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The rare-earth based bromo-elpasolitegNa&Brg (R=Ce, Pr, Nd, Tb, Dy, Ho, Er, Tm, Yhwere synthe-
sized and subsequently studied by inelastic neutron scattering. Energy splittings within the electronic ground-
state] multiplet due to the crystalline electric fie{@EP) interaction at thé®>" 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 temperaf0&63-18207)03748-X

I. INTRODUCTION pling within the dimericR®" units! > The R®* site symme-
try of the CsR,Brq compounds is similar to the elpasolites
The crystalline electric fieldCEP interaction has been CsNaRBr, i.e., the CsR,Brg compounds contaifR,Brq>~
shown to have considerable influence on the magnetic progfimers of two face-sharindRBrg® octahedra as discrete
erties of rare-earth compounds. This is particularly true forunits. For the understanding of the magnetic excitation spec-
systems with small magnetic ordering temperatures or fotra of the C§R,Bry compounds it is therefore important to
systems that do not order magnetically at all. The elpasoliteknow the CEF interaction in the absence of exchange, and
Cs,NaRBr, (R=rare earth belong to this category. They all this is achieved by studying the elpasolitesNaRBre.
have a cubic crystal structure, space grdem3m (O‘;’), Th_e magnetic properties of the elpasolitesNERBrg are
with the R3®* ions situated at sites of exact octahed@},f pract|ca_llly unexplored. Some room-temperature structural
symmetry, i.e., eacR3* ion is hexacoordinated by six near- properties have been reported in connection with .tht_a success-
. . . ful synthesis of these ternary compoufidsA preliminary
est Br ions, see Fig. 1. The elpasolites are therefore goo

. . ron r ic investigation of the CEF h nre-
candidates for a systematic study of CEF effects. They al eutron spectroscopic investigation of the C as been re

h . di d vari e el i orted forR=Nd, Th, and Y& High-resolution optical spec-
show transitions to distorted variants of the elpasolite Strucg ooy has been used to determine CEF splitiings in

ture on lowering the temperature. The distortions can be rerszNaRBr (R=Tb, Ho, Tm, YD as well as in F¥"-doped
resented as small rotations of tRBrg octahedra about the C%NaYBrZ and Yté*-déped ,C§NaHoBr6.9'1° Some thermo-
fourfold axis of the crystal, giving rise to a tetragonal crystaldym.m]iC properties and features of the phonon dispersion

structure with symmetr,;, at theR3" sites. The relevant nave been presented f&=Dy, Ho, and Tm**? focusing
structural properties of the elpasolites,NaRBrg are sum-

marized in Table I. The separation between nearest-neighbor
R3* ions corresponds tov@/2)a (wherea is the lattice pa-
rametey, which is so large that direct exchange coupling is
expected to be extremely small. In addition, RBrg>~ units
can be considered as molecular units, because there are no
bromide bridges between neighbori®j* ions that would
provide a convenient superexchange pathway. The magnetic
coupling between th&3* ions is then predominantly of di-
polar origin, and very low magnetic ordering temperatures
may be expected. Magnetic order due to dipolar forces is of
continued interest in the study of magnetism, because the
dipolar Hamiltonian is known exactly. With these consider-
ations in mind we investigated the CEF of the elpasolites
CsNaRBrg in detail by the inelastic neutron-scatterifityS)
technique in order to set a basis for future studies of their
low-temperature magnetic properties.

Another motivation for the present work emerged from
ongoing studies of the related compounds;FG8ry for FIG. 1. An octant of the unit cell of the @4aRBr4 elpasolite
which we are interested in the nature of the magnetic coutattice.
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TABLE |. Lattice parameters. at room temperature and tem- spherical harmonics/'. Stevens introduced the operator
peraturesT, of the cubic-to-tetragonal phase transition of the equivalents methddin which products of Cartesian coordi-

