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The structural phase transitions in the perovskite-type layer-structure compounds
[NH;(CH,);NH;1CdCl, (T, =375 K), [NH;(CH,)4NH;I1MnCl, (T, =382 K), and
[NH;(CH,)sNH;]CdCl, (T, =338 K) have been studied by 35Cl and deuteron quadrupole reso-
nance spectroscopy, birefringence, and dilatation measurements, optical-domain investigations
and group-theoretical considerations. The results show that this transition, which is for all three
compounds of second order, is basically a dynamic order-disorder transition of the alkylenedi-
ammonium chains, each of which can take on four different states (two all-trans states and two
twisted states). The high-temperature phase is characterized by a dynamical disorder of the
chains between the four possible states, the twisted states being less populated because of their
higher potential energy. In the low-temperature phase, well below the phase transition, the
chains are completely ordered in one of the two all-trans states. A strong even-odd effect, con-
cerning the number of carbon atoms in the alkylene chains, has been observed in the tempera-
ture dependence of the static dielectric constant and in the critical exponent 8 of the order
parameter. This is connected with the symmetry of the chains in the all-trans state which is
mm?2 for “‘odd’’ chains and 2/m for “‘even’’ chains. In contrast to the ‘‘even’’ chains the
““‘odd”’ chains can thus carry a permanent electric dipole moment. As a consequence the phase
transition in the two Cd compounds is of antiferrodistortive nature and leads from a paraelectric
phase to an antiferroelectric phase, whereas the Mn compound undergoes a proper ferroelastic
transition, although the microscopic mechanism is the same for both types. It is shown that the
order-disorder transition in these compounds can be described adequately with a microscopic

rigid-lattice model in the mean-field approximation.

I. INTRODUCTION

Structural phase transitions in perovskite-type layer
compounds have gained much interest in the past
five years. Many studies of substances of the formu-
la (C,H;,+1NH;),;MCl, (so called monoammonium
series), .M =Cd,Mn, have been published. They
showed that structural changes in these compounds
are a result of an interplay between a planar system
of corner-sharing Cl octahedra and motions of the
alkylammonium chains located between adjacent oc-
tahedral planes.'~'® For chains with n =4, structural
rearrangement due to conformational changes of the
chains becomes important.'’~2 Structural phase tran-
sitions are also reported for [INH;(CH,) ,NH;1MCl,-
type materials (diammonium series) in which the link
between adjacent octahedral planes is performed by
alkylene chains bearing NH; groups on both ends.”24~%
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Several structure determinations on compounds of
this second class of layer perovskites have been per-
formed: [NH;(CHz)zNH;]MC|4, /W=Cl.l,3l'32
M=Mn,” M =Cd,33 [NHg(CHz);NH;]MCl4,

M =Mn,24'3‘ M =Fe,3“ M =Cd,33'35
[NH;(CH2)4NH3]MC14, M =l\'1l’\,30 IW=Cd,33
[NH;(CH,) ,NH;1MCly, M =Cd,n =5-8.3 All
these materials show essentially the same structure
but in contrast to the monoammonium compounds
the MClg octahedra of adjacent planes are situated on
top of each other and are not shifted by half a lattice
constant. Figure 1 shows the room-temperature
structure P2,/b of [NH3;(CH,)4NH;IMnCl, according
to Ref. 30.

The aim of the present work was the characteriza-
tion of the structural phase transitions in
[NH;(CH,),NH;1MCl, as a function of the number
n of CH, groups in the alkylene chains. For this pur-
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FIG. 1. View of the unit-cell content of
NH;(CH,)4,NH;3;MnCly in the monoclinic low-temperature
phase showing the ordered organic chains and one MnCl,
layer. Hydrogen bonds are shown as light lines (after Ref.
30).

pose we have chosen the three compounds
[NH;(CH,);NH;]CdCl,, [NH3(CH,)sNH;IMnCl,,
and [NH;(CH,)sNH;]1CdCls (henceforth designated
as 2C;Cd, 2C4Mn, 2CsCd), since they all undergo
second-order phase transitions. Unfortunately in
both the Cd series and the Mn series there are
members undergoing strong first-order phase transi-
tions, i.e., [NH3(CH2)3NH3]MHCI4 (Ref. 24) and
[NH;(CH,)4NH;]CdCl, (Refs. 26, 27, and 33).
Since the MClg octahedra have almost the same size
for Mn and Cd, a comparison of the phase transitions
is still reasonable. The compounds with » =2 show
no structural phase transitions at all up to the decom-
position temperature: M =Cd,2 M =Mn, Cu,* i.e.,
the NH;(CH,),NH; groups are ordered for the whole
temperature range of existence of these compounds.
The investigations on [NH;(CH,)3;NH;3;]MnCl,
(Ref. 24) revealed a dynamical disorder of the
alkylene chains between two equivalent orientations
in the orthorhombic high-temperature phase. The
chains are flipping around the long axis about an an-
gle of approximately 70°. In the low-temperature
phase this motion is ‘‘frozen in’’ and the chains are
completely ordered in one of the two orientations.
The same was observed for 2C4Mn,? but in addition
to the two equivalent all-trans states of the chains in
the disordered high-temperature phase, also twisted
states of the chains have been observed by neutron
scattering. For symmetry reasons these twisted states
cannot be distinguished from the all-trans states by
NMR-NQR (nuclear-magnetic-resonance—nuclear-
quadrupole-resonance) measurements. In the com-

pletely ordered low-temperature phase of 2C4Mn no
twisted states of the chains were observed. As we
shall see later on the same situation occurs in 2C;Cd
and 2C;Cd.

Measurements of the static dielectric constant re-
vealed a drastic even-odd effect, i.e., there are con-
siderable drops of € below T, in 2C3;Cd and 2C;Cd,
whereas the dielectric constant is almost not affected
by the phase transition in 2C,;Mn."26 ¢ is the dielec-
tric constant parallel to the layers. It was shown that
a possible permanent dipole moment lying in the
trans planes of the odd alkylene chains parallel to the
layers would lead to a low-temperature structure with
a planewise antiparallel arrangement of moments,
i.e., to an antiferroelectric phase.! Such a permanent
dipole is not possible for a chain with an even
number of carbon atoms since there exists a center of
inversion 1 in the middle of the chain. We shall see
that there are further even-odd effects in these com-
pounds.

