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A B S T R A C T

The ferroelectric phase III of Rb2ZnCl4 is stable below 𝑇𝑐 = 192 K. It is known to be a threefold superstructure of
the centrosymmetric high-temperature structure, with space group 𝑃 21𝑐𝑛. Below 𝑇𝐿 = 70 K, phase IV exists as
a sixfold superstructure. We report the crystal structure of phase IV with monoclinic symmetry 𝐶𝑐 (b unique),
while a structure model with symmetry 𝑃𝑛 (c unique) leads to an almost equally good, yet significantly
worse fit to the diffraction data. Employing the superspace approach to these commensurately modulated
structures results in modulation waves that follow the two-dimensional irreducible representation 𝑇1 of 𝑃 21𝑐𝑛,
albeit with different order parameter directions defining 𝐶𝑐 and 𝑃𝑛 symmetries, consistent with the literature.
Standard tools of crystal-chemical analysis indicate that the sixfold superstructure is more stable than the
threefold superstructure of phase III. However, crystal-chemical arguments cannot distinguish between the
correct superstructure model with space group 𝐶𝑐 (𝐛 unique) and the incorrect superstructure model with
symmetry 𝑃𝑛 (𝐜 unique) for phase IV. New crystal chemical tools are required, in order to attain a meaningful
understanding of superstructure formation.
1. Introduction

Compounds A2BX4 (A = K, Rb, Cs; B = Zn, Co; X = Cl, Br, I) are
a well studied group of materials, because of their ferroelectric prop-
erties, modulated crystal structures and successive phase transitions.
Most of the compounds within the A2BX4 family possess the 𝛽-K2SO4
structure type at room temperature, which is orthorhombic with space
group 𝑃 𝑚𝑐 𝑛 [1]. At high temperatures they might transform into the
hexagonal 𝛼-K2SO4 structure type [1,2]. Other compounds in the A2BX4
system possess the Sr2GeS4 structure type with the monoclinic space
group 𝑃21∕𝑚. They are often referred to as the 𝛼 phase (not to be
confused with hexagonal 𝛼-K2SO4) [2]. Compounds with the 𝛽-K2SO4
structure type may show complex sequences of structural phase tran-
sitions. One of the well known sequences is followed by Rb2ZnCl4.
Rb2ZnCl4 has 𝛽-K2SO4 structure type above 𝑇𝑖 = 303.0 K [Phase I;
Fig. 1(a)] [3]. Below 𝑇𝑖, an incommensurately modulated structure

∗ Corresponding authors.
E-mail addresses: surya.rohith96@gmail.com (S.R. Kotla), smash@uni-bayreuth.de (S. van Smaalen).

1 Present address; Institut NÉEL, CNRS, Univ. Grenoble Alpes, Grenoble 38000, France.

develops, with temperature-dependent modulation wave vector 𝐪 =
(1/3-𝛿)𝐜∗ (Phase II), where 𝛿 decreases with temperature [4]. In this
phase, orthorhombic symmetry is retained, while the modulation wave
goes from a sinusoidal function close to 𝑇𝑖 to a highly anharmonic
function just above the lock-in transition at 𝑇𝑐 = 192 K [5,6]. At
𝑇𝑐 , 𝛿 jumps to zero, and Rb2ZnCl4 attains a threefold superstructure
with space group 𝑃 21𝑐 𝑛 (Phase III) [4]. Again, orthorhombic symmetry
is retained, but inversion symmetry is lost, such that Phase III is
ferroelectric [7,8]. At 𝑇𝐿 = 75 K, another phase transition involves the
development of an additional, commensurate modulation, thus leading
to a sixfold superstructure (Phase IV) [9]. Several other halides of
A2BX4 (A = K, Rb; B = Zn, Co; X = Cl, Br) follow the same sequence of
phase transitions [10–15].

