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The luminescence associated with the Eu3* ion in LiEuCl, has been studied at cryogenic temperatures
under conditions of high resolution. Emission was observed to originate from both the *D, and *D,
excited states, and transitions to the 7Fy, 7F;, "Fy, "Fy, and 7F, ground levels were observed. The fine
structure observed within these emission bands was found to be consistent with the existence of an
effective D, site symmetry for the emitting Eu* species, even though the europium polyhedron was

found to be that of a bisdisphenoid.

Introduction

Analysis of the luminescence spectros-
copy associated with crystalline Eu’* com-
pounds has received a great deal of atten-
tion, since it is relatively simple to relate
the observed spectral patterns with details
of the immediate coordinative environment
of the emitting ion (/). Anhydrous Eu’*
halide compounds form a series of systems
in which the coordination polyhedron of the
lanthanide ion can often be described with
accuracy (2). For obvious theoretical rea-
sons, most of the work carried out to date
has concentrated on systems in which the
Eu?* ion occupies sites of high symmetry.
For instance, an extensive literature now
exists regarding the emission spectroscopy
of Eu3* doped into hexagonal (P6y/m) LaCl,
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(3), or cubic (Pa3) systems isomorphous
with elpasonite (K;NaAlFg) (4). Recently,
the data obtained in these and other sys-
tems has been assembled into a compen-
dium (5).

Appreciable self-quenching in many Eu®*
halo compounds has prevented analogous
studies from being performed on Eu?* com-
plexes in environments characterized by
lower metal ion site symmetries. However,
in a recent work the luminescence spec-
trum of K,FEuCls was obtained under condi-
tions of high resolution at cryogenic tem-
peratures, and quite reasonable emission
intensities were observed (6). An interest-
ing result obtained after data analysis was
that the effective coordination polyhedron
of the Eu** ion appeared to be of higher
symmetry than that required on the basis of
its crystal structure. This result was taken
to imply that the crystal field interaction ex-
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perienced by the Eu** ion within this host
system was short-ranged in its extent, and
that the Eu** crystal field splitting patterns
were determined only by the most immedi-
ate interactions.

We have continued this line of study
through an analysis of the luminescence of
the Eu* ion in a different system, LiEuCl,.
The crystal structure of the isomorphous
LiGdCl, salt was recently reported (7),
where it was found that the Eu’* polyhe-
dron could be described as that of a bisdis-
phenoid (triangulated dodecahedron). In
the present work, we will detail the results
of studies concerning the electronic struc-
ture of Eu?* in LiEuCl,. The luminescence
data which will be reported were all ob-
tained at cryogenic temperatures under
high-resolution conditions.

Experimental

LiEuCl, was prepared in a manner simi-
lar to that which has been reported (7).
Equimolar amounts of Eu,O; and Li,COs
were dissolved in concentrated hydrochlo-
ric acid together with a fourfold excess of
NH,CIl, thus producing (NH,);EuCls; and
LiCl. The solution was evaporated to dry-
ness, and the residue was heated at 200°C in
a HCl gas stream for 2 days. The mixture of
(NH,);EuCls and LiCl thus obtained was
then heated at 350°C under vacuum. This
process serves to sublime off the excess
NH,Cl and initiates the thermal decomposi-
tion of the (NH,);EuCls. To complete the
conversion to LiEuCl,, the reaction mix-
ture was heated under argon at 350°C for 3
days.

X-Ray powder patterns of the materials
were obtained using the Guinier—Simon
technique, employing CuKal radiation.
The observed patterns were found to be
completely free of extra lines correspond-
ing to either EuCls or LiCl. The tetragonal
lattice constants were calculated from the
data using 14 lines calibrated against low
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quartz, and these were a = 6.4686(9) A, and
¢ = 13.189(3) A. These numbers may be
compared to the crystallographic data re-
ported for LiGdCly; here it was found that a
= 6.463(2) A and ¢ = 13.163(3) A (7).

All luminescence spectra were obtained
on a high-resolution emission spectrometer
constructed at Seton Hall University. Sam-
ples were excited by the 350-nm output (100
mW) of an Ar-ion laser, and the emission
was analyzed at 1-cm™! resolution by a 1-m
grating monochromator (Spex Model 1704).
The emission was detected by a cooled
photomultiplier tube (S-20 response), and
processed through the Spex digital photom-
eter. In most works, the sample tempera-
ture was held between 8.5 and 9.0 K, with
the low excitation power being desirable in
that sample heating could be minimized.
The LiEuCl, sample was mounted on a Cu
block bolted onto the cold stage of a closed-
cycle cryogenic refrigerator system (Lake
Shore Cryotronics Model LTS-21).

