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Abstract

The morphological consequences of a displacive
modulation of the [(CH;)4N],ZnCl, crystal structure
are investigated. The morphology can be divided into
a main part, relatively unperturbed by the properties
of the modulation wave, and the so-called satellite
morphology. On the main faces, the surface mor-
phology appears to remain unaffected by the succes-
sive changes of the modulation wave vector with
temperature. Optical goniometry suggests a con-
tinuous orientation change of the satellite faces with
respect to the main morphology upon a change of
the modulation wave vector q. The corresponding
surface morphological changes have been studied by
in situ optical microscopy. The satellite (1012) surface
behaves as a flat F face. The stabilization of certain
step trains by the modulation wave is considered to
be responsible for this F-face behaviour.

1. Introduction

In the study of crystal form attention has gradually
shifted from the crystal bulk structure to an analysis
of .the crystal surface structure. On the one hand
surface reconstruction has been extensively studied
(Weeks & Gilmer, 1979), whereas on the other hand
attention has been focused on the roughening of the
solid-liquid interface (MGnch, 1979). The 3D crystal
structure is still of utmost importance for the crystal
form. In principle, the crystal form allows the determi-
nation of the dimensionless unit-cell constants and,
in fortuitous cases, even of the crystal space group.
In the history of classical morphology the influence
of superstructures on the crystal form has been almost
totally neglected. This may partly be due to the fact
that satellite reflections were interpreted in terms of
a superstructure at a time when classical morphologi-
cal crystallography was already starting to be out of
fashion (Dehlinger, 1927).

In 1980, a four-index approach to the description
of the morphology of the so-called modulated struc-
tures was introduced (Janner, Rasing, Bennema &
van der Linden, 1980). This paper was followed by
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two others, showing the innate connection between
the length and symmetry of periodic structural-
displacement waves and crystal form (Dam & Janner,
1983, 1986). In the one-dimensional modulated case
the modulation wave vector q= aa*+ Bb*+ yc* can
be added as a fourth basic vector to the three
reciprocal basic vectors of the undistorted unit cell:
a* b* c*. Then the crystal faces can be indicated by
the integers (hklm), the indices of the new face nor-
mals k= ha*+ kb*+ Ic* + mq.

The four-index method for describing the mor-
phology of modulated crystals corresponds to the
four indices defining the diffraction pattern of incom-
mensurate crystals, which lead to the superspace
approach introduced for these substances by de Wolff
(1977), Janner & Janssen (1980) and Janner (1983).
The wave vectors k describing the Fourier density
waves of a one-dimensional modulated crystal can
be expressed as integral linear combinations of (3+1)
basic vectors. The same basic vectors of course are
used in our morphological description and the indices
hklm indicate the wave vectors of the Fourier matter
density wavefronts parallel to the crystal-face surface.
Irrespective of the fact of whether the length of q fits
with the basic lattice or not (the commensurate and
the incommensurate cases respectively), crystal faces
of modulated structures can thus be indicated by four
low integers.

The main faces (hkl0) whose orientation is not
affected by the appearance of a structural modulation,
can be distinguished from the satellite faces ( hklm),
m # (. The latter are only present in modulated crystal
phases and change in orientation with respect to
(hkl0) upon any change of q. If q changes con-
tinuously with temperature (as is often the case in
incommensurate phases) a continuous orientational
change of the (hkim) faces is to be expected.

Such continuous behaviour would be clearly in
conflict with present theories on the stability of crystal
faces such as the periodic bond chain (PBC) (Hart-
man, 1973) and connected net analyses (Rijpkema,
Knops, Bennema & van der Eerden, 1982), currently
used to describe the stability of normal main faces.
Even the Bravais concept of the morphological
importance (MI) of lattice planes with a higher
reticular density is completely lost. The question then
arises whether satellite faces should be considered to

© 1987 International Union of Crystallography



B. DAM AND P. BENNEMA 65

be fundamentally different from main faces. Do satel-
lite faces differ from F faces which are defined as
faces with a roughening temperature larger than 0 K,
i.e. with a non-zero edge free energy (see e.g. van der
Eerden, Bennema & Cherepanova, 1978)?

