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ABSTRACT The visible emission and vacuum ultraviolet excitation spectra

of the series Cs2NaLnCl6 (Ln¼Y, Nd, Sm, Eu, Tb, Er, Yb) and

Cs2NaYCl6:Ln
3þ (Ln¼ Sm, Er) have been recorded using synchrotron

radiation at room temperature, and in some cases at 10 K. The excitation

spectra comprise features associated with charge transfer, excitation from

the valence to conduction band, and impurity bands. No d–f emissions were

observed for these Ln3þ ions, so that the emission bands comprise intracon-

figurational 4fN–4fN transitions and impurity bands, whose natures are dis-

cussed. Theoretical simulations of the f–d absorption spectra have been

included. The comparison with data from the synchrotron at Desy enables

a comprehensive account of the ground (or vibrationally excited ground

for Ln2þ) states of the Ln3þ 4fN, Ln3þ 4fN�15d, and Ln2þ 4fNþ1 configurations

relative to the valence and conduction bands of Cs2NaLnCl6, for which the

band gaps are between 6.6 and 8.1 eV.

KEYWORDS 4f–5d spectra, charge transfer, energy levels, excitation spectra,

lanthanide ion, spectral intensities

INTRODUCTION

Since the 4fN energy levels of lanthanide ions have been well investigated

and characterized,[1] current interest resides in the higher energy electronic

configurations, notably 4fN�15d. This configuration has been extensively

studied for high band-gap fluoride hosts, and detailed simulations of the

excitation spectra have been presented.[2–5] Fewer studies of the 4fN�15d

configuration are available for low-band gap hosts, with the exception of

oxides.[6–9] We have given a preliminary account of the synchrotron

excitation and emission spectra of tripositive lanthanide ions—Ln¼Ce,

Eu, Gd, Er, Tm, Yb—in hexachloroelpasolite hosts using the synchrotron

at Desy, Hamburg.[10] In this case, most of the 4fN! 4fN�15d transitions

reside above the host band gaps, which are in the region of 7.4� 0.8 eV.

Many features were observed that were not readily explained or that were

attributed to impurities due to the deliquescent nature of the crystals. A

more complete reinvestigation is presented herein, including both neat
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and doped crystals, using the synchrotron at Hsinchu,

Taiwan, Japan, which includes the tripositive ions Y,

Nd, Sm, Eu, Tb, Er, and Yb. This has enabled a

comprehensive and systematic interpretation of the

excitation spectra to be achieved, together with a

unified parameter set for the calculation of 4fN�15d

energy levels and presentation of simulated

4fN! 4fN�15d spectra. We envisage that this data will

serve as a reference for future excited-state absorp-

tion experiments for these systems.

The series Cs2NaLnCl6 comprises ideal hosts for

lanthanide ions because the octahedral (Oh) site sym-

metry of the LnCl3�6 moiety conveys high energy level

degeneracies and strict transition selection rules. The

low phonon energies (in most cases below 300 cm�1)

enable radiative processes to dominate so that there

are many luminescent levels for these systems.

MATERIALS AND METHODS

General

The synthesis of polycrystalline samples of

Cs2NaLnCl6 and Cs2NaYCl6:Ln
3þ by Morss Method

C and subsequent passage of the powders in vacuum

in quartz tubes through a Bridgman furnace have

been described elsewhere.[11] The precursors were

Ln2O3 (Strem Chemicals and International Labora-

tory) of 99.99% or 99.999% purity. The measurement

of the vacuum ultraviolet spectrum at NSRRC has

been previously described.[12] Briefly, vacuum ultra-

violet (VUV) radiation was dispersed with a high-flux

cylindrical grating monochromator, of focal length

6 m, and beam line.[13] The intensity of the VUV light

was monitored through light reflected from a LiF

beam splitter placed before the phosphor and at

45� from the beam line. A small fraction of the

reflected light beam passed one additional LiF plate

and impinged on a glass window coated with

sodium salicylate. The luminescent signal subse-

quently detected with a photomultiplier tube in a

photon-counting mode was employed for normaliza-

tion. The light transmitted through the LiF beam split-

ter irradiated a sample, which was aligned at about

40–50� with respect to both the incident VUV source

and the entrance slit of the emission monochroma-

tor. The irregularly shaped crystal was mounted in

a sample holder attached to a rotatable XYZ stage.

The monochromator to disperse luminescence had

a focal length of 0.32 m and a grating of

1200 grooves mm�1 blazed at 500 nm; with reciprocal

linear dispersion of 2.5 nm mm�1. The scanning of

this monochromator was controlled with a

spectral-link module, which was in turn controlled

with a PC via a RS232 interface. The luminescent

intensity of the hexachloroelpasolite was detected

by a photomultiplier in the photon-counting mode.

For clarity of presentation, the emission spectra

are presented with a linear wavelength scale,

whereas the scale is linear in energy (cm�1) for the

excitation spectra.

Theory

Although the method of calculation of 4fN and

4fN�15d energy levels has been presented in detail

elsewhere, for the sake of completeness, it is briefly

introduced here. The standard phenomenological

crystal-field Hamiltonian H(4f) and its extension[2,14]

were employed:

H ¼ Hð4fÞ þ Hð5dÞ þ Hintð4f; 5dÞ; ð1Þ

where H(4f), H(5d), and Hint(4f,5d) describe

the interactions experienced by or between the 4f

electrons; the interactions experienced by the

5d electron; and the interaction between 4f and 5d

electrons, respectively, as shown below:

Hð4fÞ ¼ Eavg þ
X

k¼2;4;6

FkfkðfÞ þ f4fs4f � l4f

þ
X

i¼2�4;6�8

T itiðfÞ þ aL2ðfÞ

þ bGðG2ðfÞÞ þ cGðG7ðfÞÞ
þ

X
k¼0;2;4

MkmkðfÞ þ
X

k¼2;4;6

PkpkðfÞ

þ
X
kq

Bk
qC

ðkÞ
q fÞ;

