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Crystalline electric field of the bromo-elpasolites Cs2NaRBr6 „R5rare earth…

determined by inelastic neutron scattering
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The rare-earth based bromo-elpasolites Cs2NaRBr6 ~R5Ce, Pr, Nd, Tb, Dy, Ho, Er, Tm, Yb! were synthe-
sized and subsequently studied by inelastic neutron scattering. Energy splittings within the electronic ground-
stateJ multiplet due to the crystalline electric field~CEF! interaction at theR31 site were directly observed and
rationalized in terms of CEF parameters of cubic symmetry. For some CEF transitions we have been able to
resolve the splitting due to the tetragonal distortion. The resulting CEF parameters are discussed and used to
predict some properties of the long-range magnetic ordering at low temperatures.@S0163-1829~97!03748-X#
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I. INTRODUCTION

The crystalline electric field~CEF! interaction has been
shown to have considerable influence on the magnetic p
erties of rare-earth compounds. This is particularly true
systems with small magnetic ordering temperatures or
systems that do not order magnetically at all. The elpaso
Cs2NaRBr6 ~R5rare earth! belong to this category. They a
have a cubic crystal structure, space groupFm3m (Oh

5),
with the R31 ions situated at sites of exact octahedral (Oh)
symmetry, i.e., eachR31 ion is hexacoordinated by six nea
est Br2 ions, see Fig. 1. The elpasolites are therefore g
candidates for a systematic study of CEF effects. They
show transitions to distorted variants of the elpasolite str
ture on lowering the temperature. The distortions can be
resented as small rotations of theRBr6 octahedra about the
fourfold axis of the crystal, giving rise to a tetragonal crys
structure with symmetryC4h at theR31 sites. The relevan
structural properties of the elpasolites Cs2NaRBr6 are sum-
marized in Table I. The separation between nearest-neig
R31 ions corresponds to (&/2)a ~wherea is the lattice pa-
rameter!, which is so large that direct exchange coupling
expected to be extremely small. In addition, theRBr6

32 units
can be considered as molecular units, because there a
bromide bridges between neighboringR31 ions that would
provide a convenient superexchange pathway. The magn
coupling between theR31 ions is then predominantly of di
polar origin, and very low magnetic ordering temperatu
may be expected. Magnetic order due to dipolar forces i
continued interest in the study of magnetism, because
dipolar Hamiltonian is known exactly. With these conside
ations in mind we investigated the CEF of the elpasoli
Cs2NaRBr6 in detail by the inelastic neutron-scattering~INS!
technique in order to set a basis for future studies of th
low-temperature magnetic properties.

Another motivation for the present work emerged fro
ongoing studies of the related compounds Cs3R2Br9 for
which we are interested in the nature of the magnetic c
560163-1829/97/56~23!/15062~11!/$10.00
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pling within the dimericR31 units.1–5 TheR31 site symme-
try of the Cs3R2Br9 compounds is similar to the elpasolite
Cs2NaRBr6, i.e., the Cs3R2Br9 compounds containR2Br9

32

dimers of two face-sharingRBr6
32 octahedra as discret

units. For the understanding of the magnetic excitation sp
tra of the Cs3R2Br9 compounds it is therefore important t
know the CEF interaction in the absence of exchange,
this is achieved by studying the elpasolites Cs2NaRBr6.

The magnetic properties of the elpasolites Cs2NaRBr6 are
practically unexplored. Some room-temperature structu
properties have been reported in connection with the succ
ful synthesis of these ternary compounds.6,7 A preliminary
neutron spectroscopic investigation of the CEF has been
ported forR5Nd, Tb, and Yb.8 High-resolution optical spec
troscopy has been used to determine CEF splittings
Cs2NaRBr6 ~R5Tb, Ho, Tm, Yb! as well as in Pr31-doped
Cs2NaYBr6 and Yb31-doped Cs2NaHoBr6.

9,10 Some thermo-
dynamic properties and features of the phonon dispers
have been presented forR5Dy, Ho, and Tm,11,12 focusing

FIG. 1. An octant of the unit cell of the Cs2NaRBr6 elpasolite
lattice.
15 062 © 1997 The American Physical Society
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56 15 063CRYSTALLINE ELECTRIC FIELD OF THE BROMO- . . .
mainly on the cubic-to-tetragonal phase transition. The str
turally related elpasolite series Cs2NaRCl6, on the other
hand, has been investigated by a number of experime
techniques. Energy splittings resulting from CEF interactio
were derived from magnetic susceptibility measurements13,14

as well as optical,15–17 Raman,18,19 and neutron8 spectros-
copy. There is general agreement about the relative orde
the CEF levels and the nature of the ground level, altho
the size of the CEF splitting differs by factors of up to 4
some cases. In terms of CEF theory it was shown that
point-charge model is completely inadequate and covale
effects are important.20 An attempt to clarify both the experi
mental and theoretical situation resulted in a rather consis
CEF data set.21,22Recent measurements of the magnetic s
ceptibility revealed long-range ferromagnetic ordering
R5Gd, Dy, and Er belowTc535, 21, and 50 mK,
respectively,23 which clearly indicates that dipolar forces a
controlling the magnetic coupling between theR31 ions.

