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Abstract

With the aim of producing large crystals of metastable NaMn,O, manganite, suitable for physical measurements (i.e.: RXS, Raman,
EPR, STS, single-crystal neutron diffraction), we carried out a systematic investigation of the parameters controlling the growth of
crystals, including the thermodynamic variables (7, P, and reagent composition) and the kinetic factors, such as reaction time and
heating/cooling rate. By varying each parameter while maintaining constant the other ones, we found the thermodynamic conditions
under which an optimum equilibrium is reached between the competing nucleation and growth rates. They were found to range between
400 and 700 °C (7)) and between 20 and 60 Kbars (P), respectively. Under these conditions, we further optimized the growth process, by
establishing the most appropriate growth duration (several hours), reagent type (pre-reacted precursor) and composition (presence of
0.4mole% water and of 5% Na excess with respect to the stoichiometric composition). Typical crystals having several hundreds pm in
linear sizes were reproducibly obtained, while the largest sample was about 800 um.

A description of the crystal growth mechanism, based on the experimental results, is also presented and discussed. It assumes that two
different mechanisms control the crystal growth, depending on whether the crystallization is taking place outside the stability field, i.e. in
presence of native reagents, or inside it, i.e. in a polycrystalline NaMn;O;, phase matrix. In the first case, large crystal growth occurs
thanks to the low nucleation and high diffusion rates, while in the second one the crystallization is due to the solid-state mechanism based
on the free energy reduction caused by grain boundary migration.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

NaMn,0;, (hereafter NaMn-O;,) is a manganite with a
complex perovskite-like structure [1,2]. It is a metastable
phase at ambient pressure and only forms under high-
pressure conditions. Due to the absence of the chemical
disorder which typically occurs in the mixed valence
manganites, NaMn-,O;, represents a model system for the
study of Mn charge, orbital and spin ordering, which can
simply be derived from crystallographic data [1]. Due to
such peculiarities, it obviously represents a quite interesting
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system for physical investigations and complex mechanism
understanding. The first report on the synthesis of this
material was already published in 1973 [2], but only
recently it has received a renewed interest, because good
quality bulk (polycrystalline) material became available.
We already described the synthesis [3], the P/T phase
diagram [4] and the growth and the structural refinement of
tens micron-sized NaMn-;O;, crystals [5]. To clarify the
ordering mechanisms, the properties associated with the
CE-type magnetic structure and the peculiar orbital
occupation in comparison with the classical half-doped
manganites [1], large-sized crystals have to be analysed, by,
for instance, resonant X-ray scattering (RXS) [6], electron
paramagnetic resonance (EPR [7], Raman scattering [8],
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scanning tunnelling spectroscopy (STS) [9] and single-
crystal neutron diffraction [10].

On the other hand, this system poses a great challenge to
the crystal grower. The difficulty in controlling the
pressure, as an additional thermodynamic variable, makes
severe limitations to the availability of suitable apparatus
and the checking of reproducible results.

In this paper, we describe the results of a systematic
investigation of several crystal growth parameters and
report the optimized conditions for obtaining hundreds
um-size NaMn,O, crystals. We also present and discuss
the crystallization mechanisms, which account for the
experimental results and are consistent with the available
literature.

2. Apparatus and experimental
2.1. High-pressure apparatus

The NaMn-,O;, synthesis and crystal growth take place
under high-pressure-high-temperature (HP/HT) condi-
tions. The relevant experiments were carried out in a 6/8-
type multi-anvil apparatus using Pt capsules (volume = 58
or 153 mm®, depending on the assembly type). The capsules
(30-um-thick Pt foil) were inserted in an octahedral MgO
assembly and then in the multi-anvil apparatus, in contact
with a Pt/Pt—Rh 10% thermocouple for monitoring the
temperature during the reaction. The pressure was first
increased up to the maximum value at the rate of 160 bar/
min. The capsule was then heated up to the maximum
temperature at rates varying between 2 and 60 °C/min, kept
for 1-4h and cooled down to room temperature by either
switching off the heater, or by applying a controlled
cooling rate. Finally, the pressure was released at ~ 50 bar/
min. In some experiments, the assembly was mounted with
two or three capsules, each one filled with a different
precursor. In such a “multi-capsule system’ two or more
reactions take place under identical conditions, thus
avoiding uncontrolled variations of pressure or tempera-
ture.

