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The structure of the dimer compounds Cs;R,Br, (R = Tb, Dy, Ho, Er, Yb) has been determined by
powder neutron diffraction at 8 and 295 K. Rietveld refinements within the trigonal space group R3¢
show an anisotropic thermal expansion of the lattice parameters. With increasing temperature the
dimeric units R,Br3” become increasingly isolated and separated in the lattice. The intradimer dis-

tances can be rationalized with simple electrostatic arguments.

Introduction

Compounds of the general composition
Cs3R,Brg (R = Tb, Dy, Ho, Er, Yb) have
only recently become available for physical
investigation. Their synthesis and struc-
tural characterization were reported in (7,
2). They form a very interesting class of
dimer compounds which can be used as
model systems for the study of exchange
interactions. In the course of a systematic
investigation of such interactions by inelas-
tic neutron scattering in the above series of
compounds (3, 4) we found it necessary to
explore their structural properties at 295
and 8 K in some detail.

The title compounds all crystallize in the
trigonal space group R3¢ with Z = 6, in the
so-called Cs;T1,Cly structure (5). The struc-
ture contains the dimeric units R,Br~,
which are built up of two face-sharing
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RBr}™ octahedra as shown in Fig 1. The
same type of dimer is found in the closely
related Cs;Cr,Cly structure, space group
P6;/mmc (6). Both these structure types
can be considered as defect structures of
the hexagonal CsNiF; structure (7), with
only two-thirds of the trivalent sites occu-
pied. This is shown in Fig. 2, and it is seen
that the distribution of vacancies deter-
mines the dimer structure type.

The question of whether the dimeric
R,Br3™ units can be considered as separate
entities in these lattices is very interesting.
The answer depends very much on the
point of view and the experimental prop-
erty under consideration. In the closely re-
lated compound CsiCr;Bre, which was in-
vestigated in great detail by inelastic
neutron scattering, a small interaction be-
tween adjacent dimers was found to domi-
nate the magnetic properties below 2 K (8).
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Fic. 1. The structure of the dimer R,Br3™.

At higher temperatures, however, the be-
havior was typical of a compound contain-
ing isolated CrBr3~ dimers. In the title
compounds both intra- and interdimer ex-
change interactions are an order of magni-
tude smaller, so that any cooperative ef-
fects would be expected at much lower
temperatures. In the present study the evo-
lution of interatomic distances with temper-
ature will be shown to be relevant to the
question of the ‘‘molecular’” nature of the
R,Br{™ units. Powder neutron diffraction
was the method of choice for this study,
because both the preparation of polycrys-
talline samples and their cooling to 8 K are
easily achieved.

Experimental

Polycrystalline samples of Cs:R,Brs (R =
Tb, Dy, Ho, Er, Yb) were investigated at
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F16. 2. Cs;Cr,Cls and Cs3T1,Cls considered as defect
structures of CsNiF;. The (AX;) sheets are piled up in
the sequence ABAB. . ..
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T =8 Kand T = 295 K with use of the
multidetector powder diffractometer DMC
at the reactor Saphir, Wiirenlingen. The
samples were enclosed under He atmo-
sphere into ¢cylindrical vanadium containers
of 50 mm height and diameters of 8 mm (R
= Tb, Ho, Er) and 10 mm (R = Yb). For
the highly neutron-absorbing compound
Cs3Dy,Bry a similar annular container of 10
mm outer diameter and 6 mm inner diame-
ter was used. The incident neutron wave-
lengths A = 1.713 A (R = Ho, Er) and A =
1.708 A (R = Tb, Dy, Yb) were obtained
from a Ge(3,1,1) monochromator. The an-
gular collimations were 10’/~/12" from
monochromator to detecior. The samples
were oscillated by =180° during the mea-
surements to reduce effects caused by pre-
ferred orientation.

The intensities were corrected for ab-
sorption according to the results from
transmission experiments (uR = 0.161,
0.176, 0.261, 0.217 for R = Tb, Ho, Er, Yb,
respectively, and u = 0.217 mm~! for R =
Dy).

