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Abstract

High-purity Rb2V3O8 has been grown and temperature-dependent electron and single-crystal X-ray diffraction used to carefully

investigate its fresnoite-type reciprocal lattice. In contrast to other recently investigated representatives of the fresnoite family of

compounds, Rb2V3O8 is not incommensurately modulated with an incommensurate basal plane primary modulation wave vector

given by qB0.3 /110S�. A careful low-temperature electron diffraction study has, however, revealed the existence of weak

incommensurate satellite reflections characterized by the primitive primary modulation wave vector q1B0.16c�. The reciprocal space

positioning of these incommensurate satellite reflections, the overall (3+1)-d superspace group symmetry, as well as the shapes of

the refined displacement ellipsoids determined from single-crystal XRD refinement, are all consistent with their arising from a

distinct type of condensed rigid unit modes (RUMs) of distortion of the Rb2V3O8 parent structure.

r 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The average, or parent, P4bm framework crystal
structure of the mineral fresnoite, Ba2TiSi2O8 (BTS), is
comprised of essentially rigid, corner-connected SiO4

tetrahedra and TiO5 square pyramids arranged in (001)
sheets interspersed by layers of Ba ions [1–3] (see Fig. 1).
Compounds belonging to this fresnoite structure type
include Ba2TiGe2O8 (BTG) [4–6], Sr2TiSi2O8 (STS)
[7,8], Ba2VSi2O8 (BVS) [9–11], K2V3O8 [12,13],
Rb2V3O8 [13], Cs2V3O8 [14] and (NH3)2V3O8 [13].
BTS, BTG, STS and BVS are of interest as a result
of their piezoelectric and pyroelectric properties
[4,5,15–17], while the A2V3O8 family of compounds
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has attracted recent attention due to their novel low-
temperature magnetic properties (associated with the
presence of magnetic V4+ ions in the square pyramidal
sites), as well as their nonlinear optical properties
[13,18,19].
From the structural and crystal chemical point of

view, fresnoites are challenging as a result of their
inherent susceptibility to displacive structural phase
transitions [5,15–18,20–22]. Each of the fresnoites BTS,
BTG, STS and BVS, for example, are now known to
undergo a high-temperature phase transition into either
a (3+1)-d (in the case of BTG) or a (3+2)-d (in the
cases of BTS, STS and BVS) incommensurately
modulated room temperature structure [6–8,11,22].
These incommensurately modulated structures are
characterized by having essentially the same in-plane
primary modulation wave-vector component (qB0.30
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Fig. 2. A scanning electron micrograph of the as-grown plate-like

Rb2V3O8 single crystals.

Fig. 1. The P4bm ideal fresnoite structure with its characteristic layers

of essentially rigid, corner-connected TO4 (T=Si, Ge or V) tetrahedra

(darker shading) and MO5 (M=Ti or V) square pyramids (lighter

shading) interspersed with layers of Ba, Sr or Rb ions (the large balls)

is shown in projection down the [001] direction in (a) and the [100]

direction in (b).
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/110S�
p) and displacement eigenvectors involving rota-

tion of the constituent tetrahedra and square pyramids
around c in combination with appropriate in-plane
translations [6,22].
A plausible crystal chemical explanation for this

observed behavior was suggested by a recent rigid unit
mode (RUM) analysis of the inherent displacive
structural flexibility of the ideal fresnoite framework
structure type [22], which found a zero-frequency RUM
mode involving rotation of the constituent tetrahedra
and square pyramids around c in combination with
appropriate in-plane translations existing, but only for
the very specific in-plane modulation wave vector/s
qB0.30 /110Sp

�. The presence of this particular RUM
mode in each of BTG, BTS, STS and BVS suggests that
it might well be a universal phenomenon and present in
all fresnoite-type compounds. It is therefore important
from the crystal chemical point of view to investigate
whether or not this is indeed the case. The purpose of
the current paper is to present the results of a search for
the presence or otherwise of such condensed RUM
modes in the fresnoite Rb2V3O8.
2. Experimental

High-purity Rb2V3O8 was prepared by the controlled
reduction of V2O5 with RbI, following the route
proposed by Ha-Eierdanz and Müller [23], i.e.

