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Abstract

The resonantly enhanced 266 nm excited electronic Raman spectrum has been
recorded for polycrystalline Cs;NaPrClg at 10 K. Significant differences are
observed in comparison with the 514.5 nm spectrum. These are rationalized by
intensity calculations which, for the intermediate virtual excited (4f5d) states,
utilize (I) the direct product of 4f' core and 5d! electronic states; (II) 4f5d
coupled states obtained by using the Reid f? and fd programs; (III) or for
the initial and final (4f?) states, using the configuration-mixed wavefunctions
(4fnp) obtained by a configuration interaction assisted crystal field calculation.
In general, the calculated trends in intensities are fairly similar (except where
the calculated corresponding energy levels differ appreciably), showing that not
only the interaction between the 5d electron and the (4f)! core in the 4f5d con-
figuration, but also the inclusion of the 4fnp configuration, do not provide the
dominant contributions to the electronic Raman transition intensity of the Pr3+
ion. The calculated enhancements to the intensity under 266 nm, compared with
514.5 nm, excitation differ for different transitions within a given terminal multi-
pletterm, and can vary by several orders of magnitude. The calculations are suc-
cessful in pinpointing the strongest observed electronic Raman transitions, and
provide an insight into the mechanistic pathways involving intermediate states.

1. Introduction

In addition to conventional luminescence and absorption spectroscopy, the energy levels of
the lower multiplet terms of lanthanide ions are accessible in some cases via electronic Raman
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scattering [1, 2]. This has proved especially useful where the energy level assignments are
uncertain from the former two techniques [3]. However, it is then important that the relative
intensities of the different electronic Raman transitions are known for a particular compound, so
that secure assignments for the crystal field irreducible representations (irreps) can be made.
Some previous attempts have been made in this direction for rare earth phosphates [4, 5],
and also using the model cubic systems Cs;NaL.nClg, where the Ln3* ion occupies a site
of octahedral symmetry [6, 7]. The elpasolite systems are particularly attractive because the
energy level schemes for Ln** are the simplest, and the presence of an inversion centre produces
rigorous electronic Raman selection rules.

The theory of electronic Raman spectroscopy has been described in detail elsewhere [ 1, 8].
Basically, the electronic Raman scattering process involves the electric dipole (ED) allowed
transition to a (virtual) intermediate state, and then the transition from this state to the terminal
state. The initial and final states are 4f" electron states, whereas the intermediate state is
from an anti-parity electronic configuration, such as 4f~!5d (abbreviated to fd hereafter), or
4fN=15g Chua er al have performed some electronic Raman scattering intensity calculations
for Cs,NaPrClg employing two different approaches [9]. First, the Judd—Ofelt—-Axe (JOA)
model [10-12] was employed. Judd and Ofelt [10, 11] introduced the closure approximation
in the study of forced ED transitions of lanthanide ions in noncentrosymmetric crystals. The
theory was subsequently extended by Axe [12] for two-photon transitions. In this method, the
intermediate configuration is degenerate, and has an (adjustable) energy barycentre. The rank 1
tensor operators in the two particular virtual ED transitions involved in the scattering process
can then be simplified as a rank 2 tensor operator acting between the initial and final states of
the 4f" configuration. The second approach was the Hoshina [13] or Xia [14] method. In this
case the relevant excited states (fd) are synthetically produced by combining the electronic
wavefunctions of a Ce** 5d' electron with the states of the 4f¥~! core. The approximate
energies of the resulting states are inferred from the (known) energy level structures of Ce**
and the 4f¥ ! (Ln*) system. This approach therefore gives some substance as to the nature of
the intermediate states. However, it can be argued that since the core—d electrostatic interaction
is ignored, the intermediate state wavefunctions and energy level scheme would be inaccurate.
Moreover, the assumption of configuration degeneracy in the JOA approach may be considered
as evidently an even more drastic one. Generally speaking, the results of the calculations for
the relative intensities of electronic Raman transitions in Cs,NaPrClg, employing these two
methods, were fairly similar. The agreement with experimental results was reasonable, except
for some cases where the results were not even qualitatively correct.

Recently, there has been a flurry of interest in the energy levels and intensities of
interconfigurational transitions of lanthanide ions [ 15—18]. This has resulted in a more accurate
understanding of the energies and wavefunctions of states from the fd configuration. In order
to gain further insight into the electronic Raman spectra of Cs;NaPrClg, we have therefore
performed a direct calculation of the scattering intensities, using the available f> and fd electron
wavefunctions (or including fp electron wavefunctions in the initial and final states) and the
corresponding crystal field level energies. This direct calculation method has the distinct
advantage that the roles of the relevant crystal field intermediate states can be pinpointed and
evaluated. The calculation is described in detail herein, and new experimental results have
been obtained in order to make a more extensive and accurate comparison with theory. To
summarize, we aim to check and compare the various direct calculations which are based upon
different approximations about the intermediate states of the fd configuration and a different
fitting scheme for the > configuration.