Results and Discussion

The [EuClg] polyhedron in LiEuCl, has
been described as that of a bisdisphenoid
(triangulated dodecahedron), exhibiting a
I4,/a space group (7). A drawing of the
[EuClg] polyhedron is shown in Fig. 1. This
particular crystal structure is identical to
that of LiYF, (8), a material which has
found extensive use as a laser host system
(9). If the Eu** coordination polyhedron
was exactly that of a bisdisphenoid, then
the polyhedron would exhibit an overall
symmetry of D,; and the lanthanide ion
would occupy a site of §; symmetry.

However, the assignment of coordination
polyhedra to 8-coordinate species is recog-
nized as a difficult problem, since the en-
ergy barriers between the different forms
are often small (10, 11). Detriangulation of
the 8,18,12-dodecahedron proceeds via the
8,17,11-4, 4-bicapped trigonal prism to
yield the 8,16,10-square antiprism (12).
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Fi1G. 1. Structure of the [EuClg] polyhedra within the
LiEuCl, material. The structure is isomorphous with
that reported for LiGdCL (7).

One could easily envision a polyhedron
whose properties lie in between the two ex-
tremes, and which would exhibit an inter-
mediate symmetry. It will be demonstrated
eventually that the spectroscopic results
can only be interpreted by the assumption
of this intermediate symmetry case.

With the sample cooled to cryogenic tem-
peratures, it was found that UV excitation
resulted in the observation of reasonably
strong photoluminescence. This observa-
tion indicates that self-quenching of the
Eu®* centers through energy transfer is not
a major problem in the LiEuCly system.
The luminescence was found to originate
from both the D, and 5D, excited states,
and a sequence of transitions to the various
F; levels of the ground state was observed.
Assignments of the various band systems
may be easily obtained after comparison to
the known free ion values (13). Experimen-
tal constraints limited our investigations to
transitions terminating in the 7F; levels
characterized by J = 0, 1, 2, 3, or 4. For the
sake of simplicity, we will henceforth refer
to the various f~f transitions by their defin-
ing J quantum numbers.

As may be seen in Figs. 2-8, each lumi-
nescent transition contains a wealth of fine
structure, and is found to occur in a charac-
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FiG. 2. Luminescence spectra of the D, — 7F, and
D, — 7F, transitions of Ew** in LiEuCl,, obtained at
9.0 K. The 1-0 band system is located at shorter wave-
lengths relative to the 1~1 system.

teristic spectral region. None of the SD; —
F, transitions overlaps to any significant
extent with any other emission band. All of
the band systems were found to consist of
sharp features no more than 5 cm™! wide,
and no evidence for the existence of vi-
bronic bands was evident in the spectra.
Thus, we have assigned all spectral features
to genuine electronic transitions having al-
lowed electric dipole character. A tabula-
tion of the wavelengths and energies corre-
sponding to all major peaks has been
collected in Table 1.

No crystal field is capable of splitting the
nondegenerate levels corresponding to J =
0. Consequently, transitions from the 3D,
and D, emitting states to the 7F, ground
level are particularly useful in locating the
energies of any and all emitting levels of the
excited states. The number of crystal field
components associated with the ’D; excited
state must equal the number of peaks ob-
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F16. 3. Luminescence spectrum of the *D, — 'F,
transition of Eu** in LiEuCl,, obtained at 9.0 K.
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F16. 4. Luminescence spectra of the D, — 'F; and
3D, — 7F; transitions of Eu* in LiEuCl,, obtained at
9.0 K. The sole 0-0 peak is the very weak feature
located at the extreme left.

served within the 1-0 band system. Two
peaks were found within the 1-0 band sys-
tem (19,025 and 19,013 cm~'), and hence we
conclude that the D, emitting state is split
into two crystal field states. The 0-0 transi-
tion was found to yield a single, but exceed-
ingly weak, band at 17,257 cm~!, and, of
course, this transition cannot be split by
any crystal field.

The 3Dy level is thus the origin associated
with each of the 0-J transitions, and each
component of the *D; level may be consid-
ered as an origin for the 1-J transitions.
Each peak reported in Table I may thus be
assigned as a transition from one of these
three origins to the crystal field components

_
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FiG. 5. Luminescence spectrum of the D, — 7F;
transition of Ev?** in LiEuCl,, obtained at 9.0 K.
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TABLE I