2RbIþ 2V2O5-Rb2V3O8 þ ‘‘VO2’’þ I2:

A 1:1 (molar ratio) mixture of V2O5 and RbI was
sealed in an evacuated quartz glass ampoule and
annealed at 500�C for 2 weeks. The ampoule was placed
in the tube furnace in such a way that the mixed powder
(at one end of the ampoule) was positioned in the hot
zone of the furnace, while the other end was left sticking
out of the furnace. In the latter colder part of the
ampoule, iodine was found to condense, while at the
other hot end tiny Rb2V3O8 single crystals of about
5 mm edge length grew (see Fig. 2). The surplus
vanadium, ‘‘VO2’’ in the above equation, was not
directly detected but was presumed, following Ha-
Eierdanz and Müller [23], to be transported via
sublimation or chemical transport reaction to the colder
end of the tube.
Transmission electron microscope (TEM) analysis

was carried out in a Philips EM 430 TEM on crushed
grains of the tiny Rb2V3O8 crystals dispersed onto holey
carbon-coated copper grids. The low-temperature stu-
dies were carried out on a Gatan liquid nitrogen cold
stage at liquid nitrogen temperature. Only quite limited
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tilt (B710�) was available about one axis and the
microscope and stage used were unsuitable for high
resolution electron microscopy (HREM) imaging.
Differential scanning calorimetry (DSC) was per-

formed using a Thermal Analyst 2100 (TA Instruments
Inc.) in the temperature range from liquid nitrogen up to
40�C. The rate of temperature increase was 5�C/min.
Powders were heat treated at 120�C for 5 h prior to DSC
measurement to remove adsorbed water.
Although the Rb2V3O8 crystals prepared by the

controlled reduction of V2O5 with RbI were suitable
for electron diffraction investigation, larger single
crystals were required for single-crystal X-ray diffrac-
tion study. Rb2V3O8 single crystals were thus also grown
by cooling appropriate amounts of VO2 in a molten
RbVO3 flux in a platinum crucible sealed inside a silica
container [18,24]. The resulting high-quality plate-like
crystals attained an edge length of up to 2mm at a
thickness of some tenths of millimetres and were used
for the low-temperature single-crystal X-ray study after
crushing.
Fig. 3. (a) [001]p and (b) /112Sp (subscript p for parent) zone axis

EDPs of Rb2V3O8. Note the absence of either G7B0.30/110Sp
� or

G7B0:30/110S�
p þ 1

2
c�p satellite reflections.
3. Results and discussion

3.1. Electron diffraction

Given that incommensurate satellite reflections have
previously been observed at the G7B0:30/110S�

p þ
1
2
c�p (G a parent P4bm Bragg reflection, subscript p for
parent) positions of reciprocal space in the cases of
BTG, BTS and BVS, and at both the G7B0.30/110Sp

�

as well as the G7B0:30/110S�
p þ 1

2
c�p positions of

reciprocal space in the case of STS [5–8,11,20,22], it was
considered important to first of all check whether or not
the same incommensurate satellite reflections occur in
the case of RVV. The absence of incommensurate
satellite reflections at either of the G7B0.30/110Sp

� or
G7B0:30/110S�

p þ 1
2
c�p positions of reciprocal space is

clear from the (a) [001]p and (b) /112Sp zone axis
electron diffraction patterns (EDPs) shown in Fig. 3. In
order to check whether or not they might condense out
at a temperature below room temperature, equivalent
low-temperature EDPs were also taken at liquid
nitrogen temperature. Identical EDPs to those shown
in Fig. 3, however, were again obtained, showing that
RVV behaves quite differently from BTG, BTS, STS
and BVS.
What was different about RVV at low temperature,

however, was the presence of weak additional incom-
mensurate satellite reflections, but this time running
along the c�-direction of reciprocal space (see Fig. 4).
That RVV is a (3+1)-d incommensurately modulated
structure at low temperature is apparent from the
/110Sp and /010Sp zone axis EDPs shown in Fig. 4.
(Note that the platey nature of the as-grown RVV
crystals (see Fig. 2) in conjunction with the layered
nature of the fresnoite structure meant that thin crushed
grains were almost invariably aligned with the normal to
the plates running close to the c-direction. Obtaining
good-quality EDPs with c� excited was thus a distinctly
non-trivial task, particularly given the limited tilt
available.) Indexation in Fig. 4a and b is with respect
to the four basis vectors M�={ap

�, bp
�, cp

�, qB0.16[001]p
�}.

