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The intensities of electronic Raman-scattering transitions between the ground and excited
crystal-field states of the ground I»/2 multiplet of Er + in crystals ErPO4 were measured as a func-
tion of excitation frequency in the region of an intermediate-state resonance between the I»/2
ground state and a crystal-field state of the F7/2 multiplet. It is shown that for excitation frequen-
cies near the intermediate-state resonance, the observed spectra are the result of electronic Raman
scattering and are not due to absorption followed by fluorescence. No such determination could be
made for direct resonance excitation. Enhancements of the intensities of the electronic Raman
scattering by a factor on the order of 100 are reported. The electronic Raman-scattering excitation
profiles (excitation frequency versus enhancement) are found to be asymmetric in excitation fre-
quency about the resonance. These profiles can be accurately modeled using standard electronic
Raman intensity theory and the measured oscillator strengths and linewidths of the Il5/2~ F7/j2
one photon transitions.

I. INTRODUCTION

Resonance enhancements of the intensities of electron-
ic Raman-scattering transitions between crystal-field lev-
els of the ground "I&&&2 multiplet of Er +(4f") in
erbium-doped phosphate crystals have been reported pre-
viously. ' These enhancements were observed using the
488.0-nm line of an argon-ion laser that is nearly coin-
cident in frequency with transitions between the crystal-
field levels of the I,5&2 and I7/2 multiplets. The previ-
ous results were unusual in that the intensity enhance-
ments were anomalously large (by a factor on the order of
10—100). Such intraconfigurational resonances should
generally be small since they are dependent on 4f 4f-
electric dipole matrix elements that are formally parity
forbidden. Additionally, other earlier experiments in-
volving 4f -4f enhancements of electronic Raman
scattering resulted in observed enhancements of factors
of only 1 —5 in intensity.

This paper presents new results obtained by varying
the frequency of the exciting light. The present results
confirm that the observed spectra are due to electronic
Raman scattering and are not due to Auorescence. In ad-
dition, excitation profiles for the resonance enhancement
of the electronic Raman scattering were obtained, and
the results are modeled using data obtained from
I)5/2 ~ F7/2 absorption measurements. A striking

feature of the data is the observed asymmetry in the exci-
tation profile about the resonance —a feature that is attri-
buted to interference between nonresonant and resonant
scattering amplitudes.

A general understanding of resonances of this type is
useful in analyzing the resonant enhancement of other in-

herently weak multiphoton processes such as two-photon
absorption and four-wave mixing. Recently, Cone and
co-workers have reported intermediate-state resonances
for four-wave mixing in crystals of Tb(OH)3 and
LiTbF4, and an intermediate-state resonance enhance-
ment of a factor of 20 for two-photon absorption in crys-
tals of Tb + LiYF4. '

II. EXPERIMENT

Experiments were performed on single crystals of
ErPO4 whose preparation and characteristics have been
described previously. " A schematic of the experimental
setup is shown in Fig. 1, where the laser-excitation source
was a Quanta-Ray PDL-1 dye laser (Coumarin-500 dye)
which was pumped by the frequency-tripled output of a
Quanta-Ray DCR-1 Q-switched neodymium-doped yttri-
um aluminum garnet (Nd:YAG) laser. This system pro-
duced laser light with a temporal width of —10 ns and a
spectral width of -0.25 cm '. The main source of back-
ground signal in the experiment was amplified spontane-
ous emission (ASE) from the dye laser. Since ASE gen-
erates a signal across the entire gain curve of the dye, the
dye-laser output was spectrally filtered to reduce this
background signal using a 0.25-m Jobin-Yvon monochro-
mator with a bandpass of approximately 15 cm ' in the
range of interest. A small portion of the beam was sam-
pled by a silicon photodiode for normalization purposes.

