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Electronic absorption and Raman spectra of solid and molten Cs;NaHoClg elpasolite have been
measured in the temperature range 20—780 °C. The Raman spectra of the solid indicate that there
is no phase transition above room temperature. It appears, that the internal vibrational modes of the
solid are transferred into the melt, indicating that the [HoClg]’~ “octahedra” are the predominant
species. The >Gg « 1 and 3Hg « I3 hypersensitive transitions of Ho(II) in elpasolite have been
studied and analyzed in terms of the ligand field splittings of these states in the octahedral [HoClg]*~
field. The temperature-induced changes in the spectra are attributed to the presence of “hot” bands
arising from sets (“zones™) of energy levels in the ground >1g state. The continuous and smooth spec-
tral changes observed upon melting indicate the presence of [HoClg]?~ octahedra in both phases.
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1. Introduction

Over the past forty years a large number of com-
pounds with the general formula MyALnXg, where M
and A are alkali metals with ionic radii ry+ > ra+,
Ln is a trivalent metal (rare-earth metal, actinide, Fe,
Al), and X is a halide, have been synthesized and found
to be isostructural. They bear the name elpasolites from
the mineral KoNaAlFg. Early studies of the chloride
elpasolites CsoNaLnClg (Ln = Am [1], Bk [2], Fe [3],
rare-earth metal [3]) have shown that these crystalline
compounds are face-centered cubic with high space
group symmetry Fm3m (0,51). The Ln(III) cations are
located at octahedral sites in six-fold coordination with
Cl~ anions. The Cs™ cations form a simple cubic lat-
tice while the Na™ cations are also at an octahedral
site. There is practically no Ln-Ln interaction since
these cations are fourth-nearest neighbours, thus “in-
dependent” [LnClg]*~ octahedra which are surrounded
by the highly symmetric field of the A and M cations
have an “ideal” O;, symmetry.

Based on this high symmetry around the Ln(III), el-
pasolite crystals have been used extensively to study

the spectra and energy levels of the lanthanides in oc-
tahedral coordination, especially at cryogenic temper-
atures. A comprehensive review on this subject has re-
cently been published [4].

The rather simple vibrational modes of these high
symmetry crystals [5] permit by IR and Raman mea-
surements the determination of the vibrational frequen-
cies of many [LnX¢]>~ octahedra [6]. Furthermore,
systematic studies of the vibrational-Raman spectra
of many chloride, bromide and fluoride elpasolites
as solids at different temperatures and as melts have
contributed to the understanding of the structure of a
large number of molten rare-earth halides (LnX3) and
their mixtures with alkali halides (AX) of the type
LnX3-ACl [7] with X =F [8], C1 [5,9,10] and I [11].

More recently, the structural properties of the
LnCl3-ACI melt mixtures have been investigated by
electronic absorption spectroscopy using the f « f
transitions of Ho(IIT) dissolved in the mixture as probe
cation. The spectra of dilute solutions of Ho(III) in
molten GdCl3-KCl [12] and LaCl3-KCl [13] mixtures
were measured at different compositions and tempera-
tures. It appeared that the Ho(III) coordination in these
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melts is six-fold, and that the energies and relative in-
tensities of the ligand field components involved in the
G « g hypersensitive transition depend on the de-
gree of octahedral distortion of the [HoClg]3~ species.
However, it was not possible to establish with certainty
the high temperature absorption spectra of the well-
defined [HoClg]?>~ octahedra.

The present work deals with the f < f electronic ab-
sorption spectra of Ho(III) in solid and molten elpaso-
lite CsoNaHoClg. Emphasis is given to the 7Gg « g
and 3Hg « °Ig hypersensitive transitions and the tem-
perature dependence of the ligand field bands arising
from f electron splitting in the octahedral field. Raman
spectroscopic measurements establish the presence of
[HoClg]?~ “octahedra” as the predominant species in
molten elpasolite and thus the electronic absorption
spectra obtained from this melt can be used as a “fin-
ger print” in characterizing the spectral behaviour of
Ho(III) in the above-mentioned molten salt mixtures
GdCl;3-KCl [12] and LaCl3-KClI [13] as well as other
melts.

2. Experimental

High purity anhydrous HoCl3, NaCl and CsClI were
purchased from Alfa and were further purified as be-
fore [9]. All anhydrous materials were handled in a
nitrogen atmosphere glove box and/or in sealed fused
silica tubes. The elpasolite Cs,NaHoClg was prepared
by transferring appropriate amounts of the compo-
nent salts into a fused silica tube (~ 10 cm long,
~ 8 mm OD) sealed at one end. The tube was then
evacuated, torch-sealed at the other end and placed in
a furnace at ~ 900 °C, where a uniform and clear melt
was obtained. Cooling of the melt gave the elpasolite in
polycrystalline form. About 200 mg of the compound
were placed and sealed in a Raman cell made from
a~ 3 mmlID, 5 mm OD silica tube. A modified Jobin-
Yvon (model T-6400) Raman system, equipped with a
high temperature furnace, was used for measuring the
spectra of the polycrystalline solid and the melt as be-
fore [7].

