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Absorption spectroscopy ofR31
„R5Pr,Nd… ion pairs in CsCdCl3
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The energy levels ofR31(R5Pr,Nd) ions replacing the divalent Cd21 ions in single crystals of CsCdCl3

have been investigated by polarized absorption at 10 K. For charge balance, a majority ofR31 ions in CsCdCl3
form pairs with a vacancy associated with it. The analysis reveals thatR31 pair ions are in two unequal sites
which result from two arrangements:~i! with a vacancy in between the twoR31 ions and~ii ! with a vacancy
on any one side of the twoR31 ions. Indeed two types of spectra are observed due to the differentC3v crystal
fields at these two sites. Thirteen levels of Pr31, arising out of five multiplets, and thirty levels of Nd31, arising
out of twelve multiplets, have been identified along with their irreducible representations. The best free-ion and
crystal-field parameters for Pr31 have also been determined.@S0163-1829~98!00706-1#
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I. INTRODUCTION

The studies1–6 of the optical and other properties of sing
crystals of the general formulaMDH3 doped with either
trivalent transition metal ions or trivalent rare-earth io
(R31), whereM andD are monovalent and divalent met
ions andH is a halide, respectively, indicate thatR31 ions
occur in pairs in these crystals. When theMDH3 types of
crystals are doped with trivalent ions, the question of cha
balance arises and to maintain charge neutrality threeD21

ions are replaced by two trivalentR31 ions. McPherson
et al.1 have reported that in CsMgCl3 crystals doped with
Cr31 ions, the Cr31 ions have a tendency to aggregate
pairs in unexpectedly large proportions. The electron pa
magnetic resonance~EPR! studies2,3 of Gd31 ions doped in
CsMgCl3, CsMgBr3, and CsCdBr3 crystals have demon
strated the existence of Gd31-Gd31 pairs, when the divalen
ion is replaced even by a minimal amount of trivalent ra
earth ion, like Gd31. In comparison to the isolated ion
Gd31 pairs occur more frequently than what could be p
dicted from simple statistical considerations. This happ
because pair formation results in greater stability of the
ear chain CsDH3 lattice from the standpoint of charge ba
ance requirements.2,3 Obviously the pairing up of two triva-
lent ions and a vacancy permits the accommodation
trivalent ions into a (DH3

2)n chain compensating the tota
charge.2,3 Using high resolution laser spectroscopy Cham
nade et al.4 have shown that in a low concentratio
Pr31-doped CsCdBr3 crystal a unique pair line dominates th
absorption spectra. Ramazet al.5 have also arrived at the
same conclusion that the majority of the Pr31 ions form pairs
in Pr31:CsCdBr3 crystal. There may be two types of pairs~i!
R31-vacancy-R31 and ~ii ! vacancy-R31-R31. Type ~i!
should predominate from a symmetry and statistical poin
view. However, type~ii ! cannot be ruled out at higher con
centrations of dopant ions. A selective optical excitati
study6 of Nd31 ions doped in CsCdBr3 shows the existence
of these two types of pairs, one, Nd31-vacancy-Nd31, an-
other being Nd31-Nd31-vacancy, resulting in three types o
Nd31 spectra. Different spectra arise because of the dif
ences in the trigonal part of the crystal fields experienced
570163-1829/98/57~6!/3356~9!/$15.00
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the Nd31 ions in these two types of arrangements of pairs
is of interest to find out whether this phenomenon is a
present in the case of the rare-earth ions in the host CsCd3,
because some of these compounds may find an applicatio
laser or luminescent materials. Here we present a deta
study of the optical absorption spectra of the Pr31 and Nd31

ion pairs in CsCdCl3 with varied concentrations.