All experiments were carried out with the sample
mounted on the cold finger of a Janis cyrostat and kept at
a temperature of approximately 10—15 K. The scattered
light was collected at 90 by a fast camera lens and was
spectrally analyzed using a Spex Industries 1403 double
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FIG. 1. Experimental setup for obtaining resonance electron-
ic Raman-scattering spectra. The ASE filter consists of a 0.25-
m Jobin-Yvon monochromator and associated lens. See Ref. 19
for a more complete description.

monochromator. A RCA 31034 cooled photomultiplier
tube (PMT) was used for the photon detector. The PMT
signal was amplified by a fast LeCroy 101BX10current
amplifier. The PMT signal and the photodiode signal
were fed into two SRI-250 boxcar integrators for gated
detection. These integrators were used as sample-and-
hold devices and the shot-to-shot information was digi-
tized and stored using a Digital Equipment Corporation
(DEC) LSI-11/2 microcomputer. The LSI-11/2 micro-
computer performed shot-to-shot normalization, averag-
ing, and also controlled the scanning of the dye laser and
collection spectrometer synchronously.

The intensities of the Raman transitions excited by the
pulsed dye laser and/or argon-ion laser were compared
by normalizing the measured intensities to the intensity
of the vibrational Raman transition of ErPO4 at 303
and/or 1026 cm

III. ELECTRONIC STRUCTURE

Er3+ has a ground electronic configuration [Xe]4f"
that is split by the Coulomb and spin-orbit interactions
into a number of multiplets with different energies. For
energies up to 21000 cm ', the multiplet structure of
Er + is shown in Fig. 2, where the multiplets are labeled
by the leading Russell-Saunders term(s) ( 'LJ) of their
wave functions. The crystal field of ErPO4 splits these
multiplets, and individual crystal-field levels of the I»&2
and F7/2 multiplets for Er + in ErPO4 are also shown in
Fig. 2. These levels are labeled by the double-group irre-
ducible representations (16 and I 7) of the Dzd point
group that describes the symmetry of Er + sites in
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FIG. 2. Electron structure of Er + in ErPO4. The crystal-
field levels from the I»/2 and "F7/2 multiplets are shown on the
right side of the figure.

ErPO4. All of the crystal-field states are doubly degen-
erate Kramers pairs. In Fig. 2 the energy of the 488-nm
(20486. 7 cm ' in vacuum) line of the argon-ion laser
used in the earlier work is also displayed. The near reso-
nance of this line with the transition between the ground
state and the lower two crystal-field levels of the F7/2
multiplet (i.e., 20485.0 and 20492.9 cm ) is clearly evi-
dent.

In this work, the intensities of the electronic Raman-
scattering transition from the ground state to crystal-field
levels of the multiplet I»&z at 33 and 53 cm ' were mea-
sured as a function of laser-excitation frequency.
Incident-laser-excitation frequencies were selected to be
in near coincidence with transitions from the ground
state to the lower two crystal-field levels of the F7/2 mul-
tiplet. To simplify the analysis of the experiment, the po-
larizations of the incident and scattered light were select-
ed such that, through the D2d crystal-field electric dipole
selection rules, only resonance with the level at 20492. 7
cm ' was allowed. Polarization of the exciting laser light
was selected parallel to the optical axis of the crystal (Z),
while the scattered-light polarization was selected paral-
lel to one of the two equivalent axes of the crystal (X).
This Raman geometry is labeled as Y(XZ)X (where the
X and Y signify the incident and scattered light direc-
tions, respectively).

IV. DISCRIMINATION BETWEEN FLUORESCENCE
AND RESONANCE RAMAN SCATTERING

In performing electronic Raman-scattering experi-
ments in rare-earth crystals, care must be taken to ensure
that the observed signals are indeed Raman-scattered
light and not simplify fluorescence from a populated ex-
cited state. This is especially true for cases in which the
exciting laser frequency is in resonance or near resonance
with an electronic transition in the crystal. In such cases,
not only is a population of the excited states more likely
(thus facilitating fluorescence), but also discrimination of
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the Raman and fluorescence signals becomes more
difficult since the two signals are expected at approxi-
mately the same frequencies.

In the previously reported work on ErPO4, ' careful
measurements of the frequencies of the observed signals
indicated that the spectra were the result of resonance-
enhanced electronic Raman scattering to the levels at 33
and 53 cm '. This determination was possible because
the 488-nm line of the argon-ion laser was not in exact
resonance with any electronic transitions (see Fig. 2).
Thus the fluorescence and Raman transitions were ex-
pected at slightly di6'erent frequencies.

