luminescence
centers, in the others the luminescence is absent due to
nonradiative energy transfer processes. Y3Als0p, (YAG)
belongs to the first group of garnet crystals, while Gd;GasO;
(GGG) and Y3Gas05; (YGG) garnets represent the second
one.%¢

The electronic energy structure of Ce’* ions with 4 f!
configuration has a 2F;s »2 ground state and a 2F7/2 excited
state. Crystal field (CF) and spin-orbit interactions split these
two states, although it is common to present these states as
two levels separated by about 2200 cm™!, as in the classic
Dieke diagram.”’” Luminescence studies of d <> f transitions
often support this picture since the luminescence spectra can
be deconvoluted into two semi-Gaussian bands separated by
about 2000 cm~!.2° On the other hand, an old paper by
Herrmann et al. reports a large splitting of the Ce* excited
level in the yttrium gallium garnet explained with theoretical
analysis including states of D, and cubic symmetry.'*

It is well known that multicenters’® of rare-earth and
transition metal ions occur often in garnets. It is associated with
structural imperfection of these materials, such as existence of
so-called antisites, exchange of cations between dodecahedral
and octahedral sites, nonstoichiometry, and other defects
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FIG. 1. (Color online) Schematic representation of the local
coordination structure of Ce** occupying the site of Gd** in GGG.

existing in the crystal structure of garnets. However, there is a
shortage of information on the structure of Ce3* multicenters
in garnets. The zero-phonon lines of d < f transitions are
weak, if not completely quenched, due to strong electron-
lattice interaction and a large Huang-Rhys factor. Nevertheless,
arecent paper by Feofilov et al.*° shows some indirect evidence
of Ce** multisite structure in YAG crystal.

In this paper we present direct evidence of multisite
structure of Ce-doped GGG crystals. The low-temperature,
far-infrared absorption measurements show that the splitting
of the excited 2 Fy /2 level is very large and extends up to about
4000 cm™!. The theoretical crystal field analysis supports our
experimental findings.

Both experimental and theoretical studies of the 4 /-4 f and
4 f-5d absorption transitions of Ce* ions in GGG presented
here show the importance of site symmetry and the resulting
selection rules for the analysis of Ce®* optical properties.
For example, these factors strongly influence the temperature
changes of the f-d absorption coefficients.

II. EXPERIMENTAL DETAILS

Several GGG crystals, pure and doped with Ce, were grown
by the Czochralski method. The Ce content of doped crystals
was 0.5, 1.2, and 5 at.%. The far-infrared absorption spectra
were measured with a VERTEX 80v (Bruker) and a BOMEM
DA3 FTIR Fourier-transformed infrared (FTIR) spectropho-
tometer. For low temperature measurements the samples were
placed into an Oxford Instruments CF-102 continuous-flow
cryostat equipped with KBr windows. Spectral resolution
of the measurements was 2 and 1 cm™! for low and room
temperature measurements, respectively.

III. EXPERIMENTAL RESULTS
A. Ce** 4f-4 f absorption spectra

Room-temperature absorption spectra of pure GGG crystal
and GGG:Ce** (0.5% and 5%) crystals in the region of cerium
4 f-4 f intraconfigurational transitions are presented in Fig. 2.
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FIG. 2. (Color online) Absorption spectra of undoped and Ce-
doped GGG crystals at room temperature in the region of intraconfig-
urational 4 f — 4 f transitions. The 0.5% Ce spectrum is multiplied
by 10, the spectrum of the undoped crystal is multiplied by 3.

They show two groups of lines associated with Ce>* in the
region of 2100-2600 cm~! and between 3200 and 3800 cm~'.
The intensity of these lines is proportional to the Ce content
in the samples. The group of sharp lines around 2800 cm™!,
which are also present in the undoped sample, is apparently not
associated with Ce** and their origin is unknown. The strong
reflection below 1500 cm™! is due to Reststrahlen effects.

The transmission spectrum of the GGG:Ce (1.2%) sample,
taken at 25 K, is presented in Fig. 3. A spurious background,
associated most probably with interferences induced by a thin
film accidentally deposited on the sample surfaces during
cooling, was subtracted from the spectra.