Note that only first-order harmonic satellite reflections
are ever observed and that they are the strongest
running along the c�-direction (see Fig. 4b), requiring
that the atomic displacements responsible are also
largely along the c-direction.
The characteristic extinction condition F(h0lm)=0,

unless h is even, and the four-fold related F(0klm)=0
(unless k is even) (see Fig. 4b) require the presence of
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Fig. 4. Typical liquid nitrogen temperature (a) /110S and (b) /010S
zone axis EDPs of the (3+1)-d incommensurately modulated structure

at low temperature. Indexation is with respect to the four basis vectors

M�={ap
�, bp

�, cp
�, qB0.16[001]p

�}.

Fig. 5. DSC trace showing the existence of a well-defined phase

transition just below room temperature.
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the superspace symmetry operations fx1 þ 1
2;�x2 þ

1
2
; x3; x4g and f�x1 þ 1

2
; x2 þ 1

2
; x3; x4g; respectively.

(The minimum possible superspace group symmetry is
thus Pba2(00g)-No. 32.1 in Table 9.8.3.5 of [25]).
Assuming the additional presence of tertiary mirrors
perpendicular to /110Sp, the absence of any condition
at these /110Sp axes (see Fig. 4a) implies the presence
of the superspace symmetry operation fx2 þ 1

2
; x1 þ

1
2; x3; x4g: Taken together, these experimental observa-
tions imply an overall (3+1)-d superspace symmetry of
P4bm(00g) (No. 100.1 in Table 9.8.3.5 of [25]).
Note that this P4bm(00g) superspace group symmetry
severely constrains the form of the possible atomic shifts
responsible. The V4+ ions in the square pyramids, the
oxygen ions capping these square pyramids as well as
the oxygen ions bridging the V2O7 pyrovanadate group,
for example, are each only allowed to shift along c (by a
shift of the same amount within any one layer
perpendicular to c), while all the ions which fall on
one or other tertiary mirror plane (Rb, the V5+ ions in
the tetrahedra and the oxygen ions capping these
tetrahedra) are each forbidden shifts perpendicular to
the local mirror plane they fall on (see Fig. 1).

3.2. DSC

Given that the incommensurate satellite reflections in
Fig. 4 were not present at room temperature, DSC was
performed in the range from liquid nitrogen temperature
up to +40�C with a rate of temperature change of 5�C
per minute to see if a corresponding phase transition
could be found. A well-defined phase transition
was detected just below room temperature as shown in
Fig. 5. This was the only phase transition detected over
the whole temperature range. We therefore ascribe the
phase transition to the condensation, or freezing out, of
the incommensurate satellite reflections.

3.3. Lattice dynamical calculations and predicted RUM

displacement eigenvector

Despite the fact that the particular ‘soft’ RUM mode
[22,26,27] that condenses out in the cases of BTS, BTG,
STS and BVS does not condense out in the case of RVV
(see Fig. 3), it nonetheless should remain true that the
energies associated with deformation of the constituent
tetrahedral and square pyramidal polyhedral units in
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Fig. 6. (a, b) Schematic diagrams illustrating the two zero frequency

RUM modes of distortion which can exist for any particular

modulation wave vector of the ideal fresnoite framework structure.

(a), (c) and (d) show projections along cp, while (b) and (e) show

orthogonal projections. Only two of the four tetrahedra surrounding

each TiO5 square pyramid are shown in (b) for clarity reasons. (c) and

(e) show orthogonal projections of the superspace symmetry allowed

displacive shifts of the framework associated with the incommensurate

modulation (the tetrahedral rotations are emphasized in (c) and the

rigid body shifts of the square pyramids in (e)). The tetrahedra are

understood to be rotating in a clock-wise sense about the basal plane

rotation axes represented by the arrowed line in each case. The sense of

polyhedral rotation is also indicated by the curved arrows. (d) shows

the pattern of symmetry allowed, in-plane Rb ion shifts.
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fresnoites should be rather larger than the energies
associated with RUM-type rotation of these neighbor-
ing polyhedral units about a common vertex atom or the
energies associated with the bonding interactions
between the oxygens of the tetrahedra and the inter-
stitial Rb ions. Consequently, the mode that has frozen
out in the case of RVV should still be a RUM mode of
the ideal fresnoite framework structure.
In the recent lattice dynamical investigation of the