While the modulated structures and phase transitions at 𝑇𝑖 and 𝑇𝑐
have been extensively studied, the phase transitions at 𝑇𝐿 and the low
temperature crystal structures have received little attention, despite
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Fig. 1. Crystal structure of Rb2ZnCl4 projected along 𝐜. (a) Normal phase (Phase I) with atoms located on the mirror plane. (b) Commensurate phase (Phase III) with modulation
composed of shifts of Rb atoms and rotations of ZnCl4 groups.
their occurrence in several A2BX4 compounds. Phase IV was first discov-
ered in Rb2ZnCl4 through Raman spectroscopy [16] and birefringence
measurements [17]. A doubling of the unit cell was predicted with
respect to the unit cell of phase III [16,17]. Subsequently, mode
analysis and group-theoretical calculations indicated three possible
space groups for phase IV: 𝐶1𝑐1, 𝑃 11𝑛 and 𝑃 1 [18]. X-ray and neutron
scattering studies on Rb2ZnCl4 revealed additional reflections in phase
IV at positions (ℎ + 1∕2, 𝑘 + 1∕2, 𝑙), suggesting a doubling of unit cell
within the (𝐚,𝐛) plane. Notice that all reflection indices are given
with respect to the reciprocal lattice of the basic structure of phase
IV. Apart from thermal expansion and minor distortions at the phase
transitions, the unit cells of the basic structures of phases II, III and IV
are the same as the unit cell of phase I. From the observed reflection
conditions, 𝐶1𝑐1 has been suggested as the space group of the sixfold,
2𝑎 × 2𝑏 × 3𝑐 supercell [19,20]. For phase IV of K2CoCl4 and K2ZnCl4,
the crystal structures have been refined with the same space group
𝐶1𝑐1 of the sixfold supercell [21,22]. For other A2BX4 halides, like
Rb2CoCl4 and Rb2ZnBr4, the same space group 𝐶1𝑐1 was suggested
based on the analysis of reflection conditions, but the crystal structures
have not been determined [23,24]. However, a systematic approach is
still lacking towards an experimental determination of the symmetry of
phase IV, and towards developing an understanding of the mechanism
of the phase transition. No structure solution is available for phase IV
of Rb2ZnCl4.

The 𝛽-K2SO4 structure type is pseudo-hexagonal, with 𝐜 being the
pseudo-hexagonal axis of phase I (𝑃 𝑚𝑐 𝑛 setting). This direction plays an
important role as it is often the direction of the modulation wave [1].
The phase transition towards the incommensurate phase II has been
extensively studied, and empirical relations have been derived for un-
derstanding the I→II phase transition. The modulation in these phases
mostly corresponds to rotations of the anion BX4 tetrahedral groups
about an axis almost parallel to 𝐜 [25]. While the phase transition at 𝑇
2

𝑖

is accompanied by a considerable change in the lattice parameters, the
lattice parameter 𝑐 is usually least affected. It has been established that
the size of cations and BX4

2− anions play a crucial role in determining
the stability of the 𝛽-K2SO4 structure type and the occurrence of phase
transitions [26]. For small values of the ratio 𝑟𝐴∕𝑟𝐵 𝑋 , where 𝑟𝐴 is the
radius of the cation and 𝑟𝐵 𝑋 is the radius of the anion tetrahedral group,
the structure is likely to undergo phase transitions. For too small values,
like in the case of iodides (X = I) [27], compounds A2BX4 assume the
Sr2GeS4 structure type instead of the 𝛽-K2SO4 structure type [23]. On
the other hand, Cesium metal halides Cs2BX4, for which the ratio is
high, follow different phase transition sequences than Rb2ZnCl4 [28].
Another criterion determining a transition into the incommensurate
phase is provided by the bond valence sum (BVS) of the cations, A+,
as well as the bond strength of the shortest A–X bond that is almost
parallel to 𝐜 [2].

Here, we present the results of temperature-dependent single-crystal
X-ray diffraction (SXRD) on Rb2ZnCl4 in the commensurate phase III
and the low-temperature monoclinic phase IV. The space group and
the crystal structure of phase IV are determined within the superspace
approach. A comparison is given of the crystal structures of phases III
and IV, employing established crystal-chemical concepts and criteria
that have previously been applied to the phase transition I→II. These
criteria show phase IV to be more stable than phase III, indeed. How-
ever, they cannot distinguish between the correct crystal structure of
symmetry 𝐶 𝑐 and the incorrect crystal structure of symmetry 𝑃 𝑛, thus
failing to provide a real explanation for the stability of the structure
with 𝐶 𝑐 symmetry.