There are two groups of lines clearly visible in the spectra:
The first between 2100 and 2500 cm ™!, consisting of at least
six lines, and the second around 3650 cm~!. The second
group contains two dominant lines with some additional, partly
resolved structure. An expanded view of these two groups of
lines is shown in Figs. 4(a) and 4(b).

The ground *Fs, and excited 2Fy, states of Ce* ions
in D, symmetry sites should be split into three and four
levels, respectively. Since only the lowest component of the
ground state is populated at low temperature, the observed
transitions are from that state to the different components of
the excited 2 F; /2 states. The number of lines observed in the
spectra testifies that Ce>* ions form at least two different major
centers in GGG crystals. Some sites with apparently lower
concentration contribute also to the spectra.

1.0
0
c
=
208
&
< . 1
_% 2403 cm GGG:Ce (1.2%)
2 T=25K
I
2o6f ! 1
© 1->4 ) N 1>7
[ 2145 cm’ \q::. N 3639 cm’

2000 2500 3000 3500 4000

Wavelength (cm'1)

FIG. 3. Transmission spectrum of the GGG:Ce (1.2%) sample
taken at 25 K in the region of Ce’* 4f-4f transitions. Transitions
designation and their energies are marked on the graph.
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FIG. 4. (a) and (b) Expanded transmission spectra in the regions
of Ce>* 4f-4f absorption of GGG:Ce (1.2%), measured at 25 K.

Comparison of the room and low temperature spectra
proves that the line peaked at 3442 cm~' in the room
temperature spectrum and absent at low temperature is a
so-called “hot” line. It occurs due to thermal population of the
second upper level of the *Fs 2 ground multiplet, separated
from the lowest level by about 200 cm~!. The other hot lines
associated with the transitions to the lower-lying levels of the
’F, /2 state overlap either with the other 4f-4f transitions or
with the beginning of the Reststrahlen band. Therefore they
are less pronounced in the spectra.

B. Temperature dependence of the 4 f-5d absorption
spectra of Ce’+

The temperature dependence of the absorption spectrum of
the GGG:Ce crystal in the region of cerium f-d interconfigura-
tional transitions is shown in Fig. 5, along with the theoretical
simulation of the spectra described in the theoretical part of
the paper (Secs. IV C and V).

The absorption spectra consist of two relatively broad
absorption bands at all temperatures, with maxima at 426 and
346 nm (at 10 K). The intensity of the absorption band peaked
at 346 nm gradually increases with increasing temperature at
the expense of the absorption band at 426 nm. In addition
to the broad absorption bands associated with f-d transitions
of Ce*" ions, there are sharp lines in the region between
315 and 270 nm, attributed to intrashell 4 f-4 f transitions
of Gd** ions. These lines can be assigned to transitions
from the ground %S/, state to the excited ®P and °/ terms,
respectively. The strong absorption edge at about 225 nm is due
to the valence-conduction band transitions of the host crystal.
Figure 6 shows the temperature dependence of the relative
value of the dipole matrix element M,?' calculated for the 426
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FIG. 5. (Color online) The temperature dependence of the sim-
ulated and observed absorption spectrum of the GGG:Ce (0.5%)
crystal in the region of interconfigurational 4 f — 5d transitions at
temperatures between 10 and 400 K. Only a few of the measured
and calculated spectra are shown for clarity of the graph. The solid
and dashed vertical bars represent the calculated energy positions and
oscillator strengths of the zero-phonon lines for the transitions from
the lowest two energy levels of the 4 f! configuration to the levels of
the 5d' configuration.

and 346 nm bands with
M= / aw do, (1)

where « is the absorption coefficient, and w is the frequency
of the light.