Hð5dÞ ¼ f5ds5d � l5d þ
X
kq

Bk
qðdÞCðkÞ

q ðdÞ;

Hintð4f; 5dÞ ¼ Eexc þ
X
k¼2;4

FkðfdÞfkðfdÞ

þ
X

k¼1;3;5

GkðfdÞgkðfdÞ:

ð2Þ

Here the italic and bold letters represent parameters

and operators, respectively, and (f), (d), and (fd) are

used to show that the operators are interactions for

4f electrons, interactions for the 5d electron, and
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interactions between 4f and 5d electrons, respect-

ively. The parameter Eavg in H(4f) serves to shift all

the levels so that the energy of the lowest level of

4fN is zero; the second and third terms in H(4f) are

the two strongest interactions for the 4fN configur-

ation (4fN�1 core), i.e., the Coulomb and spin-orbit

interactions; the last term in H(4f) is the crystal-field

interaction experienced by 4f electrons, which can

be described by the two parameters B4 for the oper-

ator C
ð4Þ
0 ð4fÞ þ

ffiffiffiffiffiffiffiffiffiffi
5 14=

p
½C ð4Þ

�4 ð4fÞ þ C
ð4Þ
4 ð4fÞ� and B6 for

the operator C
ð6Þ
0 ð4fÞ �

ffiffiffiffiffiffiffiffi
7 2=

p
½C ð6Þ

�4 ð4fÞ þ C
ð6Þ
4 ð4fÞ�;

and the other terms are effective interactions to

describe various effects due to configuration interac-

tion. The two terms in H(5d) are the spin-orbit inter-

action and the strong crystal-field interaction, B4(d),

C
ð4Þ
0 ð5dÞ þ

ffiffiffiffiffiffiffiffiffiffi
5 14=

p
½C ð4Þ

�4 ð5dÞ þ C
ð4Þ
4 ð5dÞ�

n o
experi-

enced by the 5d electron. The Hint(4f,5d) parameter

Eexc describes the separation between the barycen-

ters of the 4fN and 4fN�15d levels; and the second

and third terms are the direct and exchange Coulomb

interaction between 4f and 5d electrons.

Table 1 lists the parameters employed in the

energy-level calculations. The parameters for 4fN

configuration were available from the literature, with

those for Ce3þ refitted herein from data in Ref. [11];

Pr3þ from Ref. [15]; Nd3þ[16] Sm3þ[17] Eu3þ and

Gd3þ[18] Tb3þ refitted from data in Ref. [19]; Er3þ[20]

Tm3þ[21] and Yb3þ.[22] The parameters M2, M4, P4,

and P6 are not listed in Table 1 since they are fixed

by the ratios M2=M0¼ 0.56; M4=M0¼ 0.31; P4=

P2¼ 0.5; and P6=P2¼ 0.1. The Fk parameters for

4fN�15d were scaled from the values for 4fN by the

corresponding ratio of calculated Fk values[23] for

each k. The parameter describing the spin-orbit inter-

action of 4f electrons was determined in the same

way. The parameters F2(fd), F4(fd), and G1(fd),

G3(fd), and G5(fd) describing the Coulomb interac-

tions between 4f and 5d electrons were scaled from

the ab initio value[23] by the factor gfd¼ 0.53, which

TABLE 1 Parameter Values (cm�1) Used in the Simulation of f–d Absorption Spectra

Ion Ce3þ Pr3þ Nd3þ Sm3þ Eu3þ Gd3þ Tb3þ Er3þ Tm3þ Yb3þ

4fN: N¼ 1 2 3 5 6 7 8 11 12 13

F2 67325 71106 78165 83902 78686 88320 96717 99725

F4 49539 51440 56612 59990 70120 62925 67374 68592

F6 32258 35068 40172 41364 43596 45088 47541 48231

f 624 756 880 1166 1324 1505 1699 2363 2616 2898

F2(4fN�1) 76598 83474 89303 83509 93734 101777 104773 106963

F4(4fN�1) 55728 60768 64165 74770 66918 71190 72351 73841

F6(4fN�1) 38709 43210 44330 46575 48169 50316 50954 51997

f(4fN�1) 827 974 1270 1434 1621 1823 2506 2768 3058

a 22 21 22 17 37 18 18 19

b �544 �641 �717 �640 �1905 �514 �655 �730

c 1520 1654 1564 1750 1679 1738 2500 2716

M0 1.8 2.0 2.1 2.4 1.6 4.4 4.1 3.8

P2 275 158 260 245 0 1003 510 43

T2 375 256 370 132 120 120

T3 42 26 40 25 50 50

T4 66 22 40 22 56 56

T6 �279 �141 �330 �317 �286 �286

T7 373 246 380 347 191 191

T8 285 382 370 162 176 176

B4 2208 2290 1987 1855 1928 1776 1671 1555 1787 1454

B6 250 236 257 260 247 139 207 154 170 79

Eexc 34326 41210 47700 59900 64300 67440 73580 82650 84700 89200

B4(d) 38709 38392 38076 37442 37126 36809 36500 35543 35200 34900

gfd 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53 0.53

f5d 792.7 874 925 1028 1080 1132 1185 1346 1400 1453

Note. Refer to the text for explanation.
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was the fitted value for Tb3þ. The parameter f5d for

Tb3þ is fitted to be 1185 cm�1[28] which is 0.761 times

the ab initio value 1557 cm�1.[23] Hence this ratio was

employed for all other ions. The parameter B4(d)

was chosen to be linearly decreasing for 4fN ions

using B4(d, Ce)� [1� c� (N� 1)], where c¼ 8.18�
10�3 was calculated from the crystal-field parameter

values for Ce3þ and Tm3þ in CaF2.
[24,25]