ideal fresnoite framework structure, it was shown that
there exist six zero frequency RUMmodes and two close
to zero frequency quasi-RUM (q-RUM) modes for any
modulation wave vector in addition to the specific RUM
mode that condenses out in the cases of BTS, BTG, STS
and BVS (see Fig. 5 of [22]). By contrast with this latter
RUM mode, the former RUM modes are all associated
with rotations of the constituent tetrahedra and square
pyramids around in-plane (i.e. perpendicular to c)
rotation axes (see Fig. 5 of [22]).
The above-proposed P4bm(00g) superspace group
symmetry for RVV is only compatible with the first
two of these six RUM modes (the first of these doubly
degenerate RUM modes is shown in Fig. 6a and b).
These two particular doubly degenerate RUM modes
each involve tetrahedral rotation around specific (but
different) O–O edges (one of these is shown in Fig. 6a),
combined with rigid body translation of the enclosed
VO5 square pyramid along c (see Fig. 6b). From the
RUM point of view, there exist two such modes for each
wave vector because there exist two polyhedral group-
ings of the type shown in Fig. 6a per parent unit cell
(cf. with Fig. 1). The superspace symmetry operations
fx1 þ 1

2;�x2 þ 1
2; x3; x4g and f�x1 þ 1

2; x2 þ 1
2; x3; x4g

constrain these two polyhedral groupings per parent
unit cell to rotate and translate in phase as shown in
Fig. 6c and e. The resultant tetrahedral rotation axes are
thereby constrained to run through the O1 ions bridging
the pyrovanadate group along the directions shown in
Fig. 6c. Rotations (of the same magnitude) of the VO4

tetrahedra about these rotation axes lead to rigid body
translation of the attached VO5 square pyramids along
the c-direction and buckling of the originally flat oxygen
layers perpendicular to c (cf. Fig. 6e with Fig. 1b). Note
that almost all the atoms of the framework thereby
move predominantly along the c-direction. (This is
consistent with the refined 173K anisotropic displace-
ment parameters for RVV reported below, where U33

for most framework ions is significantly larger than U11

or U22—see Table 1.)
Note that the the P4bm(00g) superspace group

symmetry also allows the Rb ions within any one (001)
layer to move in phase along the c-axis direction as well
as to have an in-plane displacive component (but only
along the directions shown in Fig. 6d). (The RUM
model gives no idea as to the magnitude of these shifts of
the interstitial Rb ions as it focuses solely on the corner-
connected tetrahedral and square pyramidal 2-d poly-
hedral sheets. The fact that the refined Rb anisotropic
displacement ellipsoid (see Table 1 and Fig. 7a) is
relatively strongly peaked orthogonal to the shifts
shown in Fig. 6d suggests that it cannot be responsible
for the observed incommensurate modulation.)
Within any one layer perpendicular to c, the atomic

displacements associated with the proposed condensed
RUMmode are then determined by only one parameter,
the amplitude of the in-plane tetrahedral rotations
about the axes shown in Fig. 6c. The amplitude of this
rotation, R, for any one particular (001) layer can then
formally be written in the form R(lc)=R cos(2pq � lc)
where qB0.16 c� and lc, l an integer, simply labels the
various layers perpendicular to c (see Fig. 1) (Fig. 6e
corresponds to a rotation amplitude R of 7�). The phase
shift of the overall atomic displacement pattern (shown
in Fig. 6c and e) from one (001) layer to the next is
then given by 2pq.c, which for qB0.16c� gives B60�, i.e.
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Table 1

Anisotropic displacement parameters (Å2) obtained from the 173K refinement of X-ray single-crystal diffraction data of Rb2V3O8

Atom U11 U22 U33 U12 U13 U23

Rb 0.0140(2) 0.0140(2) 0.0112(3) �0.0080(2) �0.0005(3) �0.0005(3)
V1 0.0027(4) 0.0027(4) 0.0081(8) 0.00000 0.00000 0.00000

V2 0.0022(3) 0.0022(3) 0.0094(6) 0.0000(4) �0.0007(4) �0.0007(4)
O1 0.006(2) 0.006(2) 0.012(3) �0.001(3) 0.00000 0.00000

O2 0.0088(16) 0.0088(16) 0.012(2) 0.001(2) 0.0002(14) 0.0002(14)