To confirm the above finding, an ErPO4 crystal was ex-
cited at a number of energies in the region of 20490
cm . Spectra associated with the dift'erent laser excita-
tion frequencies are shown in Fig. 3. The horizontal axis
represents the frequency shift in cm ' from the laser-
excitation frequency. In such a plot, Raman-scattered
light should appear in the same position regardless of the
laser-excitation frequency, while the position of Auores-
cence peaks will change with excitation frequency. A
plot of the measured frequency shifts of the observed
spectral peaks relative to the laser-excitation frequency is
shown in Fig. 4 as a function of laser-excitation frequen-
cy. This plot also includes data from additional spectra
not shown in Fig. 3. The horizontal lines give expected
locations of spectral peaks resulting from Raman transi-
tions from the ground state to the 33- and 53-cm ' levels,
while the skewed lines show expected locations of peaks
resulting from Auorescence transitions from the level at

20492. 9 cm to the levels at 33 and 53 cm '. The data
show that for excitation frequencies that are not in direct
resonance with the transition 0 cm '~20492. 9 cm
the observed spectra derive from the Raman-scattering
transitions 0 cm '~33 cm ' and 0 cm ~53 cm '. In
fact, in the spectra shown in Fig. 3 there is no indication
of any Quorescence peaks.

For excitation frequencies very near the energy of the
resonant transition, the discrimination between resonance
Raman scattering and fluorescence is not straightfor-
ward. This is due not only to the experimental lirnita-
tions in measuring frequency shifts (+0.5 cm '), but also
to the nonzero linewidth of the resonant transition. In
this case, the resonant transition has a full width at half
maximum (FWHM) of approximately 2.0 cm '. If this
broadening is assumed to be inhomogeneous (i.e., result-
ing from Er +-site variations), it is possible that for exci-
tation frequencies within the linewidth of the resonant
transition, site-selective fluorescence and resonant Raman
scattering would occur at the same frequency. For this to
occur, however, the energy difFerence between the initial
and final states of the Raman and/or Auorescence process
has to be site independent. This seems unlikely given
that the nonresonantly excited 0 cm '~33 cm ' and 0
cm ' —+53 cm ' Raman-scattering transitions have finite
linewidths. Both of these scattering transitions have a
FWHM of approximately 2.0 cm '. ' If this broadening
is inhomogeneous, then the energy difFerence between the
initial and final states is site dependent.

Another observation indicates that, for excitation fre-
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FIG. 4. Frequency shifts of the peaks in the Y(XZ)X spectra
of ErPO4 as a function of excitation frequency. The horizontal
lines are expected locations of Raman peaks. The skewed lines
are expected locations of fluorescence peaks.

quencies within the resonant-transition linewidth, the ob-
served spectra result from resonant Raman scattering
and not site-selective fluorescence. Fluorescence from
the transitions 20492.9 cm ' —+33 cm ' and 20492. 9
crn ' —+53 cm ', excited by populating either the upper
levels of the I'7/2 multiplet or higher-energy multiplets, '

is quenched by nonradiative decay and is very weak.
Conversely, the signals emitted after excitation in the re-
gion of 20490 cm ' are orders of magnitude stronger.

Several experiments have been reported that discrim-
inate between fluorescence and resonance Raman scatter-
ing by lifetime measurements. ' ' The fluorescence is
expected to have a lifetime equivalent to the population
or longitudinal lifetime of the resonant state, T„while
the resonance Rarnan signal is expected to have a lifetime
given by the phase-coherence lifetime of the polarization
generating the Raman signal, T2. Because of the large
number of ways in which dephasing is possible, T2 is, in
general, much shorter than T, . In an attempt to con-
clusively determine whether the observed signals were the
result of resonance Raman scattering or fluorescence,
lifetime measurements were performed. The ErPO4 crys-
tal was excited at 20492.9 crn ' in resonance with the
transition 0 crn ' —+20492.9 cm ', and at 20556.4 cm
in resonance with the transition from the ground state to
one of the two upper crystal-field levels of F7/2 In both
cases, the lifetime of the light emitted at
20492. 9—33=20459.9 cm ' was measured. The signal
excited by radiation at 20556.4 cm ' is presumed to be
fluorescence from population in the level at 20492. 9
cm ' created by fast nonradiative decay of the popula-
tion at the level at 20556.4 cm '. The signal excited by
the radiation at 20492. 9 crn ' is either resonance Raman
scattering, 0 cm ' —+33 crn ', or fluorescence, 20492.9
cm ' ~33 cm '. Both signals were faster than could be
measured with a 10-ns pulse as an excitation source, so
no determination was possible.

