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Abstract. The phase transitions of deuterated 5-bromo-9-hydroxyphenalenone (d-BrHPLN),
which was characterized as an isolated intramolecular hydrogen-bonded system, have been
investigated by low-temperature x-ray diffraction experiments. The temperature dependence of
lattice constants showed anomalous behaviour at the phase transition points 7c(= 22.8 K) and
Ti (= 34.5 K). Superlattice reflections were found at (h k+0.5 0) below T¢ and they deviated from
the commensurate position in the intermediate phase (7c < T < Ti). The peak shift § showed a
thermal hysteresis and was pinned on the position deviated from the commensurate one after several
thermal cycles, even below T¢. The cause of the pinning effect was attributed to the creation of an
improper hydrogen configuration excited electronically by x-ray radiation.

1. Introduction

Hydrogen-bonded materials exhibit a large isotope effect on the phase transition temperatures
by replacing hydrogen atoms with deuterium. So far, two contrasting models have been
presented for this phenomenon. One is a ‘tunnelling model” proposed by Blinc [1] and also
by Tokunaga and Matsubara [2], and the other is a ‘geometrical model’ proposed by Ichikawa
et al [3]. In the former model, the isotope effect is explained by the quantum nature of the
hydrogen motion in a double minimum potential, while the latter model treats the hydrogen-
bond length as the most important factor. The hydrogen-bond lengths of deuterium compounds
are known to be slightly longer than those of hydrogen compounds in general, and therefore
the slight structural difference is considered to cause the change of the transition temperatures.

In recent years, we have investigated the isotope effect of the isolated hydrogen-bonded
system K3H(SO4),, which has no network of the hydrogen bond [4-8]. The unique point of
this system is that KsH(SOy), has no phase transitions, while K3D(SOy4), undergoes a phase
transition at Tc = 84 K [9]. The position, the electron density distribution and the motion of
the hydrogen and deuterium atoms, as well as the hydrogen-bond length, have been extensively
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studied. In this simple system we observed the geometrical effect: the hydrogen-bond length
of K3H(SOy), was slightly shorter than that of K3;D(SOy),. Furthermore, the hydrogen-bond
length in K3H(SO,4), became shorter than the critical bond length at low temperatures and
the potential for the hydrogen atom changed from a double minimum to a single minimum
potential. For this reason, it is still very difficult to judge whether the tunnelling model is
essentially important or not.

Recently, an intramolecular hydrogen-bonded compound 5-bromo-9-hydroxyphenalenone
(C13H7BrO, abbreviated as BrHPLN) was synthesized as the next candidate to investigate the
isotope effect. Since the hydrogen-bond length of this system is fixed by the molecular
frame, it is expected that the hydrogen-bond lengths are the same for hydrogen and deuterium
compounds. If the hydrogen-bond length is fixed for both compounds, the role of the geo-
metrical effect should become clear. Furthermore, the existence of the tunnelling motion of
the hydrogen atom is expected in this system [10]. Two energetically equivalent configura-
tions of d-BrHPLN, in which a hydrogen atom relevant to the hydrogen bond is replaced with
deuterium, are shown in figure 1. An x-ray crystallographic analysis [11] at room temperature
showed that the molecules have no intermolecular hydrogen-bond network in the monoclinic
unit cell (space group Cc or C2/c), and the hydrogen-bond length (the O-O distance) of BrH-
PLN is about 2.49 A. Experiments of dielectric constants [12] revealed the existence of the
phase transitions at 23 K and 34 K in d-BrHPLN, while a phase transition was not observed
in BrHPLN: namely, this intramolecular hydrogen-bonded system shows an extraordinarily
large isotope effect.

Figure 1. Two energetically equivalent configurations of
Br Br d-BrHPLN molecules.

The concept ‘hydrogen-bond length fixed by a molecular frame’ is the keyword of this
study. However, at the moment this is not established and we believe that it should be judged
experimentally. We performed a conventional structure analysis of H and D compounds of
BrHPLN at room temperature, and obtained results indicate that this idea is acceptable. The
preliminary data are Roo(H) = 2.519(8) and Roo(D) = 2.505(11) A, and the bond lengths
seem to be equal within the experimental errors.

We reported in a preceding letter [13] that two phase transitions of d-BrHPLN
correspond to the commensurate-to-incommensurate phase transition (7¢ = 22.8 K) and
the incommensurate-to-normal one (71 = 34.5 K). In this paper we will present the detailed
x-ray structural studies associated with the phase transitions of d-BrHPLN, referring to the
temperature dependence of lattice constants, and the temperature dependence of the superlattice
reflection. The origin of the pinning effect will also be discussed.