The present paper is organized as follows. In Sec. II
summarize the symmetry aspects of the CEF interactio
the Cs2NaRBr6 compounds. Section III provides a brief in
troduction into the INS technique applied to the measu
ments of CEF splittings. Experimental aspects are given
Sec. IV. The experimental results and the data analysis
presented in Sec. V, and in Sec. VI we discuss our res
and give some final conclusions.

II. THE CRYSTALLINE ELECTRIC FIELD

The mathematical problem which has to be solved is
calculation of the electrostatic potential at theR31 ion posi-
tion which is given by

VCEF~r !5(
i

r~Ri !

ur2Ri u
, ~1!

wherer(Ri) denotes the charge distribution at the siteRi of
the i th ligand ion. Equation~1! can be expanded in terms o

TABLE I. Lattice parametersa at room temperature and tem
peraturesTt of the cubic-to-tetragonal phase transition of t
Cs2NaRBr6 compounds.

R a ~pm!a Tt ~K!

La 1151.9 316a

Ce 1150.3 288a

Pr 1146.8 256a

Nd 1144.6 238a

Sm 1139.3 198a

Eu 1137.8 183a

Gd 1136.1 173a

Tb 1133.4
Dy 1131.4 139b

Ho 1129.3 126b

Er 1127.9
Tm 1125.3 101b

Yb 1124.5 '80c

aReference 6.
bReference 12.
cReference 8.
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spherical harmonicsYn
m . Stevens introduced the operat

equivalents method24 in which products of Cartesian coord
natesx, y, andz are essentially replaced by correspondi
combinations of total angular momentum operatorsJx , Jy ,
andJz . In this way, an effective spin operator is formed wi
the same transformation properties under rotation as the
potential ~1!. For cubic symmetryOh and the polar axis
along the cube edge the corresponding Hamiltonian is gi
by25

HCEF~Oh!5B4~O4
015O4

4!1B6~O6
0221O6

4!, ~2!

where theBn denote the CEF parameters and theOn
m are

Stevens’s operator equivalents.24 The eigenvalues and eigen
vectors of Eq.~2! were tabulated by Lea, Leask, and Wolf26

for all R31 ions and for all possible ratiosB4 /B6 .
All the elpasolites Cs2NaRBr6 are known to undergo a

cubic-to-tetragonal phase transition, see Table I. The C
Hamiltonian for tetragonal symmetryC4h reads

HCEF~C4h!5B2
0O2

01B4
0O4

01B4
4O4

41B6
0O6

01B6
4O6

4. ~3!

For small tetragonal deformationst5(c2a)/a!1, Eq. ~3!
can be approximated as27

HCEF~C4h!5B2
0O2

01B4@~12 10
7 t !O4

015O4
4#

1B6@~12 28
3 t !O6

0221O6
4#. ~4!

For the Cs2NaRBr6 compounds we havet'0.008,7 so that
Eq. ~4! clearly applies.

In rare-earth compounds the CEF interaction is usua
much smaller than the spin-orbit interaction, so that the to
angular momentumJ is a good quantum number and admi
tures of states in differentJ multiplets can be neglected. Thi
is particularly true for the elpasolites Cs2NaRBr6 ~in contrast,
e.g., to the rare-earth based cuprate high-temperature su
conductors!, so that the above treatment of the CEF intera
tion in terms of a perturbation of the ground-stateJ multiplet
alone is fully justified.

III. INELASTIC NEUTRON SCATTERING

The CEF interaction discussed in Sec. II gives rise
discrete energy levelsEi that can be spectroscopically dete
mined by the INS technique. For a system ofN noninteract-
ing ions the thermal-neutron cross section for the CEF tr
sition G i→G j is given in the dipole approximation by28

d2s

dV dv
5

N

Z S ge2

mec
2D 2 k1

k0
exp$22W%F2~Q!