In Sec. II group-theoretical aspects of the phase
transitions in 2C3Cd, 2C4Mn, and 2C;Cd are con-
sidered. Section III contains NMR-NQR measure-
ments and measurements of birefringence and dilata-
tion, as well as the characterization of observed
domains. In Sec. IV a microscopic mean-field theory
including all-trans and twisted states of the chains is
given.

II. GROUP-THEORETICAL CONSIDERATIONS

In order to compare the structural phase transitions
in 2C,;Cd, 2C4Mn, and 2C;sCd it is convenient to as-
sign the orthorhombic crystal axes such that the sym-
metry coordinates of the corresponding soft modes
are similar for all three compounds. For 2C4Mn the
axes are defined by the notation Pnmb of the high-
temperature space group D7, (No. 53).3° In this no-
tation a is the axis perpendicular to the l%yers and we
have a =10.690, b =7.218 and ¢ =7.37 A and the
number of formula units in the primitive unit cell is
Z =2. In the low-temperature phase the space group
is P112,/b, C3, (No. 14) with Z =2, a =10.770,
b=17.117, ¢ =7.307 A, and y =92.67°. The soft mode
of the corresponding phase transition transforms ac-
cording to the I'f representation of the point group
mmm.3® The transition temperature is T, =382 K.

The high-temperature space group of 2C;Cd and
2CsCd is D3} (No. 74) with Z =2 and the correct set-
ting of the crystal axes is achieved by the notation
Immb. The low-temperature space group for both
compounds is Pmnb, D}f (No. 62) with Z =4, In
this phaseowe have a =19.007, b =7.239, and
c=7.481 1} for 2C;Cd and a =23.929, b =7.329, and
¢ =17.501 A for 2C;sCd, respectively.>® In contrast to
2C4Mn the a-lattice constant contains two interlayer
distances as a consequence of the odd number of car-
bon atoms in the alkylene chains. The soft mode of
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the phase transition condenses at the X point of the
orthorhombic body-centered Brillouin zone:
q= %('g‘l — g, +8;). It transforms according to the

X4 representation of the point group mmm. The
transition temperature is 7, =375 K for 2C;Cd and
T. =338 K for 2CsCd, respectively.

A tetragonal high-temperature phase as found in
the monoammonium series was not observed in the
diammonium series up to the decomposition tem-
perature, although such a parent phase would be pos-
sible. The space group of this parent phase would be
for all three compounds P4/mmm, D}, (No. 123)
with Z =1. Because of the symmetry of the alkylene
chains this structure would have to be of dynamical
nature, i.e., the chains would perform reorientational
jumps around the fourfold axis between four
equivalent orientations. These four orientations
correspond to potential wells owing to the coupling of
the NH; groups to the M Cl,;-octahedra matrix by
weak N-H—CI bonds (see Fig. 1). The matrix itself
can have a static tetragonal structure. With a soft
mode condensing at the R point (2C3Cd, 2CsCd) of
the tetragonal Brillouin zone or at the M point
(2C4Mn), respectively, one obtains the truly existing
orthorhombic high-temperature phases. The selec-
tion of these soft-mode ¢ vectors is a consequence of
the symmetry of alkylenediammonium chains in the
all-trans conformation which is mm2 for an odd
number of carbon atoms but 2/m for an even
number of carbon atoms. The soft-mode eigenvector
consists, for the octahedral matrix, of a wash-board-
like tilting of the M Clg octahedra around the
orthorhombic b axis (parallel to the layer) (Ref. 30).
The only odd-even effect is that octahedra of adja-
cent layers situated on top of each other are rotated
in the same sense for 2C4;Mn, whereas they are rotat-
ed in the opposite sense for 2C3Cd and 2CsCd.

These rotations have, of course, the full symmetry
I'f of the orthorhombic high-temperature phases.
Considering the alkylenediammonium groups the
structure is still of dynamic nature. The symmetry of
the chains would allow a static structure but the
orientation of the chains in the potential wells is
violating the mirror plane {m,/000}, which is present
in Immb as well as in Pnmb. Thus these space groups
describe the time average of the structures. Due to
the tilting of the octahedra two out of the four poten-
tial wells of a rigid chain become energetically so
much favored that the probability of finding the
chain in the other two wells is practically zero. Thus
the chain dynamics consists essentially of reorienta-
tional jumps between two equilibrium orientations
separated, by an angle of 70°. This was observed by
means of deuteron NMR-NQR measurements (see
next section) and in the case of 2C4Mn also by neu-
tron scattering.’® On lowering the temperature below
T, this disordered structure becomes ordered, i.e.,
the chain motion freezes-in in one of the two poten-

tial wells.

The soft-mode eigenvector, i.e., the relevant linear
combination of the symmetry coordinates corre-
sponding to the representations X, and I'§, respec-
tively, can be obtained by assuming rigid M Clg oc-
tahedra and rigid alkylenediammonium chains in the
all-trans conformation. It consists essentially of rota-
tions of the MClg octahedra around the a axis (layer
normal) as well as of rotations of the time-averaged
trans planes of the chains around the a axis. Above
T, the occupation probabilities n; and n, of the two
potential wells is equal (n,=n, =%), i.e., the time
average of the trans planes coincides with the mirror
plane {m,/000}. Below T, we have n, > n, and the
planes corresponding to the time-averaged orientation
of the chains is inclined by an angle ¢ with respect to
the mirror plane {m,/000} of the high-temperature
phase and thus this symmetry element is lost. As
long as the angle ¢ is small enough, it is directly pro-
portional to the order parameter which can be defined
as m=ny,—n,. As we shall see later on, the angle ¢
can be measured by means of deuteron NMR-NQR.

Up to now we have treated the alkylenediammoni-
um chains as rigid groups. This was justified by the
ordered low-temperature phase where all chains are
in the all-trans conformation. The neutron diffrac-
tion study,’ however, showed the existence of twist-
ed states in the orthorhombic high-temperature phase
of 2C4Mn, i.e., states where the upper part of the
chain has the orientation (1) whereas the lower part
of the chain has the orientation (2). Thus each chain
has four different states, two all-trans states and two
twisted states. The twisted states are energetically
unstable, as the torsion angle around the middle
C—C bond is 52 +10° and therefore near to the
potential-energy maximum. The maximum, howev-
er, is rather low; for the butane chain in the gaseous
state it is 12.3 kI mol™! only, and the energy neces-
sary to adapt the twisted state can well be supplied by
thermal motion in the crystal. A reason for having
four different states of the chains in the high-
temperature phase is the value of the transition en-
tropy which is AS =1.17 R for 2C3Cd, AS =097 R
for 2C4Mn, and AS =1.13 R for 2C;sCd, respective-
ly.” For a two-site rigid-lattice model with indepen-
dent chains one would expect a value AS =R In2
=0.69 R, whereas a four-site model would yield AS
=R In4=1.39 R. In the low-temperature phase the
twisted states are dying out so that well below the
phase transition only all-trans states are left.