2. Experimental details



Journal of Solid State Chemistry 345 (2025) 125226S.R. Kotla et al.

s
s

e

A

a
f

i
d

𝑎

t

p

b

S
s
(
b
b

2.1. Synthesis

High-quality single crystals of Rb2ZnCl4 have been grown from
aqueous solution of stoichiometric amounts of highly pure RbCl
(99.95%, Sigma-Aldrich) and ZnCl2 (99.99%, Alfa Aesar) in purified
water taken from a Simplicity UV by Millipore [6,8]. The solvent is
slowly evaporated at 313.15 K until single crystals of appropriate sizes
have been formed. The crystals are transparent and block shaped.
Single crystals of approximately 0.1 mm size have been selected for
the X-ray diffraction experiments.

2.2. Single-crystal X-ray diffraction

Single-crystal X-ray diffraction (SXRD) experiments have been per-
formed at beamline P24 of PETRA-III at DESY, Hamburg, employing
ynchrotron radiation of wavelength 0.5000 Å. A single crystal of
ize 0.14 × 0.12 × 0.14 mm3 has been mounted on a four-circle Huber

diffractometer. Diffraction has been measured by a Pilatus CdTe 1M
detector, while continuous rotating the crystal about the 𝜙 axis with a
speed of 1 deg/s. The diffraction was stored in frames of 0.1◦ wide
in 𝜙. The sample temperature has been controlled by a CRYOCOOL
open-flow helium cryostat, employing helium as cryogas. Datasets of
3640 frames have been collected at selected temperatures, employing
a sample-to-detector distance 𝐷 = 260 mm with different attenuators
and offsets of 0◦ and 25◦ in 2𝜃.

2.3. Data processing

The measured frames have been binned to frames of 𝛥𝜙 = 1◦,
mploying the SNBL toolbox [29]. Bragg reflections have been indexed

and integrated using the EVAL15 software suite [30]. The integrated
intensities have been scaled and corrected for absorption with SAD-

BS [31], using different Laue groups as appropriate. Diffraction data
have been obtained in this way for six different temperatures: 70, 80
nd 90 K for phase III, and 20, 40 and 60 K for phase IV. Structure re-
inements have been performed with JANA2020 [32]. Reciprocal-space

images have been created with CrysAlis𝑃 𝑟𝑜 [33].

3. Results

With reference to the lattice parameters of phase I, the commen-
surately modulated crystal structure of phase III can be considered
as a threefold, 𝑎 × 𝑏 × 3𝑐 superstructure with space group 𝑃 21𝑐 𝑛
(Table 1) [4,7,34]. Strong superlattice reflections are visible along 𝑙
n the reconstructed (ℎ 1 𝑙) reciprocal lattice plane for the 90 K SXRD
ata [Fig. 2(b)]. Fig. 2(b) also shows weak diffuse streaks between

the Bragg reflections along 𝐜∗. These streaks remain present in phase
IV. Therefore, they are not related to the development of the 𝐪2
modulation. Instead, they might be the result of imperfections within
the 𝐪1 modulation wave.

The superspace approach to phase III employs the lattice parameters
, 𝑏 and 𝑐 for the basic structure in combination with the commensurate

modulation wave vector 𝐪 = (1/3) 𝐜∗ and the orthorhombic superspace
group 𝑃 𝑚𝑐 𝑛(00𝛾)𝑠𝑠0 (Table 1). This is the same superspace group as
is valid for the incommensurate phase II. Unlike the incommensurate
case, the phase of the modulation, 𝑡, needs to be specified for the
commensurate structures [36,37]. In the present case it is determined
as 𝑡0 = 1/4. The basic structure comprises six independent atoms: Rb1,
Rb2, Zn, Cl1, Cl2 and Cl3. The commensurately modulated structure
furthermore involves up to third-order harmonic parameters for dis-
placement modulation and for modulation of the atomic displacement
parameters (ADPs). Refinements resulted in an excellent fit to the SXRD
data with 𝑅𝐹 (𝑚 = 0) = 2.92% for main reflections and 𝑅𝐹 (𝑚 =
1) = 1.98% for satellite reflections (Table 1). See Tables S4–S7 in
he Supplemental Information for the values of the atomic coordinates

and modulation amplitudes. The superspace structure model has been
3

t

Table 1
Crystallographic information of Rb2ZnCl4 at 90 K (commensurate phase) and 40 K (LT
hase).
Temperature (K) 90 40