3expH 2
Ei

kBTJ z^G j uJpuG i& z2d~Ei2Ej6\v!,

~5!

where exp$22W% is the Debye-Waller factor,F(Q) the mag-
netic form factor,Jp the component of the total angular mo
mentum operator perpendicular to the scattering vectorQ,
and \v the energy transfer. The remaining symbols ha
their usual meaning. Some of the transition matrix eleme
^G j uJpuG i& are zero by symmetry, thus leading to strict s
lection rules for INS transitions. The transition matrix el
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15 064 56ALBERT FURRER AND HANS-UELI GÜDEL
ments were tabulated by Birgeneau29 for all R31 ions with
cubic site symmetry and for all possible ratiosB4 /B6 .

One problem remains, namely, the question of whet
peaks observed in the energy spectra really arise from C
transitions or whether they result, say, from phonon scat
ing. However, CEF transitions may be distinguished fro
phonon processes by the way in which the intensities v
with temperature and momentum transfer. With increas
modulus of the scattering vectorQ the CEF intensity de-
creases according toF2(Q) as can be seen from the cros
section formula~5!, whereas the phonon peak intensity us
ally increases withQ2 ~apart from the modulation due to th
structure factor!. Furthermore, phonons obey Bose statisti
whereas the population of CEF levels is governed by Bo
mann statistics.

IV. EXPERIMENT

The procedures given in Ref. 7 were used for the synt
sis of the Cs2NaRBr6 compounds. The starting materials a
had a nominal purity of 99.9% or better. Some samples w
grown as single crystals by the Bridgman technique. Star
materials were either the corresponding polycrystalline m
terials, prepared according to Ref. 7, or a stoichiometric m
ture of the binary halides. The compounds were checked
powder x-ray diffraction and~in part! by powder neutron
diffraction. Impurity contents were less than 1%.

All the INS measurements were carried out at the rea
Saphir of the Paul Scherrer Institute at Villigen/Wu¨renlingen
with use of a triple-axis spectrometer in the neutron ener
loss configuration. The energy of the scattered neutrons
kept fixed either at 5.0, 13.7, or 15.0 meV, giving rise
energy resolutions~at \v50! of 0.2, 1.1, or 1.2 meV, respec
tively. For\v.0 the energy resolution becomes increasin
worse. To gain intensity the measurements were carried
with use of a doubly bent graphite monochromator as wel
a horizontally bent graphite analyzer, both with~002! scat-
tering planes. Consequently, no collimations were used f
neutron source to detector. Pyrolitic graphite or berylliu
filters were inserted into the outgoing neutron beam to
duce higher-order contamination. The samples were se
in aluminum cylinders of 10–15 mm diameter and 50 m
length and mounted in a closed-cycle helium refrigerator
achieve temperaturesT>8 K.

V. RESULTS AND DATA ANALYSIS

In the following subsections we present representa
CEF spectra obtained for the Cs2NaRBr6 compounds by the
INS technique. In addition to the energy spectra shown in
present paper, we have performed numerous studies of thQ
and T dependence of the CEF transitions in order to ver
the magnetic origin of the scattering as predicted by
cross-section formula~5!. In the data analysis the following
procedure was adopted.

~1! The inelastic lines associated with the CEF transitio
were fitted to Gaussian functions above a linear backgrou

~2! The peak positions as well as the temperature dep
dence of the peak intensities were used to set up the
level schemes. The results for all studied compounds
summarized in Fig. 2.
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~3! A least-squares fitting procedure was applied to e
CEF level scheme in order to derive the CEF paramet
These calculations were performed throughout for cubic
symmetryOh , with the eigenvalues of Eq.~2! expressed in
terms of the CEF parametersB4 andB6 . The splitting due to
the tetragonal distortion is rather small for the elpasoli
Cs2NaRBr6 and could not be resolved experimentally exce
for a few transitions. In these cases the position of the C
state was set equal to the weighted average of the tetr
nally split CEF levels. The starting values of the CEF para
eters were those of the corresponding Cs2NaRCl6 series.8,21

The best-fitted CEF parameters are listed in Table II.
~4! The reliability of the resulting CEF parameters w

checked by comparing the observed and calculated inte
ties of the CEF transitions according to the cross-sec
formula ~5!. In fact, the agreement was usually better th
10% as demonstrated for some cases.

~5! In those cases where we have been able to obs
additional splittings of CEF transitions due to the tetrago
distortion, we have derived the tetragonal CEF paramete
varyingB2

0 according to Eq.~4! until the best agreement wa
achieved between the observed and calculated energies
intensities of the corresponding tetragonally split CEF tra
sitions. The resulting parametersB2

0 are listed in Table II.