II. EXPERIMENTAL PROCEDURE

A. Crystal structure and preparation

The crystal structure ofMDH3 types of crystals has bee
studied thoroughly.7 Crystals of CsMgCl3,

7 CsCdBr3,
2–5 and

CsCdCl3 ~Refs. 8 and 9! all have the same space grou
P63 /mmc (D6h

4 ) and the divalent metal ions are in the sit
of the point group 3̄m (D3d) symmetry. Furthermore they
cleave in a very similar way. The crystal cleavage pla
contains thec axis. These facts indicate that all these cryst
are isostructural. The octahedral (DH6)42 units are arranged
in infinite arrays forming linear chains of octahedra shar
opposite faces. The chains running parallel to the crysta
graphicc axis are negatively charged and having an ove
stoichiometry (DH3

2)n , induce a ‘‘quasi-one-dimensional’
character in such compounds.2–5 The Cs1 ions balance the
charge and occupy positions between chains. When Cd21 is
replaced byR31 (R5Pr,Nd), theseR31 ions associate in the
host in the form of a pair as required for charge balan
Hence the inversion symmetry is destroyed and the p
symmetry is reduced at theR31 sites from 3̄m (D3d) to 3m
(C3v).4,5,12

Pure CsCl and CdCl2 in equimolecular proportions an
required amounts ofRCl3, for different percentages ofR31

are dissolved in HCl and the solution is evaporated to d
ness. It is then taken in a quartz ampoule and connected
diffusion pump. After pumping for two to three days an
heating at intervals, the ampoule containing the dehydra
sample is flushed several times with helium gas and then
sealed, to make sure that the sample is in an inert at
sphere. The quartz ampoule is now lowered down slow
~one centimeter per day! in a lab-made Bridgmann furnac
maintained at 565 °C. Good single crystals ofR31:CsCdCl3
3356 © 1998 The American Physical Society
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57 3357ABSORPTION SPECTROSCOPY OFR31(R5Pr,Nd) ION . . .
nearly 1 cm in length and about 6 mm in diameter are
tained. The 0.5, 1, and 1.5 % Pr31-doped CsCdCl3 crystals,
and 1 and 1.5 % Nd31-doped CsCdCl3 crystals are studied
These percentages are verified by spectroscopic analysi

B. Experimental methods

The c axis of the crystal is identified by a polarizing m
croscope. For optical absorption study, the crystals are c
fully cleaved and polished so that the flat planes paralle
thec axis are obtained. The problem of excessive line wi
and confusing satellite structure in high concentrations
R31-doped samples is avoided by using thin crystals.10 Po-
larized absorption spectra are photographed using a high
persion plane-grating spectrograph~Carl Zeiss, Jena, PGS2!
having a resolution of 0.15 Å in the first order. The crysta
mounted on the tip of a closed-cycle helium cryostat~Air
Products! with its c axis in vertical direction. Light from a
tungsten halogen lamp is focused on the sample which
turn is focused on the spectrograph slit. In between the c
tal and spectrograph a Wollaston prism is placed to pola
the light simultaneously in vertical and horizontal polariz
tions. The vertically polarized image in which the elect
vector of the incident light is parallel to thec axis of the
crystal givesci ~i.e.,p polarized! and the other in which it is
perpendicular to thec axis producesc' ~i.e., s polarized!
spectra. Thus the spectra in bothp and s polarizations are
obtained simultaneously. The wavelengths of the fine
sorption lines ofR31 are calibrated by a standard mercu
lamp. The uncertainty of the observed energies is wit
61 cm21.

C. Experimental results

1. Pr31:CsCdCl3 crystals

As observed in the spectra, the optical absorption line
Pr31 may be grouped mainly in three regions, i.e., 16 6
20 500, and 22 275 cm21 consisting of several lines in eac
region. There are two very prominent absorption lin
around 21 085 cm21. The p and s polarized spectra at dif
ferent concentrations are indicated in Figs. 1, 2, and 3. Th
absorption lines correspond to3H4(G1)→1D2 , 3H4(G1)
→(3P0 ,3P1 ,1I 6) and 3H4(G1)→3P2 transitions, respec
tively, which compare well with the standard literature11 and
are matched by our own fittings~see Sec. III C below!. In all
cases,~A! representsp spectra and~B! s spectra. The energy
values of the absorption lines at the highest concentratio
1.5% are given in Table I. However, the transitions obser
in 0.5 and 1 % crystals are the same as that of 1.5%, only
intensity of some of the lines is very weak at lower conce
trations. Those weak lines are intensified in 1.5% crystal
separation of 5 to 10 cm21 between the prominent and wea
lines is found. Comparison of the spectra of Pr31 with con-
centrations of 0.5, 1, and 1.5 % as denoted by~a!, ~b!, and
~c!, respectively, in all the aforesaid figures, shows the f
lowing features.