Results

Figure 3 shows as an example the diffrac-
tion pattern for Cs;Ho,Brs obtained at 7 = 8
K with a step width A(28) = 0.1°. The dif-
fraction patterns of the other compounds
are very similar; they were analyzed by the
Rietveld profile method using the following
scattering lengths (10712 cm): Cs 0.542, Br
0.679, Tb 0.738, Dy 1.699, Ho $.808, Er
0.803, Yb 1.240 (9). The resulting structural
parameters are listed in Tables I to III. Im-
purity phases were found to contribute less
than 1% (R = Tb, Ho, Er) and less than 5%
(R = Dy, Yb) to the total scattering. Their
relative intensities increase strongly with
increasing scattering length of the rare-
earth ions, so that we only analyzed the
lattice constants of the compounds Cs;,
Dy,Brs and Cs;Yb,Bry. In all the observed
neutron-diffraction patterns we were able
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Fic. 3. Observed (full line) and calculated (dashed line) neutron-diffraction pattern of Cs;Ho,Brs at 8
K for A = 1.713 A. The difference between observed and calculated intensities is shown at the top of
the figure. Peak positions are marked by triangles. Because of an impurity phase contribution the
reflections (3, 1, 2), (1, 3, —2) (20 = 32.47°), and (0, 4, 2) (20 = 35.78°) with calculated intensities of less
than 0.05% of the strongest peak were not included in the fit.

TABLE I

LATTICE CONSTANTS AND MOLAR VOLUMES (V) oF Cs3R,Brg AT 8 AND 295 K
(SPACE GROUP R3¢, Z = 6)

R: Tb Dy Ho Er Yb

T=8K

a &) 13.541(9) 13.489(9) 13.467(9) 13.44009) 13.382(9)

c (A) 19.07 (2) 19.09 (2) 19.09 (2) 19.07 (2) 19.07 (2)

cla 1.408(3) 1.415(3) 1.418(3) 1.419(3) 1.425(3)

Vi (cm?) 304.0 (8) 301.9 (8) 301.0 (8) 299.5 (8) 296.8 (8)
T=295K

a(A) 13.668(9) 13.623(9) 13.603(9) 13.571(9) 13.515(9)

cA) 19.36 (2) 19.36 (2) 19.36 (2) 19.35 (2) 19.33 (2)

cla 1.416(3) 1.421(3) 1.423(3) 1.426(3) 1.430(3)

Vy (em?) 3143 (8) 312.3 (8) 311.4 (8) 309.8 (8) 306.8 (8)
Aa (%)° 0.93(14) 1.00(14) 1.01(14) 0.97(14) 0.99(14)
AC (%) 1.5021) 1.40(21) 1.41Q21) 1.45(21) 1.36(21)
AVy (%) 3.39(54) 3.44(54) 3.46(54) 3.44(54) 3.37(54)

“A =295-8 K.
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TABLE 11

AToMIC COORDINATES AND ISOTROPIC TEMPERA-
TURE Factors oF Cs; RsBry (R = Tb, Ho, Er) AT T = 8
K OBTAINED FROM A RIETVELD ANALYSIS OF NEU-
TRON POWDER DaTA

x y z B (AY)
Cs3Tb,Brg
(18¢) Cs  0.6607(14) 0 0.25 0.6
(120)Tb 0 0 0.6479(6) 0.1
(18¢) Brl 0.15899) 0 0.25 0.6
(36f) Br2 0.1820(6) 0.1747(7) 0.0851(6) 0.6
R., = 0.076, R, = 0.048, Rexp = 0.038
Cs;Ho,Brg
(18¢) Cs  0.6618(14) © 0.25 0.6
(12¢) Ho © 0 0.6490(5) 0.1
(18¢) Br1 0.1578@8) 0 0.25 0.6
(36f) Br2 0.1809(5)  0.1742(8) 0.0849(6) 0.6
R., = 0.071, Ry = 0.037, R.x, = 0.037
CS}EI’zBrg
(18¢) Cs  0.6610(17) 0 0.25 0.6
(12c) Er 0 0 0.6490(6) 0.1
(18¢) Br1  0.1588(11) 0 0.25 0.6
(36f) Br2 0.1791(7)  0.1737(10) 0.0856(7) 0.6
Rup = 0.089, R, = 0.045, Rexp = 0.046

Note. The R values are defined in Ref. (11).

to identify the intense (001) and (200) reflec-
tions of the impurity phase ROBr (tetrago-
nal PbFCl-type structure, space group P4/
nmm, Ref. (I10)). The structural data
obtained for Cs;Tb,Bre have an inherent un-
certainty due to the almost identical scat-
tering lengths of Tb and Br.