2. Experimental details

Single crystals of d-BrHPLN, with a typical sample dimension of 0.15x0.15x 1.5 mm?, were
used for the x-ray diffraction experiment. A rotating anode x-ray generator with a Mo or a Cu
target was operated with a power level of 50 kVx60 mA. A fine-focused filament was used
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and Ko radiation was monochromatized by PG(002). A newly developed x-ray apparatus [14]
was applied to the low-temperature experiments and the counter and photographic methods
were used simultaneously. This apparatus was composed of a double-axis diffractometer,
a He-gas refrigerator-type cryostat and a curved image-plate. Weissenberg photographs
were taken at low temperatures, and the Weissenberg photograph pattern was converted to
a two-dimensional reciprocal-lattice pattern to survey weak superlattice reflections. The
temperature dependence of the observed superlattice reflections was precisely investigated
by the scintillation counter system.

3. Results

3.1. Temperature dependence of lattice parameters

Temperature dependence of lattice parameters was measured from 14.4 K to 282.6 K on
heating, and the results are depicted in figure 2. The lattice parameters a, b, ¢ and 8 exhibited
anomalous behaviour at the phase transition temperatures, 7c = 22.8 K and 71 = 34.5 K,
as shown in figure 2. On the other hand, the unit cell volume did not show any appreciable
anomalies at T¢ and 77. Here, all parameters are referred to the unit cell of the room temperature
phase, and do not necessarily represent the actual cells. In the preceding letter [13], we
pointed out that the commensurate-to-incommensurate phase transition (7¢) was of first-order
nature, and the incommensurate-to-normal phase transition (77) was of second-order. However,
the discontinuous change of lattice constants, as is often observed in the first-order phase
transitions, was not observed at 7 .

3.2. Search for superlattice reflections

In order to search for relevant superlattice reflections appearing at the low-temperature phases,
oscillation and Weissenberg photographs were taken at 50 K and 14.4 K. The oscillation
photographs were taken with the c-axis rotation, and no cell doubling was found along the
c-axis direction. However, on the Weissenberg photograph of the (k& k 0) plane taken at 14.4 K
by Cu Ke radiation, superlattice reflections were found. Figure 3 is the enlarged picture of the
(h k 0) reciprocal lattice at 14.4 K converted from the Weissenberg photograph. In the figure,
large white spots correspond to the fundamental Bragg reflections forming the monoclinic
lattice. Superlattice reflections were observed along the b*-axis between the fundamental
Bragg reflections. In the figure, (6 4.5 0), (5 5.5 0), (4 4.5 0) and (6 6.5 0) superlattice
reflections appear intensively. On the picture taken at 50 K, these new reflections disappeared.

The Weissenberg photographs of the (2 0 £) plane were also taken at 14.4 K, and no
superlattice reflection was found on this reciprocal plane. The lattice parameters at 14.4 K
were a = 12.050 A, b = 23.426 A, c = 6.927 A, B = 98.4° and Z = 8, which indicates that
the b-axis was doubled in the low-temperature phase. We found relatively intense g = (01/20)
type superlattice reflections, and the 2g-positions where the Bragg intensity disappeared due
to the C-lattice symmetry at the high temperature phase were extremely weak, roughly the
background level in the present experiment but finite. We determined the 3D-space group of
the commensurate phase as P2, /c from the consideration of the observed extinction rule.

3.3. Incommensurate nature of the superlattice reflections

Precise temperature dependence of the superlattice reflection was measured by the scintillation
counter method. Figure 4 shows the profiles of the superlattice reflection (7 ¢ 0) along the
b*-direction as a function of temperature. The data recorded during the first heating process
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Figure 2. Temperature dependence of lattice parameters from 14.4 K to 282.6 K for the heating
process. Anomalous behaviour is seen at 7c = 22.8 K and 71 = 34.5 K.

are given in figure 4(a) and those from the cooling process, after the heating process, are also
given in figure 4(b).

When a virgin crystal was cooled down to 14.4 K, the superlattice reflection was observed
at the position of approximately { = 0.5 as shown in figure 4(a). The peak position remained
at the same ¢ value on heating up to 22.8 K. A new peak appeared abruptly at the position of
¢ = 0.532 at 22.8 K, coexisting with the peak at ¢ = 0.5. While the latter peak gradually
disappeared with further increasing temperature, the position of the new peak moved along the
b*-direction. The peak shift §, which was defined as ¢ = 0.5 + § for representing the degree
of the incommensurability, increased up to 34.5 K. Above 34.5 K the superlattice reflections
became broad like a diffuse scattering.