O3 0.0059(16) 0.0048(16) 0.0155(18) 0.0023(14) 0.0026(15) �0.0031(14)
O4 0.014(2) 0.014(2) 0.012(3) 0.00000 0.00000 0.00000

Fig. 7. Unit cell of RVV at 173�K in projection along (a) the c-axis, (b)

the b-axis, and (c) along B[410] with displacement ellipsoids on the

95% probability level and coordination polyhedra superimposed.
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B every three layers or so, the sense of rotation of the
tetrahedral and the shift direction of the VOs square
pyramids reverse sign. Such a RUM displacement
eigenvector is quite compatible with the observed
superspace group symmetry, as well as with the fact
that the incommensurate satellite reflections are stron-
gest along the c-direction (provided the magnitude of
the symmetry allowed in-plane Rb ion displacements
shown in Fig. 6d is small). The magnitude of the
rotations and shifts involved, however, can only be
determined via a full (3+1)-d incommensurate structure
refinement (see, e.g. [6]), although the weakness of the
observed satellite reflections in Fig. 4 suggests that the
overall amplitude must be quite small.

3.4. Single-crystal average structure X-ray refinement

Just such a (3+1)-d incommensurate structure refine-
ment was attempted with a data set acquired at 173K.
Unfortunately, the weak incommensurate satellite re-
flections were not detected. Hence, the data were refined
in 3D focusing on the refined anisotropic displacement
ellipsoids to gain additional insight as to the atomic
displacements responsible for the observed modulation.
These refined anisotropic displacement factors are given
in Table 1, while the refined average structure fractional
co-ordinates are given in Table 2 and the crystal data
collection details in Table 3. (Note that the fractional
co-ordinates given in Table 2 can be transformed
into the setting used in Refs. [10] and [23] via the
transformation �x, �y, 0.65�z).
Inspection of the refined anisotropic displacement

ellipsoids (see Fig. 7) reveals several important details
when considering that these parameters are just another
(less correct, but in the present case the only feasible)
way to assess the atomic displacements associated with
the formation of the modulated structure. From the
condensed RUM model of Fig. 6, one would expect the
anisotropic displacement ellipsoids of the V1, V2, O3
and O4 ions to be strongly peaked along the c-direction,
with that of the O2 ion being rather more isotropic (see
Fig. 7). Experimentally, this is essentially true for the
V1, V2, O2 and O3 ions with the refined displacement
ellipsoids, suggesting that the amplitude of the presumed
rigid body shift of the V1O5 square pyramids along c is
associated with the condensed mode being B0.1 Å. The
displacement ellipsoid for the O4 ion is rather more
isotropic (see Fig. 7b), suggesting the need for additional
thermally excited RUM modes (such as those shown in
Fig. 5c and d of [22]) allowing basal plane motion of the
O4 ion. This would also provide a potential explanation
for the larger refined magnitude of U33 for O3 relative to
that for V1. (It should be borne in mind that a
condensed RUM mode of the type shown in Fig. 6
does not preclude the simultaneous thermal excitation of
the other zero frequency RUMmodes shown in Fig. 5 of
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[22]; indeed the refined anisotropic displacement ellip-
soids provide indirect evidence for their thermal excita-
tion). Likewise, peaked along the c ellipsoid of the O1
Table 2

Refined fractional co-ordinates of Rb2V3O8 at 173K

Atom Wyck. x y z

Rb 4c 0.33050(5) 0.83050(5) 0

V1 2a 0 0 0.5322(4)

V2 4c 0.13351(8) 0.63351(8) 0.5271(3)

O1 2b 0 1/2 0.6450(12)

O2 4c 0.1294(4) 0.6294(4) 0.2323(11)

O3 8d 0.3078(4) 0.5852(4) 0.6360(7)

O4 2a 0 0 0.2423(14)

Table 3

Crystal data and data collection parameters for Rb2V3O8

Crystal data

Chemical formula Rb2V3O8

Formula weight (g/mol) 451.8

Cell setting Tetragonal

Space group P4bm

a (Å) 8.9229(18)

c (Å) 5.5014(11)

V (Å3) 438.01(15)