Calibration experiments carried out on standard materi-
als show that the temperature and pressure gradients inside
the capsule are negligible.

2.2. Solid-state synthesis and crystal growth

Stoichiometric and 5-10 mol% Na-rich mixtures of Mn-
oxides (MnO, Alfa Aesar, 99.9% and Mn,Os Ventron,
98%) and NaOH pellets (Merck, >99%) were used as
reagents. Alternatively, a pre-reacted precursor was used. It
was obtained by mixing stoichiometric (or Na-rich)
amounts of Mn- and Na-citrate solutions. The mixed
solution was gelled by slowly evaporating and the solid
residual heated at 750 °C for 24h. More details on the
procedure are reported in [11]. The precursor looks like a
fine black powder, whose main components are Mn,O3 and

Na,Mns0;9. No oxidizing/reducing agents were ever used
to modify the reaction atmosphere.

The reagents/precursors were mixed, finely grounded in
a glove box to prevent hydration, and encapsulated in the
Pt foil (not sealed).

Once the capsule is removed from the multi-anvil
apparatus, the reaction products are easily recovered, by
cutting the capsule with a blade.

2.3. Characterization

Powder X-ray diffraction (XRD) were performed on a
X-ray Siemens D-500 diffractometer with a CuKo
(4 =1.540 A) radiation. From the powder diffraction we
determined the sample composition and semi-quantita-
tively evaluated the content of different phases by refining
the data with the GSAS programme and by using the
available structural model [12].

A Philips PW1100 single-crystal diffractometer equipped
with graphite-monocromatized MoKa (4= 0.71069 A)
radiation was used for the crystal structure determination
and refinements. The data were collected at room
temperature on single crystals mechanically separated from
the powders.

Simultaneous differential scanning calorimetry (DSC)
and thermogravimetry (TG) were made in a Netzsch 409/
429 apparatus, under normal atmosphere and in alumina
crucibles.

The crystals were isolated and measured by optically
observing under a Leica DC300 F microscopy.

SEM images were taken by a Cambridge Stereoscan 360
scanning electron microscope (SEM).

3. Results and discussion

The solid-state synthesis of NaMn,O,, carried out under
the conditions delimiting the P/T stability region [2], yields
polycrystalline, pm-size powders, 99% single-phase. Typical
products obtained at 700 °C and 60 Kbar, after 2 h-reaction,
are shown in Fig. 1. By reacting a non-stoichiometric
precursor containing 100% [Na] excess for 10h at
P =60Kbar and 7 =830°C and by cooling down to
600 °C at a rate of 10 °C/h, NaMn-O, crystals with average
linear dimensions of 20-40um were obtained. A SEM
picture of the best crystals grown under such conditions is
shown in Fig. 1(b). From the solid matrix, a 75-um crystal
(linear dimensions) was mechanically separated and used for
single-crystal X-ray structure determination [4].

With the aim of increasing the crystal size, we tried
different approaches, by taking into account several
significant parameters. We firstly tried to optimize the
kinetics of crystallization by moving inside the stability
field of the NaMn,O,, phase (Fig. 2, left side). We either
increased the reaction time (up to 160 h) and decreased the
heating/cooling rate (+2°C/h). We also introduced small
crystals within the reagents in order to provide seeds for
preferential crystallization and crystal growth. Then, we
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Fig. 1. Optical (a) and SEM images (b) of NaMn,O,, crystals. Note the
markers: 300 um, top-right corner (a) and 40 um, bottom left (b).
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varied the reagent composition by adding small amounts
of water, to simulate a hydrothermal synthesis, or by
increasing the Na content (up to 300% with respect to the
stoichiometric amount), to promote the formation of some
“flux”. None of these attempts gave any significant
improvement. Finally, we explored the P/T space outside
the thermodynamic stability field. In the upper side, we
increased 7 up to 1100°C and P up to 60 Kbar, trying to
induce the melting and melt-growth processes. On the
opposite side, we reduced 7 and P down to values
belonging to the lower left portion of the phase diagram
(red square in Fig. 2). Under these “‘mild”” conditions we
finally succeeded in enlarging the crystal sizes and we could
define the appropriate P/T conditions (Fig. 2, right panel)
for growing larger crystals.