The Debye—Waller factors were kept
fixed at the values listed in Tables II and
III; they represent the average of the De-
bye—Waller factors determined for each
sample individually. More precise values
require neutron diffraction experiments
with increased Q-resolution in an extended
26-range. At 295 K the Debye-Waller fac-
tors determined in the present work are in
reasonable agreement with the results ob-
tained for trigonal Cs;In,Cly (space group
R3c) by X-ray diffraction on a single crystal
(12) which gave the following B values (in
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A?):Cs2.3,In 1.5, C11 1.9, C12 2.2. In this
study the thermal parameters of In and C11
turned out to be strongly anisotropic.

The room-temperature lattice constants
a and c are in excellent agreement with the
X-ray data (2). The lanthanide contraction
results in a decrease of the lattice constants
with increasing atomic number, which is
more pronounced for g than for ¢; see Table
I. The thermal expansion is anisotropic.
Upon raising the temperature from 8 to 295
K the lattice constants a and ¢ increase typ-
ically by 1.0 and 1.4%, respectively.

Discussion

The R,Brd~ dimer units are of particular
interest. Table 1V reveals that the distances
to the bridging bromide ions R—Br1 are typ-
ically 0.2 A bigger than the terminal R-Br2

TABLE III

ATOMIC COORDINATES AND ISOTROPIC TEM-
PERATURE FACTORS OF Cs;R,Bro AT T = 295 K OsB-
TAINED FROM A RIETVELD ANALYSIS OF NEUTRON
POWDER DATA

x v z B (AY)
CS;szBI’g
(18¢) Cs  0.6561(20) 0 0.25 2.2
(12¢)Tb 0 0 0.6477(7) 0.4
(18e) Br1  0.1551(13) 0 0.25 2.2
(36f) Br2 0.1798(9)  0.1729(11) 0.0871(6) 2.2
R., = 0.110, Ry = 0.081, Rexp = 0.049
Cs;Ho,Bry
(18¢) Cs  0.6605(18) 0 0.25 2.2
(12c)Ho 0 0 0.6499(5) 0.4
(18e) Br1  0.1557(11) 0 0.25 2.2
(36f) Br2  0.1780(7)  0.1708(10) 0.0869(7) 2.2
Rup = 0.089, R, = 0.062, R.y = 0.051
Cs,Er,Brg
(18e) Cs  0.6593(21) 0 0.25 2.2
(12¢) Er 0 0 0.6497(7) 0.4
(18¢) Br1 0.1558(12) O 0.25 2.2
(36f) Br2 0.1769(9)  0.1706(12) 0.0876(7) 2.2
R., = 0.105, R, = 0.081, Rep = 0.055

Note. The R values are defined in Ref. (11).
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TABLE IV

TEMPERATURE EvOLUTION OF INTERATOMIC Dis-
TANCES r WITHIN THE R,Bri” Susunits (R = Tb,
Ho, Er)

T=8K@A) T=25K(@A) Arr (%)

CS}szBl’g
Tb-Tb(1x) 3.894(19) 3.963(28) +1.8
Tb-Bri(3x) 2.903(11) 2.902(16) 0.0
Tb-Br2(3x) 2.697(9) 2.682(13) -0.6
Brl-Bri1(2x) 3.728(20) 3.673(30) -1.5
Br1-Br2(2x) 3.853(11) 3.853(16) 0.0
-Br2(2x) 3.934(11) 3.931(16) 0.0
Br2-Br2(2x) 4.185(11) 4.178(17) -0.2

Cs3;HoyBry
Ho-Ho(1x) 3.858(17) 3.874(22) +0.4
Ho-Brl(3x) 2.870(10) 2.870(13) 0.0
Ho-Br2(3x) 2.687(8) 2.669(11) -0.7
Bri-Bri(2x) 3.680(19) 3.667(25) -0.4
Br1-Br2(2x) 3.848(11) 3.841(11) -0.2
-Br2(2x) 3.921(10) 3.921(13) 0.0
Br2-Br2(2x) 4.144(11) 4.111(14) -0.8

Cs;EnBry
Er-Er(1x) 3.852(21) 3.881(26) +0.7
Er-Bri(3x) 2.875(13) 2.870(15) -0.1
Er-Br2(3x) 2.662(10) 2.647(12) -0.6
Br1-Brl(2x) 3.697(24) 3.662(29) -0.9
Br1-Br2(2X) 3.837(14) 3.828(15) -0.3
-Br2(2x) 3.896(13) 3.898(15) -0.1
Br2-Br2(2x) 4.108(14) 4.085(17) —0.6

2 &r = r(295 K) — (3 K).
Note. The relative uncertainties are typically one-third of
the standard deviations given in parentheses.