CsNaRBrs compounds. natesx, y, andz are essentially replaced by corresponding
N combinations of total angular momentum operatdys J, ,
R a (pm) T (K) andJ,. In this way, an effective spin operator is formed with
La 1151.9 318 the same transformation properties under rotation as the CEF
Ce 1150.3 288 potential (1). For cubic symmetryO, and the polar axis
Pr 1146.8 258 alogg the cube edge the corresponding Hamiltonian is given
Nd 1144.6 238 b
Sm 1139.3 198 0 4 0 4
Hced On) =B4(0,+50),) +Bg(05—2103), 2
iy 11975 o cer(On) =B4(0§+50) +Bg(0g—2103), (2
Gd 1136.1 173 where theB,, denote the CEF parameters and Bf are
Tb 1133.4 Stevens’s operator equivaleffsThe eigenvalues and eigen-
Dy 1131.4 139 vectors of Eq(2) were tabulated by Lea, Leask, and WoIf
Ho 1129.3 128 for all R®* ions and for all possible ratiod, /Bg.
Er 1127.9 All the elpasolites C#NaRBrg are known to undergo a
™™ 1125.3 104 cubic-to-tetragonal phase transition, see Table I. The CEF
Yb 1124.5 ~80°¢ Hamiltonian for tetragonal symmet @y, reads
aReference 6. Hcer( Can) = BYOS+ BO3+ B;0; + BROg+BgOg. (3)
by
CReference 12. For small tetragonal deformatiorts-(c—a)/a<1, Eq. (3)
Reference 8. can be approximated ds
mainly on the cubic-to—?etrago.nal phase transition. The struc- Hcer( Can) =B30%+ B,[ (1— 21)0%+50%]
turally related elpasolite series S&RClg, on the other o .
hand, has been investigated by a number of experimental +Bg[(1— 1) 0g—210g]. 4

techniques. Energy splittings resulting from CEF interactions':or the CsNaRBrg compounds we have~0.008 so that
were derived from magnetic susceptibility measurenténts Eq. (4) clezrly apSIies RS

: 5-17 8,19 -
as well as optical;”!” Raman*'° and neutroh spectros In rare-earth compounds the CEF interaction is usually
uch smaller than the spin-orbit interaction, so that the total

. tures of states in differed multiplets can be neglected. This
some cases. In terms of CEF theory it was shown that the . ) ;

. : : 15 particularly true for the elpasolites ££84RBrg (in contrast,
point-charge model is completely inadequate and covalenc

effects are importarf An attempt to clarify both the experi- (\-,(g to the rare-earth based cuprate high—temperatqre super-
mental and theoretical situation resulted in a rather consister%ond_ucwr; so that the abqve freatment of the CEF_lnterac-
CEF data set'"?? Recent measurements of the magnetic suston in terms of a perturbation of the ground-statultiplet
ceptibility revealed long-range ferromagnetic ordering foralone is fully justified.
R=Gd, Dy, and Er belowT,=35, 21, and 50 mK,
respectively?® which clearly indicates that dipolar forces are
controlling the magnetic coupling between tR&" ions. ) ] ] . ) )
The present paper is organized as follows. In Sec. Il we The CEF interaction discussed in Sec. Il gives rise to
summarize the symmetry aspects of the CEF interaction ifiscrete energy leve; that can be spectroscopically deter-
the CsNaRBrg compounds. Section Il provides a brief in- Mined by the INS technique. For a systemNohoninteract-
troduction into the INS technique applied to the measureing ions the thermal-neutron cross section for the CEF tran-
ments of CEF splittings. Experimental aspects are given iition [j— T is given in the dipole approximation 8

Sec. IV. The experimental results and the data analysis are 2o N ( yez

Ill. INELASTIC NEUTRON SCATTERING

presented in Sec. V, and in Sec. VI we discuss our results - —

2 kl X
PR exp{—2W}F<(Q)
0

and give some final conclusions. dQ do  Z | mec?
E.
Il. THE CRYSTALLINE ELECTRIC FIELD X exp[ - ﬁ] KT{| 3T PS(Ei—Ej+fiw),
B
The mathematical problem which has to be solved is the
: . . N ; (5
calculation of the electrostatic potential at tR&" ion posi-
tion which is given by where exp—2W} is the Debye-Waller factof; (Q) the mag-
netic form factorJ, the component of the total angular mo-
p(R)) mentum operator perpendicular to the scattering ve@or
Veedr) = ~ =R’ 1) and 7w the energy transfer. The remaining symbols have