In order to compare the reaction products and to point
out the dependence of the crystal growth results on the
reaction conditions, we used optical and electron micro-
scopy observation and X-ray powder and single-crystal
diffraction, whenever the crystals were present, sampled in
different regions of the capsule. The average size among
different experiments was assumed to be similar within
15% difference. The crystals were easy to be optically
detected, due to their shining silvery aspect, well distin-
guishable from the embedding grey powders. The results
are presented in a pictorial way; all the optical images
presented hereafter (and Fig. 1(a), as well), have the same
marker (300 um, top-right corner), to make the comparison
easier among different experiments.

3.1. Effect of temperature and pressure

In Figs. 3 and 4 we show the effects of temperature and
pressure on the crystal growth, by referring to the phase
diagram of Fig. 2, right side. The effect of temperature
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Fig. 2. Enlarged area of NaMn,O,, phase diagram. Left diagram is taken from [3].
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Fig. 3. Effect of 7'on NaMn;O; crystal size: (a) 7= 400 °C, (b) 500 °C, (c) 575 °C and (d) 650 °C. P = 40 Kbar, reaction time = 2 h, reagents = precursor

with 5% [Na] excess.

(Fig. 3(a)—~(d)) was determined by varying 7 and keeping

constant the other parameters: (P = 40Kbar, reaction

time = 2 h, reagents = 5% Na excess precursor). Analo-

gously, the effect of pressure (Fig. 4(a)—(d)) was determined

by varying P under constant 7' ( = 575°C), reaction time

(= 2h), and reagent type ( = 5% Na excess precursors).
The results can be described as in the following:

(a) At T and P lower than those defining the NaMn,O,
stability field (Fig. 2), no crystals are present (Figs. 3(a)
and 4(a)) and the X-ray patterns indicate the presence
of the Mn,03 and Na,Mn;0, reagents.

(b) Crystals form and grow when moving towards the
precursors/NaMn-QO;, transition curve. They reach the
largest dimensions at the external border of the curve
(Figs. 3(b) and 4(b)). After mechanically separating the
crystals, XRD of the matrix in this region still show the
presence of starting reagents.

(c) By further increasing 7 and P, ie. entering the
NaMn;O;, stability field, the crystals remain present
but smaller (Figs. 3(c) and 4(c)). XRD of the polycrystal-
line matrix shows the presence of the NaMn-,O, phase in
addition to the reagents (mainly Mn,O3).

(d) Finally, (Figs. 3(d) and 4(d)) the crystals get smaller
and smaller when moving into the high P/T region. The

optical images in these case are similar to that of
polycrystals (Fig. 1(a)) and XRD indicate that pro-
ducts are almost 100% NaMn,O».

On the basis of these experiments we conclude that:

(a) The P/T phase diagram of the NaMn-O;, phase we
proposed in [3] is consistent with the new experiments.

(b) “Large” NaMn-,O, crystals are obtained in the narrow
portion of the P/T phase diagram, across the transition
curve. The better results (3—400 um average crystal size)
are obtained under the conditions of Figs. 3(b) and
4(b), outside (but close to) the thermodynamic stability
field. Crystals are embedded in the reagent powders.
The largest specimen (800 um, Fig. 4(b)) grew from a
5% [Na] excess precursor, after a 2-h reaction at
T =575°C and P = 30Kbar.

(c) When moving within the thermodynamically optimized
crystal growth field, the crystallization process can
further be improved, by systematically adjusting the
process variables.

In the following, we report the effects due to several
significant parameters.
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Fig. 4. Effect of P on NaMn;O,, crystal size: (a) P =20Kbar, (b) 30Kbar, (c¢) 40Kbar and (d) 50Kbar. 7= 575°C, reaction time =2h,

reagents = precursor with 5% [Na] excess.

3.1.1. Reaction time

The reaction time was one of the parameters that
appeared to have no influence on the crystal size in the
experiments carried out under high P/T conditions. It
indeed may play a significant role, when working in the
appropriate thermodynamic field. NaMn,O,, crystals
obtained at P =30Kbar, T = 575°C, are presented in
Fig. 5 after 10min (Fig. 5(a)), 2h (Fig. 5(c)) and 31h
reaction (Fig. 5(e)), together with the collection of isolated
single crystals (Fig. 5(b), (d), and (f), respectively).