Crystal system Orthorhombic Monoclinic
Superspace group 𝑃 𝑚𝑐 𝑛(00𝛾)𝑠𝑠0 𝑃 𝑐(𝛼0𝛾)𝑠(1∕2𝛽0)0
No. [35] 62.1.9.6 7.2.12.7
𝑎 (Å) 7.22619(8) 7.22614(8)
𝑏 (Å) 12.60031(14) 12.57385(12)
𝑐 (Å) 9.17959(4) 9.16979(9)
Volume (Å3) 835.823(16) 833.171(15)
Wavevector q1 1

3
c* 1

3
c*

Wavevector q2 – 1
2
a* + 1

2
b*

𝑍 4 4
Wavelength (Å) 0.50000 0.50000
Detector distance (mm) 260 260
2𝜃-offset (deg) 0, 27.6 0, 25
𝜒-offset (deg) −60 −60
Rotation per image (deg) 0.1 0.1
(sin(𝜃)∕𝜆)𝑚𝑎𝑥 (Å−1) 0.777011 0.734722
Absorption, 𝜇 (mm−1) 6.140 6.159
T𝑚𝑖𝑛, T𝑚𝑎𝑥 0.4152, 0.5379 0.4584, 0.5297
Criterion of observability 𝐼 > 3𝜎(𝐼) 𝐼 > 3𝜎(𝐼)
No. of reflections measured,
(𝑚 = 0, 0) 3602 3367
(𝑚 = 1, 0) 7483 6840
(𝑚 = 0, 1) – 3527
(𝑚 = 1, 1) – 6937
Unique reflections (obs/all),
(𝑚 = 0, 0) 1123/1326 1497/1810
(𝑚 = 1, 0) 1341/2681 1912/3620
(𝑚 = 0, 1) – 865/2485
(𝑚 = 1, 1) – 1477/4897
𝑅𝑖𝑛𝑡 (𝑚 = 0, 0) (obs/all) 0.0497/0.0498 0.0342/0.0343
𝑅𝑖𝑛𝑡 (𝑚 = 1, 0) (obs/all) 0.0327/0.0368 0.0308/0.0334
𝑅𝑖𝑛𝑡 (𝑚 = 0, 1) (obs/all) – 0.0339/0.0386
𝑅𝑖𝑛𝑡 (𝑚 = 1, 1) (obs/all) – 0.0476/0.0529
No. of parameters 190 569
𝑅𝐹 (𝑚 = 0, 0) (obs) 0.0292 0.0300
𝑅𝐹 (𝑚 = 1, 0) (obs) 0.0198 0.0256
𝑅𝐹 (𝑚 = 0, 1) (obs) – 0.0279
𝑅𝐹 (𝑚 = 1, 1) (obs) – 0.0295
𝑤𝑅𝐹 all (all) 0.0389 0.0425
GoF (obs/all) 1.31/1.02 0.99/0.70

Supercell description

Space group 𝑃21𝑐 𝑛 𝐶1𝑐1
𝑎 (Å) 7.22619(8) 14.45228(16)
𝑏 (Å) 12.60031(14) 25.1477(24)
𝑐 (Å) 27.53877(12) 27.50937(27)
Z 12 48
Unique reflections (obs/all) 2464/4007 5599/10873
𝑅𝐹 (obs) 0.0261 0.0283
𝑤𝑅𝐹 (all) 0.0389 0.0422

transformed into the supercell model (Table 1). See Table S8 in the
Supplemental Information for the values of the atomic coordinates
with respect to the threefold supercell. From the refined modulation
amplitudes it became clear that major part of the modulation are
rotations of the ZnCl4 tetrahedral groups about an axis within the
mirror plane, almost parallel to the 𝐜-axis. In the case of Rb atoms the
modulation is mostly in the direction perpendicular to the mirror plane,
i.e. along 𝐚. The Zn atoms have the smallest modulation amplitudes.
These results are in good agreement with the literature [7,34]. They can
e visualized in a projection of the crystal structure along 𝐜 [Fig. 1(b)].

