
VOLUME 62, NUMBER 2 PHYSICAL REVIEW LETTERS 9 JAXUARV 1989

Direct Observation of Exchange Splittings in Cs3Tb2Br9 by Neutron Spectroscopy
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The inelastic-neutron-scattering technique was used to measure the magnetic excitation spectrum of
Tb'+ dimers in Cs3Tb2Br9. Between 2 and 3 meV four inelastic transitions are observed which exhibit a
diAerent behavior of intensity as a function of momentum transfer. This allows an unambiguous
identification of the four types of dimer excitations and, in turn, a direct determination of both the na-
ture and the magnitude of the exchange interaction: It is isotropic with 4 = —0.0049 meV.

PACS numbers: 71.70,Gm, 75.20.Ck, 75.30.Et

The magnetic properties of compounds containing f
electrons result from an interplay of crystalline electric
field (CEF) with magnetic dipole and exchange interac-
tions. Experimental data are usually interpreted in

terms of an eAective Hamiltonian. In extended systems,
the empirical parameters thus obtained are often hard to
rationalize on a microscopic level due to the cooperative
nature of the magnetic eA'ects. This problem can be
avoided or greatly reduced by the study of discrete clus-
ters of f-electron ions.

Inelastic neutron scattering (INS) has proved to be a
powerful experimental tool for the study of clusters of 3d
transition-metal ions. ' In the present Letter we describe
the application of the INS technique to the much more
complicated case of a 4f-electron dimer system. While
the determination of CEF interactions by INS experi-
ments is well established today, the study of the ex-
change anisotropy in magnetically ordered materials re-
quires a complete measurement of the various branches
of the spin-wave spectrum, as well as a suitable model to
interpret the experimental data. The study of dimers of
4f-electron ions overcomes the difficulties that arise with
cooperative systems, since the underlying few-body
Hamiltonian can be exactly solved. There have been
several studies of trivalent lanthanide dimers in doped
paramagnetic and diamagnetic host lattices, the main ex-
perimental techniques being ESR and magnetic suscepti-
bility measurements. INS provides the most direct
access to the relevant energy splittings and thus a very
straightforward determin. ation of exchange parameters.

CS3TbpBI 9 crystallizes in space group A 3c. The
Tb28r9 dimers consist of two face-sharing TbBr6
octahedra; they have D3 (approximate D3t, ) point sym-
metry, and their threefold axis coincides with the crystal
c axis. We neglect interdimer interactions and write the
spin Hamiltonian of a Tb + dimer as follows:

6 =5'cEF(I )+@cEp(2)+Rex(1,2) .

The first two terms are the usual single-ion Hamiltonians
for a trigonal crystal field. They have been given explic-
itly in Ref. 8. Including anisotropy, the exchange in-
teraction can be expressed as

In order to cover the entire range of exchange parame-
ters cP and dt', we introduce the following parametiza-
tion:

4 is a scaling factor and r is a measure of the relative
magnitudes of cf and 8'. In this notation we have the
Heisenberg model for r = ~1, the Ising model for r=0,
and the XYmodel for r = —0.5.

In an octahedral environment, the CEF ground state
of Tb + is a I ~ followed by a I 4. The trigonal symmetry
C3 (apploxiiilate C3, ) of Tb ill CS3TbpBI9 flllthei
splits the cubic I 4 triplet into a singlet I 2 and a doublet
I 3. In order to understand the low-energy excitations of
CS3Tb2Br9, there is no need to consider any higher-lying
CEF states.