The experimental details are briefly reviewed in section 2, and the relevant structural and
energy level data are presented in section 3. In section 4, the theoretical background is given,
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Figure 1. 266 nm excited electronic Raman spectra of Cs,NaPrClg at 10 K. (Separate regions are
not to scale. Refer to table 4.)

and the discussion of the results is given in section 5. Finally, the major conclusions are given
in section 6.

2. Experimental details

Crystals of Cs,NaPrClg were synthesized by the passage of dried powders from Morss
method E [19] through a Bridgman furnace, in sealed quartz tubes. We have observed,
using polarized Raman spectroscopy, that this preparative technique produces polycrystalline
material. Resonance electronic Raman spectra were recorded at the University of Hong Kong,
using the 266 nm anti-Stokes H,-shifted line of frequency-tripled Nd-YAG laser radiation. This
excitation was just below the fd states of Pr3*, for which the lowest '3, level is at 39 017 cm ™!
in Cs;NaYClg:Pr* [18]. The sample was housed in an Oxford Instruments closed cycle
cryostat, with base temperature 10 K. The equipment for recording the Raman spectra has
been described previously [20]. We have previously recorded the 85 and 10 K 514.5 nm
excited Raman spectrum of Cs,NaPrClg [6]. We report the scattering intensity data from these
studies, also averaged with the data from Amberger et al [21], in table 4.

Figure 1 shows the relevant electronic Raman features from the 266 nm (37 583 cm™')
excited 10 K spectrum of Cs;NaPrClg, and the relative intensities are also listed in table 4.

3. Energy level structure of Pr3* in elpasolite crystals

The Cs,;NaPrClg crystal undergoes a cubic to tetragonal phase transition at 152.6 K [22] or
159 K [23], but since the energy level perturbation is minor, we have assumed that the Pr*
ion is located at an Oy, molecular point group site at the temperature of the Raman experiment,
10 K. The 4f energy levels of Pr** in the elpasolite host lattice have been reported in [24]. The
electronic ground state levelis (*H4) "1, and is of rather pure parentage. The 4f5d configuration
includes ten multiplets, 3P, 3D, 3F, 3G, ’H, 'P, 'D, 'F, 'G and "H (140 states), belonging to
58 irreps of the Oy, site symmetry group: 6"y, + 5T, + 12173, + 18Ty, + 1705y, whereas the
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4fnp configuration includes six multiplets, °D, 3F, 3G, 'D, 'F, 'G (hence 84 states), belonging
to 35 irreducible representations: 31"z +41'25+ 713+ 10I4g + 11I's,. In most of the following,
the subscripts g and u are omitted where they are obvious. The irreps are defined in agreement
with the definitions given by Griffith for J = 0-6 [27].

4. Theoretical background

4.1. Transition intensity calculation

In this section, we present the methodology of the direct calculation of the electronic Raman
scattering of Pr** in the elpasolite crystal lattice. This involves explicit evaluation of the
transition matrix elements connecting the ground 4f (or 4f%/4fnp) configuration and all the
fd intermediate states contributing to the electronic Raman scattering intensities.

The amplitude of the transition of the electronic Raman scattering between initial state
ITiyi) and final state |'ryr), where the index y labels the degeneracy of the state I, is written
as

<nyf|ap’a’|ri)/i>’ (1)
where o, is the Cartesian tensor, which can be expressed as
r D, Dy|T r D,
ap’ﬂ’:_Z{ /)I XVX )(VX| o 4 o | )(V)()( xyx| P } @)
hoy, —ho hw, + hos

Both the initial and final states belong to the 4f" configuration. The energy of the intermediate
state |I", ), assumed to be a state of the fd configuration, is hw,. The polarization of
the incident photon %w and scattered photon %w; are ¢’ and p/, respectively. In Cartesian
coordinates, ¢’ and p’ = X, Y, Z, where X, Y, Z are defined by the crystallographic axes of
the crystal. D is the electric dipole operator.

The scattering intensities are proportional to the incoherent sums of the squares of the
transition amplitudes in various polarizations:

> Ueytlepor Tiv) . 3)

o0 Vi ve

In the case of the Pr3* ion in Cs,NaPrClg, the lowest energy intermediate configuration
with opposite parity is fd, and this makes the most important contribution to the electronic
Raman scattering intensities.

Several different methods were employed in the calculations of the electronic Raman
scattering intensities, as detailed below.

4.1.1. Calculation using 4f5d direct product wavefunctions. First, in order to investigate the
importance of the Coulomb interaction between the 4f core and the 5d electron concerning
the electronic Raman scattering intensity we have made a direct calculation using the
direct product-type wavefunctions and corresponding energies for the 4f5d intermediate
configuration, thereby ignoring this interaction. In this calculation (labelled I, hereafter) the
direct product-type wavefunctions and corresponding energies for the 4f5d configuration were
obtained from the direct product of the 4f! (Ce**) core states and the single 5d electron (Ce**)
crystal field (CF) states. The CF wavefunctions and the corresponding energies for 4f! core
states (and also the 4f2 initial and terminal states) were reproduced by using Reid’s f-shell
empirical programs with the input parameters reported in [2]. The CF wavefunctions for the
5d! electronic states are identical to those in [28]. Moreover, the energy difference between the
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lowest level of the 4f5d configuration and the ground CF level of the 42 (Pr3*) configuration
was taken to be 39 612 cm™!. The detailed calculation method has been given in previously [9]
and is not repeated herein.