The electronic absorption spectra were measured
with a Perkin Elmer (model Lambda 900) spec-
trophotometer equipped with a home-made optical fur-
nace [12, 13]. The spectrophotometer operated with re-
verse optics having the configuration: light source —
sample — monochromator — detector. This configura-
tion eliminates from the spectra the background arising
from the black body radiation emitted from the furnace

A. G. Kalampounias and G. N. Papatheodorou - Ligand Field States of CspNaHoClg

at high temperatures. The procedures for measuring
the absorption spectra were the following: Fused silica
optical cells (Ultrasil, Starna, UK) with path lengths
of 0.05 cm and a cylindrical tube (~ 8 mm OD), sealed
on the top, were used. Solid elpasolite was introduced
and the cell was evacuated and torch-sealed on the top
of the tube. Then, the solid was melted in a furnace
and the liquid was forced by shaking the cell to fill uni-
formly the lower part of the cell (0.05 cm path length,
~ 4 cm height and ~ 1 cm width). Then, while hot
at ~ 850 °C, the cell was introduced into the spec-
trophotomer furnace, whose temperature was ~ 10 °C
above melting. After equilibrating at this temperature,
the melt spectra were measured at ~ 780 °C, and
then the temperature was slowly reduced by ~ 5 de-
grees, where the melt was solidified as a transparent
clear plate (0.05 cm thick) within the optical cell. Fur-
ther, slow and gradual lowering of the temperature
permitted spectral measurements of the solid at dif-
ferent temperatures down to the ambient temperature.
Partial cracking of the clear solid plate occurred be-
low ~ 400 °C, resulting in an increasing background
which could be subtracted, and thus the absorbance of
the Ho(III) transitions could still be measured.

The calculation of molar absorptivity requires
knowledge of the density (molar volume) of both
molten and solid Cs,NaHoClg. To our knowledge such
data are not available; thus we have estimated the den-
sities of the two phases as follows: From the lattice pa-
rameter of the elpasolite a ~ 10.725 A [3] the density
of the solid was found as dgoiq ~ 3.67 g/cm3. Assum-
ing that the molar volume of the melt is a superposi-
tion of the molar volumes of the component salts, the
melt density is dmeye &~ 2.5 glem>. To verify this value
we have also estimated experimentally the molar vol-
ume of molten elpasolite by melting known amounts
of the salt in small fused silica tubes (3 mm ID) and
measuring the height of the melt in the tube. A value
of ~2.4 g/cm3 was found, which is close to the above
calculated value.

3. Results and Discussion
3.1. Vibrational Modes

An analysis of the distribution of normal modes for
the elpasolite structure (Fm3m — OZ) gives [S]:

I3y = Licoustic + Eranslatory + Ifibration + Iinternal

Tacoustic = Tlg(IR)v
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Fig. 1. Raman spectra of polycrystalline and molten
CspNaHoClg. A, = 514.5 nm; spectral resolution =
1.5 cm™!; laser power = 300 mW; CCD detector.

Eranslatory = TZg (R) +2T1y (IR)v
Hibration = Tlg(IA)a

Entemal = Alg(R) + Eg(R) + ng(R)
+2T1u(IR) + Tay (TA).

The internal modes correspond to the [H0C16]3_
octahedral vibrational modes from which three are
Raman-active. Thus, with the additional acoustic mode
a total of four Raman-active modes are expected
and are clearly seen in the room temperature spectra
(Fig. 1). The frequencies of the peaks observed in the
Raman spectra at different temperatures and their as-
signments are given in Table 1. The assignement of the
internal modes is unique since the frequencies extrapo-
lated to ~ O K satisfy the relation [14] v12 o~ v22 + %vsz

With increasing temperature all the bands seen in
the solid at 20 °C become broader, the stretching
modes v; and v, are shifted to lower energies while
the pure bending mode [6] and the lattice mode are
practically insensitive to the temperature (Fig. 1, Ta-
ble 1). At high temperatures, the low intensity v, band

Table 1. Raman frequencies (cm~") and assignments of solid
and liquid CsyNaHoClg.

Temperature [°C] Vi(Alg) v2(Eg) v5(Tag) vL(T2g)
20 285 224 126 45
300 278 212 126 45
760 267 - 125 43
780 (melt) (264)* - (134)2 -

# Measured from reduced Raman spectra [7].

is overcome by the neighbouring bands due to broaden-
ing. The observed bands at different temperatures and
the minor frequency shifts observed indicate that the
elpasolite structure remains cubic at all temperatures
above room temperature.

