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The luminescence associated with the Eu3+ ion in K2EuCI~ has been studied at cryogenic temperatures 
under conditions of high resolution. Emission was observed to originate from both the 5DO and SDI 
excited states, and transitions to the ‘FO, ‘F,, ‘F2, ‘F,, and ‘F4 ground levels were observed. The fine 
structure observed within these emission bands was found to be consistent with the existence of an 
effective C, site symmetry for the emitting Eu(III) species, even though the crystal structure does not 
indicate the presence of a true or pseudo C4 axis. 

Introduction 

The luminescence spectroscopy of lan- 
thanide chloride complexes has been exten- 
sively studied in the past, and the results of 
these investigations have been used to de- 
duce energy level patterns, details of the 
crystal field interactions, and to provide in- 
sight into the intensity mechanisms of these 
transitions. The Eu3+ ion is unique in that 
its lowest excited state is characterized by J 
= 0, and hence the luminescence spectros- 
copy of Eu3+ complexes is far easier to in- 
terpret than that of any other lanthanide 
ion. An extensive literature now exists con- 
cerning the emission spectroscopy of Eu3+ 
doped into hexagonal (P63/m) LaC13 (I), or 
cubic (Pa3) systems isomorphous with 

* To whom correspondence should be addressed. 

elpasonite (K2NaA1F6) (2). Recently the 
data obtained in these systems has been as- 
sembled into a compendium (3). 

Far less work has been carried out detail- 
ing the luminescence spectra of Eu3+ chloro 
complexes in environments characterized 
by lower metal ion site symmetries. This 
observation is surprising considering the 
known chemistry of complex lanthanide 
halides (4). Recently, Meyer and Htittl re- 
ported the crystal structure of K2PrC15 (5), 
and noted that K2EuC15 was isostructural 
with the Pr3+ salt. In this structure, the lan- 
thanide ions were found to be 7-coordinate, 
and the coordination polyhedron was de- 
scribed as that of a monocapped trigonal 
prism. 
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In the present work, results of studies on 
the electronic structure of Eu3+ in KlEuClS 
are reported. The luminescence data which 
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will be reported were all obtained at cryo- 
genic temperatures under conditions of 
high resolution. 

Experimental 

K2EuClS was prepared in a manner which 
has been described previously (5, 6). The 
crystals used for the spectroscopic studies 
were taken from the very same batch which 
had been used for the crystallographic 
work. The cell constants for K2EuClS were 
found to be a = 12.466 A, b = 8.650 A, and 
c = 7.942 A, and the molar volume was 
determined as 130.98 cm3/mole (5). 
K2EuClS may be prepared by reacting 
EuC13 and KC1 in a 1 : 2 mole ratio at 450°C 
for l-2 days. The salt was stored under a 
dry argon atmosphere, and all spectral mea- 
surements were carried out under vacuum. 

The room temperature excitation spec- 
trum of K2EuC15 was obtained at 2-A reso- 
lution on a Spex Fluorolog spectrometer. 
All luminescence spectra were obtained on 
a high-resolution emission spectrometer 
constructed in our laboratory. Samples 
were excited by the 350-nm output (50 mW) 
of an Ar-ion laser, and the emission was 
analyzed at 2-cm-’ resolution by a l-m grat- 
ing monochromator (Spex Model 1704). 
The emission was detected by a cooled 
photomultiplier tube (S-20 response), and 

FIG. 1. Structure of the [ELICIT] polyhedra within the 
KZEuC15 material. The structure is isomorphous with 
that reported for K2PrClS (5). 

processed through the Spex digital photom- 
eter. In most work, the sample temperature 
was held between 8.5 and 9.O”K, with the 
low excitation power being desirable in that 
sample heating could be minimized. The 
KzEuCls sample was mounted on a Cu 
block bolted onto the cold stage of a closed- 
cycle cryogenic refrigator system (Lake 
Shore Cryotronics Model LTS-21). Data 
were also obtained at room temperature for 
comparison purposes. 