The 426 and 346 nm bands (marked here by their maxima
at 10 K) are thermally deactivated and activated, respectively,
which is associated with thermal population of the upper-lying
sublevel of the 2 Fs ,2 ground state. The transitions to the two
sublevels of the 5d state from these two sublevels of the
2Fs /2 ground state occur with different probabilities, which
are associated with the selection rules. Therefore, the thermal
population of the higher-lying level of the >Fs, ground state
changes the absorption coefficients in these absorption bands.
Activation energies calculated from the decrease of the matrix
element of the dipole transitions corresponding to the 426 nm
band and increase of the one corresponding to the 346 nm
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FIG. 6. (Color online) Temperature dependence of the dipole
matrix element for two f-d transition bands of GGG:Ce (0.5%). The
solid lines are computer fits of Eqs. (12) to the data, the broken lines
are theoretical simulations (see Sec. V C for explanation).
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band, obtained from the computer fit of Eqgs. (12) are equal to
(193 % 10) and (162 £ 6) cm™!, respectively. These energies
are very close to each other, confirming the validity of the
proposed model of the origin of these absorption bands.

IV. THEORETICAL

A. Parametrized Hamiltonians of 4 f! and 5d' configurations

Since the Ce** ions replace Gd** ions in the GGG host with
the site symmetry of D,[xxiii], then using the standard notation
of Wybourne®? and Table 1.7 of Ref. 33 the parametrized
effective Hamiltonians for the 4 f! and 5d' configurations of
Ce’* ions in GGG can be respectively written as

H@Af') = Eag + Gy -1y + B3()CY
+B3(N(C +C%) + BHNC
+ By (H(CS + %) + Bi(H(C + )
+BS(AICY + BS()(CY +C9)
+BJ(f)(CY + €0, @)
and
H(5d") = Ap(fd) + tsasa - la + B3(d)C
+ B3(d)(CY + C%) + Bi(d)Cy’
+ Bj(d)(C5 + %) + B{@) (Y + %), 3)

where the notation and meanings of various operators and
parameters are defined according to standard practice.>*%

In the equations above, the spin-orbit coupling parameters
for the 4f! and 5d' configurations (i.e., {1y and ¢s4) can
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be fixed and taken from Refs. 34 and 36, respectively. The
parameter value of E, is always determined naturally by the
whole CF splitting pattern of the 4 f! configuration since the
parameter is introduced to shift all the 4 f! energy levels so
that the energy of the lowest CF level is zero. The parameter
Ag(fd) which shifts all 5d CF energy levels by the same
amount can be adjusted to obtain the best agreement between
experimental and calculated energy levels. All the crystal-
field parameters (CFPs) can be evaluated in the framework of
exchange charge model (ECM),’ and the related calculation
scheme can be found in the next section. Table I lists all the
energy parameters used in our CF calculation.

B. Determination of CFPs based on ECM theory

A brief description of ECM is given below by following
the notations used in Ref. 33 by Liu. In the framework of
ECM, the CFPs of 4 f and 5d electrons uniformly denoted as
Bé‘(nl)(nl =4 f or 5d) [i.e., the expressions of CFPs in Egs. (2)
and (3)], can be written as a sum of two different contributions:

B (nl) = B®*(nl) + BS*(nl), )

where Bt(lpc)k(nl ) and Bée")k(nl) represent the contributions of
point charges of all the crystal lattice ions and introduced
fictitious exchange charges due to the spatial distribution of
ligand electron density, respectively, as shown below:

BPH(nl) = —e*(nl|r*|nl) " qi (=1 C* ,(0r.00)/RET,

)

ec 2k + 1) Y
Byl = € == ; SERL(—DFCE (OrL.@L)/ Ry
(6)

TABLE 1. The energy parameters for Ce** ions doped in GGG and YAG, respectively, in the framework of ECM (unit: cm™!). Refer to the

text for their explanations.