Surprisingly, 100-180-pm-sized, facetted crystals were
observed already after few minutes reaction (Fig. 5(a)—(b)).
The crystals in Fig. 5(d) are among the best we obtained
from the structural point of view; they exhibit a complex
polyhedral shape. Longer reaction time induces the
merging of adjacent crystals, leading to bigger masses of
crystalline agglomerates, that usually break when trying to
separate them from the powdered matrix (Fig. 5(f)).

3.1.2. Heating/cooling rate

The heating or cooling rate does not affect the crystal
growth of NaMn,O,, either in the high P/T region and in
the optimized crystal growth field.

By varying the heating rate from 2 to 60 °C/min, we do
not appreciate any significant difference in the average size

of crystals. We conclude that the effective parameter is the
total reaction time, regardless of the heating velocity.

3.1.3. H>0 content

We noticed that the NaMn,O,, crystallization was
somehow dependent on the aging of the precursor, the
crystal size resulting larger when aged precursors were
used. In several cases no crystals at all could be obtained
from freshly prepared precursors. DSC/TG thermal
analysis proved that the precursors, although kept in a
dry atmosphere, tends to hydrate, as a consequence of the
hygroscopic properties of the Na—Mn—O compounds. The
DSC plots of fresh and aged precursors are compared in
Fig. 6. The DSC peak at about 100 °C clearly indicates that
the aged material releases some humidity. The process is
reversible and a 1-h annealing at 150 °C is sufficient to
recover the dry reagents. TG analysis indicates that the
absorbed water is about 0.4% (w/w) of the total mass,
which corresponds to a NaMn-0O;,/H,O molar ratio ~8.

In Fig. 7(a) and (b), we compare NaMn,;O;, samples,
obtained in a double-capsule experiment, from a dry
and a hydrated precursor, respectively. The other process
variables were: P = 30Kbar, 7= 575°C, time = 2h, re-
agent = 5% [Na] excess precursor. The precursor was
annealed 1h at 150°C, to get a dry compound, and then
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Fig. 5. Effect of reaction time on NaMn,O,, crystal size. (a, b) 10 min, (c, d) 2h and (e, f) 31 h. 7= 575°C, P = 30 Kbar, reagents = precursor with 5%

[Na] excess.

it was divided in two portions. In one case, it was used as it
was (dry precursor), in the second one it was added
with 0.6 uL distilled water (hydrated precursor, with a
NaMn,0;,/H>,O molar ratio =&8). The pictures clearly
demonstrate that the presence of H,O favors the
crystallization of NaMn;O;,. On the other hand, the
crystal sizes did not improve with an increase in the water
amount. Both these results were reproduced several
times, by repeating the experiments under similar
conditions.

3.1.4. Na excess

The effect of the Na content in the precursors has been
extensively studied, since it significantly affects the
NaMn,O;, phase quality and the crystal growth.

In the case of the NaMn,O, synthesis, we demonstrated
that the optimal Na content in the precursors is a 5%
excess with respect to the stoichiometric ratio [3,4]. At
lower Na concentration, a significant amount of Mn,0O;
remains in the products, while traces of secondary phases
appear in the XRD patterns if the Na excess is increased up
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to 10% or more. Although the spurious phases could not
be precisely identified, their weight fraction increases with
increasing the Na concentration and therefore can be
tentatively attributed to Na-rich Na—Mn-oxides.

As far as the crystal growth is concerned, we found that
a small excess of Na improves the nucleation and crystal
growth. Fig. 8 shows crystals obtained from dehydrated
precursors, varying Na excesses (7' = 575°C, P = 30 Kbar
and reaction time = 2 h, were kept constant). One notices
that no crystals form for Na content up to 5% excess
(Fig. 8(a)); large crystalline conglomerates appear when
[Na] excess is 10% (Fig. 8(b)), whereas they become smaller
and more dispersed by increasing Na excess to 15%
(Fig. 8(c)). This finding suggests that Na favors the
nucleation process. We hypothesize that the presence of
Na and H,O in the regents are related, Na—Mn-O
compounds being hygroscopic, and that both of them play
a role in the crystallization process. A reasonable connec-
tion between the two variables could be that the higher the
Na content, the easier (or faster) the hydration which
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Fig. 6. DSC plot of “fresh” (red line) and “aged” (blue) precursor.