their usual meaning. Some of the transition matrix elements
wherep(R;) denotes the charge distribution at the $teof (I‘j|Jp|Fi> are zero by symmetry, thus leading to strict se-
theith ligand ion. Equatiorfl) can be expanded in terms of lection rules for INS transitions. The transition matrix ele-
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ments were tabulated by Birgenéador all R®" ions with (3) A least-squares fitting procedure was applied to each
cubic site symmetry and for all possible ratiBg/Bg. CEF level scheme in order to derive the CEF parameters.
One problem remains, namely, the question of whetheiThese calculations were performed throughout for cubic site
peaks observed in the energy spectra really arise from CESymmetryO,,, with the eigenvalues of Eq2) expressed in
transitions or whether they result, say, from phonon scatterterms of the CEF parameteBg andBg. The splitting due to
ing. However, CEF transitions may be distinguished fromthe tetragonal distortion is rather small for the elpasolites
phonon processes by the way in which the intensities vars,;NaRBrg and could not be resolved experimentally except
with temperature and momentum transfer. With increasindor a few transitions. In these cases the position of the CEF
modulus of the scattering vect@ the CEF intensity de- state was set equal to the weighted average of the tetrago-
creases according #%©%(Q) as can be seen from the cross- nally split CEF levels. The starting values of the CEF param-
section formula5), whereas the phonon peak intensity usu-eters were those of the correspondingMNRClg seriess?!
ally increases withQ? (apart from the modulation due to the The best-fitted CEF parameters are listed in Table II.
structure factor Furthermore, phonons obey Bose statistics, (4) The reliability of the resulting CEF parameters was
whereas the population of CEF levels is governed by Boltzchecked by comparing the observed and calculated intensi-
mann statistics. ties of the CEF transitions according to the cross-section
formula (5). In fact, the agreement was usually better than
10% as demonstrated for some cases.
(5) In those cases where we have been able to observe
The procedures given in Ref. 7 were used for the syntheadditional splittings of CEF transitions due to the tetragonal
sis of the CsNaRBrs compounds. The starting materials all distortion, we have derived the tetragonal CEF parameter by
had a nominal purity of 99.9% or better. Some samples wergarying B according to Eq(4) until the best agreement was
grown as single crystals by the Bridgman technique. Startingichieved between the observed and calculated energies and
materials were either the corresponding polycrystalline maintensities of the corresponding tetragonally split CEF tran-
terials, prepared according to Ref. 7, or a stoichiometric mixsitions. The resulting parametdB§ are listed in Table II.
ture of the binary halides. The compounds were checked by
powder x-ray diffraction andin pary by powder neutron A. Cs,NaLaBrg

diffraction. Impurity contents were less than 1%. .
All the INS measurements were carried out at the reactor ENergy spectra were taken for nonmagnetigNzdaBr

Saphir of the Paul Scherrer Institute at Villigen/Wolingen 1N order to obtain an insight into the amount of phonon scat-
with use of a triple-axis spectrometer in the neutron energy!€fing that is naturally present also in the magnetic com-

loss configuration. The energy of the scattered neutrons waounds. As shown in Fig. 3 there is considerable phonon
kept fixed either at 5.0, 13.7, or 15.0 meV, giving rise to Scattering centered at around 6, 18, and 38 meV. Above 40

energy resolution@tfw=0) of 0.2, 1.1, or 1.2 meV, respec- meV we ha\_/e a sloping background _due_ to the incre_asing
tively. Forfw>0 the energy resolution becomes increasinglyméasuring time. The phonon scattering is weak, typically
worse. To gain intensity the measurements were carried o/C Néutron counts per min. As we will see in the following
with use of a doubly bent graphite monochromator as well a§ubsectlons, the intensities associated with the CEF transi-
a horizontally bent graphite analyzer, both wi#i02) scat-  tions usually exceed the phonon count rates by an order of

tering planes. Consequently, no collimations were used fronf?@gnitude at least, thus we can neglect phonon scattering in
neutron source to detector. Pyrolitic graphite or berylliumMOSt cases. However, when the CEF transition matrix ele-

filters were inserted into the outgoing neutron beam to reMents are smallparticularly for high-energy CEF transi-
duce higher-order contamination. The samples were seald{PnS, We have to take care of phonons in the interpretation
in aluminum cylinders of 10-15 mm diameter and 50 mmof the observed energy spectra. Care is also necessary for

length and mounted in a closed-cycle helium refrigerator td~NaYbBfs where the phonon scattering is strongly en-
achieve temperaturé&=8 K. hanced as a result of the large nuclear scattering length of

Yb3*. In all the energy spectra presented in Sec. V, phonon
scattering is indicated by the lettBrfrom Fig. 3 to Fig. 15.

