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Abstract—The X-ray diffraction studies of SC(NH,),, TMA-ZnCl,, and Ag;AsS; crystals revealed specific
manifestations of the memory effect associated with defect density waves: the appearance of additional modu-
lation waves and their interactions with the ordinary wave, an increase of the temperature range corresponding
to the incommensurate phase, the superposition of several modulated phases, and the reverse temperature hys-
teresis characterizing the transition from the normal to the incommensurate one phase.

Many crystals with incommensurate phases exhibit
the memory effects that manifest themsel ves as temper-
ature anomalies in their physical properties when
observed after a prolonged exposure at a constant tem-
perature T, chosen within the incommensurability
range [1-5]. Some researchers attribute these effects to
the interaction of the structural modulations with the
mobile lattice defects. It is assumed that, as the sample
is kept at the above-mentioned constant temperature,
this interaction causes the rearrangement of defects,
and their density becomes modulated with the period
equal to that of theinitial structure at this temperature.
The rearrangement stems from the lowering of the
defect activation energy down to 0.1 eV in the small
displacement range [6] of the incommensurate wave.
Thelowering of the activation energy givesrisetoasig-
nificant growth of the defect concentration in the inter-
stitial sites of the modulated lattice. The defects
become concentrated between the nodes of the wave,
and, therefore, they form adefect density wave (DDW)
with the period coinciding with that of the modulation
wave at the annealing temperature.

When the crystal temperature approaches T,, for the
second time, the defect density wave “captures’ the
structural modulation thus revealing the memory of the
previous events and giving rise to the plateau in the
temperature dependences of a number of different
physical parameters. In addition, the defect density
waves result in specific structural states that were not
observed in the crystals without DDW. In this paper we
present the X-ray diffraction patterns testifying to the
existence of DDW and analyze the effect of DDW on
the structural states of certain crystals.

We studied the SC(NH,), (thiourea), TMA—ZnCl,,
and Ag;AsS; (proustite) crystals. In thiourea, the mod-

ulated structure arises within the 202-169 K tempera-
ture range intermediate between the paraelectric
(Pnma) and ferroelectric (P2,ma) phases. The structure
of the incommensurate phase is characterized by the
rotation of SC(NH,), molecules about the b-axis with
wave vector q = db* (& = 1/7-1/9), where & is the
parameter of incommensurability and b* isthe recipro-
cal lattice vector of the generic phase.

In TMA—ZnCl, under the atmospheric pressure,
there are five structural transformations. Pmen (incom-
menSUI’aIe)—PZICI’l—Pl121/11—P121/CI—P212121 at 23, 7,
3.4,-91, and —112°C, respectively, The modulationsin
the incommensurate phase are characterized by the
wavevector q = (2/5 + d)c*. Inthe polar phase, (P2,cn),
the lattice constant ¢ is by a factor of five greater than
in the initial structure (q = 2/5¢*). In the ferroelastic
phase (P112,/n), the lattice period is tripled along the ¢
axis (q = 1/3¢*). The temperature range corresponding
to the polar phase shrinks under effect of the oriented
stresses normal to the polar axis. When the stresses
attain the critical value g, [140 bar, the polar phase dis-

appears.

Proustite in the normal state belongs to the R3¢
space group. At 60 K, it transforms to an incommensu-
rably modulated phase with the modul ation wave vec-
tors along the (hkl) + 1/3{(1-1.0), £(01.1), +(~10.1)}
direction. At 50 K, it undergoes alock-in transitionto a
commensurate phase with the tripled lattice parameter.
The three-dimensional space group characterizing the
symmetry of the modulated phases coincides with the
symmetry group of the normal phase. Below 28-30 K,
the symmetry of the Ag;AsS; crystal reducesto thetri-
clinic system, and the crystal becomes ferroelectric
with no multiplication of the initial structure periods

[7].
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Fig. 1. Two-dimensional X-ray diffraction patterns obtained for thiourea in the reciprocal lattice region near the (400) point (a)
before and (b) after 28 h-annealing at 182 K.