4.1.2.  Calculation using Reid’s 4f5d coupled-type wavefunctions and energies for the
intermediate states. The accurate coupled-type eigenfunctions and eigenvalues for all the
states of the 4f!5d' configuration are available from the f and fd programs of Reid, which take
into account the electrostatic, spin—orbit and crystal field interactions, as well as other minor
interactions (see, for example, [15]).

When using 4f5d coupled-type wavefunctions and energies for the intermediate states,
the transition matrix element (I'¢ yf|Dé|F 7y of the rank 1 spherical tensor Dé Note5 can be
expressed as

(42 [ S LI T ye| D145 [0, Sy Ly T, 1T, vy )
= > > CipCursa(4f2neSiLiJiMc| D) |45dnSLJ M) 4

ne Sfo Jfo nSLJM

¢ SeLiJ{ T ye
42, e S L Jy My
connecting the basis states of 4f> and 4f5d configurations can be written as

[0, Sy Ly J, 1T .. .
where Cypr = C and Cypsq = C4¥5de7SXL JXMXVX. The transition matrix element

(4£20¢ St Ly J: M| D} |4£5dnSLJ M)

8SSf (_ 1)2Jf+Lf —Mi+S+L

V2
x /5 x T/ QL+ 1)(2J + )Q2L; + 1)(2J; + De(4f|r|5d)
301 2\( & 1 IN\[S L K3 3 L
X(O 0 0><—Mf p M){l J L}{l L 2}' ©)

The transition matrix element (", y,, |D; [Tiyi) can be expressed as

(415d[1, Sy Ly J, 1Ty vy | DLIAE* [0} S{ L, J1Tyy3)

1771

= Y > ClipCisa(4f5dnSLIM|D} |40 S Li Ji M)
nSLJM n;SiLiJ; M;

! * 2J+L—M+S+Li+1
E: Clp2Ciirsadss, (=) b
nSLJM n;SiLiJ; M;

2
x E\/5 x 7/ QL + 1)(2J + )2L; + 1)(2J; + De(4f|r|5d)

o J 1 2 1 3 J 1 L 1 L; )

-M o M;)\O0O O O)|L S L 3 3 2|
By replacing the terms in equation (3) with the above-mentioned equations (5) and (6), and
the energies in the denominators by the fitted one for the corresponding states, the electronic
Raman scattering intensity can then be calculated directly. The energy parameters employed

in this calculation (hereafter labelled as calculation II) are listed in the 4f2 + 4f5d column of
table 1.

3 The spherical tensor D}] is a linear combination of the cartesian tensor D/lj, as follows: Df = —%(Di + iD;,),
I _pl pl _ _Lpl_:pl
Dy=D;, D, = E(DX —iDy).
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Table 1. Parameters used for energy level calculations for 4f2, 4£2 + 4fnp and 4f5d configurations
of Pr3* in Cs,NaPrClg.

Parameters 4f2 + 4£5d (calc. ID)? 4f2 4 4fnp + 4£5d (calc. TIT)°
F2(f, 1) 67169 67499
F4(f, f) 48106 48274
FO(f, f) 30919 31222
o 21.74 22.9

B —629 —698

y 1936 2035

I 745 756.1
MO 1.76 3.33
P2 275 0

By(f, ) 1938 3435
B§(f, ) 290 606

R (4f, 4f, 4f, 6p) — —6450
R*(4f, 4f, 4f, 6p) — —4333
Bg(f,p) — 28900
Ag(fd) 45000 39017
F2(fd) 302714 18162¢
F*(fd) 150944 9056°
G (fd) 129034 10322¢
G3(fd) 111609 11160°
G (fd) 86914 8691°¢
Za 11494 1148¢
Bj(dd) 42357¢ 42357¢

a 4f2 parameters from table Iin [2].

b Parameters from [26].

¢ From [24].

d 4f5d parameters from table II in [25].

4.1.3. Calculation using the energies and wavefunctions of the initial and final states obtained
from a configuration interaction assisted crystal field calculation (CIACF).  Since 4f2 crystal
field states are mixed to some extent with those of other configurations of the same parity,
this might induce some significant changes in the direct calculation. The calculation of
electronic Raman scattering intensities requires the wavefunctions of both the ground 4f>
and the configurations beholding the virtual intermediate levels, just as in section 4.1.2. It was
assumed as above that the latter is essentially 4f5d. This calculation is labelled III hereafter.