Results and Discussion 

The Eu3+ polyhedron in K2EuClS may be 
described as a monocapped trigonal prism, 
in the Pnma space group (5). These prisms 
are built up into chains through a sharing of 
common edges in the (010) direction, as has 
been illustrated in Fig. 1 of Ref. (5). In the 
ideal monocapped trigonal prismatic sym- 
metry, the Eu3+ ion would occupy a site of 
CzU symmetry (7). However, the difference 
between the monocapped trigonal prism 
and the monocapped octahedron is not 
great, and the distinction between the two 
polyhedra is somewhat arbitrary in the case 
of K2EuC15. The idealized point group asso- 
ciated with a monocapped octahedron 
would be C3, (7). 

The difficulty associated with assigning a 
particular polyhedron to [EuC~~]~~ is evi- 
dent through consideration of the crystal 
structure of the isomorphous K2PrClS com- 
pound (5), as has been illustrated in Fig. 1. 
If one considers the [PrCl,] unit as 3 : 4 
polyhedron, then it would have 12 edges: 
Cl(l)-Cl(2) [3,409 A], Cl(l)-Cl(4)/Cl(l)- 
Cl(4’) l3.430 A], Cl(2)-Cl(4’)/Cl(2)-Cl(4”‘) 
r3.592 Al, Cl(3)-Cl(4)/Cl(3)-Cl(4’) [3.718 
Al, C1(3)-C1(4”)/Cl(3)-C1(4”‘) [3.758 A], 
Cl(4)-Cl(4”)/Cl(4)-Cl(4’) [3.389 A], and 
Cl(4)/Cl(4’) [3.611 A]. The capped octahe- 
dron has 13 edges, consisting of the former 
12 plus Cl(4”)-C1(4”‘) [5.145 A]. Accompa- 
nied with that large distance is a dihedral 
angle for the Cl(4)-Cl(4”)/Cl(4’)-Cl(4”‘) 
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FIG. 2. Room-temperature excitation spectrum of 
the Eu(III) ion in K2EuC15. An emission wavelength of 
613 nm was used in the determination. 

plane of 156.8” (instead of 180”). Cl(l), 
C1(2), and Cl(3) lie within a mirror plane, 
so that C1(4)/C1(4’) and C1(4”)/C1(4”‘) are 
crystallographically equivalent. The angle 
Cl(l)-Pr-Cl(2) is only 75.4”, and therefore 
the C1(2)-Pr-Cl(3) angle is 158.3” and the 
Cl(l)-Pr-Cl(3) angle is 126.3”. 

The room temperature excitation spec- 
trum of K2EuCIS is shown in Fig. 2. Assign- 
ment of the various peaks was carried out 
using the known free ion values of the Eu3+ 
ion (8), and these assignments may be 
found in Table I. The energies of the ex- 
cited states found for Eu3+ in KzEuC& were 
observed to be very close to those noted for 
Ed+ doped into LaC13 (1). While the major 
excitation bands of the Eu3+ happened not 
to coincide with the uv output of the Ar-ion 
laser, sufficient absorption existed at 350 
nm to permit the performance of lumines- 
cence studies on the KzEuCls complex. 

Luminescence was found to originate 
from both the 5D0 and 5D1 excited states, 
and this behavior was noted both at room 
and cryogenic temperatures. The emission 
was actually found to be fairly intense, indi- 
cating a relatively low degree of concentra- 
tion quenching in the K2EuClS system. A 
sequence of transitions to the various ‘FJ 

TABLE I 

ENERGY LEVELS OF THE VARIOUS Eu(II1) STATES IN 
KzEuCIS AS DEDUCED FROM THE EXCITATION 

SPECTRUM 

Wavelength Energy 
(nm) (cm-i) Assignment 

581 17,220 
521 18,980 
465 21,510 
418 23,920 
395 25,320 
386 25,910 
381 26,250 
377 26,530 
362 27,620 

levels of the ground state was observed, the 
identity of which was obvious after a com- 
parison with the free ion values (8). Experi- 
mental constraints limited our investiga- 
tions to transitions terminating in the 7FJ 
levels characterized by J = 0, 1, 2, 3, or 4. 
For the sake of simplicity, we will hence- 
forth refer to the variousf-f transitions by 
their defining J quantum numbers. 