The excitation profiles for the Y(XZ)X Raman-
scattering transitions from the ground state to the levels
at 33 and 53 cm ' have been measured and the data are
plotted as the enhancement of the Raman-scattering in-
tensity versus laser-excitation frequency. The excitation
profiles for the 6=33 cm ' and 5=53 cm ' electronic
Raman scattering for excitation frequencies within +25
cm ' from the resonance at 20492.9 cm ' are shown in
Fig. 5. The enhancement of the Raman-scattering inten-
sity is defined as the ratio of the resonance Raman
scattering over the nonresonant Raman scattering (not
including the co enhancement). For nonresonant Raman
scattering, the excitation used was at 514.5 nm (19429.7
cm '), which is at least 300 cm ' from any resonance.
In addition, the excitation profile for the vibrational Ra-
rnan scattering to the 303-cm ' E phonon of ErPO4
(Ref. 16) is also shown in Fig. 5. Since there is only a
small interaction between the phonons of the crystal and
the shielded 4f electrons of the rare-earth ion, a reso-
nance excitation of a 4f ~4f electronic transition of
the rare-earth ion has little or no effect on the vibrational
Rarnan-scattering intensities. Therefore, the vibrational
Rarnan-excitation profiles were used as a standard for
comparison with the electronic Raman-scattering
profiles. The 6=33 cm ' and 5=53 cm ' excitation
profiles for excitation frequencies that are 25 —100 cm
less than the resonance frequency are shown in Fig. 6.
The 6=303 cm vibrational Raman-excitation profile is
not shown because it is approximately flat and equal to 1

in this region.
The excitation profile shown in Fig. 5 for the 6=303

cm vibrational Raman scattering is also flat in the reso-
nance region (reflecting no resonance enhancement as ex-
pected) with the exception of a large decrease at approxi-
mately 20493 cm '- and a smaller one at 20503 cm
These decreases are not the result of a variation in the
Raman-scattering cross section, but simply reflect the ab-
sorption of the incident laser light by the resonant transi-
tion 0 cm ' —+20492.9 cm ' and the excited-state transi-
tion 53 crn '~20 556 cm '. This excited-state absorp-
tion is large at such low temperatures because of its large
oscillator strength. The absorptions reduce the amount
of incident laser light available for Raman scattering in
the interior of the crystal, thus resulting in the decreases
in the excitation profile.

Excitation profiles for the electronic Raman scattering
are dramatically different from the vibrational Raman
profile. Both electronic Raman profiles have a double-
peaked shape that appears to result from a resonance
with two states. The shape actually represents a single
resonance structure, however, with a decrease in the
center. This decrease is directly "on resonance" and is
the result of either absorption of the incident laser beam
(as shown in the vibrational Raman-scattering profile) or
possibly absorption of the scattered light by population in
the final state of the Rarnan transition. An important
feature of both profiles is their asymmetry about the fre-
quency of the resonant transition.

For both profiles the observed enhancements are rela-
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tively very large. The peak-enhancement factor is ap-
proximately 47 at an excitation 3.0 cm ' from the reso-
nance for the 5=33 cm ' scattering. The peak-
enhancement factor is approximately 141 at an excitation
2.1 cm ' from the resonance for the 6=53 cm ' scatter-
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ing. The measured enhancements agree well with results
of the earlier experiments that used the 488-nm (20486.7
cm ) line of an argon-ion laser as the excitation source
(6.2 cm ' from the resonance). ' In that case the
enhancements (relative to excitation at 514.5 nm) were
18.1 and 29.1 for the 6=33 cm ' and 5=53 cm
scattering, respectively. In the present work, measured
enhancements for excitation at 488 nm are 18.5 and 28.3
for the 5=33 cm ' and 5=53 cm ' scattering, respec-
tively.