~i! In the s polarized spectra of the species with lowe
Pr31 concentration ~0.5%! recorded in the region
16 680 cm21, three transitions are observed at 16 58
16 589, and 16 596 cm21 ~Fig. 1!. At higher concentrations
the lines are found to gain intensity, the transitions at 16 5
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and 16 596 cm21 being more intense than the one observ
at 16 580 cm21. In the p polarization a rather broad trans
tion at 16 687 cm21 is observed. However, at the lowest co
centration this transition is too weak and eludes precise
tection. At higher concentration of 1% the line
16 687 cm21 shows a weak component at 16 693 cm21 and
for 1.5% concentration there is practically no change. Ths
polarized narrow transition at 17 197 cm21, on the contrary,
is very clear in all the three crystals with different conce
trations of Pr31 and exhibits an increase in intensity wit
concentrations.

~ii ! Around 20 500 cm21 the spectra are very comple
~Fig. 2!. This region manifests transitions to three multiple
3P0 , 3P1 , and 1I 6 . For the lowest concentration thep tran-
sitions at 20 506 and 20 513 cm21 are well resolved, but a
higher concentrations these two lines nearly merge with e
other and a small dip is seen in the microphotometry tra
Other transitions become intense at a higher concentratio
1.5%. Two p polarized transitions at 21 081 an
21 088 cm21 are observed at all three concentrations.

~iii ! Near 22 275 cm21, a pair of strongp transitions at
22 273 and 22 279 cm21 is recorded and ins polarization
there are two pairs of transitions at 22 190 and 22 327 cm21.
Figure 3 reveals that the nature of these polarized spect
similar at all concentrations but becomes faint at low co
centration. It is noteworthy that thep polarized spectra a
20 506 and 22 273 cm21 exhibit very similar changes with
increasing concentrations of Pr31 ions @Figs. 2~A! and 3~A!#.

2. Nd31:CsCdCl3 crystals

At 10 K the polarized absorption lines of Nd31:CsCdCl3
may be grouped mainly into eight centers, viz., at 16 6

FIG. 1. Polarized absorption spectra for3H4(G1)→1D2 transi-
tion observed at 10 K in~A! p polarization and~B! s polarization.
For Figs. 1–3, in both polarizations,~a!, ~b!, and~c! denote 0.5, 1,
and 1.5 % concentration of Pr31 doped in CdCdCl3, respectively.
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16 878, 17 200, 18 668, 19 209, 20 911, 27 551, a
27 794 cm21. Reviewing the earlier works on spectra
Nd31:CsCdBr3,

12 Nd31:LaCl3,
11,13–15 Nd31 in LaBr3,

16

neodymium ethylsulfate,11,17 Cs2NaNdCl6, and
Nd31:Cs2NaYCl6 ~Ref. 18! crystals, the above energy cente
are assigned to2H11/2, 4G5/2, 2G7/2, 4G7/2, (4G9/2,2K13/2),
(2G9/2,2D3/2,4G11/2,2K15/2),

4D3/2, and 4D5/2 multiplets,
respectively. The identification of the levels of these mult
lets is based on the knowledge of the (G5 ,G6) nature of the
assigned ground state and the fact that level positions do
change much from one compound to another12 ~see Sec.
III D and Table II!.