As may be seen in Figs. 3-9, each lumi- 
nescent transition contains a wealth of fine 

\ 
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FIG. 3. Luminescence spectra of the jD1 + ‘Fo and 
5D1 -+ ‘Fi transitions of Eu(II1) in K2EuC15, obtained at 
9.0 K. The 1-O band system is located at shorter wave- 
lengths relative to the l-l system. 
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FIG. 4. Luminescence spectrum of the 5D, + ‘Fz 
transition of Eu(II1) in KzEuCIS, obtained at 9.0 K. 

structure, and is found to occur in a charac- 
teristic spectral region. None of the 5DJ + 
‘FJ transitions overlaps to any significant 
extent with any other emission band. Sev- 
eral band systems were found to contain a 
few sharp peaks at high energy, followed by 
significantly broader bands at slightly lower 
energies. This behavior suggests that the 
broad bands are vibronic in nature, and that 
only the sharp peaks correspond to the true 
electronic transitions. These transitions 
will certainly contain electric dipole charac- 
ter, as the Eu3+ ion does not reside in a 
high-symmetry site. A tabulation of the 
wavelengths and energies corresponding to 
all major peaks may be found in Table II. 
No data could be reported for the l-4 tran- 
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FIG. 5. Luminescence spectra of the 5Du + ‘F,, and 
5D1 + ‘F1 transitions of Eu(II1) in K2EuC15, obtained at 
9.0 K. The sole O-O peak has been marked by the 
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FIG. 6. Luminescence spectrum of the 5Do + ‘FI 
transition of Eu(II1) in K2EuCIs, obtained at 9.0 K. 

sition, as these bands were obscured by the 
intense O-2 band system. 

No crystal field is capable of splitting the 
nondegenerate levels corresponding to J = 
0. Consequently, transitions from the sD,, 
and jDi emitting states to the ‘Fo ground 
level are particularly useful in locating the 
energies of any and all emitting levels. The 
number of crystal field components associ- 
ated with the 5Di excited state will equal the 
number of peaks observed within the 1-O 
band system. Two peaks were found within 
the 1-O band envelope (19,000 and 18,971 
cm-‘), and hence we conclude that the D 
emitting state is split into two crystal field 

625 623 621 619 617 615 613 611 

1 
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FIG. 7. Luminescence spectrum of the 5D0 4 ‘Fz 
transition of Eu(II1) in KzEuCIS, obtained at 9.0 K. asterisk. 
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FIG. 8. Luminescence spectrum of the 5D0 -+ ‘F1 
transition of Eu(lII) in KzEuCIS, obtained at 9.0 K. 

states. The O-O transition was found to 
yield a single weak band at 17,222 cm-‘, 
and of course this transition cannot be split 
by any crystal field. 

The 5D0 level is thus the origin associated 
with each of the O-J transitions, and each 
component of the 5D1 level may be consid- 
ered as an origin for the 1-J transitions. 
Each peak reported in Table II may thus be 
assigned as a transition from one of these 
three origins to the crystal field components 

I I I I I 
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FIG. 9. Luminescence spectrum of the 5D0 + ‘F4 
transition of Eu(II1) in K2EuClS, obtained at 9.0 K. 

1-O Band 
5263 
5271 

l-l Band 
5346 
5350 
5354 
5357 

1-2 Band 
5520 
5528 
5532 
5535 
5549 
5560 

O-O Band 
5807 

l-3 Band 
5820 
5830 
5837 
5839 
5849 
5859 
5864 

O-l Band 
5908 
5912 
5955 

O-2 Band 
6127 
6157 
6202 
6228 

O-3 Band 
6492 
6502 
6518 

O-4 Band 
6992 
6998 
7000 
7003 
7009 

TABLE II 

WAVELENGTHS, ENERGIES, AND ASSIGNMENTS FOR 

THE VARIOUS Eu(II1) EMISSION BANDS AS 

OBTAINED IN KzEuCIS 

Wavelength 
(A, 

Energy 
(cm-r) 

Assignment 
[J(i) + J(i’)] 