The wavefunctions of 4f> were obtained earlier by a CIACF calculation applied to
Cs,NaPrClg in a |SLJ M) basis set including the ground 4f2 and an excited 4fnp configuration.
The details are given in [26] where the corrective effects of the excited configuration on the
calculated levels of 4f2 are discussed at length. Our initial guess for the excited configuration
was 4f6p (a rare earth centred configuration), which has since been amended. Indeed,
converging observations made on Cs;NaErClg and Cs;NaTmClg subsequently convinced us
that the most efficient interacting configuration was actually a charge transfer configuration
involving the p electrons of the ligands rather than the 6p electrons of the rare earth. The analysis
is discussed at length in [29, 30]. The point of interest for the present investigation lies in the
fact that the calculated energy levels of Pr** in Cs,NaPrCly are much closer to experimental
values, with a mean deviation of 11.6 cm ™~ (rather than 32.7 cm ' in the standard 4f? analysis).
Thus, one can also expect the corresponding wavefunctions to be more accurate. Since the
site symmetry at the Pr3* site in the elpasolite lattice is centrosymmetric, the wavevectors of
4f2? contain a small admixture with the states of 4fnp, but none with those of 4f5d.
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Table 2. Energies and dominant eigenvector compositions from Reid’s program for the 1874
states in the 4f5d configuration of Pr3*,

[y states  Energy (cm~')  Dominant terms

I 41074 68% Gy, 8% 3Hy, 8% 'F3, 6% 3Fy, 4% 3F3

il 42719 43% 3G3, 32% 3F3, 15% 3Hy, 5% 'Gy

it 43565 35% 3Hs, 27% 3Gs, 20% 3F3, 6% 3Gy, 5% 3Gs

v 44415 33% 3Hs, 18% 3Gy, 16% 3Fy4, 12% 1G4

\Y 45158 30% 3F4, 22% 3Gs, 16% 3Hg, 10% 3Gy, 10% *Hy

VI 45838 32% 3Dy, 24% 3Gy, 16% 3Hs, 8% *Hy

VIl 46705 45% 3Gs, 24% He, 7% D1, 6% Hy, 6% 3Gy

VIII 47599 46% D3, 11% 3Hs, 17% *Hs, 9% 3Gs, 6% 3Gy

IX 47976 34% 3Py, 30% Hs, 14% 3Gs, 11% *Hy

X 53055 51% "Hs, 45% 'F3, 2% Gy, 2% Hs

XI 57900 48% Py, 48% '"Hs, 2% 3Hs, 1% 3Gs

XII 63968 29% 3F3, 18% Hs, 17% 3Fy4, 11% 3G3, 9% *Hg, 7% >G5
XIII 65286 48% 3Dy, 18% 3Hy, 12% 3Gy, 9% *Hs, 3% 3F3, 3% 3G3
XIV 65741 42% 3Gs, 26% 3F4, 12% 3Gy, 10% 3Hg, 3% D3

XV 67222 42%3D3, 31% 3Gs, 13% *Hg, 9% *Hs

XVI 68493 59% 3Py, 23% 3Hs, 9% 3Hy, 3% 'Hs, 2% 3Gs, 2% 3G3
XVII 71350 45% 'F3, 44% "Hs, 6% ‘G4, 2% P,

XVIII 77658 48% 'Hs, 47% 'P1, 2% 'F3, 2% 'Gy4, 1% 3Py, 1% Dy

In [24] the energy levels of 4f5d were fitted to the observed experimental levels in
Cs;NaPrClg. The electrostatic, spin—orbit and crystal field interactions were taken into
account. Table 1, final column, lists the complete parameter set utilized to fit the 2 and 4f5d
levels [24, 26]. Let us recall that the introduction of the 4fnp parameters in the calculation has
no impact upon the fd levels and wavefunctions. In the same way, the introduction of the 4f5d
parameters has no impact on the 4f2 levels and wavefunctions.

In Cs; NaPrClg, the 4f5d configuration comprises two separated sets of 84 (lower) and 56
(upper) levels, respectively reflecting the I'sg + I'3¢ decomposition of 5d in the cubic crystal
field. The total spread of the configuration amounts to 33 600 cm ', while the upper and lower
sets are separated by a 8000 cm~! wide gap. There exists a connection between the behaviours
of 42 and 4f5d in that the features of 4f5d depend to some extent on the values the 4f crystal
field parameters.

All the levels of the 4f2, 4fnp and 4f5d configurations were separated into ten sets
corresponding to the irreducible representation components of the Oy, site symmetry group:
', T, T3(2), T4 (3) or I's (3). The direct calculation of electronic Raman transitions between
the components of the multiplets of 4f> and the ground state was then performed while the
summation over intermediate states ran over the whole set of the 4f5d configuration.

5. Results and discussion

Just as for the calculation of the electric dipole absorption 4f> — 4f5d and emission
4f5d — 4f? intensities [24], the calculation of the electronic Raman scattering intensities
is direct. Since the 4f2 ground state representation is (3H4)F1g, and the electric dipole moment
operator behaves as I'y,, only the transitions to the intermediate 'y, crystal field levels are
allowed. Table 2 presents the dominant eigenvector compositions of the 1814, 4f5d states, as
calculated using Reid’s program. Note that the calculated energies reported in [24] are more
accurate.
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The absolute and relative intensities for 38 electronic Raman transitions of the Pr** ion in
Cs;NaPrClg were calculated using the various kinds of wavefunctions described in section 4.
In addition to the direct product state calculation (I), the results utilizing as basis sets, the
231 states of 4f2 + 4f5d (II) and the 315 states of 4f> + 4fnp + 4f5d (III), are displayed in
tables 3 and 4. The calculations were performed for excitation by 19432 or 37583 cm™!
radiation. The results are rounded to a few significant figures for ease of comparison. For
comparison with the calculated intensities, the experimental relative intensity ratios are also
listed in table 4.