distances. The R-Brl bonds, which are
2.90, 2.87, and 2.87 A at 295 K for the Tb3*,
Ho?**, and Er** compounds, respectively,
are very close to the respective sums of
ionic radii (13): 2.88, 2.85, and 2.84 A. The
R-Br2 bond lengths, on the other hand, are
only 93% of the sum of ionic radii. This can
be rationalized with simple electrostatic ar-
guments as follows. The anions X~ provide
a shielding between the positive charges of
the A* and M3* jons. But within the M,X;
bioctahedra the M3*—M3* repulsion is in-
sufficiently shielded by the three X1~ ions
and, as a consequence, there is a shift of the
M3* ions toward the terminal X2~ ions.
This is in contrast to Cs;M,Cls compounds
in which the M3* ion has 5d or 6d elections
such as M = Mo, W. These are well-docu-
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mented examples of direct metal-metal
bonds in the dimers (15, 16).

A comparison of the temperature depen-
dence of intradimer (Table 1V) and interdi-
mer (Table V) distances in the title com-
pounds is very revealing. Within the R,Br3~
dimers there is a slight overall contraction
between 8 and 295 K. In contrast the short-
est distances between terminal Br~ ions on
neighboring dimers increase by 2.2% (Ho)
and 2.4% (Tb, Er). In addition the mean
distance between the Cs* ion and the 12
Br~ neighbors increases by 1.4% (Tb, Ho,
Er) between 8 and 295 K. This means that
with increasing temperature the R,Brd~
units become increasingly isolated and sep-
arated in the lattice, or, in other words,
their ‘‘molecular’’ character increases. Al-
though the temperature variation of the
above distances is almost within the stan-
dard deviation reflecting absolute errors,
consideration of possible systematic errors
in our measurements would lead to smaller
relative errors and thus a strengthening of
our arguments.

We now proceed to compare some struc-
tural features of hexagonal and trigonal
AsM>Xs-type compounds. Analyzing X-ray
powder data Stranger er al. (16) investi-
gated the effects of changing relative sizes
of A and X in the hexagonal compounds

TABLE V

TEMPERATURE EVOLUTION OF SOME SELECTED
INTERDIMER DISTANCES

T=8K(A) T=295K(A) Ar/re (%)
Mean distance Cs—-Br(12x)
Cs;Tb,Br,  3.886(25) 3.942(32) +1.4
Cs,HoBr,  3.877(21) 3.932(22) +1.4
Cs;Er,Bryg 3.872(16) 3.927(21) +1.4
Terminal Br2-Br2(2 x)
Cs;Tb,Bry 4.047(18) 4.145(25) +2.4
Cs;Ho,Bry 4.030(17) 4.118(14) +2.2
Cs;Er;Bry 4.035(21) 4.130(23) +2.4

aAr = r(295 K) — r(8 K).
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AsMo0,Xs (A = K, Rb, Cs, MeyN; X = (l,
Br). In Cs;Mo,Cls (P63/mmc) the cesium
and chloride ions are similar in size, with
ionic radii 1.88 and 1.81 A, respectively
(13). They form an almost perfect hexago-
nal closed-packed layer. In (MeyN);Mo,Clg
with increased size of the cation relative to
the anion the space group P6;/mmc is main-
tained. Decreasing the cation size relative
to the anion lowers the space group symme-
try from P6;/mmc to P63/m for K;Mo,Cls.
A rotation of the Mo,Cl3~ dimers about the
Mo-Mo axis reduces the K(1)-Ci bond
lengths. The same observations apply to
the bromide series.

In the following we restrict our discus-
sion to A = Cs and X = Cl, Br. Within a
range of similar sizes of cations A and an-
ions X we can investigate the effects of
changing the relative sizes of M and X. The
decisive factor for the occurrence of the
hexagonal (P6s;/mmc) or trigonal (R3c¢)
phase in the Cs3M,Cly and Cs3M,Brs com-
pounds is the ratio of the ionic radii I/
Iy. According to Table VI hexagonal com-
pounds have an [y/Iy ratio smaller than a
critical value of about 0.40. An I,,/Iy value
of 0.50 might be an upper limit for stability
of the trigonal compounds. Attempts to
produce compounds like Cs;Dy,Cly and
Cs3Tb,Cly failed so far.

TABLE VI

In/Ix RATIOS FOR SEVERAL HEXAGONAL AND
TrRIGONAL Cs;M,Clg AND Cs:M,;Bry COMPOUNDS?