Ingtitute of Solid-State Physics of the Russian Acad-
emy of Sciences. The cryostat was supplied with a
cryogenic insert alowing studies under oriented
mechanical loads. The temperature and the load magni-

The X-ray diffraction was performed using the
D-500 diffractometer (Siemens) modified for studying
single crystals. The temperature-dependent measure-
ments were taken in a helium cryostat designed at the
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tude were maintained accurate to 0.1°C and 0.5 bar,
respectively.

The defect density waves were observed based on
the following idea. The DDW arise owing to the diffu-
sion of defects, and this processtakes quite along time.
Therefore, the periodic distribution of the defect den-
sity should survive for a certain time outside the tem-
perature range of the incommensurate phase. However,
in the incommensurate phase, the periodic distribution
is the equilibrium one, while, outside this phase, the
defects are out of equilibrium, and they can cause dis-
tortions of the main lattice with the period of the defect
density wave. In this case, one should expect the X-ray
diffraction from this periodic distortions. This effect
was observed for the thiourea crystals.

Figure 1a demonstrates the region of the reciprocal
lattice in the vicinity of the (400) site at 182 K (within
the temperature range of the incommensurate phase).
Here, we can see the satellite reflections of thefirst and
second order in the b* direction. Keeping the sample at
this temperature for tens of hours did not cause any
appreciable changes in the intensities or the reflection
profiles. However, the subsequent temperature changes
gaveriseto significant changesin the spectra. The same
spectrum obtained at 170 K after keeping the sample at
182 K for 28 hisshown in Fig. 1b. We can see that the
satellite reflections of the first order are split into two
components while the Bragg reflection remains nearly
unchanged. This gives an indication to the presence of
at least two modulation waves in the crystal with wave
vectors q,, and q, in the b* direction.

The temperature dependences of the wave vectors
q,, and q,, obtained by processing the spectraare shown
in Fig. 2a. It is clearly seen that one wave vector (q,,)
remains unchanged throughout the entire range of the
incommensurate phase (the stabilized wave). It coin-
cides with the modul ation wave vector at the annealing
temperature, which gives an indication to the “freez-
ing” of the initial wave in the course of annealing. The
wavevector of the second wave (q,,) has the usual tem-
perature dependence similar to that observed in the
crystal without annealing—Fig. 2b (the equilibrium
wave). This result differs from earlier predictions,
according to which the ordinary modulation wave is
pinned by the defect density wave. Inthe latter case, we
should observe a “plateau” in the temperature depen-
dence of the modulation vector [8] rather than a newly
formed additional wave. Therefore, the memory effects
can be interpreted as the manifestation of the crystal
transformation from the single-wave modul ated statein
the vicinity of the annealing temperature (correspond-
ing to the intersection of the curves characterizing the
temperature dependence of the wave vectors) to the
multiwave state outside this temperature range.

The one-dimensional X-ray diffraction patterns for
thiourea taken at temperatures above (205 K) and
below (165 K), the temperature range of the incom-
mensurate phase, are shown in Fig. 3. We can see that,
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Fig. 2. Temperature behavior of the wave vectors (a) for the
stabilized (straight line) and the equilibrium waves in thio-
ureacrystal after aprolonged annealing at T = 182 K and (b)
for the stabilized wave in an unannealed thiourea crystal.
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Fig. 3. Typica X-ray diffraction patterns obtained for thio-
urea outside the range of the incommensurate phase at
165K (ferroelectric phase) and 205 K (paragl ectric phase)
after prolonged annealing at T = 182 K.
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Fig. 4. (a) Temperature-dependent transformation of the X-ray diffraction patternsfor thioureaafter 28 h- and 7 h-annealing at 182 K
and 170 K, respectively; (b) X-ray diffraction pattern of the modulated state with the superposition of two defect density waves.

in the positions corresponding to the frozen wave vec-
tor, the reflections “survive” They have much lower
intensity then the satellites within the incommensura-
bility range but their halfwidth remains the same. The
narrow satellite reflectionsindicate that the correspond-
ing structure modulations extend over thewhole crystal
as the ordinary incommensurate modul ations. We sug-
gest that the observed satellites display the X-ray dif-
fraction from the periodic distortions of the initial lat-
tice—the distortions caused by the nonequilibrium
defects forming the defect density waves in the incom-
mensurate phase [9].