GGG YAG
4f 5d 5d
pct ec corr total pc ec corr total pc ec corr total

B2 —501 303 546 348 —5750 —1646 7188 —208 —3382 —783 5952 1787
B? 332 136 —362 106 1935 —86 —2419 —570 725 —786 —1276 —1337
By —288 —55 —343 —4 624 4393 —231 —4525 5231 706
B3 1407 1133 2540 22 597 15924 37 891 23 157 15745 38902
BJ 774  —583 —1357 —12427 —13908 —26335 —12555 —14187 —26 742
BS —696 —872 —1568
BS 250 412 662
BS 292 429 721
BS 231 362 593
G(Oy) 4.84 1.11 1.11
G(0y) 4.97 1.63 1.63
o —1.09 —-1.25 —1.76
Eqg 1612 1612 1873
AE(fd) 36 187 40 227
& 609 1082° 1 082°

“The abbreviations pc, ec, and corr stand for the CFP contributions from point charges, exchange charges, and the correction due to other

factors, such as dipoles, respectively, and then total represents their sum.

bReference 36.
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Here C* ; 1s the spherical function with rank & and order

— ¢ defined by Wybourne,* the indices i and L are used to
enumerate all crystal lattice ions and ligand ions, respectively,
in the nearest-neighbor coordination shell, and (R;, 6;, ¢;) and
(R, 01, ¢r) are the spherical coordinates of the ith crystal
lattice ion with the net charge eq; and the Lth ligand ion in the
reference system centered at the Ce** ion.

In Eq. (5) (nl|r¥|nl) is the radial integral of r* between
nl orbitals of the Ce>* ion, which can be calculated using
the numerical 4f and 5d radial wave functions of free
Ce’* ions provided by the standard atomic-physics codes of
Cowan,® as shown in Ref. 39. The reduction factor i (k =
2,4, ....,21]) is defined as (1 — o}) (where oy is the shielding
constant***!) and takes into account the effects of screening of
4 f electrons by the outer 5525 p® shell, but for the 5d electron
it is set to 1. The ion charges ¢g; for GGG/YAG hosts were
fixed as +3(Gd**/Y3*), +3(Ga’t/Al*), and —2(0*"),
correspondingly, as follows from the chemical formula and
formal valences of all ions.

The exchange charge term, i.e., Eq. (6), is directly pro-
portional to the following quadratic forms of various overlap
integrals between the nl orbitals of the central Ce** ion and
the outer 2 p and 2s orbitals of oxygen ions:

Si'(Ry) = GY'S!'(RL)? + Gy Sy (RL)? + v G Sy (R,
™

where y* =3/2, y¥ =1/3, y* = =3/2, y’* =1 and
7/45‘1 = —4/3; S"(Ry) = (nl 0] 250), S (R.) = (nl 0| 2p0),
and S;I(RL) = (nl £ 1| 2p £+ 1) (here the |nlm) notation is
employed, where n, [, and m are, respectively, the principle,
orbital, and magnetic quantum numbers); the G;’l, Gﬁl , and
G" entries are dimensionless adjustable parameters, which
very often can be approximated to a single value, i.e., G" =
G;’l = G" = G.Theoverlapintegrals between 4 f /5d orbitals
of Ce** ions and 2s/2p orbitals of oxygen ions for various
interionic distances were numerically calculated, with the 2s
and 2p radial wave functions of the oxygen ion taken from
Ref. 42. The calculated dependences of the overlap integrals
on the interionic distance can be fitted to the following formula:

S"(R) = a(Ry, — b)exp(—cR)R} (t=s,0 0ormw) (8)

for 0 < R; < 10 a.u. The fitting parameter values (a, b, ¢, and
n) are listed in Table II.

It is generally realized that the second-order CFPs are less
accurately determined by this model, as pointed out by Ref. 33,
because the long-range electrostatic interaction determining
the CFPs with k = 2 cannot be accurately calculated due
to very slow convergence of the corresponding crystal lattice
sums. This suggests that the contributions caused by the point
dipole and quadrupole moments ignored in the original model
must be considered. However, such correction calculation is
very complicated, as shown by Eremin.** Thus, we propose a
simple relation, linear with the point charge contribution, to
approximate the electrostatic correction to the second-order
CFPs as follows:

B (nl) = a BP(nl), ©)

PHYSICAL REVIEW B 87, 045114 (2013)

TABLE II. The values of the fitting parameter a (dimensionless),
b (a.un.), ¢ (a.u.™), and n (dimensionless) used in the constructed
formula Eq. (8) for the calculated dependences of overlap integrals
between the 2s and 2p orbitals of the oxygen ion and the 4 f/5d
orbitals of the Ce** ion on the interionic distance.

