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In contrast to the usual structural "lock-in" incommensurate-commensurate transi-
tions —where the amplitude of the modulation wave continues to increase at T but the
incommensurate part of the average wave vector of the modulation wave vanishes —in
(CSH)NH3) 2MnC14 the amplitude of the incommensurate modulation wave vanishes outside
T

&
and 7, 2 whereas the wave vector is not critical. This reentrant behavior results

from a coupling of the incommensurate order parameter to the temperature-dependent
inte rlayer distance.

PA CS numbers: 64.60,-i

The phase-transition sequence commonly ob-
served' in structurally incommensurate systems
is as follows: high-temperature disordered
phase (P'& incommensurately modulated ordered
phase (I) "ommensurate ordered phase (C).
The P-I transition is the result of a condensation
of a soft mode with a wave vector which is incom-
mensurate to the periodicity of the underlying
lattice, whereas at the I-C transition the frozen-
out modulation wave becomes commensurate,
i.e., the average wave vector "locks in" to the
basic lattice. Here we report on a thermal dila-
tation-induced incommensurate-reentrant high-
symmetry phase transition in normal and partially
deuterated (C,H, NH, ),MnCl, (abbreviated as
CSMn) where the amPlitude of the modulation
wave and not the incommensurate part of the
average wave vector vanishes (Fig. I) with lower-
ing temperature. This phenomenon has so far
not been observed in other incommensurate sys-
tems.

C3Mn is a pseudo-two-dimensional perovskite
where layers of corner-sharing Mncl, octahedra
are sandwiched between rigid —but dynamically
disordered —propylammonium chains. ' ' In the
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FIG. 1. Schematic temperature dependence of the
amplitude (q) and the average incommensurate wave
vector (k-k, ) in (a) CBMn and (b) a "normal" incom-
mensurate system in the P, I, and C phases.

high-temperature ct phase (space group I4/mmm)
the propylammonium groups are reorienting
around their long axes between four equivalent
orientations. In the partially ordered P phase the
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orientations become nonequivalent, resulting in
an average tilt of the C -N bond directions.

Whereas the atomic coordinates in the P phase
have not yet been determined' our chlorine and
deuteron quadrupole resonance studies4 show, in
addition to this tilt, a slight reorientation of the
MnC1, octahedra around the b axis. The long
molecular axes of the propylammonium groups
are, however, still perpendicular to the MnC14

(i.e., a-b) planes.
In the incommensurate y phase' which extends

from 396 to 334 K the long molecular axes of the
propylammonium groups are tilted" with respect
to the normals to the a-b planes. The propylam-
monium tilt angles, the MnC14 layers, and the
interlayer distance are modulated" (Fig. 2).
The incommensurate wave vector is parallel to
a and the modulation amplitude is parallel to c,
i.e., perpendicular to the MnC14 layer. ' The
modulation wavelength is about 40 A and the am-
plitude =0.5 A. ' The incommensurate modulation
vanishes' in the low-temperature 5 phase ( space
group Abma, z =4). Depmier and co-workers'
suggested that the P and b phases might have the
same space group so that the y phase is embedded
between two phases of the same symmetry.

Our chlorine and deuteron resonance measure-
ments" show that this is indeed the case and that
we are dealing in C3Mn with an incommensurate-
reentrant high-symmetry phase transition. In this
Letter we present the first direct observation of

MAC( -I

FIG. 2. Schematic structure of CBMn showing the I
modulation of the layers and the propylammonium-
group tilt angles.

the temperature dependence of the amplitude of
the order parameter for such a transition. We
also show that within a Landau theory the incom-
mensurate-reentrant high-symmetry phase
transition results from a coupling of the incom-
mensurate order parameter g—representing a
modulated tilt angle of the propylammonium
groups '.o the interlayer distance d which repre-
sents a secondary, non-symmetry-breaking order
parameter (Fig. 2). The conditions for the exis-
tence of the incommensurate phase are thus ful-
filled only in a restricted temperature interval.

