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Electronic-Raman (ER) transitions from the ground level of the 2Fs,, manifold to other 4f levels of
trivalent cerium (Ce’") in yttria (Y,0;) have been studied as a function of excitation wavelength and
temperature. ER transitions were observed for Ce’" occupying both the Cs; and C, sites in Y,0;.
Energy-level positions of the Kramer doublets of Ce>* in the Cj; site were determined from this mea-
surement. The levels of the *F,, manifold were at 978 and 1503 cm ™!, while three of the four levels of
the *F, ,» manifold were at 2270, 2996, and 3402 cm™! above the ground level. Previous literature values
of three of the four energy levels of the 2F, ,, manifold of the C, site were confirmed. A level of the *Fs ,
manifold of Ce*" in the C, site at 666 cm ™! was also identified. For resonant excitation involving a 5d
intermediate state, two-orders-of-magnitude enhancement in the ER transition strength was observed.
This resonant enhancement effect makes the electronic-Raman-scattering technique site selective, since
for resonant excitation of the intermediate state of a particular site the ER lines of that site become more

intense than those belonging to the other site. The differential scattering cross section for the transition
from the ground state to the lowest 2F,, level was measured to be 2.2X 107 cm?sr~!ion™' for the C,

site, and 8.8 X107 cm?sr™!ion
pared to the theoretical estimates.

I. INTRODUCTION

The results of an electronic-Raman-scattering (ERS)
study of the energy-level structure of the trivalent cerium
ion (Ce**) doped into yttria (Y,0,) are presented in this
paper. ERS is an inelastic light-scattering process where-
by an incident photon interacts with a material system
(atom, ion, or molecule) and a second photon is emitted
while the system makes a transition to an electronic state
higher (Stokes ERS) or lower (anti-Stokes ERS) in energy
than the initial state. The energy of the final state is the
difference in energy between incident and scattered pho-
tons. A variety of systems including rare-earth and
transition-metal ion-doped crystals and glasses, diatomic
molecules, and metallocene complexes have been investi-
gated by ERS.! Interest in ERS is primarily in the deter-
mination of the symmetry and energy of low-lying levels
of these systems.

The study of ERS in rare-earth crystals was initiated
by Hougen and Singh,>® who studied trivalent praseo-
dymium (Pr*") in PrCl, following the theoretical predic-
tion of Elliot and Loudon.* Chau® then observed ERS of
trivalent cerium (Ce3") in CaWO,. These experiments
were performed with a mercury arc as the excitation
source and the Raman-scattered light recorded on photo-
graphic plates. Koningstein and co-workers used laser-
excited ERS to study various trivalent rare-earth (R3%)
ions in garnet, chloride, vanadate, and aluminate
hosts. "7 They used the technique to extract crystal-
field parameters, to determine energy-level positions and
assign their symmetry, to investigate the Zeeman split-
ting of Kramer doublets, to study the temperature depen-
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~!for the Cj, site. These experimental values of cross sections are com-

dence of magnetic susceptibility, and to demonstrate res-
onance enhancement effects. They also investigated epi-
taxial thin films of rare-earth-doped garnets.
Electronic-Raman scattering has been used in the
study of most of the rare-earth ions in a number of host
crystals. To the best of our knowledge, the rare-earth
ions studied so far are Ce**,! Sm?*3 Ce3t, 13971
Nd3+ 1 Eu3+ 1,12 Tb3+ 1 Er3+ 1,12,13 and Yb3+ 1 The
rare-earth ions studied using ERS for which the ion was a

stochiometric constituent of the crystal are Sm?%,?
Cedt, LI4T1T pu3t 1318 g3+ 119 gmit 1 g3t