We observed in the excitation spectra additional

features that correspond to band-to-band and charge-

transfer (CT) transitions. The experimental data are

summarized in Table 2, together with some previous

measurements.[26–28] In this table, the onset energy

of each 4f–5d transition has been predicted using

Dorenbos’ phenomenological methods:[29,30]

E4f�5dðLn2;hostÞ ¼ E4f�5dðLn1; hostÞ
þ DE4f�5dðLn2; Ln1Þ; ð3Þ

with the CT energy predicted using

ECTðLn2;hostÞ¼ECTðLn1;hostÞþDECTðLn2;Ln1Þ: ð4Þ

The values in parentheses in Table 2 for the onset

energies of 4f–5d are those corresponding to spin-

forbidden (SF) absorption. The values of DE4f�5d
[29]

andDECT
[30] aregiven relative toCe3þ andEu3þ, respect-

ively, which have the lowest 4f–5d and CT energy,

respectively. The measured ECT¼ 37453 cm�1 for Eu3þ

was used then to predict ECT for other ions.

Since the 4f – 5d absorption spectra comprise

electric-dipole–allowed transitions, Franck-Condon

replicas are observed to high energy of the

zero-phonon lines. The detailed vibronic structures

are not well-resolved at the spectral resolution

employed, so that we adopted the crude simulation

proposed by Reid et al.,[2] i.e., by using Gaussian

curves displaced towards higher energy from

the zero-phonon lines by Eshift¼ 600 cm�1 and

TABLE 2. Data for Zero-Phonon Line Energies of the First 4f–5d Band, Charge Transfer Energies and Valence to Conduction Band

Absorption Energies

Ln3þ DE4f�5d
a E4f�5d (calc)b E4f�5d (exp) DECT

c ECT (calc)d ECT (exp)e CBf

(Y3þ) 57.2

Ce3þ 0 N.A. 28.2g

Pr3þ 12.2 40.4 39.8h 21.9 59.4 64.6�

Nd3þ 22.7 50.9 49.6i 17.7 55.2 63.5

Pm3þ 25.7 53.9

Sm3þ 26.5 54.7 9.1 46.5 43.7(?) 56.9

Eu3þ 35.9 64.1 0.0 37.4 37.4 56.6

Gd3þ 45.8 74.0 58.7�j

Tb3þ 13.2 (SF: 5.5) 41.4 (SF: 33.7) 41.4 (SF: 34.3)k 58.1 or 55.6

Dy3þ 25.1 (SF: 17.7) 53.3 (SF: 45.9) 16.6 54.0

Ho3þ 31.8 (SF: 29.1) 60.0 (SF: 57.3) 19.5 56.9

Er3þ 30.0 (SF: 27.0) 58.2 (SF: 55.2) 18.9 56.3 55.0 53.6

Tm3þ 29.0 (SF: 27.0) 57.2 (SF: 55.2) 14.3 51.7 48.1j 56.1�j

Yb3þ 38.0 66.2 3.8 41.2 39.6 58.9

Lu3þ 49.2 77.4 53.5l

Note. The units are 103 cm�1. SF¼ spin-forbidden. The energies relate to SF transitions. Refer to the text for explanation.
aFrom Ref. [29], relative to Ce3þ

bFrom Eq. (3).
cFrom Ref. [30], relative to Eu3þ.
dFrom Eq. (4).
eThis work.
fFollowing Ref. [32]: 0.5 eV (4033 cm�1) has been added to the peak maximum in this region of the room-temperature excitation spectrum. This may be

an under-estimation. Starred values are from 10 K spectra. The value for Pr3þ is from Ref. [26].
gRef. [11] at 10 K.
hRef. [26] at 10 K.
iRef. [27] at 295 K and revised herein.
jRef. [10].
kRef. [28] at 10 K.
lRef. [48].
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Ewidth¼ 1000 cm�1, as estimated from the experi-

mental spectra. These curves are displayed as full

lines in the simulated spectra. For simplicity, the cal-

culated absorption spectra refer to transitions from

the lowest crystal field level of the electronic ground

state in all cases. It is noted that transitions from

excited crystal field levels may contribute intensity

in the experimental spectra, which were recorded

at temperatures between 10 K and 298 K. The pack-

age of fd programs written by Prof. M.F. Reid was

used to perform all the calculations.

RESULTS AND DISCUSSION

Y3þ

It was useful to record and compare the excitation

and emission spectra of Cs2NaYCl6 since this crystal

host has been employed for several Ln3þ. Under

high-energy excitation, core-valence transitions have

been reported for Cs2LiLaCl6
[31] and Cs2LiLuCl6.

[32]

Some other bands in Cs2LiYCl6 (at 278 nm;[33]

325 nm[34]) and Cs2LiYBr6 (at 278 nm[33]) have been

attributed to emission from a self-trapped exciton.

The first sharp onset in the slow time-resolved exci-

tation spectra of self-trapped exciton luminescence

of neat hexachloroelpasolites has been assigned to

the ‘‘fundamental absorption.’’[35] The first maximum

was attributed to the creation of bound electron–hole

pairs, whereas the creation of free electrons in the

conduction band (CB) and holes in the valence band

(VB) (i.e., the location of the bottom of the conduc-

tion band) was estimated to be 8%[35] or 0.5 eV[32]

higher. In the following, we generally refer to peak

maxima instead, but we have employed this reason-

ing in Table 2 to estimate the relative locations of the

CB of the series Cs2NaLnCl6. From electron paramag-

netic resonance and electron nuclear double reson-

ance studies, Pawlik and Spaeth[36] identified two

types of center in X-irradiated Cs2NaYCl6: the Y2þ

and Vk centers, which are stable up to 70 K and

150K, respectively.