Electronic Raman-scattering intensities are affected by
the resonance for excitation frequencies as far as 100
cm ' off resonance. It can be seen in Fig. 6 that the
6=33 cm ' scattering is enhanced by a factor of 1.5 rel-
ative to the nonresonant scattering (excitation 514.5 nm)
for an excitation 100 cm ' lower in energy than the reso-
nance. The 6=53 cm ' scattering is approximately
one-half of the nonresonant scattering for an excitation
100 cm ' lower in energy than the resonance.
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FIG. 5. Top: Excitation profile for the 6=303 cm ' vibra-
tional Rarnan scattering. Middle: Excitation profile for the
6=33 cm ' electronic Rarnan scattering. Bottom: Excitation
profile for the 6=53 cm ' electronic Raman scattering. For all
the cases, the scattering geometry was Y(XZ)X.

The light-intensity associated with an electronic
Raman-scattering transition between an initial state ~i &

and a final state
~f & is given by the proportionality

&flDplj&& jlD li &

(I, )p
l J

&flD. lj && jlDpli &+
CO& +6)

where cu and ~, are the frequencies of the incident and
scattered light, respectively, D is the electric dipole
operator, and p and o. are the polarizations of scattered
and incident light, respectively. The sum is over the vir-
tual intermediate states

~j & (with energy fico~ ) of the Ra-
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man process. Because the initial and final states of the
Raman transition belong to the ground configuration of
the erbium ion (4f "), states of the 4f configuration do
not contribute significantly usually to the sum as virtual
intermediate states. Electric dipole matrix elements be-
tween states of the same electronic configuration are for-
mally parity forbidden and are only partially allowed in
rare-earth crystals through the effect of odd-parity com-
ponents of the crystal Geld. In general, states that con-
tribute most significantly as virtual intermediate states
belong to the excited configurations of the form 4f 'n'1
with parity opposite to that of the ground configuration.
If the exciting laser light is sufticiently close in energy to
a transition to a state of the 4f" configuration, however,
the small intraconfigurational electric dipole matrix ele-
ments may be offset by the vanishing denominator in Eq.
(I}, and a 4f" state may then contribute non-negligibly
as an intermediate state.

The sum in Eq. (I) may be divided into two parts:

&f ID Ij & &j ID li &

(I, ) cc

jar COj Q)

&flD. lj&& jl&, li &+
COj+ CO

&flD, lr&&rlD. li&
'

+ 6)„co+/I „
(2)

Aco =co co,

my= le)le"

(flD Ir&(rlD Ii)
&flD~Ij &&j ID Ii & &f ID jI&&j ID~Ii &+

Q)j CO COj + CO

I, (hco)
E(b.co) = Inon —resonant

S

The quantity q, for the sake of generality, is written as a
complex number, and 5 is a phase factor. In addition, be-
cause of the large energy difference between states con-
tributing to the nonresonant amplitude and the laser exci-
tation, g is assumed to be independent of the laser-
excitation frequency. The quantity E(hco) is the resonant
enhancement of the scattering intensity relative to its

The summation includes the nonresonant scattering am-
plitude (virtual intermediate states are from excited
configurations), and the last term arises from the
intraconfigurational resonant part of the amplitude. The
4f" resonant state Ir ) has an energy fico„The dampi. ng
parameter I, has been added to account for the finite
lifetime of the polarization that generates the Raman sig-
nal. This treatment of the damping factor is only approx-
imate, and a more exact calculation using the density-
matrix formalism can be performed. ' '

To facilitate the modeling, the following quantities are
defined:

nonresonant value.
Using the above definitions and expanding Eq. (2}, an

expression for the enhancement of the Raman intensity
as a function of the frequency (b co) can be written as

E(z },+ lnl + 2I r1 I r„sins
(a~)'+ r' (s~)'+ r'

+ 2lillhcocos5
(b,co) +I „

The right-hand side of this expression may be divided
into three parts. The first term represents the contribu-
tion from the nonresonant amplitude. The second term is
the contribution from the resonant amplitude. The third
part, which consists of the third and fourth terms, results
from interference between the nonresonant and resonant
amplitudes. Note that the first three terms are symmetric
in h~, but the last term is antisymmetric. Thus, the sum-
mation of all terms yields an asymmetric profile as experi-
mentally observed.