In this case also it is found that the spectra vary w
concentration. There are some prominent absorption line
lower concentration~i.e., 1% Nd31:CsCdCl3! and barring
four, each of these lines is accompanied by a weak line a
higher energy side. At higher concentration~i.e., 1.5%! the
weak lines become very distinct as observed in Figs. 4
and 6. The two series are separated by 2 to 18 cm21 ~the only
exception is the level at 17 225 cm21 in the 2G7/2 multiplet,
where the separation is 32 cm21!. Figures 4, 5, and 6 repre
sent the transitions4I 9/2→2H11/2, 4I 9/2→4G5/2, and 4I 9/2
→2G7/2, respectively. In all these figures~A! indicatesp
polarized and~B! s polarized spectra, and~a! and~b! denote

FIG. 2. Absorption spectra of3H4(G1)→(3P0 ,3P1 ,1I 6) mul-
tiplets at 10 K, observed in both~A! p and ~B! s polarizations.
d

-

ot
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results of 1 and 1.5 % Nd31:CsCdCl3 crystals, respectively
The experimental energy values for the higher concentra
are given in Table II. However the energy values for t
lower concentration are same, only the intensity of some
the lines is very weak.

III. RESULTS AND DISCUSSION

A. Analysis of spectra

The observed spectra~Figs. 1–6! show that there exis
some prominent transitions and each of these transition
accompanied by a weak transition at the higher energy
of the former one. As the concentration of the dopant
increased, the intensity of the weak lines increases more
that of the prominent lines. The total number of lines in a
particular multiplet is more than what would be expected
the R31 (R5Pr,Nd) ion sites have no symmetry (C1).
These extra lines may be due to site effect or due to
distortions of the lattice in the vicinity of the rare-earth io
However, repeated investigations with the crystals of diff
ent batches and of varied concentrations produce the s
number of absorption lines in any particular multiplet. Hen
the possibility of the effect of lattice distortion is ruled o
and the presence of nonequivalent sites is indicated.
large separation~5 to 10 cm21 for Pr31 and 2 to 18 cm21 for
Nd31! between the two series cannot be due to ion-ion

FIG. 3. Experimental absorption spectra of Pr31-doped CsCdCl3

crystals at various concentrations in both~A! p and~B! s polariza-
tions at a temperature of 10 K for the3H4(G1)→3P2 transition.



e

57 3359ABSORPTION SPECTROSCOPY OFR31(R5Pr,Nd) ION . . .
TABLE I. The observed and calculated~using free-ion and crystal-field parameters from Table III! energy values of Pr31 ions in 1.5%
Pr31-doped CsCdCl3 crystal for two different sites along with the assignedC3v irreducible representations. Here ‘‘difference’’ is th
difference between the observed and calculated energies. All energies are expressed in units of cm21.

Multiplet

A site B site

@G i(A)/
G i(B)#

Obs.
energy

Calc.
energy Difference

Obs.
energy

Calc.
energy Difference

3H4 0 0 G1

61 68 G1 /G2

110 117 G3

185 193 G3

552 568 G1 /G2

640 648 G3

3H5 1914 1919 G3

1942 1946 G1 /G2

1967 1973 G3

1973 1982 G1 /G2

2332 2343 G3

2348 2362 G1 /G2

2414 2422 G3

3H6 3967 3973 G3

4019 4023 G3

4047 4058 G1 /G2

4057 4060 G1 /G2

4434 4447 G1 /G2

4470 4482 G3

4507 4516 G3

4574 4577 G1 /G2

4583 4585 G1 /G2

3F2 4968 4977 G3

5062 5073 G3

5088 5096 G1

3F3 5438 5450 G1 /G2

5603 5609 G3

5776 5787 G1 /G2

5817 5822 G3

6077 6086 G1 /G2

3F4 6083 6095 G3

6106 6119 G3

6107 6120 G1 /G2

6202 6211 G1 /G2

6223 6234 G3

6258 6267 G1 /G2

1G4 8419 8427 G1 /G2

8560 8566 G3

8651 8660 G1 /G2

8718 8724 G3

8992 9006 G3

9056 9065 G1 /G2

1D2 16 580~16 581! 16 586 26 16 589~16 596! 16 590 21 G3

16 687 16 670 17 16 693 16 678 15 G1

17 197 17 219 222 17 232 G3

3P0? 20 422 20 366 56 20 437 20 375 62 G1
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TABLE I. ~Continued!.