First of all, the calculated intensities were all equal to zero for the transitions to 3HeD,,
3F3T; and 16T, (energy levels Nos 10, 18 and 34, respectively), in agreement with the selection
rules for electronic Raman scattering in octahedral symmetry. Second, it is stressed that the
electronic Raman Stokes scattering intensity is also directly proportional to (e — hiwr)* [1],
where fiwy is the terminal state energy. This factor is not included in the table. Thus, the
electronic Raman transitions terminating upon higher 4f> energy levels are relatively weaker
and are not expected to be observed. Due to this factor, for example, relative to the transition
from 3H4T; to H4T4 at ~240 cm™! (level no 1), the intensities of transitions to levels 23, 27
and 29 should be decreased by factors of 0.30, 0.10 and 0.04, respectively, compared with the
values listed in table 4.

In general terms, the trends are the same in calculations I, II and III. This indicates that
not only the interaction between the 5d electron and the (4f)! core in the 4f5d configuration,
but also the inclusion of the 4fnp configuration, do not provide dominant contributions to the
electronic Raman transition intensity of the Pr3* ion.

The relative intensities (normalized with respect to that for level 3) obtained utilizing
either 4f% + 4f5d (II) or 4f + 4fnp + 4£5d (I1I) are rather similar except in the regions where
the calculated 4f levels strongly disagree with their experimental values (that is, in the
calculation for 4f2 + 4f5d), for example, transitions 25, 26 and 35, 36. In many cases the
absolute intensities (table 3) are greater for calculation III (than for I, II), since the mean
energy of 4f5d is lower in calculation III. It is most notable for levels 35, 36. By contrast, the
intensity for the transition to level 11 is calculated to be weaker (stronger) in calculation IIT
than in I, II for 19432 cm™! (37583 cm ™) excitation.

Compared with that for the green laser excitation, the calculated absolute intensities for
the ultraviolet laser excitation (Eexe = 37 583 cm™!) change remarkably (table 3) partly due
to the (hw, — 19432)~! « (hw, — 37583)~! denominator in (2). However, not only do the
absolute intensities increase (usually by a factor ~50), but there are also changes in the relative
intensities of transitions, even within a given multiplet, since the dominant intermediate states
are different for different transitions. For example, whereas transitions to the 3Hy levels 2
and 3 are both enhanced by a factor of 12, the transitions to levels 1 and 4 are enhanced by
factors of 66 and 101, respectively. Transitions to levels 2 and 3 thus appear weaker, with
respect to the transition to level 1, under ultraviolet excitation. Thus the relative intensities
of transitions can be tuned by the excitation source. Among the most enhanced transitions,
that to level 4 was not observed herein or by Amberger [21] under 19432 cm™! excitation, but
we clearly observe it under ultraviolet laser excitation. By contrast, although the transition to
level 12 is enhanced by a factor of 883, 175 and 425 in calculations I, IT and III, respectively,
it is still too weak to be observed under ultraviolet excitation. The transition to level 20 is too
weak to be observed under 19432 cm™~! laser excitation, but since it is enhanced 1673 times
(calculation IIT) under ultraviolet excitation, it is clearly observed at 7012 cm~! (table 3).
On the other hand, we do not observe the (the weakly enhanced) transition to level 15 under
ultraviolet excitation, but Amberger reported a band at 5297 cm™' under 514.5 nm laser
excitation.
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Table 3. Experimental and calculated electronic Raman transition intensities in CsyNaPrClg. The
listed energies are experimental, calculated for 2 /fd (II) and 2 /fp/fd (I1I), respectively [26].

Calc. Raman scattering intensity®

Eexe = 19432 cm™!

Eexe = 37583 cm™!

E (cm™h)