(a)

allows the minimum amount of water to trigger the crystal
growth. However, we point out that the results described in
Fig. 8 only refer to the Na presence, because, as confirmed
by TG checking, any absorbed water was removed by
dehydrating the precursors at 150 °C for 90 min. The full
understanding of Na and water interplay deserves further
investigations, which are presently in progress.

3.1.5. Reagent type

The reacting mixture was considered as an additional
process variable, by comparing the NaMn,O;, crystal-
lization yield when using as reagents either commercial
oxides or sol-gel precursors.

In order to properly compare the effect of the reagents,
the corresponding high-pressure crystal growth experi-
ments were carried out in parallel, under identical
conditions, by using the double-capsule system.

Typical results are shown in Fig. 9(a) and (b). They
demonstrate that much larger crystals are obtained when
sol-gel precursors are used. The experiment was repeated
several times, giving reproducible results in about 80% of
the cases, thus confirming that finer and better-dispersed
powders yield faster kinetics and improved products.

In a few cases, however, we were not able to grow
NaMn,;O;, crystals in spite of applying the optimized
procedure. In all these cases, we could associate the lack of
crystallization to the occurrence of “anomalous” XRD
patterns of the precursor. The black, extremely fine
precursor powders, from which NaMn,O;, crystallizes,
are a mixture of Mn,O3 and Na,MnsO,,, (ICDD card no
27-0749). On the contrary, the ‘“anomalous” precursors
which seem to inhibit the crystallization were found to
consist of Mn,O5; + NaysMngO;53 (ICDD card no 27-0750).
Since identical sol-gel process were used in all the
experiments, we are at the moment unable to explain the
difference, but we intend to further investigate the subject
in order to achieve a better control of the reaction and a
correct understanding of the role of different Na—Mn
oxides in the crystallization.

Fig. 7. Effect of H;O on NaMn,O,, crystal size, Dry (a) and hydrated precursor (b) are compared. T = 575°C, P = 30Kbar, reaction time = 2h,

reagents = precursor with 5% Na excess.
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Fig. 8. Effect of [Na] excess on NaMn,O,, crystallization when starting from a dehydrated precursor. Na stoichiometric excess is 5% (a), 10% (b), 15%

(c), respectively. (T = 575°C, P = 30 Kbar, reaction time = 2 h).

300 pm
P—

Fig. 9. Effect of the use of oxide and precursor on NaMn,O, crystal size. Reagents were oxides in (a), and precursors in (b). The experiments were done
in the same run, with the double-capsule assembly. The other parameters were 7'= 575 °C, P = 40 Kbar, reaction time = 2 h.

3.2. Crystallization mechanism

Due to the high-pressure and the relatively low-
temperature conditions, it seems unrealistic to hypothesize
the presence of significant quantities of liquid phases
during the crystallization process. Consistently, no traces
of a liquid solidification are detectable in the reaction

capsule after the experiments, thus supporting the assump-
tion that NaMn-,O, prevalently crystallizes in a solid-state
environment. On the other hand, it has to be pointed out
that the largest crystals grow in a “mild” thermodynamic
regime, under moderate pressure and temperature condi-
tions and they are embedded in the reagent precursors,
i.e. outside the macroscopic stability field of the NaMn-O,
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phase. Under such conditions, quite large crystals form in
relatively short time (Fig. 5). On the contrary, smaller
crystals segregate from the NaMn;O;, matrix inside the
compound stability field, and they get smaller and smaller
when increasing temperature or pressure (Figs. 3 and 4).
Under such a regime, even the increase of the growth time
seems to be detrimental for the crystal quality and
morphology, in contrast with the well-established fact that
the efficiency of the secondary crystallization increases by
increasing the reaction duration, temperature and pressure.
We suggest that the anomalous behaviour we observe may
be explained by assuming two different mechanisms driving
the crystallization, in presence of the precursors (outside
the stability field) or of NaMn;O,, phase (inside the
stability field).

In the precursor crystallization case, the NaMn;O;,
nucleation takes place at the thermodynamically appro-
priate T and P conditions, but the relevant rate remains
quite low due to the mild regime. On the contrary, once the
nucleus critical sizes have been reached, the growth kinetics
is relatively high, as a consequence of the presence of traces
of water (expected to be supercritical under the experi-
mental conditions, Fig. 7) and of the very reactive,
atomically dispersed precursor grains (Fig. 9). Both factors
keep the average ion diffusion to the growing crystal
surface higher than solid-state diffusion in water-free and
mechanically dispersed reagents. The combined effects of
the low nucleation rate and the high diffusion kinetics
yield few and large crystals in relatively short time. The
crystals result well separated from the embedding friable
precursors.