Eigenvalues of Eq. (1) were obtained as described in
Ref. 8; a convenient basis set for this calculation is given
by the functions

~
JiJqJM) with J=J~+J2. The effect

of P„(1,2) on the I ~, I 2, and I 3 CEF states for selected
values of 2 and r is illustrated in Fig. 1. The symmetry
designation of the dimer states is in D3g. Both 8 and 4
are assumed antiferromagnetic in Fig. 1; for ferromag-
netic exchange the dimer states have to be interchanged
as follows: I 2 I 3 and I 5 I 6. With our choice of
basis the dimer wave functions have the general form

(4)

Examination of the wave functions for the relevant di-
mer states shows that the four transitions from the I ~

ground level have diAerent h J and AM characteristics as
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I" IG. 1. Exchange-induced splitting of the lowest-energy CEF states of a Tb + dimer for various values of the exchange parame-
ters 8 and 8' expressed in units of the model parameters 4 and r defined by Eq. (3).

listed in Table I. As elaborated in beefs. 8 and 9, their cross sections for scattering from a polycrystalline sample can be
expI'essed as

—F'(Q) [(l-, [T' ]I., ) ['I,', (Q). (5)
A, PE

T is an irreducible tensor operator of rank one which is related to JI and Jq (II =x,y, z). Q is the modulus of the
scattering vector, F(Q) is the form factor, and IP J (Q) is the so-called interference term, which clearly discriminates
between the four transitions:

o ( )
2

( )gg 2slI1(QR) 2cos(QR)
(QR) ' (QR) ' + I(Q) 2

( )gJ Sill(QR) COS(QR)

(QR) ' (QR) '
Sill (QR ) ( )

QR

~here A denotes the metal-metal distance within the di-
mer. The four diA'erent types of transitions have
diA'erent Q dependences as shown in Fig. 2.

Literature procedures' were used for the synthesis of
the polycI'ystalllne compound Cs3Tb28r9 and its diluted
analog Cs3Y ~ 8Tbo 28r9. X-ray and neutron powder
difI'raction revealed single-phase samples of the expected
structure. The INS experiments were performed on the
time-of-Aight spectrometer IN5 at the high-flux reactor
of the Institut Laue-Langevin in Grenoble. The wave-

length of the incoming neutrons was varied between 4.8
and 8.0 A, and the scattering angles covered the range
from 2 to 134'. The sample was sealed in a platelike
aluminum container of dimensions 45 x40x4 mm and
mounted in a helium cryostat (T~ 1.8 K). The result-

ing time-of-Bight spectra were corrected for transmis-
sion, detector eIIIIciency, resolution eAects, and sample
container scattering according to standard procedures.

Experiments on the isostructural diluted compound
Csq YI STbII 2819 wclc used to dctcllnll1c tllc CEF spllt-
tings of Tb + in this environment. Figure 3 shows the
2-K results at low-energy transfers. Two overlapping
bands centered at 2.48 and 2.59 meV which we interpret
as I I

~ I I alld I I
~ I p tl'allsltlolls (C3, Ilotatloll), I'c-

spectively, are clearly identified. The trigonal CEF split-
ting of the cubic I 4 state is obviously rather small. The
eA'ect of exchange coupling is seen in the 2-K spectrum
of the undiluted sample Cs3Tb2819 also shown ln Flg. 3.
It exhibits two asymmetric peaks around 2.35 and 2.65

TABLE I. Observed and calculated energies (in meV), assignments, and AJ, AM characteris-
tics of the four dimer ground-state transitions.

&obs &calc

I I I;
(Dqq pair notation)

Selection
rules

2.34 ~ 0.02
2.43 + 0.01
2.61+ 0.01
2.70+ 0.01

2.34
2.43
2.61
2.70

I"
l

I2

I i~ I3

~J =+-1,
hJ=+ 1,
aJ =0,
aJ=0,

AM=0
hM=+ 1

AM =0
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FIG. 2. Energy spectra of neutrons scattered from polycrystalline Cs3Tb2Br9. The lines are explained in the text. The top shows
the Q dependence of the intensities of the four ditferent dipole transitions defined by Eq. (5). The lines correspond to the interfer-
ence terms calculated from Eq. (6). The experimental points are the result of a least-squares-fitting procedure described in the text,
with corrections due to the form factor and the transition-matrix element [Eq. (5)l taken into account.
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FIG. 3. Energy spectra of neutrons scattered from polycrys-
talline Cs3Tb2Br9 and Cs2Yl 8Tbp. 2819. The energy of the in-
coming neutrons was 3.55 meV. The curves in the lower spec-
trum are the result of a least-squares-fitting procedure with
Gaussian peak shapes.