These questions on the nature of satellite faces have
been studied by in situ microscopy. In the first pre-
liminary communication on the surface morphology
of satellite faces (Dam, 1985) we have already
reported the occurrence of growth spirals, etch pits
and so-called hollow cores on the (1012) satellite face
of [(CH;),N1,ZnCl, (here denoted as TMA-ZC) in
its commensurate and incommensurate phases. Thus
it was suggested that in each phase, commensurate
or incommensurate, the edge free energy on this
satellite face is larger than zero. Secondly, at
the commensurate-commensurate phase transition
characterized by an abrupt change of q from 2/5¢*
to 1/3c*, the roughening of the corresponding (1012)
satellite orientation was observed. Although the
bonding nature of the satellite faces is still unclear,
these observations support the idea that they do
indeed behave as stable F-face orientations.

In this article we intend to give an overview of the
morphological consequences of structural modula-
tions for modulated K,SO,-type structures, concen-
trating mainly on TMA-ZC. First we will show that
the position of a satellite face on [(CH,),N},ZnCl,
can be monitored as a function of temperature. The
results suggest a continuous orientational change.
Secondly, surface-morphological features on both
main faces and the (1012) satellite face will be ana-
lysed. A qualitative model for the stability of the
satellite faces will be given. The derivation of laws
governing the appearance of satellite faces may also
be important in deriving a perturbative approach to
the morphology of complicated crystal structures.

2. Structure and crystal form
2.1. Modulated B-K,SO,-type structures

Previously, several satellite faces have been iden-
tified on Rb,ZnBr, (Janner, Rasing, Bennema & van
der Linden, 1980), called RZB here, and TMA-ZC
(Dam & Janner, 1986) single-crystalline spheres,
which had been grown at the temperatures of their
modulated phases.

These modulated structures essentially have the
same basic B-K,SO,-type structure in common.
Superposed on the undistorted structure (spacegroup
Pcmn) is a displacive modulation with a wave vector
q = yc*. This wave vector attains several commensur-
ate and incommensurate values.

In RZB q is incommensurate (y=0-29) for T <
355 K before it locks in to y=1/3 at T=193 K, the
ferroelectric commensurate phase (Pater & van Dijk,
1978).

Table 1. The various phases of [(CH;),N],ZnCl,
between 273 and 303 K ( Tanisaki & Mashiyama, 1980;
Almairac, Ribet, Ribet & Bziouet, 1980)

The wave vector q is taken along the pseudo-hexagonal ¢ axis, the
polarization along the shortest axis b.

The various phases of [(CH;),N],ZnCl,
I

v 1 I I

q=1/3c* q=2/5c* q=0-42¢c* para
T>181K T>276-5K T>2719K T>293K
P112,/n Pc2,n ? Pcmn

In TMA-ZC the sequence is more complicated. Up
to six modulated phases have been identified. Most
important are the first three modulated phases
immediately below the para phase, see Table 1. It has
been shown (Dam & Janner, 1986) that the mor-
phology in all these four phases can be described by
one superspace group Pcmn(1s1) [see de Wolff,
Janssen & Janner (1981) for 4D groups and their
extinction conditions]. This group consistently
describes both the commensurate phases and the
incommensurate phase in one supergroup-group
framework. Even phase IV, though monoclinic, still
has a pseudo-orthorhombic lattice. The deviation of
v from 90° is very small [y=90-1 at T=263K
(Tanisaki & Mashiyama, 1980)] and can be seen as
symmetry breaking, the superspace group requiring
an orthorhombic lattice which is not imposed by any
of the elements of the 3D space group. In particular,
the superspace group mentioned above predicts an
extinction condition (h0lm; m=2n) which is not
required by any of the 3D groups describing the
commensurate superstructures. This extinction condi-
tion was actually found in the TMA-ZC morphology
(Dam & Janner, 1986).

It was also shown that the morphology of TMA-ZC
can be separated into main and satellite parts. The
main part was found to be hardly affected by the
modulation wave in any of the three observed modu-
lated phases (II-1V). In contrast, the temperature
dependence of the orientation and the morphological
importance (MI) of the six identified satellite faces
were in good agreement with the known dependence
of q on T. In general the MI of the satellite faces is
smaller than the MI of main faces. The satellite
orientations manifest themselves as weak but distinct
reflections, usually only observable with an optical
goniometer.