The overall effect regarding the “red” shift of the
Vi(Ajg) band, which occurs by raising the solid tem-
perature is attributed as before [7] to the weakening
of the Ho-Cl bonding. Furthermore, the fact that the
frequency of the pure bending mode vs5(Tsg) is not
affected by the temperature indicates that the octahe-
dral 90° angles do not change, or in other words that
the “ideal” [HoClg ]~ octahedral units are preserved at
high temperatures.

Upon melting there is a further frequency “red”
shift of the vi(Ajg) band, which is polarized, while
the lattice mode is replaced by the depolarized liquid
wing [7] on the tale of which the depolarized vs(To,)
mode is superimposed. The observed bands in the melt,
their polarization characteristics and their systematics
in relation to the bands seen in the solid at high tem-
perature are considered to indicate that the [HoClg]>~
internal modes of the solid are preserved in the melt.
Furthermore, all the LnCl3-ACl melt mixtures stud-
ied so far by thermodynamic [15—17], Raman spectro-
scopic [7, 10], and computer simulation [18, 19] meth-
ods show that in melts rich in ACl (as in the case
of molten elpasolites) the predominant species present
are the [LnClg]>~ “octahedra”. It is noteworthy that
the ionic radius of Ho(III) is almost identical with that
of Y(III), and that YCI3 and HoCls are isomorphous
solids. The YCl3-ACl melt systems were well stud-
ied [5,16,19] and confirm the presence of [YCle]?~
octahedra in the ACl-rich melts. In other words, we can
conclude with certainty that [HoClg]*~ is the predom-
inant species formed in molten elpasolite processing
the octahedral “internal” modes of vibration which are
seen in the Raman spectra.

3.2. f~Electron Ligand Field States

Typical absorption spectra of Ho(IIl) in solid and
molten elpasolite are shown in Figure 2. The assign-
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ments given on the top of the spectra are for the free
ion states and are based on [20]. The two more intense
bands seen in the spectra are the hypersensitive transi-
tions 7Gg « °Ig and *Hg « °Ig [21]. In the octahedral
field of the chloride ions the free ion Ho(III) f states
split into components which can be better identified in
expanded spectra.

These ligand field components are easily recog-
nized for the two hypersensitive transitions as shown
in Figs. 3 and 4 from room temperature up to above
melting. It has been argued [20, 21] that the main fac-
tors affecting the hypersensitive transition intensities
(i. e. oscillator strength / molar absorptivity) in an oc-
tahedral [LnX¢]?~ species are the degree of distortions
from ideal Oy symmetry in conjunction with the over-
all change asymmetry and polarizability around the
lanthanide metal. The Boltzman thermal population ef-
fect on the ground state levels alters the intensities in
certain cases; thus Ho(IIl) is also responsible for the
appearance of intense “hot” bands in the spectra. Fur-
thermore, for an octahedral species possessing a centre
of symmetry, the forced electric dipole transitions are
expected to show vanishing intensities [22]. This in-
deed often occurs at cryogenic temperatures, where the
elpasolites have the [LnX¢]?~ octahedra in an “ideal”
coordination. The room temperature spectra also show
(Figs. 3,4) rather small molar absorptivities.

On the other hand, vibronic coupling with mainly
the odd v3(Tyy), V4(Ty) and Ve(Typ,) vibrational
modes of the octahedral (see previous subsection) as
well as static thermal distortions break the inversion
symmetry and enhance the f < f transition intensities
especially at elevated temperatures. Thus, the overall
intensity of the solid is expected to increase with tem-
perature and this accounts for the spectral changes seen
in Figs. 3 and 4.

The energy of the ligand field states of Ho(III)
in solid elpasolite has been established through elec-
tronic absorption and emission spectroscopic measure-
ments mainly at cryogenic temperatures and up to
room temperature, as well as with theoretical calcula-
tions [23, 24]. For the states involved in the hypersensi-
tive transition >Gg « >Ig the octahedral ligand field en-
ergies are shown schematically in Figure 5. The mag-
nitude of the ground state Cly) splitting is lower than
the kT value corresponding to 600 K (~ 420 cm™1),
which implies that in the temperature range of our ex-
periments (~ 600 to 1000 K) all the splitting compo-
nents of the ground state would be accessible by the
Boltzmann thermal distribution of the states and would

contribute as broad energy states to the hypersensitive
transitions. Certain states in Fig. 5 with small energy
differences have been grouped to four “zones” marked
as &, &, € and &/. Thus, combination of four elec-
tronic transitions from the two “zones” in the ground
state to the two “zones” in the excited state are ex-
pected to give rise to the spectra in Figure 3. However,
due to the vibronic character of the f < f transitions,
the excited state (“zone”) should involve the odd vibra-
tional frequencies of [HoClg]*>~ which are experimen-
tally known [23, 25]:

v3(T1y) =255 cm™
v4(T1y) ~86cm™!.