The satellite reflections observed outside the range
of theincommensurate phase (see Fig. 3) and the super-
structure reflections characterizing the incommensu-
rate phase disappear after the prolonged exposures of
the sampl e at temperatures different from T,,. The decay
time of these states is comparable with the time of the
DDW formation. This suggests acommon origin of the
satellites observed inside and outside the incommensu-
rate phase range and gives additional evidence of the
formation of the defect density waves in the cause of
the prolonged exposure of the sample at afixed temper-
ature within the incommensurate phase range.

Theanalysis of the X-ray diffraction patterns allows
us to make certain conclusions concerning the struc-
tural state of the crystal in the case of the coexistence of
several modulation waves after the DDW formation.
Two situations are possible: (1) the crysta has a
domain-type structure with the adjacent domains corre-
sponding to the waves with different wave vectors;
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(2) the superposition of coexisting modulation waves
extends over the whole sample volume. In the second
case, the X-ray diffraction patterns should exhibit the
additional satellite reflections characterized by the sum
(a,, + q,,) and difference (q,, — q,) harmonics. Such
harmonics were revealed in the X-ray diffraction pat-
terns. In Fig. 1b, the sum harmonics (indicated by
arrows) are situated between the second order satellites.
The difference harmonics were most clearly pro-
nounced in the experiment when the crystal was

sequentially annealed at temperatures T, and T, .

Such annealing gaverise to the formation of two defect
density waves. Figure 4 shows the temperature-depen-
dent transformation of one-dimensional spectra for a

crystal annealed at To, = 182 K for28hand at T, =

170 K for 7 h. Thefigure demonstrates that, asthe crys-
tal approaches the low-temperature boundary of the
incommensurate phase, new symmetric satellites
appear near the Bragg reflection in addition to the ordi-
nary satellites from the defect density waves. The posi-
tions of the news satellites correspond to the difference
harmonics q,,; — q,,» (Fig. 4b).

The influence of the defect density waves on the
temperature range of the incommensurate phase was
revealed by annealing the samples at different temper-
atures within the incommensurability range. At anneal-
ings near T, = 202 K, the temperature range of the
incommensurability became wider by several degrees.
At the sametime, the transition point T = 169 K mea-
sured independently based on the temperature behavior
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of the lattice constants remained unchanged. We sug-
gest that the increase in the transition temperature
between the normal and incommensurate phases only
seemsto be amanifestation of the phase-correlated pin-
ning of phase fluctuations by the defect density wave.
The incommensurate phase fluctuations clearly mani-
fest themselves in the X-ray diffraction pattern corre-
sponding to T = 205 K (Fig. 3) in the form of broad
reflections with the maxima at the positions close to
those related to the DDW. If the fluctuations are phase-
correlated by the defect density wave, the diffracted
beams are “insensitive” to unmodulated portions of the
crystal, and thewhole pictureis similar to the reflection
from the bulk crystal.

The unusual effect of defect density waves on the
structural states of thiourea was revealed in the course
of dynamical experiments aimed at studying the effect
of continuous cooling on the temperature ranges of dif-
ferent phases. The experiments demonstrated that, even
in the initia state of the crystal, the diffraction peaks
corresponding to the basis angles of the reciprocal lat-
tice are anomalously broadened. This broadening far
exceedsthe spectral broadening related to the deviation
from the monochromatism in the spectral lines of the
X-ray radiation in use, and it cannot be interpreted as a
result of local distortions of the crystal or the block
structure of the sample. It was found that, on continu-
ous cooling at a rate of several degrees per minute,
these broadened reflections were split into a series of
narrow components, provided that the crystal was pre-
liminarily annealed within the incommensurability
range to form the DDW. In Fig. 5, we present the pro-
files of the (800) diffraction reflection before the
annealing (envelope) and after the annealing at 180 K
and the subsequent cooling at arate 3 K/min (“comb™).
The splitting of theinitial spectrum into alarge number
of components suggests the formation of along-period
modulated structure with the wave vector along the a*
direction normal to the wave vector of the ordinary
modulations. The period of the “new” modulations
depends on temperature and on the annealing time cor-
responding to the DDW generation (on the wavelength
of DDW). Note that, after the annealing of the sample
characterized by the decay of the defect density wave,
the broad lineshape is restored.