III. EXPERIMENTAL
A. Deuteron NMR-NQR measurements

As already mentioned above, alkylenediammonium
chain motions play the most important part in the
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structural phase transitions of perovskite layer com-
pounds. For obtaining more detailed information
concerning these phase transitions deuteron NMR-
NQR measurements in the partially deuterated com-
pounds ND3;(CH,) ,ND3;MCl, were performed. The
crystal was placed in a large homogeneous magnetic
field H, in such a way that H, can be rotated to take
on all directions in the plane parallel to the octahedra
layers. Resonance frequencies of the quadrupole per-
turbed Zeeman interaction of the deuteron nuclear-
spin system were then measured as a function of the
rotation angle. As a result one obtains a so-called ro-
tation pattern from which information about the
orientation of the electric field gradient (efg) tensor
axes at the deuteron site relative to the crystal axes
can be deduced. However, one does not obtain this
information for each individual deuteron site, be-
cause several time-averaging processes are present.

First there is a rapid exchange of deuterons in a
NDj; group by jumpwise rotations about the threefold
molecular axis. Hence, all three deuterons in a group
see the same averaged efg tensor. Its largest princi-
pal axis points along the axis of hindered rotation,
i.e., nearly parallel to the C—N bond terminating the
hydrocarbon chain. The second averaging process is
a flipping motion of the terminating CH,ND; group
of the chains around the a axis (which is perpendicu-
lar to the layers) between two stable orientations.
Depending on the relative orientation of the two ter-
minating CH,ND; groups the chain is either in the
all-trans state which has the lowest energy or it is in a
twisted state. In the low-temperature phase well
below the transition temperature the flipping motion
is frozen in an all-trans state of the chains.*

Owing to these two processes we obtain from our
deuteron rotation pattern directly the time-averaged
directions of C—N bonds projected on to the layer
plane. An example of such rotation pattern is shown
in Fig. 2. Equivalent C—N bonds (or more precisely
their corresponding ND; groups) show up as a pair of
sinusoidal curves symmetrical with respect to the
deuteron Larmor frequency (Avy =0). The angular
positions of maximum frequency splitting correspond
to the situation where H, is parallel to the projection
of the C—N bond on to the layer plane. In the low-
temperature phases, where one of the two possible
orientations is favored, we observe for all compounds
two pairs of curves shifted by an angle 2¢ with
respect to each other.

Owing to the structure of the low-temperature
phase the CH,NH; groups of neighboring cavities
have different orientations so that the time-averaged
projections of the C-N directions on the layer plane
differ by the angle 2¢. Approaching the transition
temperature 7, from below, the angular shift 2¢
gradually decreases until it reaches zero at T =T,.
At T < T, ¢ measures the deviation of the averaged
C—N bond orientation from its angular position at
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FIG. 2. Deuteron NMR-NQR rota_tjon pattern of a single
crystal of ND3(CH,);ND;3CdCl, for Hyta. (Upper part
T=T, lowerpart T <T,..)

T =T, and is therefore directly related to the order
parameter of this order-disorder transition. This rela-
tion is shown in Fig. 3. If we take n, or n, to be the
probability for a N—C bond to have one of the two ¢
possible orientations; the order parameter n can be
defined as m=n; —n,. The averaged orientation of a
C—-N bond is represented by the position Sof a
center of gravity, S =(n, —n,)d and for ¢ we get the
relation

gp=_(n —ﬂz)% =nigdy ,

or
n=1gd/igdy . (1
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FIG. 3. Schematical representation of the relation
between occupation probabilities of the two sites (1) and (2)
and the angle ¢ describing the direction to the center of
gravity of the two sites.
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pounds (n =3,5) very low values for 8 around % are
obtained, whereas in the Mn compound we get a
value in the neighborhood of %— This fact clearly
shows that the transition behavior is strongly influ-

enced by the odd-even effect mentioned above.

B. 35C1 NQR measurements

Pure nuclear quadrupole resonance of **Cl nuclei is
most attractive because the chlorine atoms occupy

FIG. 5. Temperature dependence of the 3°ClI NQR
frequencies of NH;(CH,)3NH;CdCl, (a),
NH3(CH2)5NH3CdCl4 (b), and NH3(CH2)4NH3MHC]4 (C)
and of the corresponding partially deuterated compounds.
The NQR lines of the ‘“bonding’’ chlorine atoms occur at
higher frequencies than the lines of the ‘‘nonbonding’” ones.
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TABLE I. Transition temperatures and critical exponents deduced from the spontaneous change in 1g ¢ < n and 35CI NQR.

Chilorine
Compound T, (K) B site M /B
Bonding 0.47 3.9
NH,(CH,) ;NH,CdCl, 375 0.12)
Nonbonding
b 0.46 3.8
ND;(CH,);ND,CdCl, 370 0.12
n
b
NH;(CH,) ,NH;MnCl, 382 0.3)
n 1.23 “.1)
b
ND;(CH,) ,ND3;MnCl, 377 0.3
n 1.15 3.8
b
NH,(CH,) sNH,CdCl, 340 0.16)
n 0.7 (4.4)
b
ND;(CH,)sND;CdCl, 333 0.16
n 0.54 34

special sites in the octahedral matrix of the crystal.
We can distinguish ‘‘bonding’’ chlorine sites due to
corner sharing of MClg octahedra and ‘‘nonbonding”’
sites above and below the metal ion plane. These
two sites have different NQR frequencies vy and can
therefore be studied individually. Measurements of
the temperature dependence of vy have been per-
formed in normal as well as in partially deuterated Cd
and Mn compounds [Figs. 5(a),5(b),5(c)]. All fre-
quencies are shifted to higher values in the partially
deuterated compounds, the shift being more pro-
nounced for ‘“‘nonbonding’’ chlorine sites. By partial
deuteration the transition temperature is lowered by
approximately 6 K. As can be seen from Figs.
5(a),5(b),5(c) the NQR frequencies show a linear
temperature dependence above 7,. Decreasing the
temperature below T, causes v¢ to deviate continu-
ously from the linear regime, thus displaying the
second-order character of the transition. Remarkable
is that the ‘‘bonding’’ chlorine site in the Mn com-
pound seems to be unaffected by the transition. If
we extrapolate the linear behavior of vy to tempera-
tures below T, and subtract it from the effective
values of vy, we get the temperature dependence of
the spontaneous frequency shift Avy for T < T.. For
temperatures not too far from 7, we introduce a criti-

cal exponent u for Avy by assuming, that

_ I3
Avg = [ TCT T] . @

c

Values for . are then obtained by direct fitting of
this expression to the measured values for Avy. The
relation between Avy and the order parameter 7 is
simply given by

AVQo:n"/p . A3)

Values for the various exponents are summarized in
Table 1.