The low-temperature phase IV is defined by the presence of addi-
tional superlattice reflections below 𝑇𝐿 ≈ 70 K [19]. In the present
XRD data they appear as diffuse signatures at 70 K, while they are
harp Bragg reflections at positions (1∕2)𝐚∗+ (1∕2)𝐛∗ at 60 K and below
Fig. 2). These satellite reflections are visible not only at (ℎ∕2, 𝑘∕2, 𝑙),
ut also at (ℎ∕2, 𝑘∕2, 𝑙 ± 1∕3), where reflection indices refer to the
asic-structure unit cell. Based on the observed reflection conditions in
heir diffraction patterns of Rb ZnCl , several space groups have been
2 4
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Fig. 2. Unwarp images of reciprocal space (a) (ℎ 𝑘 1) and (b) (ℎ 1 𝑙) layers at 90 K. (c) (ℎ 𝑘 1) layer at 40 K; unindexed reflections are satellites. (d) (ℎ 𝑘 1.33) layer at 40 K, where
reflections are indexed in (3 + 2)D space, so that mixed satellites q1+ q2 can be observed.
proposed for the 2𝑎× 2𝑏× 3𝑐 supercell [7,16,20], but none of them has
been confirmed by a structure solution.

The crystal structure of phase IV can be described within the super-
space approach, employing the same basic structure as phase III, but
with two modulation waves instead of one wave,
𝐪1 = 1

3 𝐜
∗

𝐪2 = 1
2 𝐚

∗ + 1
2𝐛

∗ .
(1)

Symmetry analysis revealed that the orthorhombic symmetry of the ba-
sic structure, 𝑃 𝑚𝑐 𝑛, is incompatible with the commensurate modulation
𝐪2. Specifically, the twofold commensurability of 𝐪2 implies the loss
of the 21 screw axes along 𝐚 and 𝐛. As a result, the two-dimensionally
(2D) modulated crystal structure of phase IV can only be described by a
monoclinic or triclinic superspace group. The space group of the sixfold
supercell is monoclinic or triclinic, accordingly.

Nevertheless, no peak splitting nor other signatures of loss of
orthorhombic lattice symmetry are visible in the present SXRD data,
consistent with earlier XRD experiments on Rb2ZnCl4 and related
compounds [19,21–23]. Moreover, structure refinements of the 𝐪1-
modulated crystal structure of symmetry 𝑃 𝑚𝑐 𝑛(00𝛾)𝑠𝑠0 against SXRD
data of phase IV resulted in an excellent fit to the main reflections and
first-order 𝐪1 satellite reflections (model ‘‘only q1’’ in Table 2). These
results imply that the basic structure and the 𝐪1 modulation retain or-
thorhombic symmetry, and symmetry breaking is entirely due to the 𝐪2
modulation. As a consequence, it appeared necessary to introduce the
orthorhombic restrictions of the 𝐪1 modulation as additional, non-
symmetry restrictions into the refinements of monoclinic structure
models for phase IV. A similar situation has been encountered for
Mo2S3, where a monoclinic basic structure is combined with one mod-
ulation wave that preserves monoclinic symmetry, while the second
modulation wave enforces triclinic symmetry [38]. Structure refine-
ments have been performed against the 40 K SXRD data for structure
models according to each of the possible monoclinic superspace groups,
i.e. those monoclinic superspace groups that are based on monoclinic
space groups that are subgroups of 𝑃 𝑚𝑐 𝑛. A total of twelve different
structure models have thus been tested, and their fits to the SXRD data
are compared in Table S1 of the Supplementary Information. The best
fit to the 40 K SXRD data was achieved by a structure model with the
superspace group 𝑃 1𝑐1(𝛼0𝛾)𝑠(1∕2𝛽0)0 and commensurate phases 𝑡0 =
1/4 and 𝑢0 = 1/8. Within the superstructure description, this model
corresponds to a 6-fold, 2𝑎 × 2𝑏 × 3𝑐 supercell with space group 𝐶1𝑐1.
Therefore, we refer to this model as ‘‘model 𝐶 𝑐’’ (Table 2).

A very good, yet significantly worse fit to the 40 K SXRD data was
achieved by a structure model with the superspace group 𝑃 11𝑛(00𝛾)
4

Table 2
Structure refinements against SXRD data at 40 K for three structure models (‘‘only q1,’’
Cc and Pn). ‘‘Only q1’’ has inversion twinning with restricted twin volume fractions
of 0.5. 𝐶 𝑐 and 𝑃 𝑛 models each have four domains defined by the identity, a twofold
rotation about 𝐚, the inversion center, and a mirror perpendicular to 𝐚. Volume fractions
of domains 1 and 3 are equal, and those of domains 2 and 4 are equal to each other
too. The row ‘twin volume fraction’ gives the volume fractions of domains 1 and 2.