V6(Tay) = 108 cm™

Thus, the overall energy of the excited state “zones”
should be raised by ~ v4 (86 cm 1) and their width
raised by (v3 —v4) ~ 170 cm™!, as approximately
shown in Figure 5. It is thus more likely that in the
high temperature Ho(III) elpasolite spectra four bands
should appear with strongly overlapping tails due to the
energy width of the “zones” involved. These transitions
are marked in Fig. 5 as A, A*, B, B¥, and their relative
average energies estimated from [23] were found to in-
crease in the order A* < B* < A < B. We fentatively
assign these bands to the four main bands measured for
the Cs;NaHoClg as seen in Figure 3. As expected from
the Boltzmann distribution in the spectra region of the
“hot” bands A*, B*, the intensity (molar absorptivity)
increases with temperature relative to the intensity of
the A, B bands. On the other hand, the relative inten-
sity changes with temperature of the A and B bands
are puzzling. Furthermore, calculations of the dipole
strength [23] for the transitions involving the three lig-
and field states (*Eg, *T1g, Ajg) of the & “zone” and
the states of the &; and &/ “zones”, as well as band in-
tensity calculations [23] for the same transitions indi-
cate that (at ~ 10 K) the intensity of the B band should
be much lower than that of the A band. In contrast, at
room temperature these bands have comparable molar
absorptivities (Fig. 3), and at higher temperature the
A band dominates this region of the spectra.

The ligand field states of 3Hg state involved in
the second hypersensitive transition of Cs;NaHoClg
(Fig. 4) have been recently calculated [26]. Six Stark
components spread between ~ 27950 and 27600 cm ™!
have been found which cannot be grouped into smaller
“zones” as before. Thus, taking into account the fur-
ther spread of these states due to the odd vibrations,
we would expect that at high temperatures a broad ex-
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Free ion states
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cited state covers all these states and thus, two main
transitions are possible:

Banda : 3Hg [all states] < °Ig [“zone” &],
Band a* : 3Hg [all states] < °Ig [“zone” &l

Again, with increasing temperature the “hot” band
a* gains intensity (Fig. 4), and this supports the above
assignment. The appearance at high temperature in
the solid (and melt) spectra of a third lower energy
band (~ 27100 cm™ ') is more likely to involve tran-
sitions to the ligand field states of the neighbouring
SG} state [26].

As established by the Raman spectra, there are no
phase transitions of the solid Cs;NaHoClg above room
temperature and temperature-induced changes on the
absorption spectra are rather smooth, as seen in Figs. 3
and 4. These rather continuous spectral changes ob-
served in the solid appear to be passed into the melt.
The band positions and relative intensity changes are
also smoothly transferred into the melt, while the mo-

Vibronic transitions

ences between the “free” ion states are not on
scale, but within each state the “zone” widths and
separations are comparable to each other and to
the kT value shown as a vertical arrow. For other
details see text.

lar absorptivity is almost doubled upon melting (Figs. 3
and 4). A new weak band appears at ~ 21900 cm ™!,
and the overall spectra (intensities and band positions)
are close to those measured in molten alkali chlo-
rides [12, 13]. As shown in the previous section, the
Raman spectra and other physicochemical methods
suggest that the [HoClg]3~ “octahedra” are preserved
upon melting the elpasolite and are the predominant
complex ionic species formed in dilute solutions of
Ho3" in molten alkali chlorides. In other words, it ap-
pears that the 5Gg « °lg and 3Hg « °lg spectra of
Ho(III) in molten elpasolite (as well as in molten alkali
chlorides) are associated with transitions arising from
the ligand field components of Ho(III) in an “octahe-
dral” coordination. The rather abrupt increase of the
molar absorptivity as we go from the solid to the melt
is attributed to octahedral distortions which deviate the
[HoClg]?~ from centro-symmetry, and thus the dipole-
induced transitions are partially allowed. Increasing
the melt temperature enhances the octahedral distor-
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tions, and this is reflected on the spectra by smooth
band shifts and increasing band intensities, as it has
been seen and discussed in the Ho(III) spectra in alkali
chlorides [12, 13].

Finally, it should be pointed out that the ligand
field spectra of Ho(III) coordinated with halide ligands
change drastically from “trigonal” (HoX3) to “tetrahe-
dral” ([HoX4] ™) to “octahedral” ([HoXs]3~, X =1[27],
Cl [28]). For the >Gg « °Ig transition the band posi-
tions, the relative intensities and the overall oscillator
strengths depend strongly on the coordination geom-
etry. This further supports the view that the solid and
melt spectra seen in Fig. 4 are correlated and that both
correspond to octahedral [HoClg]*~ species.

4. Conclusions

Continuous temperature-induced changes have been
observed in the electronic absorption and Raman spec-
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