Multiplet

A site B site

@G i(A)/
G i(B)#

Obs.
energy

Calc.
energy Difference

Obs.
energy

Calc.
energy Difference

3P1 20 453 20 504 251 20 463 20 513 250 G2

20 468 20 536 268 20 475~20 477! 20 545 270 G3

1I 6 20 506 20 581 275 20 513 20 585 272 G1

20 613 20 616 G3

20 523 20 628 2105 20 530 20 636 2106 G1

20 536 20 649 2113 20 541 20 657 2116 G3

20 760 20 769 G2

21 081 21 138 257 21 088 21 149 261 G1

21 330 21 346 G2

21 440 21 453 G3

21 484 21 498 G3

3P2 22 190 22 151 39 22 200~22 202! 22 159 41 G3

22 273 22 175 98 22 279 22 184 95 G1

22 327 22 234 93 22 335~22 336! 22 243 92 G3

1S0 43 632 43 641 G1
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change effect, because the exchange interaction in this
is very small. The analysis2,3 indicates that the exchange in
teraction between the two Gd31 paired ions in
Gd31:CsCdBr3, CsMgBr3, and CsMgCl3, is antiferromag-
netic but extremely weak, as the ions are far apart and th
are no direct superexchange pathways. Hence if the ion
exchange interaction is very small, the small splitting of t
single ion absorption line due to exchange interaction
mains hidden within the linewidth of the observed spec
and the spectra can reasonably be treated as single ion
tra.

As mentioned earlier, due to charge balance theR31 ions
occur in pairs in CsCdCl3, and the point symmetry of eac
R31 ion in the pair becomesC3v . According to Barthou and
Barthem,6 these pairs exist in such a way that theR31 ions
experience three different trigonal crystal fields. The arran
ments, depicted in Fig. 7, are

~i! Cd21-R31-vacancy-R31-Cd21, A type,A1 ,A2 sites;
~ii ! Cd21-R31-R31-vacancy-Cd21, B type,B1 site;
~iii ! Cd21-R31-R31-vacancy-Cd21, B type,B2 site.

The R31 ion of interest is shown in boldface. In both th
A1 ,A2 sites theR31 ion is in between a Cd21 ion and a
vacancy. In theB1 site theR31 ion is in between anothe
R31 and a vacancy, whereas in theB2 site it is in between a
Cd21 ion and aR31 ion. Obviously in theA type pair both
the R31 ions (A1 ,A2) are in equivalent sites but in theB
type the twoR31 ions are in two different sites and bothB1
and B2 sites lack the inversion symmetry. Three differe
spectra are anticipated from three unequal sites. Howe
the R31 ions in theA1 ,A2 sites and that in theB1 site all
being near to the vacancy, experience nearly the same t
nal field but theR31 ion in theB2 site which is away from
the vacancy sees a larger trigonal crystal field compone6

As a result, the spectra originating fromR31 ions in the
A1 ,A2 sites and theB1 site are nearly identical. Thus th
R31 ions in three unequal sites produce only two differe
se

re
n

e
-
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ec-

e-

t
r,

o-

t.

t

spectra. In our spectra, the series of prominent absorp
lines, which occur at all concentrations including the min
mal one, originate from a site having larger statistical pro
ability. Such spectra must be due to theA1 , A2 , andB1
sites. Obviously the other series, whose intensity increa
with concentration, must be due to theR31 ions in theB2
site. The number of ions in theB type increases with con
centration. Because of the similarity of the spectra, to av
confusion theA1 , A2 , andB1 sites spectra are designated
A site spectra andB2 site spectra, which are the only repr
sentatives of theB type of pair, are calledB site spectra.

B. Selection rules and assignment of levels of Pr31 ions

The selection rules for electric dipole transition underC3v
point symmetry areG1→G1 in p, G2→G2 in p, G1→G3 in
s, G2→G3 in s, andG3→G3 are both inp ands polariza-
tions, whereG1 and G2 are one-dimensional andG3 is a
two-dimensional irreducible representation ofC3v .5 The
number of transitions and the nature of their polarization
any multiplet are consistent with that ofC3v site symmetry
and two unequal sites, e.g., the multiplet3P2 which splits
into G1,2G3 levels underC3v symmetry,19 shows six compo-
nents due to two unequal sites~A site andB site!. The
ground multiplet in the 4f 2 configuration is 3H4 , which
splits into six levels 2G1 ,G2,3G3 , for each site, with the
lowest being singlet followed by another singlet with a sep
ration of 61 and 68 cm21 for theA andB sites, respectively,
as found from our calculation. Since the working tempe
ture ~10 K! is sufficiently low, transitions occur from eithe
G1 or G2 depending on which one is the ground state and
from both. The polarization study withG1 as the ground state
gives the most satisfactory fit with the observed spectra.