meV with different Q dependences. Both peaks are composed of two components, as revealed by the measurements with
increased resolution shown in Fig. 2. The Q dependence of all the four transitions could thus be determined by our
deconvoluting the overlapping bands as follows. The observed energy spectra were fitted with four Lorentzian lines. A
fit with Gaussian-shaped profiles failed to reproduce the pronounced tails and the observed separations of the two

components simultaneously. The net results of the
I I I I least-squares fits are shown as solid curves in the lower

Cs Tb Br part of Fig. 2; the broken lines indicate the background
level and the subdivision into individual transitions. We
attribute the rather large width of line A to interdimer
coupling neglected in our model. As shown in Figs. 2
and 3, both components (A, B) of the 2.35-meV peak
have a Q dependence typical of AJ= ~ I transitions
(I i I 2 and I i I 5 in D3q notation), whereas the
components (C,D) of the 2.65-meV peak show the oppo-
site behavior, characteristic of hJ=0 transitions
(r,-r, and I"i I6). The error bars of the data

I I I ! points on the top of Fig. 2 were obtained from the curve
I I I

fitting procedure and thus correspond to absolute errors.
3 0.2 1.8 9Cs Tb Y Br

Consideration of possible systematic errors in our mea-
T= surements would lead to smaller relative error bars and

I /2- thus a strengthening of our arguments. In addition to
their interference behavior, we used the relative intensi-

~O ties of the four transitions for the assignment. Bands 4
and C are approximately twice as intense as bands B and

2.8 2.7 2.6 2.5 2.4 D, as expected for AM = ~ 1 and h,M =0 transitions, re-
aE ImeV] spectively.

Inspection of Fig. 1 reveals that the observed level or-
dering points to an antiferromagnetic situation with the
crystal-field level I 3 below I 2. Since the levels 4 and B
are separated by the same amount as the levels C and D,
the exchange must be isotropic and the following param-
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eters are obtained:

h, ) =2.47 ~ 0.01 meV,

dp =2.56 ~ 0.01 meV,

cP = —0.0049 ~ 0.0004 meV.

The CEF splittings are very similar to the diluted analog
Cs3Y~ sTbo28r9, in which A~ and A2 directly correspond
to the observed excitations at 2.48 and 2.S9 meV, respec-
tively (Fig. 3).

The order of magnitude of the exchange coupling
found for Cs3Tb28r9 in this study is in good general
agreement with the results obtained for other insulating
rare-earth systems. " In the closely related dimer
compounds Cs3Dy28r9 and Cs3Yb2Br9 exchange interac-
tions lead to a singlet-triplet splitting of the ground state,
which can also be interpreted with an isotropic antiferro-
magnetic Hamiltonian and cP values of —0.041 and
—0.187 meV, respectively. ' In Cs3Ho2Br9, on the other
hand, an isotropic exchange Hamiltonian cannot account
for the observed energy splittings. ' There is, at present,
a complete lack of theoretical understanding even of the
sign of the exchange parameters. " Besides the theoreti-
cal problems, this is certainly connected with the dearth
of reliable experimental data. In the present study we
demonstrate the power of the INS technique applied to
pure dimer compounds in this area of research. The Q
dependence, which clearly discriminates between various
types of transitions, removes a great deal of ambiguity in
the assignment of experimental peaks. We have used a
rather simple eA'ective Hamiltonian, and the nature of
the magnetic coupling in Cs3Tb2Br9 may be more com-
plicated, with contributions from antisym metric and
higher-order exchange. This does not, however, limit the
applicability of the conceptual ideas outlined in the

present Letter. In fact, higher-order exchange terms in
S-state systems have only recently become susceptible to
experimental observation due to the increased instrumen-
tal sophistication of the INS technique. '
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