4f 5d
as 1.24783 0.41410
b 1.16708 —0.89658
¢ 1.90106 1.44528
n, 2.16972 2.64021
ay —0.75304 —0.99616
by 1.80304 2.49277
Co 1.59584 1.23854
1y 1.79939 2.06605
ay 1.13834 1.11348
by 0.10336 ~0.28061
Cx 1.45377 1.23219
fx 0.59915 1.20503

where « is a fitting parameter and usually seems to be negative
due to negative interaction between the dipole of the lattice
ion and the 4 f /5d electron of Ce*™.

Based on the known geometry structures of GGG and YAG
and the appropriate choice of the G and « values, the 4 f and
5d CFPs of Ce** ions doped into GGG and YAG, respectively,
can be estimated by applying Eqs. (4)—(9). More details related
to these calculations can be found in Sec. V.

C. Simulation scheme of the 4 f-5d absorption spectrum

For the simulation of the 4 f-5d broad band structures we
adopted directly the simple model proposed by Reid et al.,***+
where the areas beneath the absorption bands are proportional
to the calculated oscillator strengths and the broad absorption
bands are reproduced by using Gaussian shaped curves with
a full width at half maximum E\;4u, displaced from the zero-
phonon lines by Egg. The simulation parameters Eg and
Eyiam can be further expressed based on the configurational
coordinate model*

Egire = (S — 1/2hw,

(10)
Ewidth =2.36- hw«/g,

where S is the Huang-Rhys factor and Ziw is the average energy
of local phonon modes around the Ce** ion. Our recent work>®
has revealed that the effective phonon energy and the Huang-
Rhys factor in GGG doped with Ce** ions are 350 cm™!
and 7.5, respectively. Thus, the values used in the present
calculation are Egy = 2450 cm™! and Eyjqn = 2262 cm™ L.
All the energy level and intensity calculations and spectral
simulations employed the extended f-shell programs written
by Reid.

V. DISCUSSION

A. Energy levels of 4 f! and 5d" configurations

The low temperature transmission spectra of GGG:Ce
(1.2%) shown in Figs. 3, 4(a), and 4(b) reveal only transitions
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TABLE III. The 4 f and 5d CF energy levels of Ce>* ions doped
in GGG and YAG, respectively (data given in cm™').2

GGG YAG
Level No. 2L, LR. E.q Eop  Epe  Ecac E
1 2F5/2 I 0 0 0 0
2 I, 160 198 163 340
3 r, 722 516 800
4 2F7/2 I'e 2116 2145 2274 2 370
5 I'e 2214 2245 2372 2 550
6 ', 2448 2403 2416 2790
7 r; 3621 3639 3400 4260
8 ’Dypnsp 7 21100 21 100 24 609 24 040
9 e 26500 26500 30879 31660
10 I'e 43835 49052 48 070
11 r, 48118 52154 52540
12 I'; 49438 53804 54190

2All CF energy states have the same I's representations in D,
symmetry. The symbol I.R. stands for the double-value irreducible
representation of the parent group of D, (i.e., D,y point group). Ecy
and E.y correspond to the calculated and observed CF energy level
values, respectively, whereas E,, and Ep. represent the calculation
values given by the first-principle work®* and those predicted by
directly scaling the CFPs of Eu®* ions in GGG* by the ratio between
the CF strengths*® with the same k rank of Ce** and Eu’* ions in
LaF; host,** respectively.