When T and/or P are increased, entering the NaMn,O,
stability region, the nucleation rate increases much more
than the growth rate and the two processes compete.
The nucleation involves the whole sample and the
precursor quickly transforms into fine-grained polycrystal-
line NaMn;O,. In such a regime we hypothesize that the
crystal growth mechanism is a solid-state one.

In spite of the extensive literature covering the solid-
phase re-crystallization of metals [13], when moving to
non-metallic materials, as in the case of magnetic
compounds, the available references appear to be much
more restricted, especially when the grain growth process
occurs under elevated pressures. It is, however, generally
accepted that, also in the case of ceramic compounds, the
solid-phase re-crystallization leading to the growth of one
(or a few) grain is the result of grain-boundary migrations
similar to those observed in metals. The minimization of
the surface energy would ultimately made the boundaries
migrate away from the larger grains, leading to a final state
in which the polycrystalline structure is transformed into
few lattice regions. A first experimental evidence dates back
to more than 50 years ago [14]. Accordingly, the growth of
crystals from polycrystalline NaMn,O;, could be explained
as a high-pressure—high-temperature process in which the
crystal undergoes a free energy reduction by migration
(and size reduction) of grain boundaries. These boundaries

are indeed zones of higher free energy in a polycrystalline
structure when compared to a single-crystal one. In a first
stage, the NaMn,O, particles coalesce in a porous fine-
grained matrix and subsequently sinter. The vacancies, by
which the pores are made up, diffuse to the boundaries,
thus causing the pores to shrink. Such pore shrinking
would be favoured [15-18] by high vacancy diffusivity as
well as by elevated pressures. The evidence that traces of
water improve the crystallization while larger quantities do
not can be accounted for by considering that large water
inclusions in the pores would hinder their shrinking, and
limit the sintering process. According to the theory [16,17],
sintering by pore shrinking is also favoured by fine grain
size, with respect to larger and non-homogeneous particles.
The sintering process finally leads to the formation of a
polycrystalline structure practically free from pores and
made up of a reduced number of grains with different size,
differently oriented with respect to each other and
separated by transition zones (grain boundaries). The final
state, in which the polycrystalline structure is transformed
into one or few lattice regions with the same orientation
can now be achieved when the grain boundary movement
reduces the free energy. A quantitative treatment of the
process is presently out of reach, but, qualitatively, it can
be surmised that the boundary movement (and that of
vacancies in a counter-stream), would take place when,
upon heating, the atomic vibrations increase enough that
movements of atom become possible. However, as was
observed experimentally, at too high temperatures, the
efficiency of the crystallization process appears to be
reduced (Fig. 3). This is probably related to the fact that
the pore shrinking stage turns out to be limited when the
temperature increases too much [15].

4. Conclusions

We succeeded in reproducibly obtaining crystals of
NaMn,0O;, as large as several hundred pm in linear
dimensions, necessary for physical experiments aimed to
study the ordering (charge, orbital and spin) phenomena
present in this material.

The largest crystal we separated was about 800 um large.
Such a crystal grew under moderate 7" and P conditions,
around the border which separates the instability from the
stability field in the P/T NaMn,O;, phase diagram.

The systematic optimization of the kinetic factors, such
as growth duration and heating/cooling rate, as well as the
use of pre-reacted precursors containing small amounts of
water and Na excess, allowed improving the crystal size
and morphology.

To account for the experimental findings, we propose
that two different mechanisms control the crystal growth,
depending on whether the process is taking place outside
the NaMn,O;, stability field, i.e. in presence of the native
precursor) or inside it (i.e. in a polycrystalline NaMn;O,
matrix). In the first case, we assume that large crystals
segregate as a consequence of the competing low nucleation
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rate and high diffusion rate, the latter being favored by the
presence of supercritical water and fine-grained reagents.
The second crystallization process is suggested to be a solid-
state one, driven by sintering. The crystals in this case grow
in the solid phase as a consequence of the larger grain
boundary migration toward the smaller ones, and the
associate release of the free energy.
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