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Abstract

An optical investigation of Pr®* (1 at.%) in YPO, single crystal is reported. The aim is an improvement of the crystal field analysis by
the means of direct configuration interaction between the ground 4f * configuration and the nearest excited configurations. The crystal field
is analyzed in the theoretical D,, site symmetry with and without configuration interaction. The results for the associations 4f 2,
4% + 4f5d, 4f > + 4f6p and 4f > + 4f5d + 4f6p are compared. The 4f > + 4f5d + 4f6p configuration interaction gives the smallest r.m.s.
deviation between experimental and calculated energy levels, lowering it from 23.9 cm™* on the basis of the 91 4f ? levels only, down to
5.8 cm™*, when calculated on the basis of the 315 4f ? + 4f5d + 4f6p levels. O 2001 Elsevier Science BV. All rights reserved.
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1. Introduction

The present work is focussed upon a theoretical method
aiming to improve the crystal field anaysis in rare earth
compounds. It relies on a new spectroscopic investigation
of YPO,: Pr®", a compound which was examined earlier
by one of us [1].

In the standard method for determining the electronic
structure of 4f" configurations, the free-ion effects are
taken into account by one-, two- and three-electron
operators, whereas the effect of the environment is exclu-
sively described by a one-electron development. It is
therefore not surprising that the agreement between calcu-
lated and experimental energy levels is sometimes de-
ficient. A model based on the smulation of correlation
effects by two-electron operators acting on the f shell has
been developed to supplement the existing theory [2,3].

Some time ago, we showed that the performance of the
standard model is improved if the interaction with the
nearest excited configurations is explicitely taken into
account [4—6]. Most demonstrations were made on tri-
valent praseodymium, and the excited configuration added
in priority was 4f"'6p. In the present work, it is firstly
confirmed that: (a) as stated previoudy, the crystal field
analysis is improved by the means of direct configuration
interaction between the ground 4f? and 4f6p; and (b) in
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the particular case of YPO,: Pr’*, it is shown that a less
efficient 4f ?/4f5d interaction still improves the agreement
and lowers the mean deviation between experimental and
calculated levels.

The choice of trivalent praseodymium for testing alter-
native procedures is dictated by two reasons: () the crystal
field analysis in 4f? often results in large experimental /
calculated discrepancies (of the order of 15-30 cm ',
depending on the crystal field strength) when correct
assignments are made, clearly indicating that something is
missing; and (b) the simple electronic structure of Pr®*
facilitates the inclusion of excited configurations into the
basis set for the calculation of the electronic structures.
Further, if a statement is verified for all Pr>* compounds,
it should be possible to generalize it for the other lantha
nide ions.

One essential problem encountered in the analysis of
configuration interaction-assisted crystal field concerns the
reliability of the experimental datasets under examination.
The experimental energy levels belong exclusively to the
4f % set and the parameters acting between the ground and
the excited configurations are fitted indirectly via their
action on the 4f° levels. Configuration interaction can
therefore be analyzed correctly only if a large number of
levels is accurately measured and assigned. For Pr®" for
instance, two mis-assignments in sensitive multiplets such
as 'D, or ‘G, can alter the performances of the configura-
tion interaction-assisted crystal field analysis. Correct
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assignments are easier in case of single crystals of a
material with a simple crystallographic structure. In the
former study on this compound [1], 35 energy levels were
measured. This number did not seem sufficient for a crystal
field analysis in which additional parameters had to be
introduced. Further experiments were therefore under-
taken: optical absorption, excitation, and emission by
selective excitation into 'D,, °P, and °P,, and at different
temperatures between 20 K and 295 K. As a result, 50
levels among a total of 70 were measured and unambigu-
oudly assigned. Three more were detected but classified as
uncertain.

2. Optical investigation and energy levels
determination

The 4f? configuration of the Pr ¥ jon gives rise to
thrrteen ZSHL levels: i.e.°H, 56 *Fas4, Gy Dy, °Pois
s and 'S, In the D,q symmetry of the rare earth site in
YPO theJ 0,12 34,5, 6 levels split into 1, 2, 4, 5,
7, 8, 10 irreducible representations. Only lines which are
allowed by the selection rules for electric dipole transitions
appear in the o and 7 absorption spectra. All the observed
polarized absorption lines are in complete agreement with
analysis based on the unpolarlzed fluorescence data.