The incommensurate diffraction pattern of TMA-
ZC is characterized by a continuous shift in position
of the satellite diffraction spots with respect to the
main spots as a function of temperature. This reflects
a continuous change in the length of the modulation
wave A, the distance between main and satellite spots
being equivalent to q = yc*.

In the following sections we concentrate on the
orientational behaviour of the strongest satellite face
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(1012). The temperature dependence of the modula-
tion wavelength is found to result in an orientational
shift of the satellite face. In § 3 the corresponding
changes in the surface morphology of both the (1012)
and some main (hkl0) faces will be analysed.

2.2. Morphological determination of y

2.2.1. Experimental procedure. The orientation of
the (1012) satellite face as a function of temperature
has been measured as follows. A large single crystal
of about 2x1x 1 cm was grown in the para phase at
303 K from a supersaturated, slightly acidified solu-
tion. Then a crystal slice, cut approximately along
(1012) and polished with a soft slightly wetted tissue,
was grown for about one day in a thermostatted,
slightly supersaturated solution at temperatures rang-
ing from 298 to 274 K. During growth the initially
polished crystal surface develops into small isles of
satellite faces partly bounded by strong main faces.
The orientation of the satellite face can then be
measured quite accurately with respect to these main
faces by optical goniometry. Only when the slice is
grown at low supersaturation is a sharp reflection
obtained.

This method is more accurate than growing crystal-
line spheres, which on the other hand has the advan-
tage that in principle all crystal orientations get an
equal chance to develop. Using a crystal slice one,
so to speak, encourages a certain direction to develop
and the goniometer reflection of an orientation
parallel to the slice improves accordingly. In prin-
ciple, orientations can be obtained within 10’; in
practice, given the quality of the satellite surface, one
obtains angles within +20’; the reproduciblity also
lies within these limits.

2.2.2. Results. As in our case q = yc*, the relation
between ¢ (the angle between [001] and [h0Im]) and
q is simply given by:

tan ¢ = ha*/(1+ my)c* 1)

Below 298 K the first weak (1012) satellite reflection
was measured. The intensity of the reflection increases
gradually upon lowering the temperature. In Fig. 1
the morphologically obtained values for y are plotted.
The plot is quite comparable with the X-ray and
neutron studies of Almairac, Ribet, Ribet & Bziouet
(1980) and Marion, Almairac, Lefebvre & Ribet
(1981) respectively. Two plateaus of constant y can
be discerned at y=1/3 and y=2/5. Our transition
temperatures and values for y deviate somewhat from
theirs but this is not uncommon for this class of
compounds and is generally ascribed to the effects of
defects and impurities (Mashiyama, Tanisaki &
Hamano, 1982). The transition temperatures, which
are found to lie around 279 and 277 K respectively,
cannot be determined with higher accuracy as the
optical reflection is not sharp at the transition.

The error bars indicated correspond to the
maximum angular spread of +20'. It is clear that the
incommensurate satellite orientation differs sig-
nificantly from that corresponding to y =2/5. In addi-
tion significant orientational shifts can be observed
within the incommensurate y = 2/5 phase, suggesting
a continuous behaviour of the satellite orientation.

The surface orientation was found to resist fast
temperature changes. The equilibrium orientation is
obtained only after a growth time of about 12-24 h.

This extraordinary behaviour of the satellite face
once more stresses that, in addition to the lattice
periodicity, the periodicity of a displacive modulation
also plays an important role in crystal morphology.
Note that the amplitude of such a modulation wave
typically lies in the range 0-1-0-5 A (Hogervorst,
1983).

To gain a deeper insight into what happens struc-
turally at the crystal surface during these phase transi-
tions, we will now turn to the surface morphology of
modulated crystals.

3. Surface morphology
3.1. Experimental procedure

The in situ experiments were performed with an
Olympus Vanox optical reflection microscope using
oblique illumination and conventional optics. The
apparatus has been described before (Jetten, van der
Hoek & van Enckevort, 1983) and follows from
the methods introduced by Tsukamoto (1983),
Tsukamoto & Sungawa (1985) and van Enckevort
(1984).