Tb3+ 1,20,21 D 3+ 122 Er3+ 1,12, 13 22—24 Tm3+ 1,23,25, 26

and Yb3+ 1,12,22, 25

Trivalent cerium is perhaps the most well studied R 3"
ion using the ERS technique. ">? 71114717 I the present
study we concentrate on the Ce**:Y,0; system, which is
interesting for several reasons. First, Ce™* substitutes for
Y** in Y,0; in two inequivalent sites with C, and C5; lo-
cal symmetry. However, the energy-level structures of
these two different centers have not yet been fully estab-
lished. The system is at best weakly fluorescing,?’ which
complicates the study of low-lying energy levels by
fluorescence spectroscopy. On the basis of infrared-
absorption measurements, Chang et al.?® determined the
positions of the energy levels of the 2F, , manifold of the
C, site, but those of the Cj; site had not been studied.
Since Raman scattering is a two-photon process that con-
nects states of the same symmetry and thus complements
ir measurements, it is expected that ERS measurements
will help establish the energy-level structure of the low-
lying states of the Cj; site. Second, the site selectivity of
the ERS technique may be tested in this system, which is
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expected to elucidate the strength of the technique itself.
Third, Ce** has a single optically active electron, which
leads to a simpler energy-level structure compared to that
of other R** ions, making analysis of ERS data easier.
Also, the strong crystal-field interaction of the yttria host
positions the lowest Ce** 5d level of the two sites in the
blue-green spectral region, which is easily accessible to
radiation from light sources commonly used for Raman
studies. By tuning in and out of a resonance of a particu-
lar site, one may examine the resonant enhancement of
the electronic-Raman (ER) transition strength. Reso-
nance enhancement enables one to study Raman lines
which are weak for nonresonant excitation. It also helps
to identify the ER transitions within the states of a par-
ticular site, since resonant excitation leads to a preferen-
tial enhancement of Raman lines originating from that
site.

This paper is organized in several sections. In Sec. II
the crystal structure and site occupation of Ce** in Y,0,
is presented, and results of linear spectroscopy of
Ce**:Y,0, are discussed. Section III outlines the experi-
mental procedure and parameters for ERS measure-
ments. Section IV contains the experimental results. The
measured ERS cross sections are compared to those for
Ce*" in other hosts in the literature. In Sec. V a simple
theoretical argument is provided which gives a qualita-
tive comparison of the ERS cross sections obtained ex-
perimentally. The conclusions of this study are summa-
rized in Sec. VL.

II. SAMPLE CHARACTERISTICS, CRYSTAL
STRUCTURE, AND LINEAR SPECTROSCOPY

The samples used in the ERS experiments were poly-
crystalline Ce’*:Y,0;, Eu**:Y,0;, and undoped Y,0,
sintered plates, pressed to high density, nearly free of
porosity, and semitransparent, made from fine powders
by a process developed by Dibianca et al.? The ERS
spectra of Eu**-doped Y,0; and undoped Y,0; samples
were used in order to compare these with those of Ce’™-
doped Y,0;. This helps distinguish the contributions of
scattering from Ce’* centers. The thin-disk Ce’*:Y,0,
sample had approximate dimensions of 10X 5X0.5 mm?.
All samples had a similar thickness of ~0.5 mm.
Cerium-doped samples had been annealed at 1800°C in a
low partial pressure of oxygen such that almost all of the
rare-earth ions present were trivalent and practically
none were tetravalent.*® The cerium concentration in the
Ce’*:Y,0, sintered plate was 1 mol %, which is
equivalent to an ion density of 2.68 X 102 cm 3.

Yttrium oxide (Y,0;) crystallizes into the cubic C-type
rare-earth oxide (bixbyite) structure with space group 7/
(Ia3).*! The elementary cell contains 16 formula units
with 32 cations distributed in C, and Cj; sites in a 3:1 ra-
tio.?? Electron paramagnetic resonance studies’ have
demonstrated that Ce** may enter substitutionally for
Y?** in both C;; and C, sites. The relative populations in
the two sites were not determined. However, on the basis
of site occupation probability of Eu** in Y,0; as well as
in isostructural Sc,0; and Lu,0; as determined by ab-
sorption®* and Mdssbauer®® measurements, it is presumed

that Ce** ions occupy both the sites with equal probabili-
ty.