The selection of some components of the long-
wavelength modulations by the defect density waves
can be related to the fact that the efficient pinning is
possible only for the modulations that are phase-corre-
lated with DDW. In this case, the change in the DDW
wavelength and its profile will cause a change in the
frequency of the wave responsible for the pinning,
which leadsto the dependence of the period of thelong-
wavelength modulations on temperature and on the
annealing time.

The long-wavelength modulations of the structure
were also found in other compounds with the incom-
mensurally modulated phases. Figure 6 demonstrates
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Fig. 5. Profiles of the (800) reflection from thiourea before
(envelope) and after annealing at 182 K and subsequent con-
stant-rate cooling (inner curve).
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Fig. 6. Two-dimensional pattern of the (400) reflection in
the a*—b* plane for Rb,ZnCl, at room temperature.

the section of the (400) reciprocal | attice site by the a*—
b* planefor Rb,ZnCl, at room temperature. We can see
that this peak is continuously broadened both in a* and
b* directions. The extension of the peak in the a* direc-
tion is a consequence of using a honmonochromatic
X-ray spectrum. The spectral componentsalong b* can
be interpreted as a continuous (in frequency) set of
structure modul ations with small wave vectors. In con-
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Fig. 7. (3) Temperature-dependent transformation of the
X-ray diffraction patterns for TMA-ZnCl, in the range of
existence of the modulated phase (atmospheric pressure);
(b) temperature variations of the wave vector in TMA—
ZnCl, under the atmospheric pressure.

trast to thiourea, the vectors of the long-wavelength
modulations in Rb,ZnCl, are directed along the wave
vector of the ordinary incommensurate modulation. We
also note that the long-wavelength structure modula:
tions are observed not only in the incommensurate
phase range but in the normal phase aswell. The nature
of these modulationsis till unclear. Further studies are
needed to reveal the conditions of formation of such
modulations, their temperature range of existence, their
spectral composition, and the temperature dependence
of their wave vectors.

The unexpected effect of the defect density waves
onthestructural states of crystalswith incommensurate
phases was revealed by studying the o,,~T" phase dia-
gram of TMA—ZnCl, crystals. Asit was mentioned ear-
lier, small stresses “remove”’ the polar phase in these
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crystals. In our experiments, we used the oriented
mechanical loads along the b axis. We analyzed the
X-ray diffraction patterns in the a*—c* plane of the
reciprocal lattice. The temperature-induced transfor-
mation of the X-ray diffraction patterns at the atmo-
spheric pressureisshownin Fig. 7a. The corresponding
temperature behavior of the modulation wave vectorsis
illustrated in Fig 7b. The 0, T phase diagram deduced
from these patterns is shown in Fig. 8. We can see that
the polar phase characterized by the wave vector q =
2/5¢* disappears at critical stresses g,,, about 40 bar.

The transitions between the incommensurate and
polar phases and between the polar and ferroelastic
phases are the first order transitions. This fact was con-
firmed experimentally by the appearance of two-phase
states near the phase boundaries in the phase diagram.
In the case of appreciable loads applied to the crystal
(>15 bar) with the polar phase range being significantly
narrowed, three phases coexisted simultaneously.

The X-ray diffraction pattern of TMA—ZnCl, loaded
with 10 bar at 6.7°C is shown in Fig 9a. It corresponds
to the two-phase state combining the incommensurate
and polar phases. In addition to the satellite reflections
q, of the incommensurate phase and q, of the polar
phase, the pattern exhibits the difference harmonics
q, — q, giving clear indications to the superposition of
these phases [10]. In contrast to thiourea, where the
superposition of two incommensurate phases takes
place, in TMA—ZnCl, the superposition of the two
neighboring phases was observed. If the two-phase
state is formed by the polar and ferroeleastic phases,
then two situations take place. Under uniaxial stresses
in the absence of the three-phase state (low stresses),
the superposition is not observed. If the ferroelastic
phase initially coexisted with the polar and incommen-
surate phases, the superposition of the polar and fer-
roelastic phases takes place. The X-ray diffraction pat-
tern corresponding to such asuperposition at ¢ = 15 bar
and T =4.2°Cisshownin Fig. 9b.