No Z$*L;T Exp.d, f2/fd, f2/fp/td I m e I m e

1 3H4Ty 242,236,247 23 16 20 3305 586 1335
2 3H4; 422,406,411 12 9 13 437 82 154
3 3H4Is 702, 640, 721 6 5 5.3 257 47 66
4 3Hsal'y 2300, 2295, 2297 0.8 05 06 194 27 626
5 3HsDs 2399, 2408, 2395 43 35 9 395 84 322
6 SHsIz 2645, 2583, 2650 2.2 17 20 147 34 90
7 3Hsbl'y 2763, 2689, 2750 0.01 0.008  0.009 3.2 0.5 0.38
8 SHel'z 4386, 4402, 4373 0.00  0.00 0.09 0.003 0.3 12
9 3Hgal's 4437, 4449, 4429 0.05 005 02 0.4 1.0 1.5
10 3Hel> 4591, 4674, 4616 0.00  0.00 0.00 0.00  0.00  0.00
11 3HgbD's 4807, 4775, 4809 0.1 0.10  0.0003 0.3 0.1 2.0
12 3Hgly 4881, 4846, 4887 002 001 0.03 16 2.1 11
13 3Hgl', 4942, 4875, 4922 0.01 0.007 0.04 16 2.5 13
14 3FI3 5203, 5212, 5195 9 7 10 401 76 194
15 3Fls 5297, 5272, 5305 22 19 23 36 11 28
16 3F3Iy 6616, 6617, 6605 0.006  0.002 0.00 3 007 24
17 3FTs 6621, 6598, 6621 2.1 1.6 24 136 22 39
18 3F3Ih 6682, 6663, 6703 0.00  0.00 0.00 0.00  0.00  0.00
19 3FT; 6902, 6930, 6909 0.09 008 02 77 17 68
20 3F;T3 0 6965, 6979, 6982 12 1.1 2.3 115 42 124
21 3E;Ty 7012, 6964, 6979 0.005  0.004 0.003 10 1.0 50
22 3E,Ts 7278, 7244, 7265 0.11 0.1 0.3 10 77 29
23 1G4y 9847, 9784, 9840 0.01 0.02  0.02 26 6.6 15
24 1G4y 9895, 9827, 9897 0.0003 0.02  0.003 2 2 0.07
25 1G4I's 9910, 9845, 9921 0.006  0.001 0.02 30 2 8.4
26 'G4I's  10327,10410, 10330 0.01 0.02  0.002 1.2 2 0.8
27 'Dp's 16666, 16701,16671  0.60 025 1.5 156 8 71
28 'DoI's  17254,17198,17248 0.05  0.02 03 18 0.4 12
29 3pely  20625,20634,20612 0.4 02 0.09 88 1.7 43
30 eIy 21166,21083,21169 0.03  0.001 0.008 34 0.05  0.15
31 3Py, 21218,21184,21219 0.003  0.001 0.03 32 0.3 3.4
32 My, 21255,21224,21255 040 02 02 279 14 44
33 eal's /,21305,21361 009 002 02 36 0.01 3.8
34 g0, 21788,21688,21779 0.00  0.00  0.00 0.00  0.00  0.00
35 lghI's 21967,21879,21976 0.008 0.01 04 8.7 22 21
36 eIz 22035,21935,22033 0.02 002 04 16 2220
37 3P,I's  22367,22351,22376 0.8 04 23 97 48 45
38 3P,y 22494,22448,22501 0.6 0.3 1 75 3.8 19

2 Observed energy in the Raman spectrum, or from electronic spectra [26].

b Units of 10711 cm? 2 (4f|r|5d)*/h%c2.

(hew — hor)* is not included in the table (see the text).
¢ The direct product-type 4f5d wavefunctions and corresponding energies for the intermediate states
were used in the calculation.
4 The 4f2 and coupled-type 4f5d wavefunctions and corresponding energies for the intermediate
states were used in the calculation.
¢ The 4f2 + 4fnp and 4f5d wavefunctions and corresponding energies from a CIACF calculation
were used in the calculation.

Note that the excitation line frequency dependence
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Table 4. Experimental and calculated electronic Raman transition relative intensities in
CsyNaPrClg. (The state energies are given in table 3.)

Calc. and exp. Raman intensity ratios®

Eexe = 19432 cm™! Eexe = 37583 cm™!

No 2T 1 I I Exp. I II I Exp.

1 3H4Ty 37 331 39 12402 129 125 203 7.0+ 0.6
2 Hy; 1.9 1.9 24  031+007 1.7 1.7 2.3 12405
3 SHul's  1.00 .00 1.00 1.0 1.00 1.00 1.00 1.0

4 3Hsaly 0.13 0.11  0.12 no. 0.76 0.58 094 0.6=+0.1
5 SHss 0.7 0.7 1.7 0244008 1.5 1.8 49 24412
6 SHsI'; 035 035 039 no. 0.58 0.73 1.4 12404
7 3Hsbly 0.002  0.002 0.002 n.o. 0.01 0.01 0.006 <0.01

8 SHel's  0.00 0.00 002 no. 0.00001 0.006 0.02 <0.01

9 3Hgal's 0.009 001 0.03 no. 0.002 002 002 <0.02

10 3H¢l,  0.00 0.00 000 no. 0.00 0.00  0.00 <0.001
11 3HghT's 0.018  0.02  0.0001 n.o. 0.001 0.003  0.03 <0.02

12 3H¢ly 0.003  0.003 0.005 n.o. 0.06 0.04 0.7 <0.01

13 3He; 0.002  0.001 0.008 n.o. 0.06 0.05 0.19 <0.01

14 3FI; 1S 1.5 19  vw 1.56 1.63 295 ~0.5

15 3Fls 036 040 043 nof 0.14 0.23 043 <0.06

16 3F3Ty  0.001  0.0004 0.00 n.o. 0.01 0.001  0.04 <0.06

17 3F;I's 035 034 046 w 0.53 0.46  0.60 ~0.55

18 3F3T,  0.00 0.00 000 no. 0.00 0.00  0.00 <0.06

19 3F,; 0015 0016 003 no. 0.30 0.36 1.03  <0.06
20 3F;T3 0 0.20 023 044 no. 0.45 0.89 1.89  <0.06