The room-temperature absorption spectrum of the
Ce3":Y,0; transparent sintered plate from 190 to 700
nm, taken with a Perkin-Elmer Lambda-9 uv-
visible—near-infrared spectrophotometer, is displayed in
Fig. 1. The spectrum is characterized by two broad
bands centered at 440 and 250 nm. At room temperature
the two bands partially overlap, but are resolved. These
absorption bands are due to electric-dipole transitions
from the F;,, state of the 4f ground configuration to
states of the 5d configuration of the Ce** ion in both C5;
and C, sites. The onset of the fundamental absorption
edge of Y,0; occurs at 220 nm.>® The higher-energy
band is therefore an overlap of both Ce** absorption and
absorption by the host crystal.

The contributions of absorptive transitions within the
states of C;; and C, sites to the overall absorption spec-
trum may not be readily separated out from the struc-
tureless bands displayed in Fig. 1. The relatively large
optical thickness of our sample did not allow for the reso-
lution of the 5d bands in the absorption spectrum.
Diffuse reflectance spectra of a powder sample of 1%
Ce*" in Y,0,, taken with a Hitachi model U-3410 spec-
trophotometer, however, showed broad overlapping but
distinct structures with maxima centered at approximate-
ly 19400 cm ™! (516 nm) and 22700 cm ™! (441 nm), due
to transitions to the lowest excited 5d level of Ce*™ in Cj;
and C, sites, respectively. *°

The Cé® *:Y,0, system is very weakly fluorescing.
Blasse and Brill reported two fluorescence peaks at 19 600
cm™' (510 nm) and 24000 cm™! (417 nm) for short-
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FIG. 1. Absorption spectrum of 1% Ce**:Y,0; at room tem-
perature covering the 190-700 nm spectral region. No absorp-
tion was observed in the range 700—3200 nm except for a small
peak at 2620 nm, which was due to a transition to the highest-
energy level of the *F,,, manifold of Ce’>* in the C, site. The
sintered-plate sample had dimensions of 10X 5X0.5 mm?>. The
absorption measurements were taken along the 0.5-mm path
length of the sample. The small, sharp structures at the absor-
bance maximum of the figure are instrumental noise and not due
to Ce**.
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wavelength uv excitation.?” Exciting with the 514.5- and
488-nm Art-laser lines, we observed a broad band ex-
tending from approximately 590 to 880 nm with the peak
at 735 nm and a linewidth [full width at half maximum
(FWHM)] of 3190 cm™!. Exciting with 7-ns, 532-nm
pulses from a Nd:YAG laser (Quanta Ray DCR-3G) and
using a fast detector and oscilloscope (Tektronix model
11201 digitizing oscilloscope), we measured a room-
temperature fluorescence lifetime of ~10 ns, which is
somewhat shorter but of the same order of magnitude as
a typical Ce*" fluorescence lifetime in other hosts.*’

The lower-lying states belonging to the 4f
configuration of Ce’" in C, sites were observed by Chang
et al.?® Employing infrared absorption measurements,
they determined the positions of the Stark levels of the
’F, ,, manifold to be at 2182, 2750, 3061, and 3880 cm ™'
at a temperature of 80 K. In the present study, we have
complemented our ERS spectra with ir-absorption spec-
tra. Measurements on the sintered plate taken with
Nicolet models 740 and 7199 Fourier-transform-infrared
(FTIR) spectrometers helped identify three of the four
energy levels of the *F, , manifold of the C, site at 2127,
2785, and 3825 cm™! and the lowest level of the *F; ,
manifold of the Cj; site at 2264 cm ™' at room tempera-
ture. The linewidths obtained from our ir-absorption

spectra®® ranged from 2.9 to 30 cm .

III. EXPERIMENTAL ARRANGEMENT

Most of the ERS spectra used in this study were mea-
sured with a backscattering geometry. Excitation sources
included an Ar™ laser (514.5, 501.7, 488, 476.5, and 457.9
nm lines) and a He-Ne laser (632.8 nm). The laser light
was focused onto the sample using a 10-cm-focal-length
cylindrical lens.