Model Only q1 𝐶 𝑐 𝑃 𝑛
Superspace group 𝑃 𝑚𝑐 𝑛(00𝛾)𝑠𝑠0 𝑃 1𝑐1(𝛼0𝛾)𝑠(1∕2𝛽0)0 𝑃 11𝑛(00𝛾)0(𝛼 𝛽0)0
Modulation phases 𝑡0=1/4 𝑡0=1/4, 𝑢0=1/8 𝑡0=1/4, 𝑢0=0
Point group for averaging 𝑚𝑚𝑚 12∕𝑚1 112∕𝑚
Unique reflections (obs/all) 2344/3673 5751/12812 6072/13320
Main (obs/all) 1001/1241 1497/1810 1610/1980
Sat (1,0) (obs/all) 1343/2432 1912/3620 1988/3989
Sat (0,1) (obs/all) – 865/2485 913/2520
Sat (1,1) (obs/all) – 1477/4897 1561/4831
R𝑖𝑛𝑡 (obs/all) % 3.82/3.92 3.41/3.48 3.51/3.61
No. of Parameters 190 569 569
R𝑜𝑏𝑠 % 2.86 2.86 3.13
R𝑜𝑏𝑠(main)% 2.86 3.00 3.25
R𝑜𝑏𝑠(1,0 sat)% 2.85 2.56 2.71
R𝑜𝑏𝑠(0,1 sat)% – 2.79 3.10
R𝑜𝑏𝑠(1,1 sat)% – 2.95 3.52
twin volume fraction 0.5 0.228/0.272 0.247/0.253

0(𝛼 𝛽0)0 and commensurate phases 𝑡0 = 1/4, 𝑢0 = 0. In this case, the 6-
fold, 2𝑎× 2𝑏× 3𝑐 supercell has a space group with the tentative symbol
𝐶11𝑑 [39]. Space group 𝐶11𝑑 is a non-standard, pseudo-orthorhombic
setting of space group 𝑃 𝑛. Therefore, this model is referred to as
‘‘model 𝑃 𝑛’’ (Table 2). It should be noticed that reflection conditions
are fulfilled by the present SXRD data for both the 𝐶 𝑐 and 𝑃 𝑛 models.
The two structure models have also been refined against the SXRD
data averaged in Laue symmetry 𝑚𝑚𝑚. In this case, 𝑃 𝑛 and 𝐶 𝑐 em-
ploy identical data sets. The results still favor model 𝐶 𝑐 (Table S2 in
the Supplemental Material). Furthermore, it has been reported that a
spontaneous dielectric polarization develops along 𝐜 below 𝑇𝐿, which
is incompatible with 𝑃 𝑛 [40]. Therefore, all evidence points towards
model 𝐶 𝑐 as the correct structure model for Phase IV. Characteristic
parameters of the superspace refinement and the 6-fold, 2𝑎 × 2𝑏 × 3𝑐
supercell lattice are presented in Table 1. A total of 569 parameters
are used in the refinement as opposed to 753 parameters for supercell
refinements of K2CoCl4 and K2ZnCl4 [21,22]. The smaller number of
parameters is the result of the superspace approach as opposed to a
supercell refinement.

Both structure models 𝐶 𝑐 and 𝑃 𝑛 for phase IV employ the same
basic-structure parameters and 𝐪1-modulation parameters as have been
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Fig. 3. Supercell of model 𝐶 𝑐 for the low-temperature phase IV at 40 K, projected along 𝐜.
used for phase III. Even the numerical values of these parameters
are similar for phases III and IV (compare Tables S7 and S11 in the
Supplemental Material). In addition to those parameters, modulation
functions have been used for phase IV according to the 𝐪2 and (𝐪1+𝐪2)
harmonic waves. The refined modulation parameters indicate that the
𝐪1 modulation is much larger than the 𝐪2 modulation (Tables S11–S12
in the Supplemental Material). This feature is reflected in the diffraction
pattern, as the 𝐪1 satellites are almost ten times stronger than the
𝐪2 satellites. The mixed, (𝐪1 + 𝐪2) satellites are stronger than the 𝐪2
satellites, but they are weaker than the 𝐪1 satellites. Therefore, the
modulation in phase IV is dominated by the 𝐪1 modulation, while the
𝐪2 modulation is responsible for a relatively small correction (Fig. 3).
5