The complete set of F234 sub-levels as well as the
complete ‘D, set were determined from absorption and
emission spectra at various temperatures between 20 and
295 K. The identification of the °P,,, sublevels is
straightforward in the absorption and excitation spectra.
The 17 missing levels are located in: °H, (three), °
(one), ‘G, (two), ‘I, (eight), °P, (two) and 'S, (one). There
are three uncertain levels in °H, (one) and °Hy (two).
Concerning the lI6 sublevels, only two of them are
determined unequivocally as °H,(1) - '14(1,2) in the
absorption and excitation spectra. The three other allowed
transitions are probably weak and cannot be determined
because of the background vibronic structure in this region
of the spectrum.

3. Crystal field calculation

The calculations are performed on a |SLIM >basis. The
interaction matrix may include at will, one or severa of the
complete 4f2, 4f6p, and 4f5d configurations (91+ 84
+140=315 levels). The 4f?, 4f6p, and 4f5d configura-
tions comprise seven, six and ten terms respectively, which
are listed in Table 1.

The parametric hamiltonian [7-9] taking into account
free-ion and one-electron crystal field interactions is
written as:

H=> Ff + {(f).A,(f)
+aLlL+1)+B8GG,) +y6R,)

+ 2 M m, + 2P p, + 2 BE(f,F).CE(F,T)

Table 1

The spectroscopic terms of the 4f 2, 4f6p, and 4f5d configurations

452  °°F °H s D ' 1

46p D F 6 D 'F ‘G

45 P D °*F % °H P D 'F ‘G H

+ 2 R U 1) g (ol 1, 15, K)
+ ()AL + 2 BE(F.CE(f)

The first eight terms represent the usualy considered
interactions in 4f >, which are: (a) free-ion interactions: the
electrostatic (parameters=F*), spin—orbit (¢), free-ion
interconfiguration (a, B, y), orbit—orbit (M*) and electro-
statically correlated spin—orbit(P¥) interactions respective-
ly, and (b) the crystal field approximated as a one-electron
interaction (B (f,f)). The five CFP (f,f) relevant in the
D,, Site symmetry are B2, B3, B, BS and BS.

The following terms in the formula are absent in the
standard expression, and are necessary for calculating the
matrix elements of configuration interaction. The expres-
sions for their calculation are given in Ref. [10]. The
R(I,,1,.14,15) are radial integrals linking the n, 1, n,l, and
nil; n,l, configurations. The g() are the associated
operators. The R which have the largest effect are those
linking 4f > and 4f6p, that is Rk(f, f, f, p) (k=2 and 4).

(I) is the spin—orbit coupling constant of electron nl.
B (fI) is a crystal field parameter (CFP) Imkrng an f
electron in 4f? and an | electron in 4f nl and C (fI) is the
associated operator.

Cowan’s program RCN31 [12] was utilized to calculate
the theoretical values of the atomic parameters. the gap
between the configurations, the coulombic and exchange
integrals, the radial wave functions for the evaluation of
the two-electron hybrid integrals Rk(f, f, f, p), and the
spin—orbit coupling constants. Theoretical values were
ascribed to al the atomic parameters within the 4f nl
configurations. The hybrid integrals R(f, f, f, p) are
multiplied by two variable parameters X* (k=2 and 4)
adjusted to the experiment. The spin—orbit coupling con-
stants for the p and d electrons are not varied. In addition,
there are three (fp) CFP's B2, By, B}, and two (fd) CFP's
BS and B3. The vaues determined in Ref. [1] are intro-
duced as starting values of the 4f > parameters. Starting
values of the (fp) and (fd) CFP's are calculated by the
covalo—electrostatic model. It is assumed that Bj/
B;(fp) = Ba/B;(ff). The model predicts a small B value
and it becomes indeed vanishingly small in the course of
the fitting process. Four refinements are carried out: in 4f %,
4f % + 4f5d, 4f > + 4f6p and 4f ° + 4f6p + 4f5d. The corre-
sponding final standard deviations (Table 2) are equal to
24, 22.3, 9.8, and 5.8 cm™* respectively. The fit in 4f* +
4f5d leads to a very dlight improvement whereas the fit in
4f % + 4f 6p results in a reduction of the standard deviation
by a factor 2.4. The complete fit in 4f* + 4f6p + 4f 5d
reduces further the deviation by 1.7. On a whole, between
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Table 2