A half-wave plate rotated the polarization of the laser
beam. The maximum Raman signal was obtained for an
angle of incidence of 60°. The Brewster’s angle is 63° for
this sample. The scattered light was collected by an f /2
lens and focused by a 307-mm-focal-length lens onto the
entrance slit of a double monochromator (Spex Industries
model 1401) equipped with 1200-lines/mm gratings
blazed at 500 nm. The dispersed light at the exit slit of
the double monochromator was detected by a cooled
photomultiplier tube (Burle C31034) with an S-20 spec-
tral response. In order to detect the intrinsically weak
ERS signal with adequate sensitivity, the output signal
from the photomultiplier tube was amplified by a
preamplifier (Stanford Research Systems model SR445)
and processed by a photon counter (Stanford Research
Systems model SR400) interfaced to a personal computer.
The spectral resolution used in obtaining the ERS spectra
varied from 1.0 to 3.5 cm ™! for different runs. The 992-
cm ™! vibrational mode of benzene was used in the daily
frequency calibration of the Raman system. In addition,
the 379-cm ™' A4, +T, vibrational mode®® of Y,0; was
used as a reference to obtain the frequency shift of the
ER lines.

Low-temperature measurements were taken by mount-
ing the samples on a cold finger in the tail section of a
cryostat, which used a pool of liquid nitrogen to cool the

sample by conduction. A copper-Constantan thermocou-
ple measured the temperature of the cold finger near the
sample to be 92 K with a maximum variation of ~0.25
K per run.

IV. EXPERIMENTAL RESULTS

A. Electronic-Raman scattering spectra

The Stokes electronic-Raman spectrum of Ce**:Y,0,
taken at a sample temperature of 92 K is displayed in
Fig. 2. The spectrum which covers a frequency-shift
range of 600—3900 cm ! from the excitation frequency is
highly structured. A number of sharp lines appear be-
tween 600 and 2500 cm ! from the excitation frequency.
Beyond 2500 cm ™! there are fewer sharp lines on a slow-
ly rising background. The sharp lines in the spectrum
originate from two different types of transitions: (a)
intra-4f electronic-Raman transitions in Ce3" and (b)
fluorescence of Eu’' and Pr’" which may have been
present in trace amounts in the starting material used for
making the sample. The rising background is the begin-
ning of the Ce** fluorescence discussed in Sec. II. The
ERS lines arising from transitions within the 4f levels of
both the Cs; and C, sites of Ce*>* are denoted by arrows
in Fig. 2. The peak positions, linewidths (FWHM), and
integrated intensities of the ER transitions at a tempera-
ture of 92 K are listed in Table I. The assignment of
transitions to either C5; or C, sites was facilitated by site
selectivity of resonance enhancement, to be discussed
later in this section. The value in italics in Table I is for a
C,-site ER transition too weak to be observed with the
514.5 nm excitation and does not appear in the spectrum
of Fig. 2. The intensity of this ER transition was strong-
est for 457.9 nm excitation.
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FIG. 2. Stokes ERS spectrum of 1% Ce’":Y,0; at a sample
temperature of 92 K for 514.5 nm excitation. Arrows indicate
the ER transitions within the states of Ce**. The other features
were due to Eu*™ and Pr’* fluorescence, as described in the
text. The vibrational modes of the host lattice lie below 610
cm ! and are now shown in the spectrum. The frequency reso-

lution in this measurement was ~2 cm ..



50 ELECTRONIC-RAMAN-SCATTERING STUDY OF THE LOW-. .. 153

TABLE 1. Frequency shift, linewidth, and intensity of the
observed Stokes ER transitions of the 4f! ground configuration
of Ce** in Y,0; from ERS measurements using 514.5 nm exci-
tation at a temperature of 92 K. The values written in italics
are for 457.9 nm excitation. Levels not observed by ERS are in-
dicated by dashes. The intensities were normalized by the in-
tensity of the 379-cm ™! vibrational mode of Y,0;.