A. Cs2NaLaBr6

Energy spectra were taken for nonmagnetic Cs2NaLaBr6
in order to obtain an insight into the amount of phonon sc
tering that is naturally present also in the magnetic co
pounds. As shown in Fig. 3 there is considerable phon
scattering centered at around 6, 18, and 38 meV. Above
meV we have a sloping background due to the increas
measuring time. The phonon scattering is weak, typica
two neutron counts per min. As we will see in the followin
subsections, the intensities associated with the CEF tra
tions usually exceed the phonon count rates by an orde
magnitude at least, thus we can neglect phonon scatterin
most cases. However, when the CEF transition matrix e
ments are small~particularly for high-energy CEF transi
tions!, we have to take care of phonons in the interpretat
of the observed energy spectra. Care is also necessar
Cs2NaYbBr6 where the phonon scattering is strongly e
hanced as a result of the large nuclear scattering lengt
Yb31. In all the energy spectra presented in Sec. V, phon
scattering is indicated by the letterP from Fig. 3 to Fig. 15.

B. Cs2NaCeBr6

The cubic CEF splits the sixfold-degenerate ground-s
multiplet 2F5/2 of the Ce31 ion into a doubletG7 and a quar-
tet G8 . The energy spectra observed for Cs2NaCeBr6 exhibit
a series of inelastic lines below 50 meV that, by comparis
with nonmagnetic Cs2NaLaBr6, can be interpreted as phono
scattering~see Fig. 3!. However, Cs2NaCeBr6 shows an ad-
ditional peakA at 59 meV that is absent for Cs2NaLaBr6,
thus it can readily be assigned to the CEF transitionG7→G8 .

C. Cs2NaPrBr6

The cubic CEF splits the ninefold-degenerate ground-s
multiplet 3H4 of the Pr31 ion into a singletG1 , a doublet
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FIG. 2. CEF energy-level schemes of the elpasolites Cs2NaRBr6 derived in the present work. The full lines correspond to the CEF lev
measured directly by INS experiments. Calculated CEF states are indicated by dashed lines. The arrows and corresponding labels
observed CEF transitions, see Fig. 3 to Fig. 15.
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G3 , and two tripletsG4 and G5 . All CEF transitions are
allowed between the three statesG3 , G4 , andG5 , whereas
for the singlet only theG1→G4 transition is allowed. Energy
spectra taken atT510 K give evidence for only one CEF
transition at 25 meV~peakA! which we can therefore iden
tify as theG1→G4 transition, see Fig. 4. Upon heating toT
5150 K the intensity of peakA decreases according to th
Boltzmann population factor, but two further inelastic lin
B and C show up at 18 and 30 meV, respectively, whi
correspond to CEF excitations out of the first-excitedG4
state. The observed reduction of all the peak intensities
 y

20% upon increasingQ from 2.7 to 3.7 Å21 is in perfect
agreement with the corresponding decrease of the magn
form factorF(Q), which therefore clearly confirms the CE
origin of the inelastic lines. Since the energy of theG4→G3
transition is always 5

7 of the energy of theG1→G4
transition,26 peakB can readily be attributed to theG4→G3
transition. PeakC can then be identified as theG4→G5 tran-
sition. This interpretation is furthermore confirmed by t
observed intensity ratioI B /I C52.360.5 which is predicted
to be 2.6 from the CEF model. The CEF level scheme
therefore completely determined.
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TABLE II. CEF parameters of the elpasolites Cs2NaRBr6 determined in the present work.

R B2
0 ~meV! B4 ~meV! B6 ~meV!

Ce .0* 0.16260.002 0
Pr .0* (21.3260.06)31022 (1.3960.13)31024

Nd .0* (27.660.2)31023 (27.260.3)31025

Tb .0* (2.160.2)31023 (21.560.4)31026

Dy (1.560.2)31022 (21.360.1)31023 (1.560.3)31026

Ho (3.060.8)31023 (26.260.5)31024 (21.460.2)31026

Er ,0* (8.160.3)31024 (1.860.1)31026

Tm ,0* (3.060.4)31023 (24.260.8)31026

Yb ,0* (23.160.1)31022 (1.160.3)31024

*Expected sign ofB2
0, see Sec. VI.
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D. Cs2NaNdBr6

The cubic CEF splits the tenfold-degenerate ground-s
multiplet 4I 9/2 of the Nd31 ion into a doubletG6 and two
quartetsG8

(1) and G8
(2) . In an earlier INS experiment8 we

have been able to unambiguously determine the CEF l
scheme withG8

(2) being the ground state andG6 andG8
(1) the

excited states at 10 and 36 meV, respectively.