C. Domains at room temperature

For the room-temperature phase let us define: the
a axis is perpendicular to the perovskite-like layers,
and b < c. Platelets cut perpendicularly to the a axis
are usually twinned, with domain walls having the
orientations (011) or (011) when indexed with
respect to the orthorhombic phase. Observations in
polarized light show that in the neighboring domains
the b and c axes are interchanged (‘‘subtracting posi-
tions’’ differ by nearly 90°). Platelets perpendicular
to the b or c axis reveal the same types of domain
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walls. These facts together with the analogy to other
layered perovskite structures allow one to conclude
that the room-temperature phase may be considered
to have resulted from a hypothetical parent phase
with the point symmetry 4/mmm, by a shear distor-
tion *u,, (indexed in the tetragonal phase, i.e., .with
the z axis perpendicular to the layers).

In addition to the walls penetrating the whole
volume of the sample, wedge-shaped domains can
often be observed in the latter platelets. They are 2
to 15 wm thick at the edge of the sample, with dimin-
ishing thickness towards the opposite edge. Their
presence causes a continuous change of the phase
difference when traversing the sample in the direc-
tion or sudden jumps of the phase difference in the
perpendicular direction.

The phase change 4/mmm to mmm is a ferroelastic
transition and indeed switching may be induced by a
uniaxial pressure applied perpendicularly to a. As ex-
pected, the mobility of wedge domains is higher than
that of individual domain walls.

D. Refractive indices and birefringence
at room temperature

e The complete set of refractive indices at 7 =300 K
and A =547 nm measured with the minimum-
deviation method are

n,=1(1.643 £0.001), n.=(1.669 +0.001) ,
ny =(1.679 £0.002)

for 2C3Cd and
n, =(1.579 £0.002), n.=(1.601+0.001) ,
n,=1(1.611 +£0.001)

for 2CsCd. (n. for 2C3Cd and n, for 2CsCd are cal-

culated by using the birefringence data.) Since

n, > n. > n, the optical axes lie in the (ab) plane.

At switching, the plane of optical axes rotates by 90°.
The dispersion of the refractive indices can be

described by a single-term Sellmeier equation

SN}

2 ——
BT

nt—

where A is the wavelength. Oscillator position A; and
oscillator strength S; are given in Table II.

The birefringence has been measured by using an
Ehringhaus compensator. For 2C3;Cd at 300 K and
for A=2547 nm we have found

Agn=ny—n.=+(943 £1) x107* ,
Acn=n,—n,=+(374.8 £5) x 1074,
Apn =n,—n, =+(283.5 +£5) x10™* .

Larger errors for Ay,n and A n result from the uncer-

TABLE II. Sellmeier oscillator parameters derived from
dispersion of refractive indices.

Material S, (102 m™2) A; (nm)
g 112 120
2C,Cd
n, 96.6 132
n, 93.3 126
2C,Cd
ny 89.5 130

tainty whether all wedge-shaped domains have been
removed.
For 2CsCd under the same conditions:

Agn=(94.1+1) x107* |,
[Acn|=(315.0 +£3) x10™* .

E. Phase transition in 2CsCd around 413 K

When the 2CsCd samples are heated up an addi-
tional phase transition occurs with a change of the
point symmetry, as witnessed by a drastic rearrange-
ment of the domain structure: the transition tem-
perature is (413 +2) K where the 2-K limit indicates
the scatter of transition temperatures for a number of
samples and heating runs. On cooling, the symmetry
returns to orthorhombic with a several-degrees hys-
teresis. This hysteresis proves the transition to be of
1st order. During the transition, the phase front is
clearly visible under the microscope, its orientation
being close to (001) for platelets parallel to a and
(011) for platelets perpendicular to a.

Domain patterns in the upper phase are mostly
very dense and complicated. In the rather scarce re-
gions with larger domains one may identify extinction
directions and domain-wall orientations. There exist
regions with the original symmetrical extinctions as
well as regions where the extinction directions are ro-
tated by about +24°. In the latter ones, observation
in white light shows dispersion of the indicatrix axes.
In addition to the original walls (100) and (010), in-
dexed with respect to the hypothetical parent phase
4/mmm, new boundaries (001) appear as well as such
whose trace with the major surface of a plate parallel
to ¢ make an angle of about +20° with the trace of a
(001) boundary.

These and other detailed observations may all be
explained by assuming the new high-temperature
phase to be monoclinic. In analogy with other lay-
ered perovskite structures, the symmetry 2/m appears
as most probable. Thus the observed domain struc-
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TABLE III. Permissible domain walls in the monoclinic
phase of 2CsCd (indexing with respect to the hypothetical
tetragonal symmetry).

A 1109y, (11if) (110), 119 (001), (010)
B (10), (11/) 110, aip
c  (001), (100) -

ture may be treated as resulting from a hypothetical
transition 4/mmm -2/m where the twofold axis of the
existing phase is perpendicular to the fourfold axis of
the hypothetical phase and the mirror plane of the
2/m phase has tetragonal indices (110) or (110).
This transition generates four macroscopically distin-
guishable domains. We may describe one of them,
denoted by A, by spontaneous deformations
Uyx, Uy, Uy, Uy, SO that A4 is invariant with respect to the
subgroup 2,/m, of the group 4/mmm. Then the
remaining domains may be characterized by the fol-
lowing twinning operations: B - --2,, C - - - 25,

D ---2,. Table III gives the orientations of permis-
sible walls (all tetragonal indexing) (Refs. 38 and 39).
The index f determining the orientation of some

walls depends on the numerical value of the shear
deformation and may be temperature dependent. In
the orthorhombic phase the shear strains u,,,u,, van-
ish, /=0, and domains 4 and B as well as domains
C and D become identical. In 2C;Cd a similar transi-
tion is not observed up to 488 K.