19,000 1 W-W 
18,971 W-O(a) 

18,707 l(b)-164 
18,692 l(b)-l(b) 
18,678 l(a)-164 
18,668 I@+-l(b) 

18,117 lb-264 
18,091 l(bMc) 
18,078 l(aMW 
18,067 UaFW 
18,022 l(bWW 
17,987 1 (a)-%4 

17,222 W-W 

17,183 l(b)-3(a) 
17,153 l(a)-3(a) + l(b)-3(b) 
17,132 W--3(b) 
17,125 l(b)-3(c) 
17,097 lbb3W 
17,068 l(a)-3(d) 
17,053 l(a)-3(e) 

16,927 O(a)- I(a) 
16,916 O(a)- l(b) 
16,791 Vibronic 

16,321 O(a)-2(c) 
16,243 O(a)-2(d) 
16,125 Vibronic 
16,056 Vibronic 

15,405 W-3(4 
15,380 W-3(b) 
15,343 O(a)-Xc) 

14,303 O(ab4G4 
14,290 O(a)-4(b) 
14,285 O(a)-a(c) 
14,279 W-W 
14,266 OW-4(e) 
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of each 7FJ state. The actual number of 
peaks observed within a give band system 
depends on the site symmetry of the emit- 
ting Eu(Il1) ion. Forsberg (9) has tabulated 
the selection rules for the O-J transitions as 
would exist in any noncentrosymmetric 
point group. 

Should the Eu3+ ion actually reside at a 
site characterized by CZU symmetry (equiva- 
lent to the holohedrized symmetry), then 
the state splitting induced by the crystal 
field would lead to the observation of one 
O-O peak, two O-1 peaks, four O-2 peaks, 
five O-3 peaks, and seven O-4 peaks. If 
none of the O-2 peaks were vibronic in nat- 
ure, then CZU symmetry would certainly 
agree with the O-O, O-l, and O-2 data. 
However, only three peaks were found in 
the O-3 band region, and only five peaks 
were observed for the O-4 transition. These 
observations indicate that as far as spectro- 
scopic requirements go, the effective site 
symmetry of the Eu3+ ion in K2EuC15 can- 
not be taken as CZU. 

Comparison of the observed O-J patterns 
with those predicted by Forsberg (9) re- 
veals that only one possible site symmetry 
fits the observed data. Were the Eu3+ ion to 
experience C4 symmetry through some 
mechanism, then the observed spectrum 
would consist of one O-O peak, two O-l 
peaks, two O-2 peaks, three O-3 peaks, and 
five O-4 peaks. If the broad O-I peak (found 
at 5955 A) and the broad O-2 peaks (located 
at 6202 and 6228 Ai, were indeed vibronic in 
nature, then the observed peak pattern 
would perfectly match that predicted on the 
basis of Cd symmetry. 

The entire emission sequence associated 
with the transitions out of the sD1 excited 
state cannot be made to agree with the ex- 
istence of CZU symmetry. However, the as- 
sumption of Cd symmetry does permit a 
complete explanation of the fine structure 
observed within the I-O, 1-1, 1-2, and 1-3 
band systems. In C, symmetry, one finds 
that the various J-states split according to 

the scheme: 

J=O, A 
J = 1, A+E 
J = 2, A+2B+E 
J = 3, A + 2B + 2E 
J = 4, 3A + 2B + 2E. 

The selection rules corresponding to the O- 
J transitions may be obtained from the liter- 
ature (9), and in Table III the selection 
rules governing emission out of the 5D1 ex- 
cited state have been detailed. 