E. Cs2NaTbBr6

The cubic CEF splits the 13-fold-degenerate ground-s
multiplet 7F6 of the Tb31 ion into two singletsG1 andG2 , a
doubletG3 , and three tripletsG4 , G5

(1) , andG5
(2) . As in all

terbium compounds withOh coordination, the singletG1 was
found to be the ground state. In fact, at low temperatureT
510 K) only one inelastic line at 4 meV~peak A! is ob-
served~see Fig. 5! which is attributed to theG1→G4 transi-
tion ~which is the only allowed transition out of theG1 state!.
The marginal shoulder at 5 meV~peakB! corresponds to an
excited CEF transition whose intensity increases at hig
temperature as expected. Note that in our earlier work8 the
excited CEF transitionB was erroneously attributed to th
phonon line at 6.5 meV, which resulted in a wrong set
CEF parameters. Attempts to locate higher excited C
states failed, since due to small transition probabilities and
thermal population factors the weak CEF signals could

FIG. 3. Energy spectra of neutrons scattered from Cs2NaLaBr6
and Cs2NaCeBr6. EA513.7 meV, T510 K, Q52.8 Å21 for \v
<40 meV andQ54.5 Å21 for \v>41 meV.
te
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be distinguished unambiguously from the phonon scatter
Nevertheless, the observation of two excited CEF levels
sufficient to determine the two CEF parametersB4 andB6 .
The calculated energies of the CEF levels at higher ener
are included in Fig. 2.

F. Cs2NaDyBr6

The cubic CEF splits the 16-fold-degenerate ground-s
multiplet 6H15/2 of the Dy31 ion into two doubletsG6 andG7

and three quartetsG8
(1) , G8

(2) , andG8
(3) . Figure 6 shows the

low-energy part of the CEF spectrum with an intense lineA1
at 3 meV and a shoulderA2 at 5 meV which corresponds t
the G6→G8

(1) transition. TheG8
(1) quartet is clearly split into

two doublets due to the tetragonal distortion. The seco

FIG. 4. Energy spectra of neutrons scattered from Cs2NaPrBr6.
EA515 meV, Q53.7 Å21.
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FIG. 5. Low-energy spectra of neutrons scattered fr
Cs2NaTbBr6. EA55 meV, Q51.2 Å21.

FIG. 6. Low-energy spectra of neutrons scattered fr
Cs2NaDyBr6. EA515 meV, Q51.3 Å21.
excited CEF state is theG7 doublet. However, theG6→G7
ground-state transition is forbidden; thus the energy of
G7 doublet can only be determined by an excited-state tr
sition. This is demonstrated in Fig. 7 where the line at
meV corresponds to phonon scattering. Upon raising
temperature from 8 to 30 K, the phonon scattering rema
unaffected, but the first-excited CEF state is now sufficien
populated to give rise to theG8

(1)→G7 transition at 15 meV
~peakB!. Figure 8 shows the ground-state CEF transitions
the two high-lying CEF states, which have rather small tra
sition probabilities. Thus the CEF level scheme is complet
determined. In the data interpretation we have been abl
derive the tetragonal CEF parameterB2

0 from the observed

FIG. 7. Medium-energy spectra of neutrons scattered fr
Cs2NaDyBr6. EA515 meV, Q52.1 Å21.

FIG. 8. High-energy spectrum of neutrons scattered fr
Cs2NaDyBr6. EA513.7 meV,Q53.6 Å21.
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splitting of theG6→G8
(1) transition, see Fig. 6. The tetrago

nal splitting of the highestG8
(2) and G8

(3) quartets is much
smaller and could not be resolved.

G. Cs2NaHoBr6

The cubic CEF splits the 17-fold-degenerate ground-s
multiplet 5I 8 into a singletG1 , two doubletsG3

(1) andG3
(2) ,

and four quartetsG4
(1) , G4

(2) , G5
(1), andG5

(2) . Figure 9 shows
the low-energy part of the CEF spectrum. There is a h
inelastic line at 1 meV~peakA!, which shows up in both the
energy-gain and the energy-loss configuration. In the la
configuration its intensity is decreasing with increasing te
perature; thus it can readily be attributed to the ground-s
CEF transitionG3

(2)→G4
(2) . The second inelastic line~peak

B! at 3 meV, exhibiting the opposite intensity behavior w
temperature, corresponds to the excited-stateG4

(2)→G1 tran-
sition. At higher energies three further CEF states~peaksC,
D, andE! can be located as indicated in Fig. 10. Again, t
temperature dependence nicely demonstrates whether th
served CEF transitions occur out of the ground state or ou
excited states; thus the CEF energy-level sequence cou
reconstructed in a straightforward manner as shown in Fig
The two highest CEF levelsG3