21 3F4y  0.001  0.001 0.001 n.o. 0.04 0.02 008 ~02

22 3F4s  0.02 0.02 0.06 n.o. 0.04 0.16 044 ~0.04

23 'G4Iy 0.002  0.004 0.003 — 0.10 0.14 022 —

24 1G4’y 0.00005 0.005 0.0006 — 0.007  0.04  0.001 —

25 'G4's;  0.0001 0.0002 0.003 — 0.12 0.05 013 —

26 'Gy4I's  0.002  0.005 0.0004 — 0.0054 0.04 001 —

27 'DpIs 0.1 005 028 — 0.61 0.17 1.1 —

28 'DpI';  0.008  0.003 0.05 — 0.07 0.01 019 —

29 3pely  0.07 0.04 002 — 0.34 0.04 007 —

30 'y 0.004  0.0002 0.002 — 0.13 0.001  0.002 —

31 3Py 0.0004 0.0002 0.006 — 0.13 0.006 0.05 —

32 'y 007 0.03 003 — 1.09 030 066 —

33 'Igal's  0.01 0.004 004 — 0.14 0.0002 0.06 —

34 ', 0.00 0.00 000 — 0.00 000 000 —

35 'ghI's 0.001  0.003 0.07 — 0.03 0.05 033 —

36 'leI's  0.003 0.003 007 — 0.06 0.05 030 —

37 3P,Is  0.14 0.09 044 — 0.38 010 068 —

38 3P,I; 0.10 006 019 — 0.29 008 029 —

4 Refer to the footnotes of table 3.
b n.0.: not observed; w: weak; v.w.: very weak.
¢ Observed in the spectrum of [21].

The direct calculation also can provide some insight into the intensity sources of the
electronic Raman transitions. For Eey = 37583 cm ™! and taking as an example the transition
amplitudes (i |y, | f) (With p = 0, 0 = 1) of the strongest transition from SH4T) to 3HyT s, the
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Figure 2. Convergence of the direct calculation of the transition intensity Hy 'y — 3HyI' as a
function of the number of contributions. Each calculation is indicated by a black square.

calculated amplitude in calculation IIT is equal to 47.17 x 10~® when all the contributions are
taken into account and the corresponding intensity is 222.51 x 10~!! (with units as in table 3).
Since the total intensity is directly proportional to the summation of |(i|ct,s | f )2 with (po)
going over (0 1), (1 0), (=1 0), (0 —1), (—1 1) and (1 —1), in which all the |(i|01p(,|f)|2 are
equal, the total value given in table 3is 6 x 222.5 x 10~"" = 1335 x 10~'!, for all of the three
states of the I'4, terminal level. Table 5 details the 34 contributions larger than 0.5 x 107 to the
amplitudes (i]oo;| f) of this strong transition to Iy, (Ievel 1). The total amplitude of the 34 terms
is equal to 41.729 x 10~ corresponding to an intensity of 174 x 10~!! and representing 78% of
the converged value 222.51 x 1011, In table 5 only the matrix elements of @, (p = 0,0 = 1)
appear, and no damping term «,, (0 = 1, 0 = 0) with a large denominator is present. Notice
that the contributions are signed, so cancellations may occur. Only three of the intermediate
levels provide an amplitude equal to 37.897 x 107°, and hence contribute 64.5% of the total
intensity. These efficient intermediate states lie at 40 963, 41 380 and 42 582 cm™': they are
the second, third and fourth I'y, levels of the 4f5d configuration respectively. Within these
intermediate states, the most active multiplets (as components of these intermediate states) are
3G3, *Hy, and 3Gy in decreasing order. The added contributions of all these three multiplets
account for 83% of the total intensity. Figure 2 illustrates the convergence of the calculation
of the transition *H4sI'; — 3H4T4 as a function of the number of terms considered. It is rather
fast, with 83% of the total value being obtained with 54 contributions (pertaining or not to the
three states quoted above).

Now, if we consider the Raman intensity associated with level 20 (I'3), it was mentioned
above that it is strongly enhanced under UV excitation. Detailing the contributions to this
intensity shows that most of it arises from interactions with the first two I'y, levels of 4f5d at
39920 and 40963 cm~!, which explains well why it soars when the laser energy approaches
39000 cm™!,

6. Conclusions

The major conclusions from this study are:

(i) the three methods of calculation provide similar trends in electronic Raman scattering
intensities for the Pr3* ion in Cs,NaPrClg;
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Table 5.  Contributions higher than 0.5 x 10° to the amplitude (*H4T'yilaor|PHaTuf) =
—(3H4T4 flo—10l°HaT1i) of the electronic Raman transition HyI'; — 3HyI'4. The values
correspond to calculation III. (Note: the headings are: E, energy of the 4f5d state; Den.,
denominator; i, component of the initial level; m, component of the intermediate level 1; (i||m),
matrix element of Do connecting (i| and |m ), i.e. (ilD('J |m1); f, component of the final level; m,,
component of the intermediate level 2; (m3]| f), matrix element of D; connecting (m>| and | f),
ie. (mle]' | f); Contr., contribution.)