The crystal state characterized by the superposition
of phases cannot be referred to as atwo-phase state. In
the ordinary two-phase state, the crystal is subdivided
into the portions (domains) of different phases. In the
case of superposition, both modulations extend over the
wholevolume. In our opinion, it ismore correct to con-
sider this situation as a mixed state. Its formation is
stimulated by the defect density waves causing modu-
lated distortions of the lattice and subsequent correla-
tions of the arising modulations with this distortion
field.

The characteristic effect of the defect density waves
on the kinetics of the transition between the normal and
incommensurate phases was observed for proustite
crystals[11]. The temperature dependence of the inten-
sity of the (—606) reflection is shown in Fig. 10afor the
temperature range including the transition between the
normal and incommensurate phases. The arrows indi-
cate the direction of temperature changes in the heat-
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Fig. 10. Temperature-dependent intensity variations for the
(—606) Bragg reflection in proustite near the transition
between the normal and the incommensurate phases: (a)
dependence of thetransition hysteresison theinitial temper-
ature in the reverse cycle (at each temperature point, the
sample was kept for 3 min); (b) relaxation variations of dif-
fraction intensity during prolonged cooling (point D) and
heating (pointsA, B, and C) of the crystal. The dashed curve
shows possible intensity variations during infinitely slow
cooling.

ing—cooling cycles. The experiment revealed the hys-
teretic behavior if theintensity variations. From the the-
oretical viewpoint, the transition between the normal
and incommensurate phasesis of the second order, i. e.,
without any hysteresis. In the actual crystal, it turns out
to be the first order phase transition due to the finite
temperature variation rate and the presence of lattice
defects (see Fig. 10). In this case, we observe the
unusual reverse hysteresis with the transition tempera-
ture being higher on cooling than on heating. The lower
is the temperature the wider is the hysteresis loop. We
propose the following model of this phenomenon. The
transition of the crystal to the incommensurate phaseis
accompanied by the formation of the defect density
wave. As the temperature is lowered, the wavelength
corresponding to the ordinary structure modul ation var-
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ies and causes the displacement of the defect density
wave owing to both the diffusion of defects and their
generation at the new positions. These changes are
accompanied by the interaction between the incom-
mensurate phase and the DDW. Such interaction should
depend on the elastic properties of the modulation lat-
tice, on the rate of change of the period of this lattice
(on therate of the temperature variation in the sample),
and on the diffusion rate of the point defects forming
the DDW. On cooling (heating), the situation depends
on whether the rearrangement of the defect density
wave will be quick enough to follow the variations of
the period of theincommensurate structure. If not, then,
beginning from a certain temperature, the DDW will
act asapinning center impeding the temperature varia-
tion of the modulation lattice period, and, finally, at
some other temperature, the modulation lattice will be
destroyed. It is clear that the destruction is most proba-
ble in the vicinity of the phase transition where the
incommensurate structure is loosened. It is aso clear
that the lower isthe temperature of the reverse cyclethe
larger is the difference between the wavelength of the
DDW formed at this temperature and the modulation
lattice period near the transition between the incom-
mensurate and the normal phases, which meansthat, at
lower temperatures, the destruction of the modulation
lattice will occur earlier.

In such amodel, we should expect certain relaxation
phenomenato occur during the crystal exposure within
the temperature range corresponding to the hysteresis.
These phenomena reflect tuning of the defect density
wave to the modulation wave of the structure. In
Fig. 10b, such relaxation manifests itself in the inten-
sity variations of the basic reflection depending on the
temperatures of the preliminary sample exposure. It is
clear that in the limit of aninfinitely long sample expo-
sure at each temperature point, the hysteresis will be
absent, and the transition between the normal and
incommensurate phases will be of the second order.

In conclusion, we note that the above-listed specific
effectsrelated to the defect density waves do not always
occur in a complete form in every crystal with incom-
mensurate modulations of their structure. In our opin-
ion, this fact can be explained by the differencesin the
defect types, their activation energy and diffusion
mobility, as well as by the difference in the structure
modulations characteristic of different crystals.
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