4. Discussion

Crystal structures in general are rationalized on the basis of several
types of structural parameters, including bond lengths, bond angles,
non-bonded contacts, coordination numbers, the calculated valence
according to the bond-valence method [41] and the distortion index
for tetrahedral groups [42]. Here, we will apply these methods to
different structure models for phase IV: the basic structure, the ‘‘only
q1’’ model and the models 𝐶 𝑐 and 𝑃 𝑛 (Table 2). Furthermore, we
include phase III into the analysis, whereby the ‘‘only q1’’ model for
phase IV employs the same parameters as the modulated structure
of phase III. We will show that the additional modulation of phase
IV leads to a more favorable crystal structure than that of phase III
(than the ‘‘only q1’’ model) by all criteria as discussed in the literature
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[2,21,22,42]. However, none of these criteria can distinguish between
models 𝐶 𝑐 and 𝑃 𝑛. The thermal evolution about 𝑇𝐿 ≈ 70 K will be
valuated by comparing with each other the crystal structures of phase
V at 20, 40 and 60 K, and of phase III at 70, 80 and 90 K (Tables S2
nd S3 in Supplemental Material).

Rb2ZnCl4 exhibits a conventional thermal expansion for the tem-
perature range 20–90 K across the phase transition at 𝑇𝐿 [Fig. 4(a)],
consistent with earlier reports [19]. Exception is the linear expansion
long 𝐚, where 𝑎 attains a minimum value near 𝑇𝐿. This signature of
he phase transition III→IV might be related to the volume of the ZnCl4
etrahedral groups, which starts to increase upon cooling below 𝑇𝐿
Fig. 4(b)].

The periodic phase (Phase I) of the compounds A2BX4 with the 𝛽-
2SO4 structure type has two crystallographically independent A atoms.
pecifically for Rb2ZnCl4, the atom Rb1 is in 11-fold and Rb2 in 9-fold
oordination by Cl [Fig. 1(a)]. Typical for the compounds A2BX4 is that
b1 is underbonded and Rb2 is overbonded [2]. We have analyzed the

present crystal structures by computation of the valences of Rb1 and
b2 according to the Bond Valence Method [41,43,44]. The average
6

a

bond valence sum (BVS) of Rb1 in the basic structure is about 0.81
and the BVS of Rb2 is 1.12 [Fig. 4(c,d)]. For the modulated structure
of phase III as well as for the corresponding model ‘‘only q1’’ for phase
V, the BVS of Rb1 is increased towards 0.88 and higher, while the
VS of overbonded Rb2 is decreased towards 1.10 [Fig. 4(c,d)]. The

partial relieve of the underbonded/overbonded character might be a
driving force towards the development of the 𝐪1-type modulation. The
stability of the 𝐪2-type modulation in phase IV then is explained by the
additional modifications of the BVSs into the direction of valence 1, as
it is the case for both models 𝐶 𝑐 and 𝑃 𝑛. However, the effect on the
BVS of the 𝐪1-type modulation is much larger than that of the 𝐪2-type
modulation, explaining why the latter develops at lower temperatures
than the former.

It was suggested by Fabry and Peréz-Mato [2] that the value of the
VS of underbonded A1 is not a conclusive criterion for rationalizing

the development of the 𝐪1-type modulation. In addition, they consid-
ered the shortest Rb1–Cl contact, which is the Rb1–Cl bond parallel to
𝐜, and which contributes BV1 to the BVS of Rb1. They proposed that
 transition I→II will take place, if the ratio BV1/BVS[Rb1] exceeds
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the value 0.24. Extending this argument to the other phase transitions,
e presently observe that BV1/BVS[Rb1] decreases – i.e. a more stable

structure forms – upon introduction of the 𝐪1-type modulation and
t further decreases with the 𝐪2-type modulation [Fig. 4(e)]. Again,

models 𝐶 𝑐 and 𝑃 𝑛 cannot be distinguished by this criterion.
Major part of the modulation is rotations of the ZnCl4 tetrahedral

groups. The basic structure contains one crystallographically indepen-
ent ZnCl4 group. In phase III and for model ‘‘only q1’’ for phase

IV, the threefold supercell contains three independent groups. The 6-
old supercell together with loss of point symmetry then leads to 12
ndependent ZnCl4 tetrahedral groups in the supercell of models 𝐶 𝑐 and
 𝑛. For the basic structure we already find that the ZnCl4 tetrahedral
roup is distorted, as exemplified by the distortion index [Fig. 4(f)],

and the variation of bond angles within the range 105.9◦–114.7◦. Both
1-type and 𝐪2-type modulations are responsible for an increase of the

distortion [Fig. 4(f)]. Nevertheless, the average bond angle is 109.4◦,
lose to the value of a regular tetrahedron. We have not been able
o determine, whether or not these distortions represent a favorable
tructural feature.