Contr.
E(cm™') Den. i mi (illm1)  ma f (mallf)  x10°
39920 2337 0.449°H44 —0.359°H44 0363  0.0463G30 —0.9143H4-1 —0.482 —0.504
39920 2337 0.4493H4-4 0359 3H4-4 —0.363  0.0463G30 —0.9143H4-1 —0.482 —0.504
39920 2337 0.449°H44 —0.3593H44 0363 —0.3593H44 —0.3453H43 —0.181 0.563
39920 2337 0.449°3H4-4 0.3593H4-4 —0.363 —0.359°H44 —0.3453H43 —0.181 0.563
40963 3380 0.7523H40 —0.4723G30 0.610 —04723G30 —0.9143H4-1 —0.482 13.360
40963 3380 0.752°H40 —0.4723G30 0.610  0.137°H44 —0.3453H43 —0.181 —0.549
40963 3380 0.4493H44 0.137°H44 0363 —04723G30 —09143H4-1 —0.482 —1.373
40963 3380 0.449°3H4-4 —0.137 3H4-4 —0.363 —04723G30 —0.9143H4-1 —0.482 —1.373
40963 3380 0.7523H40 0.200°H50 —0.056 —0.4723G30 —0.9143H4-1 —0.482 0.517
40963 3380 0.7523H40 —0.4723G30 0.610 —0.137'F30 —0.159 'G4-1 —0.433 0.605
40963 3380 0.127' G40 —0.137'F30 0547 —0.4723G30 —0.9143H4-1 —0.482 0.587
40963 3380 0.076'G44 —0.258'G44 0501 —0.4723G30 —0.9143H4-1 —0.482 0.606
40963 3380 0.076'G4-4 0258 'G4-4 —0.501 —0.4723G30 —0.9143H4-1 —0.482 0.606
Sum 9 components at 40 963 = 13.563/14.982 (converged)
41380 3797 0.7523H40 —0.5843G30 0.610 —0.5843G30 —0.9143H4-1 —0.482 18.194
41380 3797 0.7523H40 —0.5843G30 0.610  0.160°H44 —0.3453H43 —0.181 —0.710
41380 3797 0.7523H40 —0.5843G30 0.610  0.441°H54 —0.3453H43 —0.067 —0.721
41380 3797 0.4493H44 —0.1113G44 0.164 —0.5843G30 —0.9143H4-1 —0.482 0.554
41380 3797 0.449°3H4-4  0.1113G4-4 —0.164 —0.5843G30 —0.9143H4-1 —0.482 0.554
41380 3797 0.4493H44 0.160°H44 0363 —0.5843G30 —0.9143H4-1 —0.482 —1.775
41380 3797 0.4493H4-4 —0.160 *H4-4 —0.363 —0.5843G30 —0.9143H4-1 —0.482 —1.775
41380 3797 0.7523H40 —0.212°H50 —0.056 —0.5843G30 —0.9143H4-1 —0.482 —0.604
41380 3797 0.7523H40 —0.5843G30 0.610 —0.133'F30 —0.159 'G4-1 —0.433 0.650
41380 3797 0.127'G40 —0.133'F30  0.547 —0.5843G30 —0.9143H4-1 —0.482 0.631
Sum 10 components at 41 380 = 15.876/16.917 (converged)
42582 4999 0.7523H40 —0.4393G30 0.610 —0.439°G30 —0.914°H4-1 —0.482 7.798
42582 4999 0.7523H40 —0.4393G30 0.610 —0.2023H44 —0.3453H43 —0.181 0.511
42582 4999 0.4493H44 —0.2333G44 0.164 —04393G30 —09143H4-1 —0.482 0.665
42582 4999 0.4493H4-4  0.2333G4-4 —0.164 —0.4393G30 —0.9143H4-1 —0.482 0.665
42582 4999 0.4493H44 —0.202°H44 0363 —0.4393G30 —09143H4-1 —0.482 1.277
42582 4999 0.4493H4-4  0.202°H4-4 —0.363 —0.4393G30 —09143H4-1 —0.482 1.277
42582 4999 0.076 'G44 0342'G44 0501 —0.4393G30 —0.914 3H4-1 —0.482 —0.505
42582 4999 0.076 'G4-4 —0.342'G4-4 —0.501 —0.4393G30 —0.914 3H4-1 —0.482 —0.505
Sum 8 components at 42 582 = 11.183/10.953 (converged)
44102 6519 0.752°H40 —0.137°G30  0.610 —0.1373G30 —0.9143H4-1 —0.482 0.585
45419 7836 0.7523H40 0.166°G30 0.610  0.166°G30 —0.914H4-1 —0.482 0.712
61960 24377 0.7523H40 —0.3713G30 0.610 —0.371°G30 —0.9143H4-1 —0.482 1.146
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(ii) the resonant Raman enhancements can be accounted for, and vary for individual
transitions;

(iii) the detailed transition mechanisms are explicitly available from the direct calculations,
and dominant pathways exist in some cases.

The intensities for levels strongly reacting with the lowest 'y, levels of the 4f5d configuration
will rapidly increase when the laser wavelength approaches that energy, relatively more than
levels interacting with higher (second, third, fourth) 'y, levels. One example is given here for
which the experimental observation of the Raman intensity would not have been possible if
the specific enhancement mentioned here had not been effective.
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