IV. EXPERIMENT

V. RESULTS AND DATA ANALYSIS

In the following subsections we present representative B. Cs,NaCeBrg

CEF spectra obtained for the S&8RBrg compounds by the The cubic CEF splits the sixfold-degenerate ground-state
INS technique. In addition to the energy spectra shown in th‘multiplet 2F.,, of the C&" ion into a doublef’; and a quar-
present paper, we have performed numerous studies @ the tet ;. The energy spectra observed for,8aCeBg exhibit
andT dependence of the CEF transitions in order to verifyy series of inelastic lines below 50 meV that, by comparison
the magnetic origin of the scattering as predicted by theyth nonmagnetic GiNaLaB;, can be interpreted as phonon
cross-section formuléb). In the data analysis the following scattering(see Fig. 3. However, CsNaCeBg shows an ad-
procedure was adopted. ditional peakA at 59 meV that is absent for @¢alaBg,

(1) The inelastic lines associated with the CEF transitiongp s it can readily be assigned to the CEF transifign: I'g.
were fitted to Gaussian functions above a linear background.

(2) The peak positions as well as the temperature depen-
dence of the peak intensities were used to set up the CEF
level schemes. The results for all studied compounds are The cubic CEF splits the ninefold-degenerate ground-state
summarized in Fig. 2. multiplet 3H, of the P?" ion into a singletl’;, a doublet

C. Cs,NaPrBrg
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FIG. 2. CEF energy-level schemes of the elpasolitefN&RBrg derived in the present work. The full lines correspond to the CEF levels
measured directly by INS experiments. Calculated CEF states are indicated by dashed lines. The arrows and corresponding labels denote the
observed CEF transitions, see Fig. 3 to Fig. 15.

I';, and two tripletsI", and I's. All CEF transitions are 20% upon increasin@® from 2.7 to 3.7 A’ is in perfect
allowed between the three statég, I',, andI'5, whereas agreement with the corresponding decrease of the magnetic
for the singlet only thd™; — T, transition is allowed. Energy form factorF(Q), which therefore clearly confirms the CEF
spectra taken at =10 K give evidence for only one CEF origin of the inelastic lines. Since the energy of the—1";
transition at 25 me\(peakA) which we can therefore iden- transition is always2 of the energy of thel';—TI,

tify as thel';—T', transition, see Fig. 4. Upon heatingTo  transition?® peakB can readily be attributed to tH&,—T'5
=150 K the intensity of peald decreases according to the transition. PealC can then be identified as thg— 15 tran-
Boltzmann population factor, but two further inelastic linessition. This interpretation is furthermore confirmed by the
B and C show up at 18 and 30 meV, respectively, which observed intensity ratibg /| c=2.3=0.5 which is predicted
correspond to CEF excitations out of the first-excilegd to be 2.6 from the CEF model. The CEF level scheme is
state. The observed reduction of all the peak intensities byherefore completely determined.
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TABLE Il. CEF parameters of the elpasolites,NaRBrg determined in the present work.

R BY (meV) B, (meV) Bg (MeV)

Ce >Q* 0.162+0.002 0

Pr >0* (—1.32£0.06)x 102 (1.39+0.13)x 10™*
Nd >0* (—7.6:0.2)x10°3 (—7.2+£0.3)x107°
Tb >Q* (2.1+0.2)x 1073 (—1.5+0.4)x10°®
Dy (1.5+0.2)x 102 (-1.3+0.1)x 1073 (1.5+0.3)x10°®
Ho (3.0-0.8)x10°3 (—6.2+0.5)x 10 * (—1.4+0.2)x10°°®
Er <0* (8.1x0.3)x 104 (1.8£0.1)x10°©
Tm <0* (3.0£0.4)x 103 (—4.2+0.8)x10°°
Yb <0* (—3.1+0.1)x 1072 (1.1x0.3)x 104

*Expected sign oBJ, see Sec. VI.

D. Cs,NaNdBrg be distinguished unambiguously from the phonon scattering.

The cubic CEF splits the tenfold-degenerate ground_statglevertheless, the observation of two excited CEF levels is
multiplet 414, of the N&* ion into a doublet”y and two sufficient to determine the two CEF parametBygsand Bg.

quartetsl“gl) and ng). In an earlier INS experimehtwe The calculated energies of the CEF levels at higher energies

have been able to unambiguously determine the CEF lev
scheme with"{?) being the ground state add, andI'§" the
excited states at 10 and 36 meV, respectively.