(1) andG5
(1) could not be ob-

served because of the extremely small matrix elements a
ciated with transitions out of the three lowest CEF stat
Nevertheless, their calculated energies are included in Fig

FIG. 9. Low-energy spectra of neutrons scattered fr
Cs2NaHoBr6. EA513.7 meV,Q51.5 Å21.
te
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o-
s.
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The lowest CEF transitionG3
(2)→G4

(2) was measured with
increased energy resolution, see Fig. 11. We clearly obs
a decomposition into three inelastic lines due to the tetra
nal distortion which splits both the ground-state doubletG3

(2)

FIG. 10. Medium- and high-energy spectra of neutrons scatte
from Cs2NaHoBr6. EA513.7 meV,Q52.7 Å21.

FIG. 11. High-resolution low-energy spectrum of neutrons sc
tered from Cs2NaHoBr6. EA55 meV, Q50.8 Å21. The inset
shows the tetragonal splitting of the low-lying CEF levels.
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and the first-excited tripletG4
(2) as indicated in the inset o

Fig. 11. These high-resolution data are allowed to determ
the tetragonal CEF parameterB2

0. The reliability of our
analysis is supported by the good agreement between
observed intensity ratioI a /I b /I c50.21/1.00/0.31 and the ra
tio 0.20/1.00/0.26 predicted from the CEF model.

H. Cs2NaErBr 6

The cubic CEF splits the 16-fold-degenerate ground-s
multiplet 4I 15/2 of the Er31 ion as for Dy31, see Sec. V F.
The low-temperature spectrum gives evidence for two ine
tic linesA andB at 3.0 and 5.8 meV that can be attributed
the G8

(1)→G7 and G8
(1)→G8

(2) ground-state CEF transitions
respectively, see Fig. 12. Upon raising the temperature
intensity of lineB decreases as expected, whereas the in
sity of line A increases due to the additional contribution
the excited-state transitionG7→G8

(2) . The high-lying CEF
statesG6 andG8

(3) have very small matrix elements for tran
sitions out of the ground state; thus their energies could o
be determined in connection with excited-state transiti
~peaksC and D! as shown in Fig. 13. Thus the CEF lev
scheme could be completely reconstructed.

I. Cs2NaTmBr6

The cubic CEF splits the 13-fold-degenerate ground-s
J multiplet 3H6 of the Tm31 ion as for Tb31, see Sec. V E.
As for Cs2NaTbBr6 we observe only one ground-state CE
transition ~peak A! at 5.4 meV~see Fig. 14! which corre-
sponds to theG1→G4 transition. Upon raising the tempera

FIG. 12. Low-energy spectra of neutrons scattered fr
Cs2NaErBr6. EA513.7 meV,Q51.25 Å21.
e
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ture a second lineB appears at 7.8 meV that can be asso
ated with theG4→G5

(2) transition. Any attempts to locate th
remaining three CEF states at higher energies failed, s
the corresponding transition matrix elements and/or the th
mal population factors were too small to produce we
defined signals. Again, the calculated energies of the h
lying CEF states are included in Fig. 2.

J. Cs2NaYbBr6

The cubic CEF splits the eightfold-degenerate grou
state multiplet2F7/2 of the Yb31 ion into two doubletsG6
and G7 and a quartetG8 . The transition between the tw
doublets is forbidden by the dipole selection rules. In
earlier INS experiment the CEF spectra of the related co
pound Cs2LiYbBr6 were presented.8 Similar energy spectra
were observed for the title compound as shown in Fig. 15
the considered energy-transfer range there are three inel
lines, but only lineA at 27 meV exhibits the characterist
form factor behavior expected for CEF transitions. It can
assigned to theG6→G8 ground-state transition. At highe
temperatures the excited-state transitionG8→G7 ~line B!
shows up as a tiny shoulder on the high-energy side of p
A. At T5150 K the observed intensity ratioI A /I B510.1
60.5 is in excellent agreement with the ratio 10.4 predic
from the CEF model.