For the study of the main (hkl0) surfaces, large
as-grown crystals were used. In order to study the
microscopic behaviour of the TMA-ZC (1012) satel-
lite surfaces, crystal plates were again sawn from a
large single crystal grown at 303 K. The slice, roughly
oriented along (1012), was placed in a thermostatted
stagnant solution growth cell (Dam, Polman & van
Enckevort, 1984). Close to the crystal surface the
temperature of the solution was measured with a
plastic-coated thermocouple. The microscope image
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Fig. 1. Morphological determination of the temperature depen-
dence of the TMA-ZC wave vector q= yc*, as measured by
optical goniometry.















B. DAM AND

References

ALMAIRAC, R., RIBET, M., RIBET, J. W. & BZIOUET, M. (1980).
J. Phys. Lett. 41, L315-L318.

CABRERA, N. & LEVINE, M. M. (1956). Philos. Mag. 1, 450-471.

DaAM, B. (1985). Phys. Rev. Lert. 55, 2806-2809.

DAM, B. & JANNER, A. (1983). Z. Kristallogr. 165, 247-254.

DAM, B. & JANNER, A. (1986). Acta Cryst. B42, 69-77.

DaM, B., PoLMAN, E. & VAN ENCKEVORT, W. J. P. (1984). In
Industrial Crystallization 1984, edited by S. J. JANCIC & E. J.
DE JONG, pp. 97-102. Amsterdam: North-Holland.

DAM, B. & VAN ENCKEVORT, W. J. P. (1984). J. Cryst. Growth
69, 306-316.

DEHLINGER, U. (1927). Z. Kristallogr. 6§, 615-623.

EERDEN, J. P. VAN DER, BENNEMA, P. & CHEREPANOVA, T. A.
(1978). Prog. Cryst. Growth Charact. 1, 219-254.

ENCKEVORT, W. J. P. VAN (1984). Prog. Cryst. Growth Charact.
9, 1-49.

ENCKEVORT, W. J. P. VAN & ODEKERKEN, J. (1982). Thesis,
Univ. of Nijmegen.

HARTMAN, P. (1973). In Crystal Growth: An Introduction, edited
by P. HARTMAN, pp. 367-402. Amsterdam: North-Holland.
HOEK, B. VAN DER, VAN DER EERDEN, J. P. & BENNEMA, P.

(1982). J. Cryst. Growth 56, 621-632.

HOEK, B. VAN DER, VAN DER EERDEN, J. P.,, BENNEMA, P. &
SUNAGAWA, 1. (1982). J. Cryst. Growth 58, 365-380.

HOGERVORST, A. C. R. (1983). Conference Proceedings. Int. Conf.
on Phase Transformations in Solids.

JANNER, A. (1983). Symmetries and Properties of Non-Rigid
Molecules: A Comprehensive Survey, edited by J. MARNANI &
J. SERRE. Studies in Physical and Theoretical Chemistry, Vol. 23,
pp- 461-486. Amsterdam: Elsevier.

JANNER, A. & JANSSEN, T. (1980). Acta Cryst. A36, 399-408,
408-415.

Acta Cryst. (1987). B43, 71-75

P. BENNEMA 71

JANNER, A., RASING, TH., BENNEMA, P. & VAN DER LINDEN,
W. H. (1980). Phys. Rev. Lett. 45, 1700-1702.

JETTEN, L. A. M. J,, VAN DER HOEK, B. & VAN ENCKEVORT,
W. J. P. (1983). J. Cryst. Growth, 62, 603-611.

LANDAU, L. D. (1965). In Collected Papers of L. D. Landau, edited
by D. TER HAAR, pp. 540-545. Oxford: Pergamon Press.

McMILLAN, W. L. (1976). Phys. Rev. B, 14, 1496-1502.

MARION, G., ALMAIRAC, R., LEFEBVRE, J. & RIBET, M. (1981).
J. Phys. C, 14, 3177-3185.

MAsHIYAMA, H., HASEBE, K. & TANISAKI, S. (1980). J. Phys.
Soc. Jpn, B49, 92-94.