F. Temperature dependence of the refractive
indices and the birefringence

The temperature dependence of refractive indices
n, and n. of 2C;Cd and n,,n, of 2CsCd have been
measured using the minimum-deviation method.

The results of these measurements are plotted in
Figs. 6 and 7. In the high-temperature phase of both
compounds there is a linear temperature dependence
for all the measured refractive indices. For 2C;Cd
the phase-transition-induced refractive index contri-
buting to n, and n. is negative, whereas in 2Cs;Cd

this contribution is positive. Above the reconstruc-
tive phase transition in 2CsCd (7, =413 K) the refrac-
tive indices n, and n, both decrease with increasing
temperature.

Temperature dependence of the path difference has
been measured for mutually perpendicular cuts of
2C,Cd by the Ehringhaus method. Figure 8 shows
temperature dependences of normalized path differ-
ences I',/lp and T',/ly, where Ty =A,nl, Ty =A,nl, |
denoting the plate thickness whose room-temperature

TTTTTT T T I T T T T T T 111
n
1670 -
1665 | Ne .
1660 2C3Cd -

A=546nm

1655 - -
1650 -
1645 - Ng -
1640 il eea b trrr it

300 350 400 T (K)

FIG. 6. Temperature dependence of refractive indices ng
and n, for 2C;Cd.

value is /p. Thus at room temperature I', =A,n,
Fb = A[, n.

The optical indicatrix suffers no rotation at the
phase transition from Pmnb to Immb. Nevertheless,
the transition manifests itself clearly in the I', vs T
curves by a sudden change of dT';/dT occurring at

T TTT T T T T T TTTTT

n
1610

T

1605

1600

1.595

[

1590 .

,,c\_

1.580 - N

1.585

1576 pr bttty
' 300 350 400 T(K)

FIG. 7. Temperature dependence of refractive indices n,
and n, for 2CsCd.
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FIG. 8. Temperature dependence of the normalized path
differences I',/ly and I',/l, for 2C;Cd.

T.=(375.3+0.3) K.

These data show the transition to be continuous.
In the interference fringes, a jump of I', should be
clearly visible at the phase front if it were first order.
It can be estimated that if such a jump exists it must
be smaller than 1% of the §,I', value at T, —70 K,
where 8,I", is the change of the path difference in-
duced by the transition.

Because of the possible presence of a wedge-shaped
domain during the measurement of I',//, its tem-
perature may be slightly distorted.

From the three quantities [';, ['y, T, the T'; has the
most pronounced change at T,; it is determined by
the value A, n of birefringence within the perovskite
sheets and by thermal dilatation occurring perpendicu-
larly to the layers. Three distinct regions are seen in
the I, (T) curve in Fig. 8. The linear dependence
above 411 K can be held for the normal behavior of
the parent phase. Between 411 K and T, a significant
departure from linear dependence occurs which can
be thought of as a pretransition phenomenon caused
by fluctuations of the order parameter n. The
anomalous change below T, is due to the onset of
(m). In the last two regions, both A,n and / may be
coupled to (n) and its fluctuations. In order to find
the true behavior of A n(T), a dilatometric study
was made for an appropriate sample of 2C;Cd. A
3.3-mm-long rod with the major axis along the a
direction was used; it was placed in the Linseis dila-
tometer and care was taken that the pressure of the
quartz rod touching the sample was minimum. How-
ever, the domain structure in 2C;Cd cannot be influ-
enced by the stress o and even if there were a
domain movement, it would not affect the dila-
tometric data since the u,, strain in both domains'is
identical by symmetry.

Figure 9 shows the temperature dependence of the
strain u,, = (//lp—1). Within the whole measured
region, ‘both below and above T, the thermal dilata-
tion coefficient a,, = du,,/dT is negative. There is a
pronounced anomaly of a,, around T,; some 15°
above T,, the departure from a linear dependence of

- 102 Uxx
0

10

2~o'ljlixl|||||||| 1]

300 350 400 T (K)

FIG. 9. Temperature dependence of the strain u,, in
2CyCd. (uy, =0at T =293 K by definition.)

uy, vs T reveals again the effect of order-parameter
fluctuations. These data have been used to evaluate
the true A,n (T) behavior from the I',//y curve. The
result is shown in Fig. 10.

Comparing the curves of T',/lp and A,n vs T we
see that the correction for thermal dilatation has
caused only a minor modification. In the high-
temperature region, the dependence is linear:

A,n=A +BT , 4)

with 4 =1.69x1072, B=-1.31 x10° K",

Spontaneous changes §;# of refractive indices caused
by the onset of (n) must be proportional to (z)2.4

This follows from the fact that the transition is not
ferroelastic (thus a linear dependence of 8,7 on ()
is forbidden) and that only changes of nondiagonal
components of optical susceptibilities can couple, in
the lowest order, to (n)” with » > 2. Thus in our
case 8;n couples quadratically to n and therefore it is
also sensitive to the fluctuations 87 of 7.

In the parent phase we may thus write

A,n=A + BT + C (8n?) Q)

104 Agn

| L L LS L L L L
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12
108

T

104

100

96
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FIG. 10. Temperature dependence of the birefringence
Agn =n, —n. of 2C3Cd.

T
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and our data show that the fluctuation term C (&n?)
plays a role between T, and T, +40 K. In the distort-
ed phase we shall have

A,n=A+BT +8,A,n , 6)
where
884,n =C((n)2+ (87%)) )

is the ‘‘spontaneous’’ change of birefringence.

Due to the (87?%) term, the birefringence measure-
ments are not suitable for determining the critical
coefficient in this and similar materials. The situa-
tion is different in proper ferroelastics where
8;An ~ (m) and close to T, both 8;An and n;, will
have the same critical exponent.*!