Linewidth Normalized

Frequency shift

Site Multiplet (cm™!) (cm™) intensity
c, ?Fs, 666 10.0 0.155
R, , 2129 3.0 0375
2793 8.0 0.225
3814 8.0 0.020
Csy; Fs) 978 6.0 0.609
1503 15.0 0.268
R, , 2270 35 1215
2996 8.0 0.915
3402 8.0 0.155

The linewidths of the ER transitions decreased and the
peak intensities increased as the temperature was de-
creased from room temperature to 92 K. In addition,
small shifts ranging from 1 to 27 cm ™! in the position of
the ER lines were observed at low temperature as com-
pared to the room-temperature positions. The positions
of energy levels at 92 K and room temperature are com-
pared in Table II. Energy-level positions determined
from infrared-absorption measurements®®*° are also
presented in the table. The difference in energy-level po-
sitions obtained from our measurements to those of

Chang et al.?® may be attributed to the polycrystalline

nature of our sample, while single crystals were used in
the other measurement. However, since no spectra or
linewidths were given by Chang et al.,?® the accuracy of
their level positions is difficult to assess. Within a given
manifold, the linewidth increased for transitions ter-
minating on higher-lying levels. This is a consequence of
lifetime broadening of the higher levels, which readily de-
cay by phonon emission.

Several tests were used to distinguish the ERS lines
from other contributions mentioned above. First, Stokes
ERS spectra were taken with different excitation frequen-
cies. The frequency shift of the ERS lines (indicated by
arrows in Fig. 2) did not change, within experimental
tolerance, for different excitation frequencies, while the
relative position of the fluorescence lines changed. In ad-
dition, spectra of undoped Y,0; and Eu’*:Y,0; were
measured at 514.5 and 488 nm excitations in order to
compare with those of Ce’*:Y,0;. No structure was ob-
served in the spectra of undoped Y,0; with frequency
shifts corresponding to those indicated by arrows in Fig.
2. However, the sharp features in Fig. 2 not indicated by
an arrow in the range 850—2500 cm ™! were observed in
spectra of Eu®*:Y,0, with over two-orders-of-magnitude
higher intensity. The absolute frequency (not the fre-
quency shift) of these features did not change for 514.5
and 488 nm laser excitation. This indicates that these
features were due to Eu’' fluorescence. Similarly,
features not indicated by arrows in Fig. 2 above 2500
cm™! are presumed to be due to Pr’" transitions. Fur-
ther analysis of both the Ce’"-doped and undoped sam-
ples revealed the unwanted impurity ion concentration to
vary from 0.001% to 0.003%. However, fluorescence be-
ing a linear optical process may give rise to as much as a
three-orders-of-magnitude intense signal than the non-
linear ERS process.! So even with approximately three-

TABLE II. Comparison of energy-level positions of the 4f' configuration of Ce®**:Y,0; as deter-
mined by the ERS technique to those obtained from ir-absorption measurements. The parentheses

denote calculated values.

Energy (cm™!) determined by
electronic-Raman scattering at

ir absorption at

Site Multiplets 92 K? 300 K* 80 K° 300 K¢
C, 2Fs 666 659 (653) —
— — (1130) —
2F, 2129 2134 2182 2127
2793 2766 2750 2785
— —_ 3061 —
3814 3828 3880 3825
C;; 2F;s N 978 969 —_— —
1503 1506 — —
2F, N 2270 2269 — 2264
2996 2984 —_ —_
3402 3409 —_ —
2This work.

YReference 39.
“Reference 47.
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orders-of-magnitude lower concentration of Eu’" and
Pr’* the fluorescence signal is comparable or higher than
the ERS signal of Ce’ ™.

Vibrational modes of the Y,0; lattice also appeared in
the Stokes spectrum. Of the 22 first-order Raman-active
modes, 12383 15 were observed. All other experimental
parameters remaining constant, the relative intensities of
the lattice phonon modes did not change appreciably
with excitation frequency. The intensity of any of the
prominent phonon modes may, therefore, be used as a
reference to compare the intensities of the ER transitions
observed under different experimental conditions.