It should be mentioned here that the occurrence of
extra s polarized line at 16 596 cm21 in the B site of 1D2
multiplet is not clearly understood and the transition
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20 536 cm21 in theA site of the1I 6 multiplet does not quite
follow the polarization rule. Also the assignment of the3P0
multiplet is in doubt. As observed in our crystals, the3P0
multiplet occurs closer to3P1 compared to what has bee
found by earlier works.5,11,18,22The very weak transitions a
16 581 cm21 in the A site and at 20 477, 22 202, an
22 336 cm21 in the B site, that are indicated by the lowe
suffixes in Table I, may be due to pair ion exchange inter
tion. These lines are observed in the 1% concentration c
tal, whereas at 1.5% concentration the linewidth of th
lines increases and they cannot be distinguished from
main line. Also the line broadening and overlapping of so
transitions observed in Fig. 2~A! and Fig. 3~A! cannot be
explained satisfactorily and may be due to exchange inte
tion.

TABLE II. Observed energy values of 1.5% Nd31:CsCdCl3
crystal along with the assigned irreducible representations u
C3v site symmetry.

Multiplet

Observed Energy (cm21) @G i(A)/G i(B)#

A site B site

2H11/2 16 603 G4

16 613 16 616 (G5 ,G6)

16 618 16 620 G4

16 642 16 648 G4

16 667 16 669 G4

16 675 16 678 (G5 ,G6)

4G5/2 16 852 16 869 G4

16 885 16 889 (G5 ,G6)

16 900 16 903 G4

2G7/2 17 143 17 161 G4

17 180 17 185 (G5 ,G6)

17 209 17 219 G4

17 225 17 257 G4

4G7/2 18 566 18 584 G4

18 643 18 653 G4

18 716 18 733 G4

18 760 18 770 (G5 ,G6)

(4G9/2,2K13/2) 19 092 19 097 G4

19 123 G4

19 148 19 151 (G5 ,G6)

19 235 19 241 (G5 ,G6)

19 252 19 266 (G5 ,G6)

19 320 19 325 (G5 ,G6)

(2G9/2,2D3/2,
4G11/2,2K15/2)

20 692 (G5 ,G6)

20 817 20 820 (G5 ,G6)

20 943 20 949 (G5 ,G6)

21 009 (G5 ,G6)

21 128 21 130 (G5 ,G6)

4D3/2 27 547 27 554 (G5 ,G6)

4D5/2 27 791 27 797 (G5 ,G6)
-
s-
e
e

e

c-

C. Free-ion and crystal field parameters fitting for Pr31

We are interested only in the absorption spectra of P31

ions in pairs occupying the two different sites. Since t
effect of the exchange interaction is very small, calculat
of ion-ion exchange interaction has not been attempted
the total single ion HamiltonianHT5H f1Hcf ~free-ion and
crystal-field Hamiltonian! is considered as follows:12

H f5 (
k50,2,4,6

Fkf k1(
i 51

n

z4 f l i•si1aL~L11!1bG~G2!

1gF~R7!1 (
k50,2,4

Mkmk1 (
k52,4,6

Pkpk , ~1!

which includes the usual electrostatic (Fk), spin-orbit (z4 f),
configuration interaction terms~a,b,g!, the spin-spin and
spin-other-orbit interactions (Mk), and two-body electro-
statically correlated magnetic~spin-orbit! interaction (Pk)
terms. The crystal-field Hamiltonian forC3v site symmetry
of the Pr31 ion involves six parameters:12,19

Hcf5B0
2U0

21B0
4U0

41B3
4~U23

4 2U3
4!1B0

6U0
6

1B3
6~U23

6 2U3
6!1B6

6~U26
6 1U6

6!, ~2!

whereBq
k is the standard~one-electron! crystal field param-

eter andUq
k is a one-electron unit tensor operator.