The peak positions and the full widths at half maximum (FWHM) of the observed
scattering profiles on the first heating process are shown in figure 5. In the figure, full circles
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Figure 3. X-ray scattering intensity on the ( k 0) reciprocal lattice converted from the Weissenberg
photograph taken at 14.4 K by using Cu Ko radiation.
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Figure 4. The profiles of the superlattice reflection (7 ¢ 0) along the b*-direction. (a) is for the
first heating process and (b) is for the subsequent cooling process.

indicate the peak shifts §, and bars indicate the FWHM of each profile. The instrumental
resolution in FWHM is already corrected. As shown in the figure, the peak shift § was
unchanged in the temperature range from 14.4 K to 22.8 K, and the FWHM was essentially
narrower than the resolution limit. The peak shift § and the FWHM showed a discontinuous
change at 22.8 K. These results demonstrate that the phase transition at 7¢ = 22.8 K was
commensurate-incommensurate phase transition of the first-order and that at 7; = 34.5 K was
incommensurate-normal phase transition of the second order.

After heating up to 41 K, the data on a cooling process were taken. The diffuse
scattering became a superlattice reflection at lower temperature than 34.5 K, which is the same
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Figure 5. The peak positions § and the FWHM along the b*-direction of the superlattice reflection
(7 0.5+6 0) for the first heating process.

temperature as 77 in the heating process. On further cooling, the position of the superlattice
reflection moved towards { = 0.5 and finally it locked-in below 22.8 K. However, the lock-in
position is not exactly { = 0.5, and the peak shift § still deviated from zero even down to
14.5 K as shown in figure 4(b). This phenomenon is usually called a pinning effect in which the
lock-in position deviates from the exact commensurate one. The result contrasts with that in
the first heating process (figure 4(a)). Besides, the width of the profile became extraordinarily
broad. We show this point in more detail in the next subsection.

We also monitored the diffuse scattering above T1. An intensity contour map together with
a bird’s eye view of the reciprocal space around (7 0.5+8 0) measured at 73+1.1 K are shown
in figure 6. It is to be noted that the observed diffuse scattering is isotropical. The existence
of the diffuse scattering at this reciprocal lattice point apparently indicates that the observed
superlattice reflections represent the primary order parameter.

3.4. Hysteresis and radiation damage

As mentioned above, the lock-in position of the superlattice reflection at 14.4 K was not exactly
at ¢ = 0.5 but slightly larger than 0.5. On the cooling process after the first heating, the shift §
increased furthermore. In order to clarify the origin of this pinning effect of the commensurate
wave vector, we carefully monitored the superlattice reflection at around (7 0.5 0) during four
cycles of cooling and heating processes. The results are summarized in figure 7.

As shown in figure 7(a), the peak shift § in the incommensurate phase falls on the same
line for both the heating and the cooling processes. The so-called ‘hysteresis’ was clearly
observed: The peak shift § observed on the heating process was different from that on the
cooling process. The superlattice reflection below T¢ did not lock-in at ¢ = 0.5 except for the
first heating run, and the peak shift increased as a function of repeat-cycles.

Figure 7(b) shows the temperature dependence of the FWHM of the superlattice reflection
along the b*-axis. The FWHM of the fundamental Bragg reflection as the instrumental
resolution is already subtracted. On the first heating process in the commensurate phase,
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Figure 6. Intensity contour map and a bird’s eye view of the diffuse scattering in the reciprocal
lattice around (7 0.5+8 0) recorded at 7i+1.1 K. Contour lines were drawn every 40.5 count per 100
sec. The shaded portion corresponds to the FWHM of a fundamental Bragg reflection representing
aresolution function. The thick contour line indicates the FWHM of the observed diffuse scattering.

the corrected FWHM of the superlattice reflection was approximately zero up to T¢, while it
exhibited an abrupt jump at 7¢. On further heating, the FWHM decreased at once and increased
again at 7;. When the sample was cooled again, the temperature dependence of the FWHM
on the cooling process was almost the same as that of the first heating process down to T¢.
On further cooling below 7¢, however, the FWHM increased and showed a finite value. After
the one heating-and-cooling cycle, the FWHM in the commensurate phase became larger than
that in the incommensurate phase and saturated.