WAVELENGTHS, ENERGIES, AND ASSIGNMENTS OF
THE LUMINESCENCE PEAKS OBSERVED FOR LiEuCl,

Wavelength Energy
A (cm™Y) Assignment
(a) 1-0 Band system
5256 19,025 1(B)-0(A)
5260 19,013 1(B)-0(A)
(b) 1-1 Band system
5355 18,672 1(B)-1(A)
5359 18,660 1(A)-1(A)
5374 18,610 1(A)-1(B)
(c) 1-2 Band system
5528 18,090 1(A)-2(A)
5529 18,087 1(A)-2(B)
5544 18,039 1(B)-2(C)
5547 18,027 1(A)-2(C)
5587 17,900 1(B)-2(D)
5590 17,889 1(A)-2(D)
(d) 0-0 Band system
5795 17,257 0(A)-0(A)
(e) 1-3 Band system
5819 17,184 1(A)-3(4)
5823 17,174 1(A)-3(B)
5825 17,168 1(B)-3(C)
5829 17,155 1(A)-3(C)
5831 17,150 1(B)-3(D)
5834 17,141 1(4)-3(D)
5849 17,098 1(A)~3(E)
(f) 0-1 Band system
5916 16,905 0(A)-1(A)
5934 16,853 0(A)-1(B)
(g) 0-2 Band system
6146 16,271 0(A)-2(C)
(h) 1-4 Band system
6164 16,222 1(B)—4(A)
6167 16,211 1(A)-4(A)
6187 16,163 1(B)~4(B)
6193 16,147 1(A)-4(B) and 1(B)-4(C)
6198 16,135 1(4)-4(C)
6201 16,127 1(A)-4(D)
6212 16,098 1(A)—-4(E)
6216 16,088 1(B)-4(F)
6221 16,074 1(A)~4(F)
6228 16,056 1(A)-4(G)
(i) 0-3 Band system
6494 15,398 0(4)-3(C)
6500 15,386 0(A)-3(D)
6517 15.344 0(A)-3(F)
(j) 0-4 Band system
6955 14,378 0(A)-4(C)
6985 14,317 0(A)-4(F)
6994 14,299 0(A)-4G)
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Fi1G. 6. Luminescence spectra of the Dy — F, and
5D, — 7F, transitions of Eu** in LiEuCl,, obtained at
9.0 K. The intensity scale for the 0~2 peak at the left is
15 times that for the 1-4 series of peaks.

of each "F; manifold. The actual number of
peaks observed within a given band system
depends on the site symmetry of the emit-
ting Eu?* ion.

The selection rules governing the 0-J and
1-J transitions of Eu’* do not appear to
have been worked out for S, symmetry.
These have been summarized in Table I1. If
the crystal field of the Eu?* ion was indeed
that of a dodecahedron, then the state split-
ting induced by the crystal field would lead
to the observation of zero 0-0 peaks, one
0-1 peak, three 0-2 peaks, four 0-3 peaks,
and four 0—-4 peaks. At the same time one
should observe one 1-0 peak, three 1-1
peaks, seven 1-2 peaks, nine 1-3 peaks,
and eleven 1-4 peaks. Such patterns were
definitely not observed in the luminescence
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F16. 7. Luminescence spectrum of the *Dy — F;
transition of Eu?* in LiEuCl,, obtained at 9.0 K.
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Fic. 8. Luminescence spectrum of the Dy — 'F,
transition of Eu?* in LiEuCl,, obtained at 9.0 K.

spectra as summarized in Table 1. These
observations indicate that as far as spectro-
scopic requirements go, the effective site
symmetry of the Eu?* ion in LiEuCl, can-
not be taken as §,.

Comparison of the observed 0-J patterns
with those predicted by Forsberg (14) re-
veals that only one possible site symmetry
fits the observed data. Were the Eu’* ion to
experience a site of D, symmetry, then the

TABLE 11

SELECTION RULES GOVERNING THE ’D; — 7F; Eu’**
LUMINESCENT TRANSITIONS IN S; SYMMETRY

ESe=A4 ES=A4A ES=E

Ground state [°D,] °D,] 20
7F0 A - - +
7F1 A - - +

E + + +
7F2 A - - +
2B ++ ++ ++
E + + +
7F3 A s - +
2B ++ ++ ++
2E ++ ++ ++

F, 34 — — +++
2B ++ ++ ++

2E ++ ++ ++++

Note. A (+) sign implies an electronic dipole transi-
tion, and a (—) sign signifies that the transition is elec-
tronic dipole forbidden.