It is necessary to include effects of inhomogeneous
broadening of the resonant transition to complete this
model. For any given laser frequency, the value of b,co

varies from erbium ion to erbium ion throughout the
crystal. To account for this variation, Eq. (4) for E(b,co)
is summed over the distribution of possible resonant ener-
gies in the crystal. A Gaussian distribution (the absorp-
tion spectra indicate that this is an appropriate choice' )
is assumed of the form

1/2
2 ln2S(b,co') =— exp — 4 ln2

(b,co')

Q2

where 6 is the FTHM of the Czaussian, and hco' is the
detuning from the mean frequency of the Gaussian. Ab-
sorption spectra of ErPO4 crystals show that 5 for the
transition 0 cm '~20492. 7 cm is approximately 2
cm ', as noted before. E is summed over the inhomo-
geneous profile in the integral

E(bco) = f E(bco bco')S(bco')d(bco—') . (6)

This model does not include the effect of absorption of
the exciting laser light by the resonant transition. This
effect was factored out of the observed electronic
Raman-excitation profiles by dividing these profiles by
the excitation profile for the 6=303 cm ' vibrational
Raman transition. The model was then fitted to these
"normalized" profiles. For each profile, values of libel and
6 which yielded the best fits to the observed profiles were
selected. The damping parameter I, is given by the
homogeneous width of the resonant transition. Since the
linewidth of the resonant transition is approximately 2
cm (most of this linewidth is attributed to inhomogene-
ous broadening), an upper limit of 2 cm ' may be set on
the value of I „. A lower limit for the linewidth is given
by the finite linewidth of the exciting-laser line, 0.25
cm '. From Eq. (4) it can be seen that the results of the
model are fairly insensitive (with I i1 I

» I „and b,co » I „)
to the value of I „. (The magnitude of I „only becomes
important when the laser is tuned into direct resonance,
where it is strongly absorbed. Under these conditions, a
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comparison between ethe data and the model is not possi-
ble. ) Thus r „was fixed at 0.4 cm ' for the fits.

The best fits to the excitation profile are given by
1=22 and 5=~/ an/3 d

~
~=35.5 and 5=2+/3 for the

1.' and 5=53 cm transitions, respective y.
Th b rved and calculated profiles for t ee o serv

Fi . 7 for laser-s=53 cm ' scattering are shown in ig.
i

' ' ' +2 cm ' of the resonance.exci a i't tion frequencies within 2 cm
for laser-excitationF' 8 th same profiles are shown forIn ig. e

'
n 25 —100 cm ' below the reso-frequencies in the region

nance. Both fits accurately describe the magnitu es an
shapes of the excitation profiles.

The value of ~iI~ associated with a given process may
be calculated from q.E . (3) if the nonresonant amplitude
of the Raman transition and the electric dipo e ma rix
elements for the ini ia -sh t' 1-state to resonant-state and
resonant-state to na -sfi 1- tate transitions are known. The

d f the electric dipole matrix element may emagnitu e o e
d directl from the value of the oscilla o gtor stren thobtained iree y rom

nsition (the oscillatoro e af th ssociated one-photon transition e
h f transition is proportional to the In g

'

of the electric dipole matrix element square, . e
lator strengt s o eh f th crystal-field transitions between the

33

(53(X/r &(r/Zfo&

53

(7)

where Ir & is the resonant state at 20492.9 cm ' andA 33
itudes for thean 53 are iuu A the nonresonant Raman amp itu

I6=33 cm an = cd 6=53 cm ' scattering. From Table
man am ltu esand the relative nonresonant Raman amp itu es

(A33/% ~3= l. 82), we find, from Eq. (7),

This value is in excellent agreementis va ue
'

nt with the ratio ob-

'
1 nd the I' multiplet were measuredI&z&z multip et an e

relative values of the nonresonant amplitudes of the elec-
t nic Raman scattering have been given previous y. 'tronic

ma be calcu-Thus, the relative values of ~i)33 arid f53
lated. From Eq. (3) we have

(33/X/r &(r/Z/0&
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FIG. 7. Measured and modeled no"normalized" Rarnan-
itation profiles for the Y(XZ)X = crn6=33 crn ' and 6=53exci a ion

5=33 cm ' transi-crn ' transitions. The top panel rs for t-e
tion, the bottom for the 6=53 crn ' transition.