The spectrum of neat Cs2NaYCl6, recorded at

Desy,[10] under 170-nm excitation at 11 K, comprised

a broad band extending from 360 to 580 nm (FWHM

93 nm) with maximum intensity at 448 nm

(22285 cm�1). The excitation spectrum, when moni-

toring at 435 nm, showed a weak band at 221 nm

(45152 cm�1), with major peaks at, and to high

energy of, 170 nm. In order to investigate further this

unexpected spectrum, the experiments were

repeated at Hsinchu, Taiwan. Since we anticipated

that oxygen species contributed intensity to the spec-

trum, in the present case the powder directly from

Morss Method E was employed, in addition to a poly-

crystalline sample that had been passed through the

Bridgman furnace. The powder sample is more deli-

quescent due to its much greater surface-to-volume

ratio. The room-temperature excitation and emission

spectra of the two samples are shown under different

experimental conditions in Figure 1a,b. The powder

spectra were much noisier than the crystal spectra

due to nonradiative losses. For the powder sample,

the excitation spectra show additional bands

between 240 and 260 nm, presumably due to Y-O

species, and the features in the emission spectra

shifted to higher energy, with maximum at 340 nm,

which is similar to the emission of neat Y2O3. The

room-temperature emission spectrum of the crystal

sample shows at least three broad bands with max-

ima at 382, 426 and 472 nm. Due to the overlap of

these broad bands, it is not possible to monitor each

one exclusively. A shorter wavelength overlapping

band is partially resolved in the 25-K excitation spec-

trum of the crystal, in Fig. 1d. At least for the two

longer wavelength (>420 nm) and two shorter wave-

length (<400 nm) emission bands, the excitation and

emission spectra appear to indicate a different origin

for each set of these bands. In particular, the 382-nm

band monitored in Fig. 1a for the crystal shows a

greater contribution from the (lower energy) defect

site excitation band at 198 nm. The major peaks in

the 25-K crystal excitation spectra are between 176

and 178 nm, in Fig. 1c, which indicates a substantial

shift of �10 nm to shorter wavelength from the

room-temperature spectra, in Fig. 1a.

Nd3þ

The synchrotron radiation excited emission and

excitation spectra of Cs2NaNdCl6 further illustrate

the problems in the interpretation of the hexachlor-

oelpasolite spectra. For Cs2NaNdCl6 and Cs2NaYCl6:

Nd3þ, 4f3–4f3 emission has previously been reported

from the multiplets 4D3=2
[16,27] at 27617 cm�1, 4 G5=2

(16690 cm�1), and 4F3=2 (11336 cm�1).[16] From

the energy gaps between higher multiplet terms,[16]

intraconfigurational emission could possibly be
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envisaged to occur from 2F(2)5=2 at 37838 cm�1.

Interconfigurational emission was not previously

detected at room temperature,[27] and this may be

understood from the overlap of the ladder of 4f3

energy levels with 4f25d states.

Figure 2a shows the emission spectra of

Cs2NaNdCl6 using two different excitation wave-

lengths. Under 340-nm excitation, the emission

bands at 369 nm and 395 nm could be assigned to
4D3=2! 4I9=2,

4I11=2 transitions, respectively, but the

relative intensities are not as expected, and further-

more the transition 4D3=2! 4I13=2 is not observed.[27]

These emission bands are more likely assigned to

trace Ce3þ impurity. Under 244.5-nm excitation, the

emission bands at 312 nm and 344 nm may arise from

a trace Gd3þ impurity, reflecting the zero-phonon

line and OH2 vibronic origin, respectively. Since

the Ce3þ and Gd3þ impurities are trace, the respect-

ive absorption bands are expected to be too weak to

be observed in the excitation spectra. The excitation

spectra of these emission bands are given in Fig. 2b,

together with calculated 4f–5d absorption. At

present, we are unable to give assignments for these

bands.

The previously measured ground (4I9=2) and

excited (4F3=2) state absorption spectra[27] were inter-

preted to show that the lowest 4f25d level is located

around 47000–48000 cm�1, which is lower than the

FIGURE 1 Excitation (a), (c) and emission (b), (d) spectra of Cs2NaYCl6 powder and crystal samples at 298 K [(a), (b)], and 25 K [(c), (d)].

The excitation or monitored emission wavelengths are marked (nm), in addition to the locations of some peaks. The relative intensities are

arbitrary.
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predicted value 50000–50900 cm�1 by approximately

2000–4000 cm�1. This discrepancy is larger than the

estimated deviation of no more than 600 cm�1 given

by Dorenbos, which was obtained from a systematic

analysis of 4fN�15d levels in various hosts. A possible

reinterpretation of the room-temperature spectra is

that the maximum of the lowest energy band

(207.3 nm) in the excited-state absorption spectrum

corresponds to absorption from 4H(2)9=2 (and not
4F3=2), so that similarly, the 209.5-nm band in the

ground state absorption spectrum corresponds to

that from 4I11=2 states. This would put the onset of

4f25d states at 49600� 170 cm�1. The Cl� – Nd3þ

CT band is predicted to be at approximately

55800 cm�1.

Sm3þ

The spectra of neat Cs2NaSmCl6 and Cs2NaY1-x

SmxCl6 (x¼ 0.1 and 0.01) were investigated in this

study. A comparison of the spectra of the neat and

diluted (x¼ 0.01) elpasolites is given in Fig. 3. At

room temperature, under excitation at 220–230 nm,

weak emission is observed from 4G5=2 located at

17742 cm�1 [37] to terminal states 6HJ (J¼ 5=2, 7=2,

and 9=2) as shown in Fig. 3a,b. A weak, broad band

is observed at 333 nm for Cs2NaSmCl6 (Fig. 3a), and it

is absent from the spectra of the x¼ 0.01 crystal

(Fig. 3b). This feature could correspond to CT emis-

sion. The band at 371 nm in Fig. 3a is absent from the

spectra of another sample of Cs2NaSmCl6 and is not

considered further. The remaining emission peaks in

the emission spectrum of Cs2NaSmCl6, between

389–472 nm at low temperature, are not prominent

at room temperature (Fig. 3a,b), but are also

observed at similar wavelengths in the low-

temperature emission spectra of the x¼ 0.01 crystal

under 192.6-nm or 225.6-nm excitation at 10 K (not

shown), or 228.2-nm excitation at 10 K (Fig. 3b).