7 Electronic state.
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observed spectrum would consist of no 0-0
peak, two 0-1 peaks, one 0-2 peak, three
0-3 peaks, and three 0~4 peaks. The selec-
tion rules governing the various J—J lumi-
nescence transitions in D, symmetry are
collected in Table III. For these transitions,
two 1-0 peaks, three 1-1 peaks, six 1-2,
seven 1-3 peaks, and eleven 1-4 peaks
would be anticipated. Comparison of these
predictions with the actual results of Table
I indicates the presence of an exact match
for the 0-J and 1-J sequence of lumines-
cence transitions. Consequently, one may
conclude that as far as spectroscopic con-
siderations go, the Eu*" ion experiences a
crystal field described by D, symmetry.
Since the entire emission sequence asso-
ciated with the transitions out of the D,
and D, excited states can be interpreted
with the assumption of D, symmetry, the
remainder of the discussion will be based
on considerations associated with this par-
ticular group. The 3Dy level must not split in

TABLE III

SELECTION RULES GOVERNING THE ’D; — 'F; Eu**
LUMINESCENT TRANSITIONS IN D; SYMMETRY

ES=A1 ES=A2 ES=E

Ground state [*Dyl D1 *Di
Fy A - + +
7F| A + - +
E + + +
F, A - + +
B - - +
B ~ - +
E + + +
7F3 A + - +
B - +
B - - +

2E ++ ++ ++

F, 24 - ++ ++
A + - +
A + - +
B + - +
B - — +

2E ++ ++ ++

Note. A (+) sign implies an electronic dipole transi-
tion, and a (—) sign signifies that the transition is elec-
tronic dipole forbidden.
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D, symmetry, and is characterized by A,
symmetry. The fine structure within the
various 0-J transitions allows one to deter-
mine the energies of the A, and E compo-
nents of the ground 7F; levels, as transitions
from the A; excited state to the A,, B, and
B, ground states are not permitted in Dy
symmetry.

The °D, state must split into A, + E com-
ponents, and one would anticipate that
emission out of both crystal field compo-
nents ought to occur. Two transitions are
possible within the 1-0 band system, and
both are allowed in D, symmetry. The tran-
sitions out of the 19,013-cm™! level are nor-
mally found to be more intense than the
corresponding transitions out of the 19,025-
cm™! Jevel, and hence one might assign E
symmetry to the 19,013-cm™! component.
Supporting this assignment is the empirical
observation that 1-J transitions from this
level are observed to every predicted level
of the ground ’F; terms, with no excep-
tions. The 19,025-cm™! origin is not found
to result in transitions to all J levels of the
ground ’F; terms, and hence cannot be the
E level.

One may use the data of Table I to calcu-
late the energies corresponding to the crys-
tal field substates of the ’D; and "F; levels,
and these are located in Table IV. In this
process, we have assumed that the energy
of the F level equals zero.

Assignment of the symmetries associated
with each level is not difficult, due to the
relatively high symmetry associated with
the D, point group. For the 0-J transitions,
only the A; — A; and A, — E transitions can
be observed. For the 1-J transitions, one
may observe the A, — A bands, the A, > E
bands, the E — A, bands, the £ — A,
bands, and the E— E bands. Thus, symme-
try labels for all A,, A, and E levels are
readily assignable. One may use these gen-
eral rules to determine which states are of
either B, or B, symmetry, since these can
only be observed in the 1-J transitions orig-
inating with the D, level of E symmetry.
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TABLE IV

ENERGIES OF THE VARIOUS CRYSTAL FIELD
CoMPONENTS OF THE Eu(Ill) STATES IN
LiEuCly As DEDUCED FROM THE
LUMINESCENCE SPECTRA

Energy
State Symmetry (cm™)
"Fo Level
(A) A 0
7F, Level
(A) E 353
(B) A; 404
7F, Level
(A) B\/B, 923
(B) B,/B, 926
©) E 986
(D) Ay 1125
F, Level
(A) BB, 1829
(B) By/B, 1839
(&) E 1858
D) E 1873
(E) A, 1914
F, Level
(A) Ay 2802
(B) Ay 2866
(o] E 2879
(D) B/B, 2886
(E) B//B, 2915
(F) E 2940
(e A, 2958
5D, Level
(A) Ay 17,257
5D, Level
A) E 19,013
(B) A; 19,025

Note. Levels having either B; or B, sym-
metry cannot be uniquely assigned on the
basis of the luminescence data. The empiri-
cal level labeling follows that of Table 1.

No further symmetry determination can be
made for these levels, however. The sym-
metry labels for the various Eu* crystal
field states may also be found in Table IV.

It is again noted that the effective site
symmetry of the Eu ion is apparently higher
than might be suspected from the crystal
structure. In the case of LiEuCly, this situa-
tion implies that the crystal field experi-
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enced by the Eu?* ion is intermediate be-
tween that of a square antiprism (Dsy
symmetry) and a dodecahedron (D,z). This
observation and our earlier result concern-
ing K;EuCls (6) provides some evidence
that in these anhydrous chloride host sys-
tems of low symmetry, the crystal field in-
teractions appear to be exceedingly short
range in their nature. It is planned that
these effects will be investigated further to
learn of the possible generality of the phe-
nomena.
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