The 5D1 state is thus predicted to split 
into A + E components, and one would an- 
ticipate that emission out of both crystal 
field components ought to occur. Two tran- 
sitions are possible within the 1-O band sys- 
tem, and both are allowed in Cd symmetry. 
The transitions out of the l&971-cm-’ level 
are normally found to be more intense than 

TABLE 111 

ELECTRIC DIPOLE SELECTION RULES GOVERNING 

THE 5D, --z 7FI LUMINESCENT TRANSITIONS IN C, 

SYMMETRY 

Excited state 

Transition A symmetry E symmetry 

I+0 

A + + 
I+1 

A + + 
E + + 

I+2 
A + + 

2B - + 
E + + 

I+3 
A + + 

2B - + 
2E + + 

l-P4 

3A + + 
2B - + 
2E + + 

Note. An allowed transition is indicated by (+), 
while a forbidden transition is denoted by (-). 
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the corresponding transitions out of the 
19,000 cm-r level. This would indicate that 
thermal equilibration within the 5D1 level is 
taking place, and hence the lower crystal 
field component is more populated. A com- 
parison of the predicted number of allowed 
electric dipole transitions with the observed 
number of 1-J transitions reveals that in 
every case, the theoretical prediction 
agrees with the experimental result. It 
should be noted that only the assumption of 
C4 symmetry enables one to completely fit 
all the observed 1-J transitions. 

One may use the data of Table II to cal- 
culate the energies corresponding to the 
crystal field substates of the jDJ and ‘FJ lev- 
els, and these are located in Table IV. In 
this process, we have assumed that the en- 
ergy of the ‘F. level equals zero. 

Assignment of the symmetries associated 
with each level is more difficult. For the O- 
J transitions, only the A + A and A + E 
transitions can be observed. This property 
allows one to determine the energies of the 
A and E components of the ‘FJ levels. It is 
not possible at this time to provide a defini- 
tive assignment regarding whether a given 
level has either A or E symmetry, but at 
least one can rule out B symmetry. 

Comparison of the data present in Table 
II with the selection rules of Table III per- 
mits a facile assignment of the symmetry 
labels associated with the two components 
of the jDI excited state. In the 1-J band 
systems, emission from the 18,971-cm-’ 
level to every ‘FJ level is observed. In sev- 
eral instances, anticipated transitions from 
the 19,000-cm-’ level were not seen. Ac- 
cording to the C4 selection rules, the E -+ 
A, E + B, and E + E transitions are all 
allowed. On the other hand, the A --3 B 
transition is forbidden by group theory, and 
only the A + A and A + E transitions are 
allowed. It is therefore clear that the 
18,971-cm-r level of the 5D, excited state is 
of E symmetry, while the 19,000-cm-’ level 
is of A symmetry. The E + A,B,E transi- 

TABLE IV 

ENERGIES OF THE VARIOUS CRYSTAL FIELD 
COMPONENTS OF THE Eu(II1) STATES IN KzEuCIS AS 

DEDUCED FROM THE LUMINESCENCE SPECTRA 

Energy 
State (cm-l) Symmetry 

‘F. Level 
(4 0 A 

‘F, Level 
(a) 295 AIE 
(b) 306 AIE 

T2 Level 
(a) 854 B 
(b) 893 B 

I:; 
901 AIE 
979 AIE 

‘F, Level 

::; 
1817 AIE 
1842 AIE 

Cc) 1879 AIE 
(4 1904 B 

(e) 1913 B 
‘F4 Level 

::; 
2919 A/E 
2932 AIE 

(cl 2937 AIE 
(4 2943 A/E 

W 2956 A/E 
(f) * B 

(g) * B 
sDo Level 

(4 17,222 A 
jD, Level 

I:‘, 
18,971 E 
19,000 A 

Note. The * indicates that a transition to this level 
was not observed. 

tions which have no counterpart in the A + 
A,E sequences serve to identify the ‘F.I lev- 
els characterized by B symmetry. While the 
‘FJ levels which possess B symmetry are 
readily identified, it is still not possible to 
provide definitive symmetry labels for the 
other ‘FJ levels. 

It is an apparent contradiction that the 
spectroscopy of the Eu(II1) ion in the 
K2EuC1=, system can be described quite well 
by the assumption of a Cq site symmetry for 
this ion. Examination of the crystal struc- 
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ture reveals only the existence of a mirror 
plane within the Eu3+ coordination polyhe- 
dron. No indication of a true or pseudo CA 
axis can be deduced from consideration of 
the structure. This situation indicates that 
the observed spectra must contain either 
accidental degeneracies, or that transitions 
to certain crystal field components were too 
weak to be observed. 
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