VI. DISCUSSION

While there have been many direct spectroscopic dete
nations of CEF parameters by the INS technique for meta

FIG. 13. Medium-energy spectra of neutrons scattered fr
Cs2NaErBr6. EA513.7 meV,Q52.4 Å21.
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R31 compounds in the past,30 to our knowledge the presen
work is the first systematic INS study for insulating system
The great advantage of the INS technique compared to m
surements of bulk properties such as magnetic susceptib
and heat-capacity measurements is that the measurem
yield directly the energies of the CEF levels and prov
detailed information on the CEF wave functionsuG i& through
the observed transition probabilities; see the cross-sec
formula ~5!. CEF splittings of rare-earth compounds in ins
lators can also be determined by optical absorption and
minescence spectroscopy. These usually have the adva
of higher resolution and allow the determination of CE
states in excitedJ multiplets. ~Due to the copious flux of
epithermal neutrons at pulsed spallation sources INS m
surements of intermultiplet transitions have recently beco
possible, see, e.g., Ref. 31.! However, an interpretation o
relative intensities requires a much more sophisticated th
retical treatment32 than presented here for INS experimen
In addition, systems with a center of inversion at the ra
earth site such as the elpasolites reported here suffer from
fact that all opticalf - f transitions are electric-dipole forbid
den. Optical absorption and luminescence spectra are d
nated by vibronic coupling effects and an unambiguous
termination of the CEF levels is made difficult.

Absorption and luminescence spectra of brom
elpasolites have been reported for Cs2NaRBr6 ~R5Tb, Ho,
Tm, Yb! as well as for Pr31-doped Cs2NaYBr6 and
Yb31-doped Cs2NaHoBr6.

9,10The agreement with our result
is excellent for Cs2NaHoBr6 with a maximum deviation of

FIG. 14. Low-energy spectra of neutrons scattered fr
Cs2NaTmBr6. EA513.7 meV,Q51.5 Å21.
.
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0.5 meV for all seven CEF levels. An equally good agre
ment is found for Cs2NaYbBr6. The optically determined
splittings associated with the three lowest CEF levels
Pr31-doped Cs2NaYBr6 are systematically smaller by 5–
10% than the splittings of Cs2NaPrBr6 reported here. This
can be attributed to the larger unit cell in the doped mater
However, there is a discrepancy for the highest CEF le
G5 , which is located at 55 meV in our INS study, whereas
energy of 76.6 meV was derived from the luminescen
spectrum. For Cs2NaTmBr6 the two techniques are comple
mentary. Both studies place the first-excited CEF levelG4 at
the same energy. INS gives further information on t
second-excited CEF level, whereas the two highest CEF
els have been determined from the luminescence spect
For Cs2NaTbBr6 INS was able to establish the low-energ
part of the CEF level structure, whereas no attempts w
made to analyze the observed luminescence spectrum
terms of CEF splittings. An erroneous value for the the fir
excited CEF levelG8 in Yb31-doped Cs2NaHoBr6 was obvi-
ously derived from the emission spectra. It is in disagr
ment with both the INS and optical value obtained f
Cs2NaYbBr6. We may conclude that optical and INS tec
niques both have their merits for the determination of C
splittings in the electronic ground state of lanthanide co
pounds.

In the present work we have studied the CEF transitio
of the elpasolites Cs2NaRBr6 up to about 200 K. Our experi

FIG. 15. Medium- and high-energy spectra of neutrons scatte
from Cs2NaYbBr6. EA515 meV, Q52.65 Å21.



t
b

th

o-
he

a

s i
in

ra

am

e
th
ho
ce
a
rt

t
iz
d

e
a
in

d

en

ion.
e-

d by
on

onal
e

r
he
ated

d
sly
his
-
di-
ruc-

the
re-

ds
d
-

EF
%

are-
the

the

the
ct

the
al,
the
ble

iso-
0%.
nve-

for
tudy

es etic

56 15 071CRYSTALLINE ELECTRIC FIELD OF THE BROMO- . . .
ments reveal practically no temperature dependence of
CEF energies, but the CEF transitions exhibit considera
line broadening with increasing temperature, similar to
behavior of CEF excitations in metallicR31 systems. The
likely origin of the line broadening observed for the brom
elpasolites is the thermal motion of the coordination poly
dra built by the Br2 ligand ions around theR31 sites,
whereas in metallic systems the renormalization effects
predominantly due to the conduction electrons.

In order to explore the behavior of the CEF parameter
the whole Cs2NaRBr6 series, we try to correlate our results
terms of reduced CEF parameters:

Anan115
Bnan11

^r n&xn
, ~6!

wherea is the lattice constant~see Table I!, ^r n& the relativ-
istic free-ion radial integral of the 4f electrons,33 andxn the
reduced matrix element.25,26 Equation ~6! takes account of
the lanthanide contraction, so that we expect thenth-order
reduced CEF parameter to be constant throughout the
earth series as long as the charge distribution around theR31

sites is not changed. Table III lists the reduced CEF par
eters derived for the elpasolites Cs2NaRBr6. The hierarchy
uA2a3u!A4a5,A6a7 readily reflects the interaction rang
expected for the CEF parameters in ionic systems
changes from very long range for the second-order to s
range for the sixth-order CEF parameters. The redu
fourth- and sixth-order CEF parameters are found to incre
somewhat by going from the light to the heavy rare-ea
ions, similar to CEF results for metallic systems.34 This ef-
fect has been thoroughly investigated and discussed for
isostructural chloro-elpasolites in terms of dipolar polar
ability and covalency,20,22 which seem to have an increase
relative importance for the heavy rare-earth compounds.