E. Cs,NaTbBrg

The cubic CEF splits the 13-fold-degenerate ground-stat
multiplet ’F¢ of the TEB** ion into two singletd™; andT’,, a
doubletl'y, and three tripletd’,, 'Y, andT'?). As in all
terbium compounds wit®, coordination, the singldtf; was
found to be the ground state. In fact, at low temperatdre (
=10K) only one inelastic line at 4 meV\peakA) is ob-
served(see Fig. % which is attributed to thé';—1I', transi-
tion (which is the only allowed transition out of thg state.
The marginal shoulder at 5 mepeakB) corresponds to an
excited CEF transition whose intensity increases at higher
temperature as expected. Note that in our earlier fvirk
excited CEF transitioB was erroneously attributed to the
phonon line at 6.5 meV, which resulted in a wrong set of
CEF parameters. Attempts to locate higher excited CEF
states failed, since due to small transition probabilities and/or
thermal population factors the weak CEF signals could not

250 T T T T T T T T
o Cs,NalaBr,

. CszNa\CeBr6

E 200 %
5 f
8 1sof { ]
h ?ﬁ;‘% } 4 %ﬁyﬁ%ﬁ% s
o
é o §§3 ;;%éﬁ? Q{@ { ] lT=1l50K
E s0 | @ gt { ] Q=27 A1 -
0 0 ‘;0 éO .;30 ‘I‘O éo (;0 ;0 = éo N L | | N | N
10 15 20 25 30 35 40 45

Energy transfer [meV]

FIG. 3. Energy spectra of neutrons scattered frorsNakaBrg
and CsNaCeBg. E,=13.7meV,T=10K, Q=2.8A"! for hw
<40 meV andQ=4.5 A" for fw=41 meV.

gre included in Fig. 2.

F. Cs,NaDyBrg

The cubic CEF splits the 16-fold-degenerate ground-state

£
£

neutron counts per 13

multiplet ®H ;5, of the Dy?** ion into two doubletd” s andI';

and three quartets{", I'{?), andI'{®). Figure 6 shows the
?ow—energy part of the CEF spectrum with an intense Aje

at 3 meV and a shouldék, at 5 meV which corresponds to
the ['g—I'{Y transition. Thel'§" quartet is clearly split into
two doublets due to the tetragonal distortion. The second-

Cs,NaPrBrg

400

300

200

100

T=150K

Energy transfer [meV]

FIG. 4. Energy spectra of neutrons scattered froNaBrBg.

E,=15meV,Q=37A L
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FIG. 5. Low-energy spectra of neutrons scattered from 20 L . L . L . !

CsNaTbBr. E,=5meV,Q=1.2A"1.
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Energy transfer [meV]
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80 v T . ' . . -
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FIG. 7. Medium-energy spectra of neutrons scattered from
Cs,NaDyBr;. E,=15meV,Q=2.1 A1,

excited CEF state is thE; doublet. However, thé'g—1';
ground-state transition is forbidden; thus the energy of the
I'; doublet can only be determined by an excited-state tran-
sition. This is demonstrated in Fig. 7 where the line at 19
meV corresponds to phonon scattering. Upon raising the
temperature from 8 to 30 K, the phonon scattering remains
unaffected, but the first-excited CEF state is now sufficiently
populated to give rise to the{Y—T'; transition at 15 meV
(peakB). Figure 8 shows the ground-state CEF transitions to
the two high-lying CEF states, which have rather small tran-
sition probabilities. Thus the CEF level scheme is completely
determined. In the data interpretation we have been able to
derive the tetragonal CEF parame&-ﬁj from the observed

CsoNaDyBrg

neutron counts per 7 min

25 30 35 40 45 50 55

Energy transfer [meV]

FIG. 6. Low-energy spectra of neutrons scattered from FIG. 8. High-energy spectrum of neutrons scattered from

Cs,NaDyBr;. EA=15meV,Q=1.3 A1,

Cs,NaDyBr;. Ex=13.7 meV,Q=3.6 A~1
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FIG. 9. Low-energy spectra of neutrons scattered from

Cs,NaHOBr, Ex=13.7 meV,Q=1.5A 1 FIG. 10. Medium- and high-energy spectra of neutrons scattered
6. A~ . y — 4. .

from CgNaHoBr. Ex=13.7 meV,Q=2.7 A1

splitting of theF6—>F§31) transition, see Fig. 6. The tetrago- The lowest CEF transitioﬁ(sz)_ﬂ‘f) was measured with

nal splitting of the highest'?) and ') quartets is much increased energy resolution, see Fig. 11. We clearly observe

smaller and could not be resolved. a decomposition into three inelastic lines due to the tetrago-
nal distortion which splits both the ground-state doulﬁl@?