Figure 7(c) shows the temperature dependence of the peak intensity. In the first heating
process, the peak intensity decreased abruptly at 7. On further heating, the peak intensity
increased gradually, reaching the maximum at around 26 K, and then decreased gradually.
Above Tj, the superlattice reflection became the diffuse scattering and the intensity became
almost zero. In the incommensurate phase, temperature dependence of the peak intensities
falls on the same line for both the cooling and the heating processes. On the other hand, the
intensity in the commensurate phase decreased drastically after the first heating process. This
behaviour apparently corresponds to the behaviour of the FWHM.

We conjecture here the origin of the above experimental results: (1) damage of the crystal
itself or creation of the misarrangement of the molecular configuration may be occurring;
(2) imperfection in the crystal may be caused by the heating-and-cooling cycles or the x-ray
irradiation. In order to make this speculation clearer we performed the following experiments.

First, we tested whether the origin was the thermal effect or not. The peak shift § and
the FWHM of the superlattice reflection (7 0.5 0) were observed at 14.4 K after the heating-
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and-cooling cycle, such as heating up to 41 K and cooling down to 14.4 K. The experiments
were performed 5 times and the sample was not irradiated by x-rays during the heating and the
cooling processes. The temperature was increased at a rate of 0.5 K per minute from 14.4 K
to 41 K. After keeping the sample for 5 minutes at 41 K, the temperature was decreased at the
same rate. The observed peak shift § and the observed FWHM are shown at each measurement-
number of 1-5 in figure 8(a) and figure 8(b), respectively. The FWHM’s in figure 8(b) are the
raw data and the resolution correction is not performed. As shown in figure 8, they are almost
independent of the measurement-number. Thus it is concluded that the thermal treatment or
history does not produce the change of the diffraction profile including the width and the peak
position.
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Next, we investigated the effect of the crystal imperfection introduced by x-ray irradiation.
The experimental procedures were as follows. The sample was irradiated with x-rays for 10
hours at 14.4 K and heated to 41 K and then cooled down again to 14.4 K with no irradiation x-
rays. We monitored the (7 0.5 0) reflection after this procedure at 14.4 K. These measurements
were repeated seven times. The observed peak shift 6 and the FWHM of the superlattice
reflection at 14.4 K are shown at the measurement-number of 612 in figure 8(a) and figure 8(b),
respectively. As shown in figure 8, it was found that the peak shift § and the FWHM increased
by the first irradiation of the x-rays. However, after the subsequent irradiation, they were
almost the same as those of the first. From those results, we realized that the damage caused
by x-ray irradiation increases the 6 and FWHM values, and that irradiation only for 10 hours
is sufficient to cause the effect. Actually, the peak shift § had already deviated slightly from
the commensurate value of zero even in the first measurement without irradiation (figure 8(a)).
This slight shift may be caused by the short time irradiation of x-rays for a sample check.

Finally, an annealing effect will be mentioned here. The irradiated sample was heated up
to room temperature and annealed for 3 hours. Then the sample was cooled down to 14.4 K
and the peak shift § and the FWHM of the superlattice reflection were measured. The result
is shown as for the measurement-number of 13 in figure 8. The peak shift § and the FWHM
recovered the same value as those of measurement-number 1. Therefore imperfection of the
crystal is considered to be restored by annealing at room temperature. The result indicates
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that the dissociation of the molecule was not caused by the x-ray irradiation but a small
disarrangement of ordering atoms, probably hydrogen atoms, in a crystal occured.

4. Summary and discussion

The phase transitions of deuterated 5-bromo-9-hydroxyhenalenon (d-BrHPLN) at low-
temperatures have been investigated by x-ray diffraction experiments. As the first motivation,
we synthesized this new material in order to investigate the hydrogen-bond nature and an
isotope effect on the transition temperature. Accidentally, we found that the phase transition
scheme is the so-called normal-incommensurate-commensurate one. This is probably the first
case in which an incommensurate phase has shown such a large isotope effect.

The temperature dependence of lattice constants showed anomalous behaviour at 7Tj
(normal-to-incommensurate) and T¢ (incommensurate-to-commensurate). However, the
lattice constants did not show a discontinuous change at T¢, despite the first-order nature of
the phase transition. The superlattice reflection was found at (2 k+0.5 0) on the Weissenberg
photograph recorded at 14.4 K, and the space group of the lowest phase is determined as
P2, /c. Furthermore, we found that the intermediate phase was an incommensurate phase.
The peak shift §, which was defined as a deviation of the superlattice reflection from the
commensurate position (7 0.5+6 0), represents the degree of the incommensurability. The
temperature dependence of the peak shift § showed a thermal hysteresis in the incommensurate
phase. The precise peak position of the superlattice reflection slightly deviated from the exact
commensurate position even below 7¢ and was pinned after the experimental cycles. The
deviation of the peak position from the commensurate position at the lowest temperature
increased after each experimental cycle. Consequently, the origin of the deviation of the
pinning position from { = 0.5 was found to be caused by the x-ray irradiation.