These bands are also similar to those observed in

Figs. 1b,d for Cs2NaYCl6 so that they do not corre-

spond to transitions of yttrium or samarium chloride

species or their related oxide impurities. The emis-

sion intensity of Sm3þ is several orders of magnitude

greater in the x¼ 0.01 crystal compared with the neat

crystal.

The excitation spectra of the Sm3þ emission from
4G5=2 show a prominent band at 220–230 nm, which

is close to the wavelength predicted in Table 2 for CT

absorption (215 nm). However, the excitation into

this band, which is within the band gap, also gives

the emission bands between 380–480 nm, and the

excitation band is much weaker for Cs2NaSmCl6
(Fig. 3c) than for Cs2NaY0.99Sm0.01Cl6. Features to

shorter wavelength of 200 nm are also observed in

the excitation spectra (Fig. 3c,d), and the ‘‘dip’’

marked at 186 nm (Fig. 3d) is similarly observed

when monitoring the emission at 568.5 nm at 10 K.

The peak maximum in the region of the band-to-

band transition is near 192 nm.

FIGURE 2 Emission (a) and excitation (b) spectra of

Cs2NaNdCl6 measured at room temperature, with the calculated

f–d absorption spectrum in (b).
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The calculated 4f5–4f45d1 absorption spectrum

is also presented in Fig. 3d. The 4f–5d absorption

is predicted to start at 54700 cm�1 (183 nm) and

could account for the ‘‘dip’’ marked in this figure.

The calculated f–d bands marked in Fig. 3d are due

to absorption to 6[(5I)t2g]
6[(5F)t2g], and 6[(5I)e2g] states

for A-C, D, and F bands, respectively. Here, the

strong valence-to-conduction-band absorption at

energy above 190 nm does not permit the excitation

of Sm3þ f–d absorption.

Eu3þ

The visible and ultraviolet emission spectra of

Eu3þ in elpasolite hosts have been reported in

several studies.[38–40] Under suitable excitation,

emission occurs from 5DJ (J¼ 0–3) to 7FJ (J¼ 0–6)

multiplets. Just as for the other systems studied

herein, the vacuum ultraviolet excitation spectra

of Cs2NaEuCl6 show considerable variation from

sample to sample, although this is less so for the

emission spectra. The excitation and emission spec-

tra of Cs2NaEuCl6 recorded at Desy have previously

been reported.[10]

The visible emission spectra of Cs2NaEuCl6
recorded for three different samples using various

excitation lines are shown in Fig. 4a. For Sample i,

emission is clearly observed from 5D0 at room

temperature and 10 K under excitation into the

Eu3þ – Cl� charge transfer band. The 5D1 emission

increases markedly in intensity, relative to that from
5D0, at the lower temperature. Emission from higher
5DJ (J¼ 2,3) multiplets is quenched by ion–ion

cross-relaxations in the neat crystals. Sample ii also

shows a similar emission spectrum under 267.5-nm

excitation, but impurity bands due to Tb3þ (at

approximately 550 nm) are present under 170-nm

excitation. This is shown by the excitation spectrum

of 547.5-nm emission in Fig. 4b. The room-

temperature spectrum of Crystal iii under 230-nm

excitation shows additional bands at 312 nm (out of

scale for this lowest spectrum in Fig. 4a) and a

slightly stronger one at 366 nm with a shoulder at

412 nm. These bands are also present under

190.5-nm excitation, but are absent under 268-nm

excitation. Although the latter two bands at 366

and 412 nm are essentially coincident with CeCl3�6
5d! 4f transitions, the excitation spectrum of the

366-nm band (Fig. 4b) shows a band at 248 nm that

is not related to Ce3þ but more likely associated with

O2� – Eu3þ CT.

Monitoring various Eu3þ emission bands from

Samples i and ii at 298 K and 10 K (Fig. 4b) provides

FIGURE 3 Emission (a), (b) and excitation (c), (d) spectra of

Cs2NaSmCl6 [(a), (c)] and Cs2NaY0.99Sm0.01Cl6 [(b), (d)]. The tem-

peratures and excitation or emission wavelengths are marked.

The calculated 4f5! 4f45d absorption spectrum is shown in (d),

where A, B, C are absorptions to 6(5I,t2g); D to 6(5 F,t2g); and F to
6(5I,e2g). The ordinate scale in the 10 K spectrum (b) is expanded

to show the features between 389 and 472 nm.
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a more consistent picture. The Cl� – Eu3þ CT band is

assigned at 267 nm. The final states of this transition

involve a vibrationally excited 4f7 ground-state Eu2þ

ion and a hole in the valence band. This band moves

to higher energy in other spectra in Fig. 4b presum-

ably due to substitution of the octahedral coordi-

nation of Eu3þ by varying amounts of oxide or

hydroxide ion. The feature at 170 nm (i.e., at

21371 cm�1 higher in energy than the assigned

Cl� – Eu3þ CT band) could be assigned the charge

transfer to the 4f65d excited state of Eu2þ. Finally,

the maximum of the valence to conduction band

transition is marked at 190 nm in Fig. 4b.

The simulated 4f6! 4f55d absorption spectrum of

Eu3þ in Cs2NaEuCl6 has been displayed in Ref. [10].

The onset of f-d absorption is predicted to be at

64,100 cm�1 (156 nm), with strong features at 153,

147, 134, 119, and 109 nm, corresponding to

transitions terminating at 7(6H, t2g),
7(6H, t2g),

7(6F,

t2g) þ7(6H, t2g),
7(6H, eg), and 7(6F, eg) þ7(6H, eg),

respectively.