G. Cs,NaHoBrg CsyNaHoBrg

The cubic CEF splits the 17-fold-degenerate ground-stats o o
multiplet %14 into a singletl’;, two doublets"§" andT'{?,
and four quartet§' ("), T®, 'Y, andI'®). Figure 9 shows 500
the low-energy part of the CEF spectrum. There is a huge
inelastic line at 1 me\peakA), which shows up in both the
energy-gain and the energy-loss configuration. In the latte
configuration its intensity is decreasing with increasing tem-
perature; thus it can readily be attributed to the ground-stati
CEF transitionI'$?) = TI'{?). The second inelastic lingpeak
B) at 3 meV, exhibiting the opposite intensity behavior with
temperature, corresponds to the excited-sﬁ&féal“ 1 tran-
sition. At higher energies three further CEF staj@saksC,
D, andE) can be located as indicated in Fig. 10. Again, the
temperature dependence nicely demonstrates whether the ¢
served CEF transitions occur out of the ground state or out o
excited states; thus the CEF energy-level sequence could t ) P S S U S —" - -
reconstructed in a straightforward manner as shown in Fig. 2 o0 o2 OE'sner :’r:nsfer1t;e\/] ' b "
The two highest CEF levelE§" andI'$" could not be ob- o
served because of the extremely small matrix elements asso- FIG. 11. High-resolution low-energy spectrum of neutrons scat-
ciated with transitions out of the three lowest CEF statestered from CsNaHoBr. E,=5meV, Q=0.8 A 1. The inset
Nevertheless, their calculated energies are included in Fig. Zhows the tetragonal splitting of the low-lying CEF levels.
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FIG. 12. Low-energy spectra of neutrons scattered from

CsNaErBr. E,=13.7 meV,Q=1.25A"1,

FIG. 13. Medium-energy spectra of neutrons scattered from
CsNaErBg. E,=13.7 meV,Q=2.4A"1,
and the first-excited tripleF ) as indicated in the inset of
Fig. 11. These high-resolution data are allowed to determine ) i
the tetragonal CEF paramet@%. The reliability of our ture a second lin® appears at 7.8 meV that can be associ-

analysis is supported by the good agreement between tried ‘_Ni.th thel“4—>F(52) transition. A_ny attempts to Ioc_:ate thg
observed intensity ratie, /1, /1= 0.21/1.00/0.31 and the ra- '€maining three CEF states at higher energies failed, since
tio 0.20/1.00/0.26 predicted f?om the CEF model the corresponding transition matrix elements and/or the ther-

mal population factors were too small to produce well-
defined signals. Again, the calculated energies of the high-
H. Cs;,NaErBrg lying CEF states are included in Fig. 2.

The cubic CEF splits the 16-fold-degenerate ground-state 3. CsNaYbB
multiplet #I 5, of the EP* ion as for Dy*, see Sec. VF. 2 fo
The low-temperature spectrum gives evidence for two inelas- The cubic CEF splits the eightfold-degenerate ground-

tic linesA andB at 3.0 and 5.8 meV that can be attributed to State multiplet?F, of the YB** ion into two doubletsl's
the PN —T; and I'{—T@ ground-state CEF transitions, @hd I'; and a quartel’s. The transition between the two

respectively, see Fig. 12. Upon raising the temperature theoublets is forbidden by the dipole selection rules. In an

intensity of lineB decreases as expected, whereas the inter?—ar"ec; g\lls__sﬁ%eriment the CE't: glﬁ’;c‘rf‘ of the related tcom—
sity of line A increases due to the additional contribution of pound L5L e WEre presented.simrar energy spectra

the excited-state transitioﬁ7—>F§32). The high-lying CEF were observed for the title compound as shown in Fig. 15. In

3) ) the considered energy-transfer range there are three inelastic
statesl’s andT's™ have very small matrix elements for tran- |je5 phyt only lineA at 27 meV exhibits the characteristic

sitions out of the ground state; thus their energies could only, . tactor behavior expected for CEF transitions. It can be
be determined in connection with excited-state transitiong,gsigned to thd's—I's ground-state transition. At higher
(peaksC andD) as shown in Fig. 13. Thus the CEF level omperatures the excited-state transitbp—T, (line B)

scheme could be completely reconstructed. shows up as a tiny shoulder on the high-energy side of peak
A. At T=150K the observed intensity ratil,/1g=10.1
I. Cs,NaTmBryg +0.5 is in excellent agreement with the ratio 10.4 predicted