FIG. 8. Measured and modeled no"normalized" Raman-
for the Y(XZ)X 6=33 cm ' and 4 =53

cm ' transitions. The top panel is for the 6= cm ran '-

h bottom for the 6=53 cm ' transition.
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Transition
Energy
(cm ') Polarization

Oscillator
strength
( X10'}

0 cm '~20492. 9 cm ' 20492.9

0 cm ' —+20485.0 cm ' 20485.0

33 cm '~20492. 9 cm ' 20459.9

33 cm '~20485. 0 cm ' 20452.0

53 cm '~20492. 9 cm ' 20439.9

X=Y
z

X=Y
z

X=Y
z

X=Y
Z

X=Y
z

0.092
0.069

0.003
not allowed

0.760
not allowed

0.187
0.020

0.671
0.011

TABLE I. Oscillator strengths for transitions between the
crystal-6eld levels of the I»/2 and I'7/2 multiplets in ErPO4.

rately match the symmetric part with the antisymmetric
part of the profiles. It is difticult to justify these phases
on physical grounds. The fact that 5 is not necessarily 0
or m, however, has two important implications. First, the
tuning range over which the resonance is observable is re-
duced. From Eq. (4) it can be seen that the interference
term controls the range of the resonance and drops off
only as 1/b, co, while the resonant term drops off as
(1/bco) . The size of the interference term is dependent
on'the factor cos5. Thus, the greatest range of resonance
effects is attained for values of 5 and 0 or m. Second,
there is no complete or even near cancellation of the Ra-
man signal at a given value of b,co. Equation (4) shows
that for 5=0 or rr the Raman signal will almost com-
pletely vanish (assuming ri))l ) for an excitation fre-
quency of he@= —g or g, respectively, but, in fact, no
cancellation of the Raman scattering has been observed.

53 cm ' —+20485.0 cm ' 20432.0 X=Y
z

0.148
not allowed VII. CONCLUSIONS

tained from the fitted values of ~il ~:

The oscillator strength for the transition from the
ground state to the resonant state is relatively small, yet
the oscillator strengths for the transitions from the reso-
nant state to the final states are both relatively quite large
(Table I). The latter two oscillator strengths are nearly
1X10, i.e., the same magnitude as a typical multiplet-
to-multiplet oscillator strength. It is this combination of
a small initial- to resonant-state oscillator strength and a
large final- to resonant-state oscillator strength that will,
in general, result in large observable resonances in elec-
tronic Raman scattering and other two-photon processes
in rare-earth crystals. This combination minimizes ab-
sorption losses of the exciting laser light, while maintain-
ing the product of the matrix elements that determine the
strength of the Raman scattering.

The second parameter in the model is the phase 5 as
defined in Eq. (3). From Eq. (3), 5 might be expected to
have a value of 0 or m, indicating either complete con-
structive or destructive interference between the resonant
and nonresonant amplitudes. The best fits of the ob-
served excitation profiles were given by 533=+/3 and
553=2m. /3. These values were necessary in order to accu-

The previously reported observation' of a large
intraconfigurational intermediate-state resonance
enhancement of electronic Raman scattering in ErPO4
has been confirmed. Excitation profiles for the resonance
enhancement were obtained, and the shapes and magni-
tudes of these profiles were accurately modeled using
standard theory. The results of this modeling indicate
that the optimum conditions for the observation of large
intermediate-state resonance enhancements of e1ectronic
Raman scattering are a small oscillator strength for the
initial-state to resonant-state transition, combined with a
large oscillator strength for the final-state to resonant-
state transition.
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