from the lowest CF energy level of the ground %Fs /2 state,
in contrast to the room temperature spectra (see Fig. 2),
which also contain transitions from the thermally populated,
higher-lying level of the ground %Fs,; state. The line located
at 3441 cm™! is an example of such a hot line and is assigned
to the transition between the second and the highest 4 f energy
levels. In addition, at room temperature the lines are thermally
broadened, which makes their interpretation more difficult.
The low temperature spectra consist of at least eight major
intensity lines which can be interpreted as the transitions from
the lowest level of the ground 2F; /2 state to the four levels
of the excited 2 F; /2 state in two nonequivalent Ce* centers.
In addition to these most intense lines several others can be
also distinguished, which are associated with Ce?t centers of
lower concentrations. The highest energy line is located at
3679 cm™!, close to the more intense group of lines with a
peak at 3638 cm ™! [see Fig. 4(b)]. These lines are associated
with the highest energy levels of the >F7, state of several
Ce’* centers in GGG. The other lines, related to the remaining
three levels of the 2F; /2 state, are located between 2100 and
2450 cm™! [see Fig. 4(a)].

The 4 f energy level positions extracted from the observed
4 f-4 f transition spectra are collected in Table III. To confirm
the rationality of our assignment, we implemented a CF
calculation to predict the 4f energy diagram of Ce** ions
in GGG, where CFPs were obtained by directly scaling those
of Eu** ions in GGG*’ by the ratio between the CF strengths*®
with the same k rank determined for Ce?* and Eu®* ions in the
LaF; host.** The predicted 4 f CF splitting pattern, as listed in
Table III, is consistent with our assignment.
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The CF calculation based on ECM was made to approx-
imately fit the observed 4 f energy levels, where a large
cluster consisting of 35 893 ions centered at the Gd site was
generated in terms of the crystal structure data for GGG from
Ref. 23 to ensure proper convergence of crystal lattice sums
when calculating the contribution from the point charges of
crystal lattice ions; two G parameters, i.e., G(O1) and G(02)
were used due to two kinds of oxygen ligands with different
Gd-O distances. The calculated 4 f energy levels based on
ECM are listed in Table III for comparison with the observed
and predicted values, whereas the calculated CFPs and the
parameters G and « used in ECM are collected in Table I,
where various contribution to CFPs are also demonstrated. The
value of « is negative as we expect. The fitted 4 f spin-orbit
coupling parameter is very close to that obtained in YGG:Ce**
(616 cm™!).!* The CF calculation based on ECM gives a
satisfactory description of the observed 4 f-4 f spectrum.

The absorption spectrum of the GGG:Ce* crystal in the
region of cerium f-d interconfigurational transitions at 10 K,
shown in Fig. 5, consists of two relatively broad absorption
bands with maxima at 426 and 346 nm. The 5d' configuration
of Ce** ion under D, symmetry is split into five CF energy
levels, but only transitions to the lowest two of them can be
observed. This means the other three CF energy levels are
buried in the VC transition region, which makes it impossible
to fit the observed data directly. However, the 5d energy levels
of Ce** ions in YAG are known and have been predicted by the
first-principle work of Garcia et al.>* Because of the similarity
between local structures for the Ce** ion in YAG and GGG the
5d energy levels of Ce’* ions in YAG listed in Table III were
fitted first, and the G and o values obtained were used as a
starting point for the case of GGG. In the ECM calculation for
YAG a large cluster consisting of 35 893 ions centered at the
Y site was generated with use of the crystal structure data for
YAG.* The calculated five 5d CF energy levels agree with the
results given by the first-principle work very well, as Table III
shows. After the G and o parameter values obtained from YAG
calculation were applied to the GGG calculation, we found that
the energy splitting between the lowest two CF energy levels
is larger than the observed one. Such disagreement originates
from the unreasonable estimation of the 5d second-rank CF
parameters. This can be explained by the fact that the local
coordination environment of the Ce** ion is characterized by
a considerable distortion from the cubic O;, symmetry and
this deviation generates the 5d second-rank CF terms with
consequent energy splitting between the lowest two 5d CF
energy levels corresponding to E representation of the ideal
cubic O;, symmetry. Therefore, the o parameter controlling the
5d second-rank CFPs has to be slightly adjusted to obtain an
agreement with experimental results of GGG. The calculated
5d energy levels based on ECM for GGG are collected in
Table III together with the two observed CF energy levels. The
absorption maximum of the calculated third 54 CF energy
level is expected to occur at as the pure energy level position
plus half of the Stokes shift, i.e., 46 285 cm™! (216 nm), This
energy is larger than the band gap energy (225 nm), which is
consistent with the experiment. It is seen from Table III and
Fig. 4 that very good agreement has been obtained. All the
calculated 5d CFPs for YAG and GGG and the related G and
o parameters were listed in Table I for comparison.
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B. 4 f-5d absorption intensity simulation and its
temperature dependence