The cubic CEF splits the 13-fold-degenerate ground-statfom the CEF model.
; 3 + i +
J multiplet Hg of the Tn?" ion as for TH", see Sec. V E. V1. DISCUSSION
As for CsNaTbBr; we observe only one ground-state CEF
transition (peak A) at 5.4 meV(see Fig. 14 which corre- While there have been many direct spectroscopic determi-
sponds to thd ;—TI", transition. Upon raising the tempera- nations of CEF parameters by the INS technique for metallic
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FIG. 15. Medium- and high-energy spectra of neutrons scattered
from CsNaYbBr,. Ex=15meV,Q=2.65 A1,

R3* compounds in the pad} to our knowledge the present
work is the first systematic INS study for insulating systems.
The great advantage of the INS technique compared to me&5 meV for all seven CEF levels. An equally good agree-
surements of bulk properties such as magnetic susceptibilitnent is found for CfNaYbBr;. The optically determined
and heat-capacity measurements is that the measuremesplittings associated with the three lowest CEF levels of
yield directly the energies of the CEF levels and providePr*-doped CsNaYBrg are systematically smaller by 5—
detailed information on the CEF wave functigis) through  10% than the splittings of GNaPrBg reported here. This
the observed transition probabilities; see the cross-sectiopan be attributed to the larger unit cell in the doped material.
formula (5). CEF splittings of rare-earth compounds in insu- However, there is a discrepancy for the highest CEF level
lators can also be determined by optical absorption and IuFs, which is located at 55 meV in our INS study, whereas an
minescence spectroscopy. These usually have the advantageergy of 76.6 meV was derived from the luminescence
of higher resolution and allow the determination of CEFspectrum. For GNaTmBI; the two techniques are comple-
states in excited multiplets. (Due to the copious flux of mentary. Both studies place the first-excited CEF |dvght
epithermal neutrons at pulsed spallation sources INS medhe same energy. INS gives further information on the
surements of intermultiplet transitions have recently becomsecond-excited CEF level, whereas the two highest CEF lev-
possible, see, e.g., Ref. 3lHowever, an interpretation of els have been determined from the luminescence spectrum.
relative intensities requires a much more sophisticated thed-or CsNaTbBr; INS was able to establish the low-energy
retical treatmerit than presented here for INS experiments.part of the CEF level structure, whereas no attempts were
In addition, systems with a center of inversion at the raremade to analyze the observed luminescence spectrum in
earth site such as the elpasolites reported here suffer from thierms of CEF splittings. An erroneous value for the the first-
fact that all opticalf-f transitions are electric-dipole forbid- excited CEF level'g in Yb3"-doped CgNaHoBr; was obvi-
den. Optical absorption and luminescence spectra are domdusly derived from the emission spectra. It is in disagree-
nated by vibronic coupling effects and an unambiguous dement with both the INS and optical value obtained for
termination of the CEF levels is made difficult. Cs,NaYbBrs. We may conclude that optical and INS tech-
Absorption and luminescence spectra of bromo-niques both have their merits for the determination of CEF
elpasolites have been reported for,l8aRBrg (R=Tb, Ho,  splittings in the electronic ground state of lanthanide com-
Tm, Yb) as well as for P¥-doped CsNaYBrg and pounds.
Yb®"-doped CsNaHoB#;.>*° The agreement with our results ~ In the present work we have studied the CEF transitions
is excellent for CsNaHoBI; with a maximum deviation of of the elpasolites GBlaRBrg up to about 200 K. Our experi-
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TABLE Ill. Reduced CEF parameters of the elpasolites TABLE IV. Easy axes of magnetization and saturated magnetic
Cs,NaRBrs. momentsug, in zero magnetic field predicted for the S&RBrg
compounds. The tetragonal axis[G01].
Ayal Aa° Aga’
R (10* meV A) (10" meV A) (10" meV A) R Easy axis of magnetization tsat (1)
Ce 1.20£0.02 Ce 1[001] 0.83
Pr 0.99£0.07 8.4c0.8 Pr 1[001] 0
Nd 1.66+0.05 8.5:0.4 Nd [100] or [010] 2.94
Th 1.9+0.2 12+3 Tb [117] 0
Dy —1.4+0.2 2.6:0.2 15+3 Dy [100] or [010] 2.50
Ho -0.9+0.3 2.4-0.2 13+2 Ho [100] or [010] 0
Er 2.6-0.1 11+1 Er [101] or [01]] 5.06
Tm 2.7+0.4 11+2 Tm [111] 0
Yb 2.9+0.1 12+3 Yb [o01] 1.16