B. Resonance enhancement

It follows from the theoretical expression for the

Raman-scattering amplitude, ***!
_ 1 (fle,-rli)ilerlg)
(apa)fg_ he - ng_V_iF,-

(fle-rli)ile,rlg)

+ - ) (1)

Vi tv,—il;
that if the excitation frequency is resonant (v—v;) with
any real intermediate state of the system, a large
enhancement in the Raman signal is expected. In Eq. (1),
o and p are the polarization and v and v, are the energies
(in cm ™ !) of the incident and scattered light, respectively;
lg), |f), and |i) are the ground, final, and intermediate
states of the ion, respectively; I'; is the half width at half
maximum (HWHM) in cm ™! of the intermediate state
li}; and Vv, is the ground-to-intermediate state energy
separation in cm ~!. The summation extends over all the
intermediate states of the active ion. The theoretical pre-
diction has been experimentally verified in several sys-
tems. "% 111324 For a sample with more than one active
site, resonant excitation of one of the sites would lead to a
preferential enhancement of ER transitions belonging to
that site compared to those of nonresonant sites. Reso-
nance enhancement may therefore be used as a criterion
to identify ER transitions within the states of a particular
site.

Since the 4f — 5d absorption spectra of the Cy; and C,
sites are broad and overlapping, any laser frequency that
resonantly excites the lowest 5d state of one of the centers
would also be nearly resonant with that of the other.
Even with this potential problem, the relative enhance-
ment of the signal from the resonant site compared to
that from the near-resonant site was nevertheless readily
observed.

The 2270 and 2129 cm ~! Raman lines belonging to C5;
and C, sites, respectively, were used to illustrate this res-
onance enhancement. These lines had the largest intensi-
ties of the ER transitions with the smallest linewidths in
their respective sites for all excitation frequencies. In ad-
dition, the 141-cm ™! energy separation between the two
was small enough so that the response of the Raman sys-
tem (frequency response, quantum efficiency of the pho-
tomultiplier tube, etc.) remained reasonably constant for
the same laser excitation. Figures 3(a)-3(c) illustrate this
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FIG. 3. Stokes ERS intensity of the 2129 cm ™! (C,) and 2270
cm ™! (C5;) lines for (a) nonresonant excitation at 632.8 nm, (b)
resonant excitation of the lowest 5d state of the C, site at 457.9
nm, and (c) resonant excitation of the lowest C;; 5d level at
514.5 nm. The change in the relative intensities of the two lines
for different excitations illustrates the resonant enhancement
effect and its site selectivity. The differences in absolute intensi-
ty (counts/s) in the three spectra are due to the differences in
the incident laser power at the three excitation wavelengths.

resonance enhancement effect. We have observed this
enhancement for all ER transitions listed in Table I.

For a more quantitative estimate of the enhancement
factor, ERS intensities for resonant and nonresonant ex-
citation were normalized by the intensity of the 379-cm ™!
A, +T, mode®® of Y,0; and compared. The normaliza-
tion corrects for differences between experimental param-
eters (e.g., laser power, frequency response, etc.) and vari-
ations resulting from the v*-type scattering dependence
and enables one to estimate the relative enhancement.
Resonance enhancement factors of two orders of magni-
tude in both the C;; and C, sites were observed.

The resonance enhancement also enabled the detection
and identification of weak transitions. For example, the
2793-cm ™! ER transition of the C, site was not observed
for 514.5 nm excitation, but could be studied even with
5-times weaker but resonant 457.9 nm excitation.

C. Measurement of the scattering cross section

We have estimated the differential scattering cross sec-
tion of ER transitions by comparing their intensities to
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that of the well-characterized and accurately measured
992-cm~! vibrational Raman transition in benzene for
the nonresonant 632.8 nm excitation. The differential
scattering cross section for the 379-cm ™! T,+ A4, pho-
non mode of Y,0; is given in terms of that of benzene by
the relation

IYNBLB
By IENYLY

do

do do
dQ

40 (2)

where the subscripts Y and B denote Y,0; and benzene,
respectively, py is a correction term that takes into ac-
count the different solid angles of collected scattered light
due to different sample geometry and the different indices
of refraction for the two samples, I is the intensity of the
scattered light, N is the number of ions or molecules per
cm?, and L is the effective length of the sample from
which scattered light is collected and made to enter the
entrance slit of the spectrometer.