A similar pinning effect caused by x-ray radiation damage has been also reported in other
systems. We compare the present results with those previously reported in other materials.
A variety of materials, especially a ferroelectric compound, shows an incommensurate
phase transition. Typical examples are NaNO, and SC(NH;),, in which electrical dipole—
dipole interaction is important. Long-period phases in thiourea under high electric field
are observed by x-ray diffraction [15], and later the results are compared with the data
taken by neutron diffraction [16, 17]. Large radiation effects of x-ray beams are discussed.
It is noted that the sample irradiated by x-rays retains the radiation damage or radiation-
induced defects and the radiation DOSE relates to the lock-in period of unusually long-
period structure. It is also reported that no anomalous line shapes could be detected.
Other examples of incommensurate materials are A;BX4-type compounds. Among them,
tetramethylammonium(TMA) compounds are well known to have incommensurate and long-
period structures. By x-ray diffraction experiments, drastic radiation damage was found
in TMATC-Co [18], and the irradiated sample showed complicated lock-in behaviour. It
seems that the damage is kept in a sample and the migration speed of the defect is very
slow. This behaviour seems to be similar to the chemical impurity effect in Rb,ZnCly studied
by Mashiyama et al [19]. Kiat et al also found similar effects in other types of compound
[20,21]. In betaine calcium chloride dihydrate (BCCD), they found complicated lock-in
behaviour which was dependent on the irradiation time and the temperature where the sample
is irradiated. Time dependence of the misfit parameter for a lock-in transition was also
observed in barium sodium niobate [21]. They showed the diffraction profile as a function
of time when constant temperature change is interrupted and temperature is holed. Misfit
parameter is strongly dependent on the thermal treatment process, cooling or heating, or speed
of temperature change. It seems that there are many metastable states energetically similar to
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each other. The similar results were found in RbLiSOy4 [22], in which diffraction profile and
lock-in period are strongly dependent on the path in temperature-electric field space. In this
case, no radiation damage was reported.

We emphasize here that the pinning effect of d-BrHPLN is removable by annealing the
sample at room temperature and all phenomena are irreversible. This evidence is contradictory
to the ordinary lock-in behaviour under irradiation previously reported. Therefore, itis possible
that the terminology ‘radiation damage’ used in this material might be slightly different from
those in other materials, or migration speed of defects might be extraordinarily high.

The d-BrHPLN molecule has two energetically equivalent configurations in connection
with the hydrogen configuration. Above T, the exchange between the two configurations
takes place rapidly and the deuterium atom in the hydrogen-bond may be in a disordered
state, as shown by NMR and dielectric measurements [11]. The deuterium configuration is
believed to be ordered in association with the phase transition at 71, as also suggested by
calorimetric studies [11], although no direct evidence, such as low temperature structures, has
been presented for this interpretation. If we take this viewpoint, the origin of the x-ray damage
causing the pinning effect may be rationalized as follows. In the commensurate phase below
Tc, which may have the ordered deuterium configuration, the x-ray irradiation may induce
the configurational exchange shown in figure 1 through excitation of the molecules, and the
resultant improper deuterium configurations disturb the ordering patterns. This process may
be regarded as generation of the ‘defects’. Here we believe that the energy differences of the
alternative configurations may be very small in both the incommensurate and the commensurate
phases. Finally, we consider the mechanism of the pinning effect caused by such defects.
Since the imperfections will be formed locally and randomly in a crystal, they are not even
detectable just after creation. However, once such defects are introduced in the crystal, the
ordering process of the deuterium configurations in the incommensurate phase will be affected
by the ‘embryo’ and the size of the coherently ordered region will decrease. This process may
lead to the broad scattering profile and the pinning effect below 7c. We also note that the
picture presented here is consistent with the computer simulation in which discommensuration
is introduced randomly in a crystal [23]. The pinning mechanism mentioned here is still
our speculation, and we consider that the structure analysis at the low-temperature phase is
important to discuss quantitatively such a pinning effect and the mechanism of the phase
transition, especially the large isotope effect. The precise structure analysis and neutron
scattering experiments are now underway.
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