In the deuterated isomorph of 2C;Cd (see Sec.
IIIA) () has been measured using NMR and found
to satisfy the law

(n) ~ (T, —T)*" ®

between (7, —0.06) K and (7,.—23) K. If there
were no fluctuation contribution to 8;A,# in the dis-
torted phase, we would therefore expect

8A,n ~ (T, —T)0% )

in the same interval of temperatures. Knowing, how-
ever, that the fluctuations do influence A,# in the
parent phase within some 40 K, we can expect a simi-
lar effect even below T, though in a narrower inter-
val (since the generalized susceptibility below T
hardens two times faster than above 7,). Thus Eq.
(9) cannot in fact be expected to be satisfied.

We may evaluate 8,A,n (T) as a difference
between the straight line 4 + BT and the measured
A n(T) below T,. Figure 11 shows a log-log
representation of 8;A,n vs (T, —T). It is seen that
close to T, down to (7. —6) K, no exponential law is
satisfied: this is the interval where the term C (8n?)
is certain to play a role.

10% 85 AgN
T T
30 | -
10F o .
jog
6 [ 0990 -
O’,/" 2C3 Cd
3 3 —
1 1 Il 1
1 3 10 30 100

(Tc"T) (K)

FIG. 11. Spontaneous birefringence 8,4 ,n of 2C3Cd vs
T.—T.

104 T/, 104171,
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FIG. 12. Temperature dependence of the normalized path
differences I',/lg and T/l for 2C5Cd.

Further below (7, —6) K, we observe
8,A,n =3.19x 10°(T, — T)%% , (10)

valid down to (7, —70) K. No direct data on (7)
are available in a correspondingly large interval which
would test the proportionality 8;,A,n ~ {(n)2. Since
this interval is rather far below T, it is possible that
hard optical modes which are Raman active in the
parent phase and condense in the distorted phase
give a non-negligible contribution to §;A,n, propor-
tional to even powers of (n) higher than 2.

Although a more quantitative analysis of these data
is at present not possible, it may be stated that the
influence of order-parameter fluctuations on the re-
fractive indices of 2C3Cd is clearly established. By
now it seems to be the largest observed effect in any
material (cf., e.g., Hofmann’s measurements on
BaTiO;) .4

The data on A,n(T) could be discussed in a simi-
lar way; however, here the spontaneous effect is
smaller since #n, is obviously less influenced by the
ordering of chains and the corresponding lattice dis-
tortion which occur mainly in the b-c plane.

Analogous measurements of path difference have

103 Iy/l,
TTT T T[T T T T[T T T T ]TT
90 I B
- 02C4Mn, nondeut.
: ©2C,Mn deuterated ]
- X =546 nm -
80 - .
70 =
- ]
60 - .
:11||1l11|111111[:|:

300 350 400 T (K)
FIG. 13. Temperature dependence of the normalized path
difference I',//, for partially deuterated and nondeuterated
2C4Mn.
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also been performed for 2CsCd and 2C4;Mn crystals.
Figure 12 shows the temperature dependence of the
normalized path differences in 2CsCd. Complex
twinning occurring in the monoclinic phase above 413
K prevents taking the data at higher temperatures.
The behavior is rather similar to that of 2C;Cd. Here
the transition occurs at 7, =(337.9 +0.3) K; optical
observation verifies again its continuous character.
The shape of the I',/ly curve above T,, namely, its
increasing curvature when T, is approached from
above, manifests the appreciable fluctuation contribu-
tion to A n even in this compound.

The path difference I', of both deuterated and un-
deuterated 2C4;Mn has been plotted in Fig. 13. In
these compounds the phase transition occurs at
T.=(378.2+0.5) K and 7,=(381.9 +0.3) K,
respectively. Again, the optical observation verifies
its continuous character. The spontaneous changes
8;A,n of the birefringence have been plotted in Fig.
14. A few degrees below the 7, =381.9 K §,A,n in
undeuterated 2C4Mn can be fitted best with

8,A,1 = b+ by (T. — T)B + by (T, — T)2'
+by(T, =T, an
with
B'=0.65 , by=—0.01636 , b, =+0.14289 ,
b,=0.00146 , b;=-0.000396 .
The fluctuation contribution A,» in this compound is

much smaller than in 2C3;Cd and 2C;Cd.

G. Sample preparation

2C5Cd, 2C;5Cd, and 2C4Mn are all congruently
soluble in aqueous solutions. Solubility data and

crystal-growth procedures are adequately described in
Ref. 43.

IV. MICROSCOPIC THEORY OF THE PHASE
TRANSITIONS

In deriving the model Hamiltonian the following
assumptions were made:

(a) The structural phase transitions are mainly due
to the interactions among the alkylenediammonium
chains. The MCl, layers within that approach are
considered to be rigid matrices to which the NH;
heads are linked. Any linear coupling between the
chain motions and the phonons of the lattice just re-
normalizes the coupling constants.

(b) Each chain consists of two sections, each of
which can have two stable orientations corresponding
to a minimum in the potential energy, i.e., each chain
has four different states. The two all-trans states are
denoted by the indices a =1, 2 and the two twisted
states by a=3,4.

(c) The energy depends on the ratio of all-trans
states and twisted states (since they have different
potential energies), as well as of two-particle interac-
tions between the chains. The two-particle interac-
tions are of the intralayer type and of the interlayer
type, describing the direct coupling between the
chains, as well as the indirect coupling via the
N-H—CI bonds leading to bonding Cl sites. For a
mean-field approximation (MFA) treatment it is,
however, not necessary to distinguish between these
interactions.

For the description of the Hamiltonian we used the
largest unit cell of the system, i.e., the one of the
orthorhombic low-temperature phase of 2C;Cd with
Z =4 so that all transitions can be described by insta-
bilities at the Brillouin-zone center (¢ =0). In order
to reduce the number of possibilities, it is assumed
that the occupation probabilities n, of the four states
do not depend on the site of the chain in the unit
cell. The assignment of the potential wells of the 4
chains in the unit cell was made in such a way that
the observed low-temperature phases can be
described by the frozen-in state of one chain only.
Thus the frozen-in states ny =1 or n,=1 describe the
two domains of the observed phases, i.e., the space
groups Pmnb (2C;Cd, 2CsCd) and P112,/6 2C4Mn).
A frozen-in twisted state n3=1 or nys=1 describes an
ordered phase containing only twisted chains. Such a
phase was observed in 2C4Cd.3* The corresponding
soft mode would condense at the I' point of the
orthorhombic body-centered Brillouin zone for the
case of 2C3;Cd or at the X point of the orthorhombic
primitive Brillouin zone for 2C4Mn.*°

The mean-field Hamiltonian is obtained in the
same way as shown in Ref. 10 for the case of
(CH;3NH;),CdCl,. The n, describe the occupation
probabilities for the four states (a) of the chain.