Tb3þ

The low-energy electronic absorption spectra of

Cs2NaTbCl6 and Cs2NaYCl6:Tb3þ have been pre-

viously reported and comprise spin-allowed (SA)

and SF transitions.[28] Due to the extensive overlap

of 4f8 levels with those of 4f75d, no d–f emission

was anticipated or observed.

Figure 5a shows the room-temperature emission

spectrum of Cs2NaTbCl6 under 186-nm excitation.

The spectra using 240-nm and 280-nm excitations

are the same and are also in agreement with the

reported results of Faulkner and Richardson.[41]

Emission from the 5D4 multiplet of Tb3þ, with

the lowest crystal field level C1 located at

20468 cm�1[42] to 7FJ (J¼ 6–3) multiplets is observed

between 480 and 640 nm, and the terminal states

are marked in the figure.

The excitation spectra monitoring the strongest

emission bands, at 547 nm and 543 nm, were mea-

sured and were indistinguishable. The former is pre-

sented in Fig. 5b, and the strong broad bands are

saturated in intensity. Note that the ‘‘sticks’’ in

Fig. 5b are calculated zero-phonon line positions

and relative intensities, but refer to the absorption

from the ground state 7F6C1, whereas the experi-

mental excitation spectrum is at 298K.

The zero-phonon lines of transitions to terminal

states of C4u irreducible representation were

assigned from the previously reported absorption

spectra of TbCl3�6
[28] at (in cm�1) 34332 (SF), 34982

(SF), 35590 (SF) and 41380 (SA). Hence, we assign

the excitation bands in the ranges 265–295 nm and

230–250 nm to the SF and SA f–d absorptions,

respectively. The first four lowest 4f75d states are cal-

culated to be within the energy range of 6 cm�1[28]

but transitions are only allowed to terminal states

of C4u representation. The weak bands at 320 nm

and 305 nm can be assigned to absorption from ther-

mally excited 7F4 and 7F5 multiplets, respectively.

FIGURE 4 Room-temperature and 10 K emission (a) and exci-

tation (b) spectra of three samples [(i), (ii), (iii)] of Cs2NaEuCl6.

In (a), the bands of transitions 5D1! 7FJ’ and 5D0! 7F0 are marked

by J and J’.
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Using the onset energies of these transitions

(approximately 30800 cm�1 and 34650 cm�1, respect-

ively) and associating these energies with

zero-phonon line transitions from the highest 7F4

and 7F5 crystal field levels (i.e., C5 at 3673 cm�1

and bC4 at 2349 cm�1[18]) to the lowest 4f75d state,

the latter is estimated to be at 34560� 100 cm�1,

which is only approximately 130 cm�1 outside the

measured[28] value of 34332 cm�1. This error arises

from the estimation of the onset using the experi-

mental spectral bandpass of 130 cm�1. It is interest-

ing that the SA bands between 230 and 250 nm are

followed at higher energy by a SF transition to a 9D

4f75d state. In fact, eight 9D states are calculated to

be within a range of �100 cm�1,[28] but transitions

from the electronic ground state are only allowed

to two terminal C4u states, separated by �40 cm�1.

We can estimate the lowest energy 9D state in this

region by using an assignment, analogous to that

above, of the weak bands at 212.5 nm and 208 nm

to hot transitions from thermally excited 7F4 and
7F5 multiplets, respectively. Using the onset energies,

as above, the lowest 9D state, 9[8S,2eg], is then esti-

mated to be at 50090� 100 cm�1. For comparison,

using the parameters given in Table 1, the next

4f75d states are calculated to be 9[8S,2eg] in the range

52,566–52,691 cm�1 (�190 nm). The estimated value

of 50,090 cm�1 is therefore �2500 cm�1 lower than

the calculated value.

The consequence of this re-assignment of the low-

est energy level 9[8S,2eg] has not been incorporated

into our parameter values in Table 1. However, it

would result in the reduction of B4(d) by 11% from

the value in Table 1 and an energy of 7[8S,2eg] that

is lower by 2500 cm�1, but no apparent changes for

the other calculated 4f75d levels mentioned above.

The SF transitions at �190 nm are followed at

higher energies by SA transitions to 7[8S,2eg] in the

range 59217–59265 cm�1 (�169 nm), then by transi-

tions to 7[6P,t2g] in the range 69785–73760 cm�1

(143–136 nm), and many other 4f75d states where

the 4f7 core is in excited multiplets. The shoulders

at 169 nm and 146 nm could be due to ground state

absorptions to 7[8S,eg] and 7[6P,t2g] states, but other-

wise these bands reflect conduction band states.

The band at approximately 190 nm is likely due to

the valence to conduction band absorption as well

as to the SF absorption to 9[8S,2eg]. The strong

valence to conduction band absorption greatly

reduces the penetrating depth of higher energy

photons and hence the efficiency of excitation. As

a consequence, the f–d SA excitation bands at higher

energy are much weaker than the lower energy f–d

excitation bands.

Er3þ

The room-temperature emission, excitation, and

cross-relaxation processes of Cs2NaErCl6 have been

presented in detail.[43] The room-temperature exci-

tation and 10-K emission spectra were also recorded

at Desy.[10] The latter spectrum was dominated by

FIGURE 5 Emission spectrum of Cs2NaTbCl6 excited at 186 nm

(a) and excitation spectrum monitored at 547.25 nm (b). The initial

luminescent state in (a) is 5D4, and the ground state in (b) is 7F6.