Formula units 2

Density (g/cm3) 4.6869

Crystal size 0.1� 0.1� 0.05mm3

Crystal colour Black

Data collection

Diffractometer STOE IPDS

Data-acquisition temperature (K) 173

Radiation type MoKa
Wavelength (Å) 0.71073

No. of images 200

j range 0–200�

2y range 3.2–24.1�

m (mm�1) 19.4

Data-collection method Phi rotation scans

Absorption correction Numerical from crystal

shape

Tmin, Tmax 0.098, 0.194

No. of measured reflections 2364

No. of observed reflections 2005

No. of independent reflections 386

Criterion for observed reflections IX3sðIÞ
Rint 0.057

h, k, l, m, n range �10php10

�10pkp9

�6plp6

Refinement

Refinement on F

R-factors of all observed reflections R,

wR

0.019, 0.049

Goodness of fit 1.01

No. of reflections used in refinement 386

No. of parameters used in refinement 37

Weighting scheme 1=ðs2ðFÞ þ 0:0016F2Þ
Residual electron density: max., min.

(e/Å3)

0.61,�0.55
ion suggests thermally excited RUM modes (such as
those shown in Fig. 5e and f of [22]).
Summarizing then, the shape of the refined displace-

ment ellipsoids is, we believe, compatible with the RUM
picture developed above, since rigid-body movements of
the polyhedra are possible within the limits of the
ellipsoids and also the toggling of polyhedra necessary
for the rigid movement along c (cf. Fig. 7b) is indicated
(Fig. 7c). The B70.15 Å shifts of the Rb ions
(perpendicular to the local tertiary mirror plane on
which they lie) implied by the refined Rb displacement
ellipsoid (see Fig. 7a) are clearly significant, but cannot
be associated with the condensed incommensurate
modulation (as a result of the observed superspace
group symmetry) and hence must be thermally excited.
It is possible that these Rb shifts might themselves
condense out upon further cooling below liquid nitrogen
temperature.

3.5. Bond valence sum considerations

In earlier papers [6,8,11], the cause and even extent of
the observed modulation amplitude in BTG, BTS, STS
and BVS has been attributed to the extent of ‘‘under-
bonding’’ of the interstitial cations in the parent P4bm

fresnoite structure. In large amplitude modulated BTG,
for example, the two interstitial Ba ions in the Cmm2
average structure give bond valence sums of 1.700 and
1.816, i.e. they are under-bonded by 15% and 9.2%,
respectively. Similarly, the interstitial Sr ion in the
parent structure of STS, another large amplitude
modulated fresnoite, is under-bonded by 18.9%. By
contrast, the interstitial Ba ion in the fresnoite ‘‘parent’’
structure of BTS is only under-bonded by B1.6% and
has a much smaller modulation amplitude.
In the current case of Rb2V3O8 (see Table 4), the

interstitial Rb ion is, by contrast, over-bonded (by
B9.4%). This provides a clear crystal chemical distinc-
tion between vanadate fresnoites and BTG, STS, BTS
and BVS. Presumably, the initial over-bonding of the
interstitial ions in the case of the vanadate fresnoites is
responsible for suppressing the particular condensed
Table 4

Bond valence sums (or apparent valences, AVs [28]) for the constituent

ions of the refined 173K average structure of Rb2V3O8 (co-ordinates

from Table 2)

Atom label AV

Rb 1.094

V1 4.147

V2 5.115

O1 2.345

O2 2.123

O3 2.077

O4 1.667
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RUM mode observed in the cases of BTG, STS, BTS
and BVS. It does not, however, appear to be primarily
responsible for driving the condensation of the observed
incommensurate modulation.
4. Conclusion

Electron diffraction has shown that the low-tempera-
ture structure of Rb2V3O8 is (3+1)-d incommensurately
modulated with a primary modulation wave vector
given by qB0.16c�. The observed characteristic extinc-
tion conditions imply a P4bm(00g) superspace group
symmetry. A condensed RUM mode involving VO4

tetrahedral rotation around in-plane rotation axes
combined with rigid body c-axis shifts of VO5 square
pyramids is suggested to be responsible. This condensed
RUM mode is quite distinct from the condensed RUM
mode involving polyhedral rotation around c, which
occurs in the cases of BTS, BTG, STS and BVS.
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