MaAsHIYAMA, H., TANISAKI, S. & HAMANO, K. (1982). J. Phys.
Soc. Jpn, 51, 2538-2544.

MONCH, W. (1979). Surf. Sci. 86, 672-699.

PATER, C. J. DE & VAN DUK, C. (1978). Phys. Rev. B, 18, 1281-
1293.

RIBET, M. (1983). J. Phys. Lett. 44, 1L963-1.969.

RUJPKEMA, J. J. M., KNOPs, H. F. J.,, BENNEMA, P. & VAN DER
EERDEN, J. P. (1982). J. Cryst. Growth, 61, 295-306.

ROTTMAN, C. & WORTIS, M. (1984). Phys. Rep. 103, 59-79.

SAWADA, S., SHIROISHI, Y., YAMAMOTO, A., TAKASHIGE, M.
& MATsuo, M. (1977). J. Phys. Soc. Jpn, 43, 2099-2100.

ScHuLz, H. J. (1985). J. Phys. 46, 257-269.

TANISAKI, S. & MASHIYAMA, H. (1980). J. Phys. Soc. Jpn Le.
48, 339-340.

TsukAMoTO, K. (1983). J. Cryst. Growth, 61, 199-204.

TsUKAMOTO, K. & SUNAGAWA, 1. (1985). J. Cryst. Growth, 71,
183-190.

WEEKS, J. D. & GILMER, G. H. (1979). In Adyvances in Chemical
Physics, Vol. XL, edited by 1. PRIGOGINE & S. A. RICE,
pp. 157-174.

WOLFF, P. M. DE (1977). Acta Cryst. A33, 493-497.

WOLFF, P. M. DE, JANSSEN, T. & JANNER, A. (1981). Acta Cryst.
A37, 625-636.

Comparative Study of the Crystal Structures of Isotypic MX,.H,0, M = Sr, Ba, and
X =Cl, Br, L. Bifurcated H Bonds in Solid Hydrates

By H. D. Lurz, W. BUCHMEIER AND B. ENGELEN

Laboratorium fiir Anorganische Chemie, Universitdit-GH-Siegen, D-5900 Siegen, Federal Republic of Germany

(Received 10 February 1986; accepted 4 August 1986)

Abstract

SrCl,.H,0: M, =176-54, a=10-881(1), b=
4162 (1), c=8-864(1)A, V=401-4(1)A*, D =
2921 Mgm™>, p=14-16mm~!, F(000)=328, R =
0-025 for 1103 unique reflections; SrBr,.H,0: M, =
265-46, a=11-464 (1), b=4-295(1), c=9-229 (1) A,
V=454-4(1) A, D,=3-880Mgm™>, u=2875
mm~', F(000)=472, R=0-060 for 763 reflec-
tions; Srl,.H,0: M,=359-44, a=12:474(2), b=
4-495(1), ¢=9-741(2) A, v=5462(1) A%, D =
4370 Mgm™>, u=20-62mm™', F(000)=616, R =
0-043 for 966 reflections; BaCl,.H,0: M, =226-26,
a=11-094(1), b=4-500(1), c=9-054(1)A, V=

0108-7681/87/010071-05$01.50

D,=3-324Mgm™>, p£=9-79mm™’,
F(000)=400, R=0-021 for 1231 reflections;
BaBr, .H,0: M,=315-18, a=11643(2), b=
4-604 (1), ¢c=9-438(2) A, V=5059(1)A°, D.=
4-137Mgm >, p=23-34mm™', F(000)=544, R=
0-040 for 1098 reflections; Bal,.H,0: M, =409-16,
a=12-494 (1), b=4-772(1), ¢=10-014(1) A, V=
597-1(1) A°, D,=4-551Mgm™, p=1675mm™",
F(000) =688, R =0-023 for 935 reflections; all ortho-
rhombic, Pnma (Dj3), Z =4, Mo Ka, A =0-71069 A
and T=293 K. The structures consist of distorted
face-sharing MX;(H,0), tricapped trigonal prisms
forming columns and channels along [010]. The dis-
tortion of the water molecules, which form weak,

452:0 (1) A®,
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