Free ion and crystal field parameters (cm™*) of Pr®* in YPO, without and with configuration interaction. ®From Ref. [1]. In ® © ©® © the following
values were held constant; y=1515 cm ™", F°(f,d)—F °(f,f)=40 000 cm*, F°(f,p)-F °(f,f)=124 343 cm™*, {(d)=1148 cm*, /(p)=3800 cm *. The

standard deviations are between parentheses

Parameters 4 2@ 42 ® 42 + 4f5d © af 2+ 4afep @ 42 + 4f5d
+4fép ©
FOf, f, f, ) 12 183(10) 12 372(73) 12 674(1) 12 522(15)
F%(f, f, f, ) 67 778(675) 67 824(55) 68 076(54) 67 929(36) 68 135(22)
Ff, f, f, ) 49 603(1780) 49 661(135) 49 830(116) 51 483(244) 50 209(88)
Fo(f, f, f, ) 32 413(64) 32 473(96) 32 363(87) 35 565(41) 33058(112)
a 21.2(1) 22.53(0.49) 22.64(0.44) 9.59(0.44) 19.97(0.42)
B —665(17) —660(25) —648(22) —476(64) —652(16)
y 1534(632) [1515] [1515] [1515] [1515]
MOo® [1.76] 1.63(0.45) 1.58(0.37) 1.61(0.18) 1.60(0.11)
p? [275] 162(89) 192(73) 87(36) 123(23)
() 739.0(14) 745.8(3.3) 746.6(2.0) 746.6(1.3) 747.6(0.8)
B2(f,f) 78(18) 100(32) 311(30) 116(17) 220(19)
By(f.f) 321(51) 321(61) 246(57) 301(5) 303(4)
B, (f,f) 849(43) 1064(39) 1309(38) [1139] [1332]
Bo(f.f) —1376(67) —1329(74) —1469(73) —1302(29) —1443(22)
BS(f.f) —35(41) 0(22) 90(60) 0(4) 112(19)
F°(f,d)-F°(f,f) [40 000] [40 000]
£(d) [1148] [1148]
B3(f,d) 9720(217) 9431(351)
F°(f,p)—-F°(f,f) [124 343] [124 343]
X3(f, 1, £, p) 4.91(0.19) 2.47(0.19)
X*(f, £, f, p) 8.58(0.7) 3.20(0.37)
Z(p) [3800] [3800]
B2(f,p) 806(145) 2145(265)
B5(f.p) 1227(103) 2007(117)
B.(f.p) [4643] [8815]
B,/Ba(f,f) 2.64 3.31 5.32 378 4.40
B,/Bi(f,p) 3.78 4.40
o 20.4 18.7 7.8 46
n 13 14 15 18 19
N 35 50 50 50 50
Standard deviation 14.7 24.0 223 9.8 5.8

N: Number of the experimental levels introduced in the fit; n: Number of parameters which are allowed to vary freely. Standard deviation:

[E\:Ln(Ei exp.
P°/P?=0.5 [11].

the calculation in 4f* and in the largest set 4f * + 4f6p +
4f5d, the deviation is divided by more than 4. The
parameters values and their standard deviations are listed
in Table 2. The X* multipliers of the two-electron parame-
ters R(f, f, f, p) increase dramatically in the 4f > + 4f6p
fit, five and eight times more than the theoretical values,
respectively. This anomaly suggests that another inter-
action is missing, and it is more or less well mimicked by
the 4f ?/4f6p interaction. The crystal field fit is globally
improved, however not in the °P, level where the deviation
increases from 10 to 21 cm™*. The introduction of the third
configuration 4f5d removes the anomaly and the X*
multipliers decrease down to 2.5 and 3.2, for k=2 and 4
respectively. These values are close to those stated previ-
ously for LiYF,: Pr®" [5], La,O,: Pr®" and Pr,0O, [6].
Simultaneously, the deviation in °P, fals down to 5.1

cm ', and nearly al the levels are improved. The final

—Ei)?/(N=)]"% o Un-barycentered mean deviation; ®: utilizing the relations: M?/M°=0.56; M*/M°=0.38; P*/P?=0.75;

parameters as well as the mean and standard deviations of
the fits are listed in Table 2. In Table 3 are listed the
symmetry labels, the experimental and calculated energies
(cm™), the differences between them (AE) and the un-
barycentered mean deviations (o) for the multiplets 1G4,
'D, and °P, in 4% + 4f6p + 4f5d, 4f > + 4f6p, 4f * + 4f5d
and 4f ? respectively.