The part of the nonequilibrium free energy
density involved in the P - y -6 = P transitions can
be expressed as

8 =8 q+8g+4 I ~

where

1 1, & dg dg~ 1 d2g d2g*
2 4 2 dx dx 2 dx' dx' (2a)

with A =a(T- To), a, B, v, X&0;

g„= C(T —T,)(d —d, )+ ,'D(d —d, )', D—&0, C & 0; (2b)

g~ =E(d —do) qr) "+ E(d~- d )'q0q*+ E'(d —do)(qq*)'+ g E'(d —do)'(qq*)', E, E'(0, E, E'& 0. (2c)

Here d, designates the distance d between two equivalent Mncl, layers (Fig. 2) of the less-ordered
phase at T, and expression (2b) represents an expansion of g, in powers of the small parameter d —d, .
The existence of a linear term in (2b) is due to the fact that d-d, is not a symmetry-breaking order
parameter and is different from zero both above and below Tp The linear temperature dependence of
the interlayer distance d outside the incommensurate phase (i.e., represented by the term g, ) is the
result of a coupling of d with the square of the order parameter q, of the J3 phase. No Lifshitz invari-
ant in g is allowed by crystal symmetry at the Y point. The negative sign of the elastic ~ term in (2a)
is due to a coupling of the Y,

' mode with the Y, mode outside the Ypoint on the II line parallel to a*.
This coupling results in a pseudo-Lifshitz-invariant term which is different from zero outside the Y
point and which renormalizes ~. The interaction term g, describes the fact that the modulated struc-
ture requires more space than the unmodulated one at a given temperature.
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Minimizing g with respect to d —d„

(d d )
C(T —T,)+E I pl'+E'I qI'

D+ z I q 1'+ z'|q I'

substituting back into g, and expanding up to q', we find

1 - 1 — 1 dydee+ 1 d gd g+
g =g, + —Aqq*+ —B(qq*)' ——& — + —A.

2 4 2 dx dx 2 dh'dx' (4)

where

g. = -(C'/2D)(T —T,)',

A =a(T —T,)+ (C'&/D')(T —T,)', a=a —2EC/D,

(5a.)

(5b)

B=B E T T0 2 E T T0 (5c)

The coupling of g with the temperature-depen-
dent interlayer distance d thus results in a tem-
perature dependence of the renormalized Landau
expansion coefficients. In the following we shall
assume that B is always positive. Expanding
q(x) into a Fourier series, we get the harmonic
part of the free energy F~' = fgdV as

E&'& =E,+-.' V+,A, iq, i',

where

A, =A —I(;q'+yq .
The instability of the P phase with respect to

the soft mode with the amplitude g, occurs for
the wave vector which minimizes A„i.e. , for

q,' = ~/2z.

The transition temperatures T„and T„deter-
mining the boundaries of the incommensurate y
phase —i.e. , the boundaries of the region where

q, has a nonzero static value- are obtained from
3, =Oas
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xd q/d ' x«+d'q/dx'+Ay+By'q* =0 (10)

Between T„and T„we have A, (0 and q is
0 0

nonzero. It is obtained from a plane-wave solu-
tion of the nonlinear Euler equation

0— —0
t t t

Tca To TcI
I i I i I

330 350 370 390 T(K)

as

q,
' = —(A —Xq,')/B. (11)

It should be noted that in the general case the
solution of Eq. (10) can be expressed in terms of
elliptic functions. For CBMn, however, the solu-
tion seems to be adequately represented by a
plane wave.

Above T„and below T„ the static part of the

FIG. B. Comparison between the predicted —Eqs. (3)
and (ll) —and observed temperature dependences of
the modulation amplitude p, and the interlayer distance

0
d-do. The modulation amplitude q, ~ Ap has been meas-
ured by deuteron NMB (Befs. 6 and 7), whereas (d-do)/
do has been determined by thermal expansion meas-
urements. The peak-to-peak modulation of the tilt
angle of the propylammonium groups in the middle of
the I phase amounts to 8 deg.
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soft-mode amplitude vanishes, g, =0, and we
get a reentrant P = 5 phase below T„. In contrast
to incommensurate systems not exhibiting a re-
entrant behavior the modulation wave vector q,
should be practically temperature independent
throughout the whole I phase. In the range be-
tween T„and T„the temperature dependence of
the interlayer distance should be anomalous too.

The amplitude of the incommensurate modula-
tion of the tilt angle of the propylammonium
groups, q, , was observed' via a measurement
of the temperature dependence of the splitting of
the sharp edge singularities of the incommensu-
rate frequency distribution' of the quadrupole-
perturbed-ND, deuteron magnetic resonance spec-
tra. The spatial modulation of the propylammo-
nium tilt angle namely leads to a typical deuteron
frequency distribution with sharp edge singulari-
ties"' which correspond to the maximum modula-
tion angle, i.e. , to the amplitude of the order pa-
rameter. The maximum spitting in the middle of
the I phase yields a peak-to-peak modulation of
8 deg. The vanishing of the amplitude at T„and
T„ is clearly observable (Fig. 3). The anoma-
lous temperature dependence of the average in-
terlayer distance was studied by measuring the
thermal expansion of the crystal in a direction

perpendicular to the layers. The experimental
data are compared with the predictions of the
Landau theory in Fig. 3 and the agreement seems
to be rather good.
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