The measured temperature dependence of the 4 f-5d
absorption spectra of GGG:Ce** is shown in Fig. 3 from
10 to 400 K. The intensity of the absorption band peaked
at 346 nm gradually increases with increase of temperature at
the expense of the absorption band at 426 nm, which is found
to decrease. In the 4 f configuration of the Ce** ion in GGG,
the lowest sublevel is separated by 160 cm™! from the next
higher-lying sublevel (see Table III), and thus the latter can
be thermally populated in the range of temperatures studied in
our experiment due to the relatively small energy difference.
This can be used to explain the presently observed temperature
dependence.

The absorption band intensity can be described using the

following definition:>"

I x /a(v)dv x P o« Svu, (11)

where [ is the absorption band intensity, « is the absorption
coefficient measured in absorption spectrum, v is the wave
number of the absorption light, and P and S are the absorption
oscillator and line strengths of the transition related to the
absorption band, respectively. Figures 5 and 6 show the
temperature dependence of the relative values of the absorption
intensities of both 4 f-5d transitions bands obtained with use of
Eqgs. (12). Based on the consideration of the thermal population
of the second higher-lying sublevel and the depopulation of the
lowest sublevel, the two f-d absorption band intensities can
be further expressed as

S19019 + S99 exp (_kAB_?)
I +exp(—57)

1(346 nm) = A346

’

- (12)
S18P1s + Sz €xp (_kg_r)

1(426 nm) = A426
I +exp(—47)

’

where §;; and v;;, respectively, represent the 4 f-5d transition
line strength and energy between energy levels i and j (here
i and j are the labeling of energy levels used in Table III),
AFE is the energy difference between energy levels 1 and 2, kp
is the Boltzmann constant, and 7 is the temperature. The A;;
are adjustable empirical parameters of proportionality. The
parameters S;; andv;; involved in Egs. (12) were calculated
based on the 4 f and 5d CF eigenvalues and eigenvectors
obtained by diagonalization of the effective parametrized
Hamiltonian matrices for two configurations, and tabulated in
Table IV. A E was taken as the calculated value, i.e., 160 cm™!
(see Table III). Resulting theoretical dependencies are shown
in Fig. 6 as broken lines.

A fit of Egs. (12) to the experimental data, treating all S;;
and AFE as adjustable parameters, is shown as solid lines in
Fig. 6. The experimental line strength S;; parameters obtained
from the fit are listed in Table IV.

It is seen from Fig. 6 that our theoretical prediction
reproduces the experimental results very well. The vibronic
bands of 4 f-5d transitions at the different temperatures can be
also simulated by employing the scheme referred in Sec. IV C
and the temperature dependence function of the absorption
band intensity [i.e., Eqs. (12)]. The simulated absorption
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TABLEIV. The calculated 4 f-5d line strengths and transition en-
ergies between the lowest two CF energy levels of 4 f! configuration
and those of 5d' configuration.

4f-5d Line strength  S;; (x10% cm?) Transition
absorption  experimental theoretical energy v (cm™")
1—>38 357 £ 02 35.81748 21100
1—-9 7.5 £ 0.1 7.50315 26 500
2—>38 6.1 + 1.1 5.21194 20 940
2—-9 30.5 £ 0.5 38.20143 26 340

aThe radial integral between 4 f! and 5d' configurations (5d|r|4 f)
is taken as 0.284 A.%!

spectra at the different temperatures were plotted in Fig. 5
for comparison with the measured ones. Figure 5 also shows a
very good agreement between theory and experiment, which
confirms the reliability of our CF calculation based on ECM.