Using Eq. (2), measured intensities and the known
value of 8.0X1073% cm?sr™! per ion for the reference
transition in benzene for 632.8 nm excitation,*? the
differential scattering cross section for the 379-cm ™!
T,+ 4, mode of Y,0; was determined to be 5.1X10~*°
cm2 st~ ! per molecule. Since we have normalized the in-
tensities of ER transitions relative to that of this phonon
mode, the cross sections for these transitions may, there-
fore, be determined from the relative intensities.

The differential scattering cross section for the 2129-
cm~! ER transition of Ce** in the C, site was thus es-
timated to be 2.2 X 107 ¢cm?sr ™! per ion and that of the
2270-cm ™! transition of the C;; site to be 8.8 1073
cm?sr~! per ion. These lines correspond to transitions to
the first excited state of the 2F,;, manifold of their
respective sites. The cross-section values are comparable
to 3.25X107% cm?sr™! per ion obtained for the same
transition in Ce**:LuPO,.!°

V. DISCUSSION

A. Energy-level structure of the 41! configuration

The ground state of the free Ce®" ion is spht by the
spin-orbit interaction into the 2F,, and °F, ,» multi-
plets.*3 These manifolds are further split by the crystal
fields of C;; and C, local symmetries of the Y,O; host.
Both the crystal fields split the 2F5 ,, manifold into three
and the F,, into four Kramer doublets. We have
identified all three levels of the 2F;,, manifold and three
out of four levels belonging to the °F, , manifold of Ce**
in the Cs; site. The position of the first excited level of
the *F5,, manifold and three levels of the 2F, ,, manifold
of the C, site were also determined.

A weak, broad line appears at 1220 cm™! in the ER
spectra taken with 457.9, 476.5, and 488 nm excitations.
The feature is masked by strong Eu fluorescence in the
spectrum of Fig. 2. The linewidth of the transition is
~50 cm~! at 92 K, and its strength exhibits the same
resonance enhancement behavior that is observed for ER
transitions within the states of the C, site. No electronic
energy level exists within 90 cm™! of that energy.?®

However, when the energy of the observed *Fs,, level,
666 cm™!, is added to the energy, 552 cm™!, of the
second highest-frequency optical phonon of the host lat-
tice, the total energy (666+552)=1218 em™! corre-
sponds to that of the observed transition. We therefore
tentatively ascribe the 1220 cm ™! line to a vibroelectron-
ic Raman transition which involves simultaneous change
of both the electronic and vibrational quantum numbers.
The vibroelectronic Raman effect was experimentally ob-
served in rare-earth ion-doped crystals and a detailed
theory was developed by Kane-Maguire and
Koningstein. “

B. Cross-section calculation

A second-order perturbation-theoretical description of
the ERS process will be used to obtain a semiquantitative
understanding of the experimental results. According to
this theory, the differential scattering cross section for an
ER transition from a ground (initial) state |g ) to a final

state |f ) is given by*>#!
do (2m)*e*w?
—o ~“Asmini———— (@), 17, 3)
dQ (4meg)? 7

where the subscripts S and 7 refer to the scattered and in-
cident photons, respectlvely, =Hn 2+2) is the local
field correction,* and ¢, is the perm1tt1v1ty of free space.
The factor Ag; depends on the geometric arrangement of
the experiment and for the geometry used in this experi-
ment is given by*®

16

Ag = ,
S 14 ng 2140, |2

)

where ng and n; are the refractive indices of the crystal
for scattered and incident radiations, respectively.
(@p0)sg is the scattering amplitude defined in Eq. (1).
Since even for a moderately complex ion all the states are
not well known, approximation schemes are necessary to
evaluate the sum in Eq. (1) and extract a value for the
cross section.

An order-of-magnitude estimate of the size of the reso-
nantly enhanced intra-4f ERS differential scattering cross
section may, however, be made by assuming that the
lowest-5d resonant intermediate state is the only state
that contributes appreciably to the cross section so that
the sum in Eq. (1) is replaced by a single term. Under
this assumption Eq. (3) reduces to

do— ) (27T )Z'V'Vg

|Mf'#~ 2
=A i*ig
dQ siMsMr (

4meg)*#c?  T?