ments reveal practically no temperature dependence of tH@ines then immediately the easy axes of magnetization.
CEF energies, but the CEF transitions exhibit considerabl©nly for R=Ce, Pr, and Yb is the anisotropy of the octahe-

line broadening with increasing temperature, similar to thedral CEF very weak giving rise to essentially isotropgjc
behavior of CEF excitations in metalliR®* systems. The factors. In these cases the magnetic behavior is controlled by

likely origin of the line broadening observed for the bromo- the tetragonal component of the CEF interaction. Based on

elpasolites is the thermal motion of the coordination polyhe{he results obtained fdt=Dy and Ho(see Tables Il and I)I
dra built by the BF ligand ions around theR3* sites, W€ have been able to extrapolate the sign of the tetragonal

. . e 0 L
whereas in metallic systems the renormalization effects areEF parametersB; for the remaining members of the
predominantly due to the conduction electrons. bromo-elpasolite series according to Ef). The magnetic

In order to explore the behavior of the CEF parameters iProperties of the GNaRBrs compounds derived from our

the whole CgNaRBr, series, we try to correlate our results in CEF results are summarized in Table 1V, which lists the
terms of reduced CEF parameters: predicted easy axes of magnetization as well as the saturated

magnetic momentg.e, of the R®* ions in zero magnetic
N1 Bpa"t! field. The values ojus, are, throughout, drastically reduced
Ana' = Mxn (6) below the corresponding free-ion values and are obviously
" zero for all compounds with a singlet CEF ground state. This
wherea is the lattice constar{see Table), (r") the relativ-  information will be useful in forthcoming studies of the long-
istic free-ion radial integral of thefdelectrons;® and x, the  range magnetic order at milli-Kelvin temperatures due to di-
reduced matrix elemeft:*® Equation(6) takes account of polar forces which have already been started for the isostruc-
the lanthanide contraction, so that we expect nttie-order  tural chloro-elpasolite seri€s.
reduced CEF parameter to be constant throughout the rare- Finally, we discuss whether the results obtained for the
earth series as long as the charge distribution arounBthe bromo-elpasolites in the present work can be applied to pre-
sites is not changed. Table Ill lists the reduced CEF paramdict the CEF potential of the isostructural compounds
eters derived for the elpasolites 88RBrs. The hierarchy CsNaRXs; (X=F, Cl). The CEF splitting patterns reported
|A,a%|<A,a%<Aga’ readily reflects the interaction range for the chloro-elpasolité$! are very similar to the corre-
expected for the CEF parameters in ionic systems thagponding bromo-elpasolites presented here, i.e., the CEF
changes from very long range for the second-order to shottansitions are simply shifted to higher energies by 15-30 %
range for the sixth-order CEF parameters. The reduceds expected from the smaller bond length between the rare-
fourth- and sixth-order CEF parameters are found to increasearth and ligand ions. As a result the CEF parameters of the
somewhat by going from the light to the heavy rare-earthCl compound series are enhanced typically by 30%Hgr
ions, similar to CEF results for metallic systeMsThis ef-  which is exactly what is expected by taking into account the
fect has been thoroughly investigated and discussed for thettice contraction[see Eq.(6)], but only by 15% forBg
isostructural chloro-elpasolites in terms of dipolar polariz-whereas 40% are predicted by E§). Obviously, there are
ability and covalency®??which seem to have an increased subtle differences in the charge distribution between the
relative importance for the heavy rare-earth compounds. bromo- and chloro-elpasolites, which predominantly affect
For most CgNaRBrg compounds studied in this work the the sixth-order term of the CEF potential. Nevertheless, the
CEF interaction of octahedral symmetry exerts a strong anfourth-order term is by far dominating the CEF potential,
isotropy on theR3" ions and therefore has an essential in-which means that in spite of the slight discrepancy with the
fluence on the magnetic properties. This effect manifests itsixth-order term the reduced CEF parameters listed in Table
self in the anisotropy of thg factor, which can be calculated 1l may serve as a useful extrapolation scheme for other iso-
from the CEF parameters in a straightforward mar(eey.,  structural elpasolites, at least to an accuracy of about 10%.
by calculating the magnetic moments of tRé* ions in-  The reduced CEF parameters can also be used as a conve-
duced by an external magnetic field applied along differennient interpolation scheme to predict the CEF interaction for
symmetry directions The anisotropy of thg factor deter- those rare-earth elpasolites not included in the present study
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