It is well known that the free-ion~FI! parameters vary
slightly for different host environments because of cryst
field ~CF! effects. In the present case where the host rema

FIG. 4. Absorption spectra of4I 9/2→2H11/2 transition of
Nd31:CsCdCl3 crystal at various concentrations observed at 10 K
~A! p polarization and~B! s polarization. In both polarizations,~a!
and ~b! denote 1 and 1.5 % concentration of Nd31 doped in
CsCdCl3, respectively.
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the same, there is a small change in the CF between the
different sites. For this, we consider the same FI parame
for the two sites and change only the CF parameters as
ported by our experimental findings. In order to fit the co
plicated spectra due to two types of sites, we have diago
ized the total Hamiltonian (HT) within the 91 uaSLJMJ&
basis sets of the 4f 2 electronic configuration of the Pr31 ion.

This analysis has been performed using a computer
gram and minimizing the standard deviation. The progr
for Mk and Pk has been developed using the definition
Juddet al.20 and the fixed ratios determined from Hartre
Fock calculations for Mk and Pk parameters ~M2

50.56M0, M450.38M0 and P450.75P2, P650.50P2!
are assumed in our analysis.21

At first, theA site energy values are considered for b
fitting. Starting with the free-ion parameters for th
Cs2NaPrCl6 system18,21 the baricenters are optimized usin
Eq. ~1!. Then the total HamiltonianHT is diagonalized using
the standard19,22 initial trigonal crystal-field parameters. Th
Slater parameters (Fk) and spin-orbit parameter (z4 f) are
slightly varied and next the crystal-field parameters are v
ied to obtain a very close match with the observed ene
values. Afterwards, all the parameters are varied freely
single run.12 In this way the best fitted free-ion and crysta
field parameters are obtained. All the multiplets, includi
the isolated one (1S0) at 43 632 cm21, are identified by rec-

FIG. 5. Observed absorption spectra of the4I 9/2→4G5/2 transi-
tion at 10 K of ~a! 1% and~b! 1.5% Nd31:CdCdCl3 crystals. For
Figs. 5 and 6,~A! and ~B! denotep and s polarizations, respec
tively.
wo
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ognizing the component with the largest admixture in t
eigenfunction. We note that the variations ofMk and Pk

parameters with fixed ratios do not produce any remarka
improvement.

For theB site, which has a different trigonal field, all th
six crystal-field parameters are varied to obtain a clo
match. It is found that all best fitted CF parameters, exc
B3

4 andB3
6, remain unchanged for theB site.

The theoretical energy values along with their irreducib
representations and the observed energy values for hig
concentration~1.5% Pr31:CsCdCl3! are given in Table I. The

FIG. 6. Experimental absorption spectra of the4I 9/2→2G7/2

transition at a temperature of 10 K for~a! 1% and ~b! 1.5%
Nd31:CsCdCl3 crystals.

FIG. 7. Arrangements ofR31 ions ~indicated by dark circles! in
pairs in (CdCl6)

42 octahedral chain:~i! equivalentA1 ,A2 sites:
Cd21 vacancy in between the twoR31 ions,5 ~ii ! B1 site: R31 ion
flanked by a vacancy and anotherR31, and~iii ! B2 site:R31 ion in
between Cd21 and R31. The chloride ion occupies the corners
the octahedra.



es
er
ty

a
n

ch
i

n-

s

o

ib

a

an

an
-

er

ion.
on-

p-
po-

s
his

an-

en-

ese

he

eter-
ters
tra,

-

m-
M.
osh

re

57 3363ABSORPTION SPECTROSCOPY OFR31(R5Pr,Nd) ION . . .
difference between the observed and calculated energi
designated as ‘‘difference’’. The fitted FI and CF paramet
for theA andB sites are given in Table III. The uncertain
of the CF parameters indicates that if the CF parameters
varied within this range, the calculated energy values do
change significantly.