) (5)

where pi5; and p,, are the electric-dipole matrix elements
connecting the final state to the resonant intermediate
state and the ground state to the intermediate state, re-
spectively. For this estimate we take pu; ~ g, ~1X 10_13
esu, typical of 4f —5d mterconﬁguratlonal moments;*’

is 19436 cm ™! and v, is 17 166 cm ™!, corresponding to a
frequency shift of 2270 cm ™! (energy of the lowest level
of the *F, ,, manifold in the Cj; site); the index of refrac-
tion of Y,0; is 1.94 at 19436 cm™! and 1.93 at 17166
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cm ™ 1;36 and the linewidth of the lowest 5d level is ap-
proximately 1200 cm ! from diffuse reflection spectra.*
Substituting these parameters into Eq. (5), the resonant
differential scattering cross section for the 2270-cm ~! ER
transition of Ce** in the Cj; site of Y,0; is found to be
8.0X107%7 cm?srlion~!. The effect of absorption of
the laser excitation near resonance is minimized in the
backscattering geometry used in this study and has been
neglected. The experimental value of the differential
scattering cross section for this transition determined
from its normalized intensity, resonance enhancement,
and the cross section for the 379-cm ! T, + A, phonon
mode of Y,0; (5.1X1073° cm?sr™!' per molecule) is
1.2X 1077 cm?sr™! per ion, in reasonable agreement
with the theoretical estimate.

For nonresonant excitation the sum in Eq. (1) was eval-
uated using the approximation scheme developed by Axe
for two-photon processes, *® following the Judd-Ofelt for-
malism for intra-4f induced-electric-dipole one-photon
transitions in R>* ions.** The application of the for-
malism to the present problem is somewhat involved but
standard and will be detailed elsewhere.’! Calculation of
the cross section using this formalism requires knowledge
of correct crystal-field wave functions for the initial and
final states. These are not readily available for Ce’" in
C,; and C, sites of Y,0;. However, for an order-of-
magnitude estimate, wave functions for a crystal field of
higher symmetry may be used. The crystal field of the C,
site thus may be approximated by that of a cube with
eight oxygen ions at the corners and Ce®" at the body
center. This approximation seems to provide a reason-
able explanation of the principal features of the energy-
level structure.’® The wave functions of this cubal coor-
dination were tabulated by Manthey.’?> We have used
these wave functions in estimating the nonresonant
differential scattering cross section for the 2129-cm ! ER
transition. Other relevant parameters for this transition
are v=15803 cm™!, v,=13674 cm™', v_(5d)=35000
cm™!, and (Rs4|r|R,;)=3.91X107° cm. > The estimat-

ed value of the cross section is 1.2X 1073 cm?sr ™! per

ion, which is in good agreement with the experimental
value of 2.2X 107 cm?sr ! per ion.

VI. CONCLUSION

Electronic-Raman scattering was used to identify and
determine the energies of six of the seven Kramer dou-
blets of the 4f ground configuration of Ce®" in the Cj;
site of Y,0;. Five of the seven 4f levels of Ce’" in the
C, site were also identified.

The differential scattering cross sections for non-
resonant ER transitions from the ground state to the
lowest level of the *F, ,, manifold of both Cs; and C, sites
were measured to be 8.8X 107> and 2.2X 10~ cm?sr !
per ion, respectively. Estimates based on a second-order
perturbation-theoretical model are in reasonable agree-
ment with the experimental results.

For resonant excitation, over two-orders-of-magnitude
enhancement in ER transition strength was observed.
Selective excitation of a resonant intermediate state of a
particular site led to enhancement of transitions within
that site as compared to that of the other site, making the
technique site selective. This site selectivity of resonant
ER transitions facilitated the determination of the low-
lying energy-level structure of Ce** in both C;; and C,
sites. The resonant ERS technique is thus expected to be
a powerful spectroscopic tool in the study of low-lying
energy levels of impurity ions in solids and in identifying
the sites to which these belong when several inequivalent
sites are present.
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