Hexagonal (P6,/mmc) Trigonal (R3¢)

Ref. Compounds [Iy/Iy Ref. Compounds Iyl
(14y  Cs;CriBryg 031 (2) Cs3S¢,Clg 0.40
(6) Cs;CryCly 0.34  (12)  Cs3In,Clg 0.44
(14) Cs;MoBrg  0.34  (2) Cs;R1,Brs?  0.44-0.49
(17)  Cs;VoClg 0.35  (2) Cs;R2;Cly" 0.47-0.49
(14) CssMoCls  0.37  (5) Cs3TLClg 0.49
(2) Cs3S¢:Bry 0.37 () Cs3Y,Cly 0.49
(12)  Cs;InyBry 0.40

¢ Tonic crystal radii from Ref. (13).
# Rl = Lu, Yb, Tm, Er, Ho, Dy, Tb, Gd, Sm.
“R2 = Lu, Yb, Tm, Er, Ho.
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TABLE VII

COMPARISON OF INTRADIMERIC DISTANCES IN
RELATIVE UNITS FOR TRIGONAL A3 M, Xy COMPOUNDS
AT 295 K

Cs3ThsBrg*  CssHosBrg?  Cs;EraBrg” Cs;ln3C19"
M-M¢ (1Xx) 1.01 0.99 0.99 1.00
M-X19 (3x) 1.01 1.01 1.10 1.02
M-x2¢ (3x) 0.93 0.93 0.93 0.93
X1-X14 (2x) 0.94 0.93 0.93 0.93
X1-x24 2%) 0.98 0.98 0.98 0.98
2x) 1.00 1.00 0.99 0.99
X2-X27 (2x) 1.07 1.05 1.04 1.03
2 Neutron powder diffraction (this work).
5 X-ray single crystal measurement { {2).
¢ Distances in units of 2Iy (13).
d Distances in units of the sum of the ionic radii (13).
The trigonal compounds Cs3Tb,;Bry,

Cs;Ho,Bry, Cs;Er;Bry, and Cs;In,Cly (12)
exhibit chirality in the sense that the X2
planes are twisted around the M-M axis by
2.0°, 2.0°, 1.8°, and 1.0°, respectively. This
reduces the Cs—~X(2) bond lengths and in-
creases the interdimeric X(2)-X(1) dis-
tances without changing the intradimeric
M-X(1) and M-X (2) bond lengths. For the
hexagonal compounds with space group
P6:/mmc chirality is forbidden by symme-
try.

Intradimer distances for the trigonal
compounds Cs;R,Brs (R = Tb, Ho, Er) and
Cs;In,Cly at 295 K are compared in Table
VII. The M—M distances turn out to be al-
most independent of I, Empirically we
find that the relationships

dym =2 Iy (1)
and
dyxi = Iy + Iy (2)

are valid within 2%. X1-X1 and M-X2 dis-
tances amount to 93% of the sum of the
ionic radii. Equations (1) and (2) suggest
that only the lattice parameter a should be
sensitive to the well-known lanthanide con-
traction, which is nicely substantiated by
the experiments; see Table 1.

No temperature dependence of the R-
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Brl1 distances (Eq. (2)) is observed for the
title compounds. With increasing tempera-
ture the R—-R separation increases and pro-
duces a decrease of the R-Br2, Brl-Brl,
and Br2-Br2 distances (Table 1V).

For the hexagonal compounds Cs;M-Clg
(M = Cr, Mo, W) (15, 16) Eq. (2) is still
valid, whereas the M—M separations are
significantly smaller than expected from
Eq. (1): in units of 2Iy they are 0.87, 0.74,
0.69, respectively. The intradimer dis-
tances M-X2, X1-X1, and X2-X2 are very
sensitive to changes of the M-M separa-
tions.

In Cs3W,Cls and Cs;Mo,Cly, with M-M
separations of 2.50 and 2.66 A, respec-
tively, there are genuine metal-metal
bonds and the compounds are diamagnetic
due to a pairing of all the electrons (16, 14).
In contrast, there is a slight repulsion of the
two M jons in Cs;Cr,Cly as well as the title
compounds. As a consequence they can be
treated as weakly exchange-coupled di-
mers. It is not a priori clear whether the
exchange is due to direct overlap of the
magnetic orbitals on the metal ions or
whether a superexchange pathway through
the bridging halide ions is more efficient.

Temperature-dependent structural infor-
mation for other trigonal CsiR,Xq (X = Cl,
Br) compounds would be highly desirable
for a rigorous check of the empirical laws
derived in the present work as well as an
extension of the above considerations.
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