The single-particle energy U, is given by

Ui=a(n;+ny) +b(n3+ny) (12)
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where a and b are the potential energies of the all-
trans states and twisted states, respectively. Taking
the symmetry of the disordered high-temperature
phase into account the two-particle interaction energy
U, can be written as

U2=-;—c’(n12 +n$) +%c"(‘n;2 +n?)+d (nyny)
+d'"(nyng) +e(nyny+nyng+nyns +nyng) , (13)

where ¢’ and d' are the coefficients for trans-trans in-
teraction, ¢’’ and d'’ the coefficients for twist-twist
interaction, and e the coefficient for trans-twist in-
teraction. The internal energy per one alkylenediam-
monium chain becomes U = U, + U,. The entropy
per one chain is in the same approximation given by

=—k[n In(n;) +ny1n(ny)
+n31in(n3) + nginng) ] (14)

and the corresponding. free energy becomes

F=U —TS, where T is the temperature. In view of
the requirement ny +n,+n3+ns=1, we have to
minimize the expression

F*=F—-)\(n1+n2+n3+n4—1) , (15)

where \ is the Lagrange multiplier. In equilibrium
the first derivatives of F* must vanish with respect to
n, e.g.,

£=a +c'nmy+dny+e(ns+ny) — 2

anl

+kT[in(ny) +11=0 , (16)

and all the eigenvalues of the matrix of the general-
ized inverse susceptibility X;5=8?F/dn,9nz have to
be positive. For the disordered orthorhombic high-
temperature phase we have (n;) = (n;) # (n3)
= (n4) and the matrix of the second derivatives of
F* has the following structure:

an

where A =c’+kT/m, B=c"+kT/(3—np), C=d',
D =d", E=e. The eigenvalues X; of this matrix are
given by
Xl-—'—A -—C=c'—d'+kT/n1 ’
Xo=B—-D=c"—d"+kT/(+~-ny) ,
2 2 1 (18)
X;=74+B+C+D
—[(4 =B +C-D)*+16E2)'?} |
Xy=3{4+B+C+D

+[(4 —B+C —D)*+16E2]1'?} |

and the corresponding eigenvectors (representing de-
viations of the equilibrium occupation probabilities)
are denoted by [1], [2], [3], and [4]

[1]: 8ny==8n,, dn3=258n,=0 ,
[2): 8ny=8n,=0, dn;=—2on, , (19)
[31=[5]cos(6/2) —[6]sin(6/2) ,
[41=[51sin(6/2) +[6]cos(6/2) ,
where the vectors [5] and [6] are given by
[5]: 6ny=8ny,=—8ny=—28n, ,

(20)
[6] 8!71 =6n2=8n3=8n4 ,

and where 1g0=4E/(A —B +C — D). The vector
[6] is violating the condition ny +ny+n3 +n,=1 and
thus the system cannot become unstable with respect
to the eigenvectors [3] and [4]. Therefore the only
remaining eigenvectors are [1] and [2]. We can,
however, introduce a parameter ns=n; +n, —ny — ny,
—1 < ns < +1 (corresponding to the vector [5])
which describes the ratio between all-trans states and
twisted states. The disordered orthorhombic high-
temperature phase is stable as long as the eigenvalues
X, and X, are positive, i.e., as long as

(-c'"+d)(1 +7s)

T>T1= ’
4k @1)
(_C1/+d1/)(1 _ns)
T>T,=
> 12 4k

Below the temperature 7, the system becomes un-
stable with respect to the eigenvector [1]. The
corresponding order parameter m, can be defined as

1+ 1+
N =ny—Hn;, -— 15 <m<+ 15 22)
2 2
In the same way we obtain for 7,
1—mns 1-
Ny =MN3— Ny, — 2 <‘)']2<'+"-2ﬂ . (23)

The disordered high-temperature phase is described
by (m1) = (m) =0, —1 < ns < +1, whereas the ob-
served low-temperature phase is described by
(m) #0, (n;) =0, (ns) >0. In the ground state
we have (n;) ==+1, (n;) =0, (ns) =+1. The or-
dered phase which contains in the ground state only
twisted chains is described by (n,) =0, () #0,
{ms) <0. In order to obtain the observed low-
temperature phase the transition temperature T
must be higher than T,
Ty> Tymmc ' > (=" +d )~ (24)
1 +'1)5

One can now express the free energy in terms of the
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order parameters 7, 1, and ms
F=ams+3nt+3yni+3om+K
+ kT ((1+2m; +05) In[(1 +2m; +n5)/4]
+(1 =27 +75) In[(1 =27, +75)/4]
+(14+2m—7s) In[(1 +2m; — ns) /4]

+(1=2m—ns) In[(1 =2m, —ns)/4]1} ,
25)

where
(4a —4b+c'—c"+d'-d") ,

a=

d==(c"+c"+d +d"—4e) ,

1

8
B=%(C1_d1), ’y=‘;"(('”—d“) )

1

8
K=--(8a+8b+c'+c"+d +d" +4e) .

The free energy of the disordered high-temperature
(HT) phase is

Fur = ams +58m3 + kT (1 +ms) In[ (1 +n5)/4] + (1 —ns) In[ (1 —n5) /A1) +K . (26)

Since the entropy is zero for complete order, one obtains for the transition entropy for one mole of chains

As=—§{<1+n5>m[<1+n5)/41+(1—ns)m[(l—ns)/u} . @7

The value of s at T} can thus be obtained from the measured transition entropies.’’
15(T1) =0.62 for 2C3Cd, n5(T;) =0.84 for 2C4Mn and 7s(7;) =0.68 for 2CsCd, i.e., only about 18% of the
chains are in a twisted state at the transition temperature. Using Eq. (21) one obtains the coefficient 8

2kT
1 ' ' 1
=L’ —d) ==L = 12T, . (28
B 2 ((' d) 1+’T)5 1.2k 1 )
The self-consistent equations for the order parameters (n;) and (7s) read
;)—F=,Bm+%kT[ln(l+2m+’l}5)—ln(1—2m+n5)]=0 : (29)
m
BE\ gt LTI +2m; +75) +In(1 =2y +5) =2In(1 —75)] =0 . (30)
ans (n,) =0