A further attempt has been made to distinguish models 𝐶 𝑐 and 𝑃 𝑛
y key structural characteristics. Specifically, average bond lengths and
heir variances have been computed for the coordinations of each of
he twelve independent Rb1, Rb2 and Zn atoms (Tables S16–S33 in the
upplemental Material). However, models 𝐶 𝑐 and 𝑃 𝑛 again follow the
ame trend. In this respect it should be noticed that the models ‘𝐶 𝑐’ and
𝑃 𝑛’ can be described by exactly the same list of 84 independent atoms
n the supercell. Difference is the long-range order, as it is implied by
he different symmetries. Furthermore, differences exist for the spatial
rrangements of the bonds in their coordination polyhedra. However,
s mentioned above, leading to the same average values and their
ariances.

The phase transition III→ IV involves a doubly degenerate soft mode
t the 𝑇 -point (−1∕2, 1∕2, 0) of the Brillouin zone of the space group
21𝑐 𝑛 of the supercell for phase III [20]. Both 𝐶 𝑐 and 𝑃 𝑛 symmetries

are the result of distortions following the same, two-dimensional ir-
reducible representation (irrep), 𝑇1, of 𝑃 21𝑐 𝑛, consistent with earlier
eports [18]. Employing the ISOTROPY software [45,46] to the present
 𝑐 structure model for phase IV, results in a primary distortion with
rder parameter direction (OPD) (0,a) and amplitude 1.4313 Å. Sec-
ndary modes are 𝛤1 and 𝛤4, which are found to possess negligible
mplitudes. The 𝑃 𝑛 structure maps onto OPD (a,a) with amplitude
.4306 Å. Here, secondary modes are 𝛤1 and 𝛤3, again with negligible
mplitudes. The good fit to the diffraction data of phase IV of both
 𝑐 and 𝑃 𝑛 models is probably the result of the similar distortions in
onjunction with the twinned data.

However, the observations from standard methods of crystal chem-
ical analysis conclude that they are insufficient for explaining the
stability of model 𝐶 𝑐 over model 𝑃 𝑛. Other tools are thus required
or distinguishing different models for the modulated structures of
b2ZnCl4. Calculation of the electronic structures by Density Functional
heory (DFT) might lead to different stabilities of the 𝐶 𝑐 and 𝑃 𝑛
tructure models. However, such calculations are challenging for 84
ndependent atoms in the large supercell, and they are beyond the

scope of the present work.

5. Conclusions

The low-temperature threefold and sixfold superstructures of
b2ZnCl4 have been refined against SXRD data, employing the su-
erspace approach. The crystal structure of the lock-in phase III has
he orthorhombic superspace group 𝑃 𝑚𝑐 𝑛(00𝛾)𝑠𝑠0. The commensurate
odulation with 𝐪1 = (0, 0, 1∕3) corresponds to a threefold 𝑎 × 𝑏 × 3𝑐

upercell with space group 𝑃 21𝑐 𝑛 [4]. The superspace approach to
the second modulation with 𝐪2 = (1∕2, 1∕2, 0) implies a reduction of
ymmetry towards monoclinic. We have found the (3 + 2)-dimensional

superspace group 𝑃 𝑐(𝛼0𝛾)𝑠(1∕2𝛽0)0, which leads to a 2𝑎 × 2𝑏 × 3𝑐
7

supercell with symmetry 𝐶1𝑐1. An almost equally good, yet signifi-
antly worse fit to the diffraction data has been obtained for a model
ith superspace group 𝑃 11𝑛(00𝛾)0(𝛼 𝛽0)0, corresponding to space group
11𝑑 (standard setting 𝑃 𝑛) for the 2𝑎× 2𝑏× 3𝑐 supercell. Evaluation of

everal crystal parameters, like the BVS, demonstrates that the structure
s stabilized by the 𝐪1-type modulation and it is further stabilized by the
dditional 𝐪2-type modulation. None of the crystal-chemical criteria can
istinguish between models 𝐶 𝑐 and 𝑃 𝑛 for Rb2ZnCl4. Other tools are
hus required for a crystal-chemical rationalization of superstructures.
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