Some terminal states are marked in both spectra. Some peak max-

ima are given in nm in (b), and the solid lines represent calculated

spin-allowed absorption zero-phonon lines, whereas dashed lines

are the positions of calculated spin-forbidden (SF) absorptions.
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emission from 4S3=2 and transitions were also evident

from 2G9=2
[10] were transitions that were not present

at room temperature.[43] Herein we show, for com-

parison, the room-temperature emission spectra of

Cs2NaErCl6 recorded using 183-nm and 201.5-nm

excitations (Fig. 6a), as well as various excitation

spectra of the neat and diluted systems (Fig. 6b).

From Table 2, the Cl� – Er3þ CT band is predicted

to be at 55500 cm�1 (180 nm). Therefore the broad

shoulder near this wavelength in the excitation spec-

tra of Cs2NaErCl6 emission (Fig. 6b) is assigned to

this transition. This shoulder disappears in the exci-

tation spectrum of Cs2NaYCl6:Er3þ (0.1 at.%), indicat-

ing that it depends on the concentration of Er3þ. The

broad, stronger band in Fig. 6b is attributed to

band-to-band absorption, which shifts from 201 nm

for Cs2NaErCl6 to 189.5 nm for Cs2NaYCl6:Er3þ.

The structure to low energy of this band in Fig. 6b

corresponds to 4f11–4f11 intraconfigurational transi-

tions of Er3þ, and some of the terminal multiplet

terms are marked in the figure. The ‘‘dip’’ marked

by an arrow in the excitation spectra of Cs2NaErCl6
in Fig. 6b appears to be a Fano antiresonance. There

is a broad host absorption band overlapped by a

sharp f–f transition that does not populate the

luminescent states.

The 4f11! 4f105d absorption transitions are pre-

dicted, using Dorenbos method, to start at

55150 cm�1 (181 nm: SF transition) and 58200 cm�1

(172 nm: SA transition). Detailed calculation shows

that most of the states have considerable spin admix-

ture. The first few peaks in Fig. 6b are A, dominated

by 6[(5I)t2g]; B, 6[(5I)t2g] with a considerable mixture

of 4[(5I)t2g]; C and D, 4[(5I)t2g]; E and F, 6[(5F)t2g].

Since the 4f105d energies lie above the band gap,

the interconfigurational transitions are not observed.

The room-temperature emission spectra of

Cs2NaErCl6 were recorded using excitation into the

charge transfer band (top spectrum, Fig. 6a) and

using band-to-band excitation (bottom spectrum).

There are significant differences in the relative inten-

sities of spectral features in these emission spectra.

For example, transitions from 4G11=2 are enhanced

under 201.5-nm excitation, relative to those from
4F9=2 under 183-nm excitation. The Tb3þ impurity

emissions in Fig. 6a are not related to the Cs2NaErCl6
sample, but to stray emission from an adjacently

mounted Cs2NaTbCl6 sample.

Yb3þ

The excitation and emission spectra of

Cs2NaYbCl6 were recorded at Desy,[10] but the spec-

tral features mainly originated from trace Tm3þ

impurity. Other species or trace impurities are still

observed in the present emission spectra.

The zero-phonon line of the first 4f–5d absorption

band is predicted to be at 66200 cm�1 using the

method given by Dorenbos.[29] Calculations using

the parameters given in Table 2 show that most

4f125d states are of mixed-spin nature, except the

lowest few levels, which are of high-spin (S¼ 3=2)

parentage and appear as a tail ranging from

63500 cm�1 (157 nm) to the first absorption peak in

FIGURE 6 Emission (a) and excitation (b) spectra of

Cs2NaErCl6 measured at room temperature. The terminal multiplet

terms are marked for some peaks: for these in (a), the terminal

multiplet term is the ground term, 4I15=2, except for 2I11=2, where

indicated. Some Tb3þ impurity emission bands are marked; for

(b), the initial multiplet is 4I15=2. The calculated f–d absorption

spectrum is shown in (b) for comparison.
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the calculated absorption spectrum. In the calculated

absorption spectrum (Fig. 7b), peaks A, B, B1, and C

are dominated by transitions to terminal states of
2(3H6, t2g),

2(3H5, t2g),
2(3F4, t2g), and 2(3H4, t2g) char-

acteristics, respectively; D and F are of 2(3H6, eg) and
2(3H5, eg) parentage, and E comprises 2(1G4, t2g).

From Table 2, the CT band is predicted to be at

low energy, at 41,200 cm�1. The excitation spectra

monitoring 357-nm and 418-nm emissions are shown

in Fig. 7b. The weak band centered at 250–255 nm

(40000–39220 cm�1) is therefore assigned to Cl� –

Yb3þ CT absorption. The 182-nm feature is associa-

ted with the band-to-band transition. A further

feature at 149 nm is at �28,000-cm�1 higher energy

than the CT band, and could be assigned to the CT

transition to the 4f135d state of Yb2þ since the lowest

energy bands in the 4f14! 4f135d absorption tran-

sition of Yb2þ in SrCl2 have been located at

�27,000 cm�1.[44] If this assignment is correct, it is

interesting that this transition is observed although

it has energy much higher than that of the band

gap, whereas the 4f13! 4f125d transitions of Yb2þ

are not present.

The emission spectra under several different exci-

tation wavelengths are displayed in Fig. 7a. The

spectra contain structured broad bands with two

major peaks at 357 nm and 418 nm. These bands

are not related to the f–f emission of Yb3þ single ions

or dimers and are further discussed in the conclu-

sions section.

Certainly, some other impurity bands are present

in Fig. 7a, indicating traces of Er3þ (marked at

543 nm) and Eu3þ (marked at 592 nm), but the inten-

sities are very weak, especially in comparison with

the Desy spectrum.[10]

CONCLUSIONS

With the exceptions of Ce3þ and Pr3þ, no d–f

emissions are observed for the series Cs2NaLnCl6.