In the disordered high-temperature phase we have
(m) =0 and Eq. (29) is fulfilled for all values of ns
and Eq. (30) reads

1+
kT In =0 . (€3))

Equation (31) describes a Boltzmann distribution
between all-trans and twisted states of the chains for
an energy difference 2« as long as the coefficient &
does not differ from zero. As one can see from Eq.
(25), the coefficient « contains not only the single-
particle energy difference a — b, but also the two par-
ticle interaction energies ¢, ¢”, d’, and d”. There is,
however, no reason for the coefficient  to be equal
to zero, so that we cannot expect a Boltzmann distri-
bution of the states in the disordered high-tempera-
ture phase. Since we know the value of ns at T=T),,
Eq. (31) relates a and 5. For 2C3Cd we get

a=—0.725kT,—0.625 . (32)

Since the value of the coefficient 8 is already deter-
mined by Eq. (28), the coefficeint 8 remains the only
free parameter in the coupled equations (29) and
(30). The solutions of these self-consistent equations

r
are shown in Fig. 15 for three different values of 8.
One can see that the symmetry-breaking order
parameter (m;) shows the usual mean-field behavior,
whereas the spontaneous contribution of (%s) is pro-
portional to (m, )2, since its critical exponent is equal
to 1.0. The probability of finding a chain.in the
twisted state is equal to

(n3) +(ny) =1 —(ms5))/2 . (33)

Therefore its spontaneous contribution is also propor-
tional to (7;)? near the transition temperature.

From the structure determination of 2C4Cd (Ref.
33) (where the low-temperature phase contains only
twisted chains) we know that the twisted chain is
considerably shorter than the all-trans chain:

(lyrans = hwist) / lrans = 0.07. Therefore the interlayer
distance and the corresponding lattice constant (a)
strongly depends on the ratio of the two states. Since
the NH; heads of the chains are only weakly bonded
to the octahedra matrix it can safely be assumed that
the mismatch between the actual interlayer distance
and the length of a chain is corrected by a displace-
ment of the NH; group in the a direction with respect
to the equilibrium position in the octahedra matrix.
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FIG. 15. Solution of the self-consistent equations for the
order parameters (7n,), (n,), and (ns) of the rigid-lattice
model for three different values of the coefficient 3.

For linear force constants one obtains for the strain
in the a direction

Uyy = ([/[0_‘1) =(<"3) + (n4)) (Ilrans—llwist)/llrans
~0.04(1 - <7)5>) . (34)

The spontaneous strain u,, should thus vary with the
square of the order parameter (7,) as already shown
in Sec. III F. Introducing the calculated temperature
dependence of (ns) into Eq. (34) and comparing it
with the measured strain (Fig. 9) a qualitative agree-
ment between theory and experiment is obtained for
both phases. Quantitative agreement can be reached
in the high-temperature phase with §=—0.6kT), as-
suming that the strain values of 2C4Cd (Ref. 33) can
be adopted for the case of 2C3Cd. Since the mea-
sured critical exponent of the order parameter differs
too much from the mean-field value no quantitative
agreement can be reached in the low-temperature
phase.

An interesting question is, how the experimental
value of the energy difference AE between the all-
trans state and the twisted state of a chain compares
with the energy difference b —a [Eq. (12)] intro-
duced in our model A value of AE =12.3 kJ/mol
was measured for the twisted butane chain in the
gaseous state.**** For the case of 2C3;Cd this AE

corresponds to 3.9k7T,. Neglecting the two-particle
interaction in the equation for the coefficient « [Eq.
(25)] would give @« ~—2kT,. On the other hand, we
obtain for the fitted value 8 =—0.6kT, via Eq. (32)
a=—0.35kT,. However, if the twisted chain fits
better into the structure than the all-trans chain, i.e.,
if it allows shorter N-H—CI bonds, the difference in
potential energy b —a can be much smaller than AE
of the gaseous state. Under this assumption the
agreement between the measured and the theoretical
value of a becomes much better.

V. CONCLUSIONS

From the above results, the following conclusions
can be drawn:

(i) The second-order phase transitions in 2C;Cd,
2C4Mn, and 2CsCd can be basically described as
order-disorder transitions of the NH;(CH,),NH;
groups each of which has four possible equilibrium
states: two all-trans states and two twisted states
which differ in the mutual orientation of the upper
and lower half-sections of the chains.

(ii) The twisted states have higher energy than the
all-trans states and are therefore less populated in the
disordered high-temperature phase. The transition
entropy strongly depends on the population of the
two states at the transition temperature.

(iii) Below the phase transition there is a spon-
taneous change in the ratio of the above-mentioned
populations (favoring the all-trans states), which is
proportional to the square of the order parameter.
This has a direct influence on the spontaneous dilata-
tion in the a direction, since the twisted chains are
considerably shorter than the all-trans chains. This
explains the negative temperature coefficient of both
ordinary and spontaneous a dilatation.

(iv) The crystals show distinct pretransitional ef-
fects owing to the fluctuations of the order parameter
(n?). They are observed in the birefringence up to
40 K above T. but not in the **C1 NQR. This is due
to the fact that the NQR frequencies are well below
the inverse correlation time 7.} of the order-param-
eter fluctuations, whereas the optical frequencies are
several orders of magnitude higher than ;..

(v) The critical exponent 8 of the order parameter
was measured from 7, down to 7. —20 K to be
B=0.12 for 2C3Cd and B8=0.16 for 2CsCd, but
B=0.3 for 2C4Mn. This even-odd effect can well be
due to the more-two-dimensional interaction between
the permanent electric dipoles situated on the odd
chains, which are responsible for the behavior of the
dielectric constant. For symmetry reasons the even
chains cannot carry a permanent dipole moment.

Our MFA treatment of the phase transitions does
not, of course, show this difference.

(vi) It is not evident why the spontaneous change
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in the **C1 NQR frequencies is proportional to the
fourth power of the order parameter, since the qua-
dratic term is not forbidden for symmetry reasons.
The quadratic terms can, of course, be cancelled by
coincidence, but this effect, which was observed also
in (CH3NH;),MnCl, for the bonding chlorine site,
seems to have a deeper reason which is not under-
stood at present. The same can be said for the criti-
cal exponent of the birefringence of 2C3Cd and
2CsCd whereas the birefringence of 2C4;Mn varies
with the square of the order parameter. But here
even the linear term would be allowed since the tran-
sition is ferroelastic.
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