4. Discussion

The total number of parameters introduced into the 4f
fit is equa to 14, among which nine are utilized to adjust
the levels barycenters and five the crystal field. In 4f +
4f 6p + 4f5d, 19 parameters are utilized, hence five more,
which can be considered as additional crystal field parame-
ters. We are seeking rules that permit a decrease in the
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The symmetry labels, experimental and calculated energies (cm™*) and the differences between experimenta and calculated energy (AE) and
un-barycentered mean deviations (o) for the multiplets *G,, 'D, and °P, in 4f + 4f6p + 4f5d, 4f + 4f6p, 4f° + 4f5d and 4f

Level Label Exp. 4% + 4f6p + 4f5d 4F% + 4f6p 4f 2 + 4f5d 452
Calc. AE Calc. AE Calc. AE Calc. AE
'G, I, 9643 9642 1 9641 2 9599 44 9597 46
I 9684 9686 -2 9687 -3 9673 1 9669 15
I 9850 9850 0 9860 -10 9876 —-26 9881 -31
I, / 9888 / 9901 / 9941 / 9960 /
I 9934 9935 -1 9925 9 9996 —-62 9995 -61
I, 9950 9950 0 9946 4 9915 35 9915 35
I / 10 163 / 10 182 / 10 259 / 10 291 /
o 11 6.5 395 40.6
D, I 16 461 16 458 3 16 469 -8 16 513 —52 16 528 —67
I 16 745 16 750 -5 16 740 5 16 724 21 16 720 25
I 16 794 16 790 4 16 805 -11 16 767 27 16 776 18
I, 17 008 17 009 -1 16 995 13 17 004 4 16 983 25
o 36 9.7 31.2 389
°p, I 21070 21064 6 21051 19 21075 -5 21062 8
L 21084 21088 -4 21106 -22 21 069 15 21096 -12
o 51 20.6 11.2 10.2

number of variable parameters. The relation Bg/Bj(fp) =
Bg/B;(ff) has aready been utilized and alowed to
eliminate one variable parameter in 4f6p. It might be a
general rule, which was also verified for La,0,:Pr*" and
Pr,0O, [6], but not verified for LiYF,: Pr*" [5]. We are
tempted, in the last case, to suspect a few mis-assignments
in the experimental dataset, mis-assignments which do not
affect much the CFP set but severely disturb the set of
intra-configurational parameters striving to repair the dis-
crepancy. In the previous work, 39 triplet states have been
determined against 11 singlets only. The latter usually
show the most discrepancies and are the most sensitive to
the influence of inter-configurational parameters (fp). It is
particularly frustrating that the highest *G, level (probably
one of the most discrepant of the set) is missing. However,
even if only five energy levels over atotal of seven for the
'G, level were determined in the course of the present
work, their locations and symmetry labels were assigned
without ambiguity.

It can be seen from Table 2 that B2(fp)/B2(ff) =9.8;
and Bg(fp)/Bg(ff)=6.6 in the complete fit. The CFP's
(fp) are 7 to 10 times larger than the CFP's (ff). Fixing
this ratio to a unique value could be a means to reduce the
number of parameters. Another feature can be noticed in
Table 2: it is the amplitude of the shift in the CFP (ff)
values in the different fits. B} increases by 40% between
the fit in 4f % and that in 4f >+ 4f6p + 4f5d. B increases
by more than 100%. Anocther point needs to be under-
scored: the large X* values which range between 2 and 3.
Holding their values close to unity does not give good
results and presently we see no means to make them fall to
values close to 1 except by lowering the 4f6p configura-
tion.

The beneficial influence of the 4f5d configuration
becomes apparent when the complete set of 3Pl levels is
observed. In the previous work on La,O,: Pr*” and Pr,0,
[6] the set was incomplete and there was no need for some
additional correction. In the case of YPO, Pr’", the
introduction of the 4f5d configuration reduces the dis-
crepancy from 20.6 to 5.1 cm ' at the expense of one
additional parameter. It can be argued that one additional
parameter acting specifically on 3P1 would accomplish the
task. However, not only the P, multiplet is improved but
also al the other levels, and a specific parameter could not
do that. In another case, that of Pr®* in PrCl,, the
deviations in 4f %, 4f > + 4f6p and 4f > + 4f6p + 4f5d were
equal to 7.2, 5.75 and 5.92 cm™'. In that particular case,
neither did it do much harm, nor did it improve the fit to
add the 4f5d configuration. Further work on other reliable
datasets are necessary to ascertain the influence of this
configuration. Yet, we believe that at this stage, the
procedure is reliable enough to allow the location of
missing levels, within a few wavenumbers. Indeed, calcu-
|ations performed before the last experiments on ‘G, were
done, revealed exactly where some missing transitions
should show up, and they did so.
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