This is either due to the position of the d-electron

levels above the host band gap, or to fast nonradia-

tive decay to the overlapping ladder of f-electron

energy levels. As in the preliminary study at Desy,[10]

the excitation spectra presented herein highlight the

occurrence of impurity bands and other features

that are apparently unrelated to the Ln3þ ion in

Cs2NaLnCl6. Some of the impurity bands have been

assigned to various oxygen-coordinated species in

these deliquescent materials, as in the cases of

Eu3þ herein and Ce3þ in Ref. [10], whereas other

bands in the excitation or emission spectra are due

to inadvertent traces of other lanthanide ions, as for

Nd3þ, Eu3þ, Yb3þ herein, and Gd3þ and Yb3þ in

Ref. [10].

Besides the presence of other lanthanide ions, for

some other bands it is necessary to distinguish

whether they are due to an intrinsic center or to a

defect. The difference between these two choices is

that the electronic ground state is that of the pure

crystal for the former, but of a defect for the latter.

The first choice appears to be excluded for the emis-

sion bands at �380, 420, 440, and 470 nm because

FIGURE 7 Emission (a) and excitation (b) spectra of

Cs2NaYbCl6 at room temperature.
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they are at very similar locations in Cs2NaLnCl6
(Ln¼Y, Sm, Yb) and most likely correspond to the

same emitting species. The excitation spectra of the

420-nm emission band for Ln¼Y and Yb (Fig. 1,

Fig. 7) exhibit a prominent feature near the band

gap in each case. The assignment of the emission

bands to a self-trapped exciton is also excluded since

it is then difficult to explain the multiplicity of emis-

sion bands. A second possibility is the assignment of

these bands to emission from the 5D3 state of trace

Tb3þ impurity (5D3 C5 is at 26261 cm�1[19]) to 7FJ

levels. The emission from 5D3 is not apparent in neat

Cs2NaTbCl6 at room temperature[45] (compare with

Fig. 5a) and is probably quenched by a

temperature-dependent cross-relaxation process.

However, the reported 355-nm excited 10-K emis-

sion spectrum of Cs2NaTbCl6 in the region

370–480nm [46] shows, in addition to the fine struc-

ture of the emission from 5D3, some underlying

broad bands with maxima at �429 nm and 405 nm

that could correspond to the broad features observed

herein at room temperature. The nature of the emis-

sion bands therefore remains unsolved.

Charge transfer absorption bands have been

assigned from experimental data in Table 2 at the

wavelengths of 267 nm for Eu3þ, 228 nm for Sm3þ,

182 nm for Er3þ, 253 nm for Yb3þ, and—in Ref.

[10]—177 nm for Er3þ and 208 nm for Tm3þ. The

assignments were purely made on the basis of

reasonable agreement of observed features with

calculated locations of CT bands, and only the

assignment for Eu3þ is considered secure. For com-

parison, Ryan and Jørgensen[47] gave the following

wavelengths for CT absorption bands for ‘‘hexaha-

lides’’ in nitrile solution: 301 nm for Eu3þ, 232 nm

for Sm3þ, and 273 nm for Yb3þ. Although the assign-

ment of the p – d CT bands for Eu3þ and Yb3þ

appears to be reasonable on energy arguments, the

apparent absence of this transition for Sm3þ

(Fig. 3d) cannot be readily explained. It is clear from

the present study that the structure to wavelengths

that are shorter than �180 nm in the previously

reported synchrotron excitation spectra of

Cs2NaPrCl6 and Cs2NaYCl6:Pr3þ[26] is more likely

associated with the host lattice transitions than CT

or with 4f2! 4f15d1 transitions.

Figure 8 shows the relative locations of the ground

(or vibrationally excited ground for Ln2þ since it

is based on the CT for Eu3þ) state levels of the

configurations Ln3þ 4fN, Ln2þ 4fNþ 1, and Ln3þ

4fN�15d, relative to the VB. The CT energies in

Table 2 and in Fig. 8 are calculated from the value

for the CT wavelength of Eu3þ (267 nm) and represent

the transitions:

Ln3þ ðground stateÞ þ VB ðtopÞ ! Ln2þ

ðexcited vibrational stateÞ þ VB ðholeÞ: ð5Þ

The location of the 4fN ground state of Ln3þ rela-

tive to the top of the VB is estimated from that of

Lu3þ in Cs2LiLuCl6 (�3.9 eV) [32,48] with the widths

of the VB and CB being about 3 eV and 8 eV, respect-

ively,31 from Cs2LiLaCl6. The energies of the 4fN-15d

ground states of Ln3þ are deduced from the 5d1

energy level of Ce3þ. The estimated locations of

the CB for the series Cs2NaLnCl6, including Ln¼Y

and Lu are also included in the figure. The CB ener-

gies follow the reasoning of Bessière et al.,[32] where

0.5 eV has been added to the energy of the strong

band in the excitation spectrum in this region at

room temperature. Rodnyi et al.[31] noted that the

band gap should decrease with increasing tempera-

ture for Cs2LiLaCl6:Ce3þ since it is inversely pro-

portional to the square of the anion–cation

FIGURE 8 Energy diagram for Cs2NaLnCl6 relative to the top of

the valence band. The band gaps in curve (d) were taken from

Table 2 and are then smoothed and interpolated for all Ln3þ.

Curve (a) represents the absolute position of the Ln3þ 4fN ground

state; (b) the absolute position of the lowest Ln3þ 4fN�15d state;

and (c) the absolute position of the Ln2þ 4fN vibrationally excited

ground state. The energies in curves (a) to (c) are defined as the

difference of the binding energy of the electron in the valence

band from the last-filled electron in the lanthanide ion. For

example, the 4f8 configuration of Gd2þ is at �9.3 eV, which means

that it needs 9.3 eV less energy to ionize a 4f electron of Gd2þ (4f8)

then it does for a valence band electron.
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separation. There is not a systematic increasing

trend of band gap energy in Table 2 throughout

the Cs2NaLnCl6 series with decreasing lattice

parameter, just as for Ln2O3,
[49] so that other factors

also play a role.
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