D. Selection rules and assignment of levels of Nd31 ions

The selection rules for electric dipole transitions, whi
are dominant for a noncentrosymmetric site, are given
Table IV. HereG4 is a two-dimensional irreducible represe
tation of C3v symmetry, andG5 and G6 are two one-
dimensional irreducible representations associated a
Kramer doublet.12,19

Since the working temperature~10 K! is low enough, the
transitions producing absorption spectra always start fr
the lowest energy level of the ground multiplet4I 9/2, which
under the C3v crystal field splits into five levels
2(G5 ,G6),3G4 for each site.19 The lowest level from which
the transitions occur will be either (G5 ,G6) or G4 . From the
selection rules and the nature of polarization, the poss
designation of the ground state has been established
studying the transition of4I 9/2→4G5/2 ~Fig. 5!. The multiplet
4G5/2 splits into three levels (G5 ,G6),2G4 for each site19

~i.e.,A andB site!. The existence of the two sites entails
very complicated spectra. In Fig. 5 it is seen that ins polar-
ization three strong transitions occur at 16 852, 16 869,
16 900 cm21 and there are two strongp polarized lines at
16 885 and 16 889 cm21. The transition at 16 903 cm21,
though appears in both the polarizations, is very weak
nearly forbidden inp polarization. If the ground state be
comes (G5 ,G6) then the selection rules suggest that th
would be twop polarized and fours polarized lines for the

TABLE III. Free-ion andC3v crystal-field parameters for Pr31

ions in 1.5% Pr31:CsCdCl3 crystal. Values given in parentheses a
held fixed in parameter fitting analysis~Refs. 18 and 21!.

Free-ion
parameter Value (cm21)

Crystal field
parameter

Value (cm21)

A site B site

F2 69342621 B0
2 201618 201618

F4 39374616 B0
4 21453612 21453612

F6 32267619 B3
4 199863 203264

z4 f 74164 B0
6 2345616 2345616

a 25.960.12 B3
6 28265 23667

b (2599) B6
6 499621 499621

g ~1520!
M0 1.7160.18
P2 ~166!
is
s

re
ot

n

a

m

le
by

d

d

e

two sites in the4G5/2 multiplet. On the other hand, if the
ground state isG4 then according to the selection rules twos
polarized lines along with the other four lines in boths and
p polarizations are expected to be observed in this transit
Hence the assignment of the ground state is plausibly c
sistent with the (G5 ,G6) irreducible representation, as su
ported also by the number of splitting and the nature of
larization of the transitions4I 9/2→2H11/2 and 4I 9/2→2G7/2
~Figs. 4 and 6, respectively!. The irreducible representation
for the levels of the various multiplets are determined in t
way.

We note that the s polarized spectra of
(2G9/2,2D3/2,4G11/2,2K15/2),

4D3/2, and 4D5/2 multiplets are
too faint to be recorded properly. The occurrence of the tr
sition at 18 653 cm21 in theB site of the 4G7/2 multiplet in
both polarizations is not clearly understood. It may be m
tioned that in the transitions to2H11/2, 4G5/2, and 2G7/2
multiplets a few very weak lines appear in the spectra. Th
lines may be due to lattice vibrations.

IV. CONCLUSIONS

TheR31 ions doped in CsCdCl3 crystal form pairs which
are of two types, A (R31-vacancy-R31) and B
(R31-R31-vacancy!. As the concentration ofR31 increases,
the intensity of the lines due to theB site increases, which
indicates that the occurrence of theB type of pair increases
too. From the analysis it is clear that theR31 ions see the
C3v crystal field in all the sites, whereas theB sites have a
stronger trigonal distortion. From the optical spectra of t
4 f 2 configuration of the Pr31 ions in CsCdCl3, 13 levels with
the associated irreducible representations have been d
mined and the best fit free-ion and crystal-field parame
have been calculated. Similarly from the observed spec
30 levels and their irreducible representations of the 4f 3 con-
figuration of the Nd31 ions in CsCdCl3 have also been deter
mined.
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TABLE IV. Selection rules for electric dipole transition forC3v
point symmetry.

C3v G4 G5 G6

G4 p, s s s
G5 s p
G6 s p
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