For most Cs2NaRBr6 compounds studied in this work th
CEF interaction of octahedral symmetry exerts a strong
isotropy on theR31 ions and therefore has an essential
fluence on the magnetic properties. This effect manifests
self in the anisotropy of theg factor, which can be calculate
from the CEF parameters in a straightforward manner~e.g.,
by calculating the magnetic moments of theR31 ions in-
duced by an external magnetic field applied along differ
symmetry directions!. The anisotropy of theg factor deter-

TABLE III. Reduced CEF parameters of the elpasolit
Cs2NaRBr6.

R
A2a3

(104 meV Å)
A4a5

(107 meV Å)
A6a7

(107 meV Å)

Ce 1.2060.02
Pr 0.9960.07 8.460.8
Nd 1.6660.05 8.560.4
Tb 1.960.2 1263
Dy 21.460.2 2.660.2 1563
Ho 20.960.3 2.460.2 1362
Er 2.660.1 1161
Tm 2.760.4 1162
Yb 2.960.1 1263
he
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mines then immediately the easy axes of magnetizat
Only for R5Ce, Pr, and Yb is the anisotropy of the octah
dral CEF very weak giving rise to essentially isotropicg
factors. In these cases the magnetic behavior is controlle
the tetragonal component of the CEF interaction. Based
the results obtained forR5Dy and Ho~see Tables II and III!
we have been able to extrapolate the sign of the tetrag
CEF parametersB2

0 for the remaining members of th
bromo-elpasolite series according to Eq.~6!. The magnetic
properties of the Cs2NaRBr6 compounds derived from ou
CEF results are summarized in Table IV, which lists t
predicted easy axes of magnetization as well as the satur
magnetic momentsmsat of the R31 ions in zero magnetic
field. The values ofmsat are, throughout, drastically reduce
below the corresponding free-ion values and are obviou
zero for all compounds with a singlet CEF ground state. T
information will be useful in forthcoming studies of the long
range magnetic order at milli-Kelvin temperatures due to
polar forces which have already been started for the isost
tural chloro-elpasolite series.23

Finally, we discuss whether the results obtained for
bromo-elpasolites in the present work can be applied to p
dict the CEF potential of the isostructural compoun
Cs2NaRX6 ~X5F, Cl!. The CEF splitting patterns reporte
for the chloro-elpasolites8,21 are very similar to the corre
sponding bromo-elpasolites presented here, i.e., the C
transitions are simply shifted to higher energies by 15–30
as expected from the smaller bond length between the r
earth and ligand ions. As a result the CEF parameters of
Cl compound series are enhanced typically by 30% forB4
which is exactly what is expected by taking into account
lattice contraction@see Eq.~6!#, but only by 15% forB6
whereas 40% are predicted by Eq.~6!. Obviously, there are
subtle differences in the charge distribution between
bromo- and chloro-elpasolites, which predominantly affe
the sixth-order term of the CEF potential. Nevertheless,
fourth-order term is by far dominating the CEF potenti
which means that in spite of the slight discrepancy with
sixth-order term the reduced CEF parameters listed in Ta
III may serve as a useful extrapolation scheme for other
structural elpasolites, at least to an accuracy of about 1
The reduced CEF parameters can also be used as a co
nient interpolation scheme to predict the CEF interaction
those rare-earth elpasolites not included in the present s

TABLE IV. Easy axes of magnetization and saturated magn
momentsmsat in zero magnetic field predicted for the Cs2NaRBr6

compounds. The tetragonal axis is@001#.

R Easy axis of magnetization msat (mB)

Ce '@001# 0.83
Pr '@001# 0
Nd @100# or @010# 2.94
Tb @111# 0
Dy @100# or @010# 2.50
Ho @100# or @010# 0
Er @101# or @011# 5.06
Tm @111# 0
Yb @001# 1.16
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~Pm: rapid radioactive decay to Sm; Sm, Eu, Gd: hig
absorption cross-section for neutrons, the latter twoR31 ions
areS-state ions and have, therefore, no CEF splitting in
ground-state J multiplet in first order; moreover, the
Stevens’s operator equivalents technique cannot be app
but a full J mixing and intermediate coupling calculatio
involving the higherJ multiplets as, e.g., described in Re
21 has to be performed!.
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