VI. CONCLUSIONS AND SUMMARY

Low temperature infrared absorption of GGG:Ce>* shows
evidence of multicenter structure of this dopant in garnet host.
At least two major types of Ce*" centers are observed, along
with others of lower concentration. Very large splitting of the
excited 2 F7, state of Ce*" is observed, which comes from the
influence of spin-orbit interaction resulting from level mixing
due to small separation between the ground and excited states
in 4f! configuration. The highest energy state is located at
about 3700 cm™~! above the lowest energy state.

Theoretical crystal field calculations with use of exchange
charge model, assuming that the Ce?* ions substitute Gd**
in the GGG host, allow us fit the experimentally observed
Ce3* absorption lines of the highest intensity, with very good
accuracy. The fit of the other lines was not attempted since
the nature of the Ce3* centers associated with these lines is
not known and awaits further studies. Small adjustment of
the CF parameters would allow fitting the observed energies,
however such a procedure would not allow explaining of
the origin of the observed Ce centers. Their nature may be
associated with the so called antisites of cations in garnet
host (substitution of octahedral sites, in which Ga ions are
located) or influence of closely located defects of the structure,
associated with cation or anion (oxygen) nonstoichiometry
of garnets?® or nonintentional dopants. Influence of similar
defects was considered in the case of YAG:Ce by Muifioz-
Garcia et al.”?

The Ce** ions in GGG host substitute Gd ions in dodec-
ahedral sites with D, symmetry. All f” states with odd n in
D, symmetry have the same I's representations.> However,
at certain conditions, for example by application of external
pressure, examined by us in Ref. 25, the symmetry of the
GdOg molecule became close to D,;. Doping with cations
with ionic radii different than that of Gd>* can lead to the
similar geometry. In the Dy, symmetry the *Fs, state splits
into levels with I'¢ and I'; representations. The electrical
dipole transitions are allowed between the states with different
representation in this symmetry, the transitions between the
states with the same symmetry are forbidden. Spin-orbit
interaction mixes pure electronic states and partially releases
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these strict selection rules, however they still strongly influence
the absorption properties of cerium dopant in garnets.

Studies of the temperature dependence of the 4 f-5d
absorption of Ce in GGG show the importance of the selection
rules for the optical transitions in this system. Apparently,
the transitions from the ground state of the 4 f! configuration
to the first level (level 8 in our notation) of the 5d' are more
probable than to the second level (level 9), as it could be seen in
TableIV. A reverse situation is valid for the transitions from the
higher-lying second level on the ground state, separated from
the lowest-lying level by about 160 cm ™. This is a result of the
influence of the selection rules. As it can be seen in Table III,
the lowest level of the ground 2 Fi /2 state has I'g symmetry, and
the second one I';. Since the irreducible representations of the
lowest two 5d' levels have the opposite order, the allowed
transitions are between levels 1 — 8 and 2 — 9, and are
forbidden between levels 1 — 9 and 2 — 8. This agrees very
well with observed probabilities of the absorption transitions
between 4 f I and 54! configurations, shown in Table IV. A
small separation between the first two levels of the ground state
allows the second level to be thermally populated at relatively
low temperatures and it is responsible for the changes of the
intensity of the two 4 f-5d bands of Ce ions between helium
and room temperature.

PHYSICAL REVIEW B 87, 045114 (2013)

Selection rules appropriate for this symmetry are also
the most probably responsible for the observed lack of
luminescence transitions between the first level of the 54!
configuration (level 8) and the highest-lying level of the 4 f!
configuration (level 7) since their group-theory representations
are the same. Usually, in garnets luminescence is only observed
for transitions from level 8 to the lower located levels (levels
1-6) of the 2 F; /2 state since there are levels characterized by
a different representation than that of level 8 (see Table III).
Such a situation was also observed by us in the high-pressure
studies of GGG:Ce.?°

Finally, we would like to mention that most of the
conclusions of this paper are also valid for the more important
in view of application, YAG:Ce and Ce doped mixed crystals,
based on YAG.
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