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Lamellar structure and twist boundary of NaV,05
grown by flux method
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Microstructures of NaV,0s prepared using flux method were characterized. These
structures were observed to be dominated by lamellae with an average thickness of ~1
micron. These lamellae share (001) plane and stack along [001] direction. A small
orientation difference among these lamellae was detected with electron diffraction to be
within several degrees. A pure twist boundary with (001) plane as the boundary interface
and high sigma value of 235 was determined. Within the lamellae there are numerous
dislocations arranged parallel to the twist boundary. The twist boundaries and dislocations
may introduce distortion in the layers of VO5s pyramids, which is believed to be unfavorable
for Na atoms to position between these layers and may result in non-stoichiometry locally

at the boundary. © 2005 Springer Science + Business Media, Inc.

1. Introduction

Vanadium oxides are found to have many different
structures and therefore different electromagnetic prop-
erties [1-5]. One of the more remarkable structures is
NaV;0s. This oxide is of significant importance in that
its unique quantum nature exhibits a low-dimensional
system with § = 1/2 chain and a single ground state
and a spin-Peierls transition at the temperature of 35
K. This transition temperature of 35 K is higher than
those of CuGeO3 (18 K), Gd3RuO7 (14 K), and CuSiO3
(8 K) [6-10]. Carpy and Galy believe that the struc-
ture of NaV;,0s played a key role in the spin-Peierls
transition because they interpret the transition at 35 K
as a spin-Peierls transition based on structural change
[1]. In their non-centrosymmetric model, a magnetic
V405 square pyramid isolated by nonmagnetic V7305
square pyramids results in an one dimensional S = 1/2
V+* anti-ferromagnetic Heisenberg linear chain that
could cause the observed Bonner-Fisher-like tempera-
ture dependence in magnetic susceptibility and a spin-
Peierls transition at low temperature [7, 11]. Recently,
Meetsma and his co-workers re-determined the struc-
ture of NaV,0s and reported a centrosymmetric struc-
ture [12], which was confirmed by Tsuda et al. [13].
In their model for the NaV,Ojs structure, there is only
one type of V site. This implies that all the vanadium
sites have a uniform valency of +4.5 above the tran-
sition temperature. The phase transition at 35 K is not

*Author to whom all correspondence should be addressed.

0022-2461 © 2005 Springer Science + Business Media, Inc.

an ordinary spin-Peierls transition but a spin-charge-
lattice-coupled system [14—15].

The aim of this study is to characterize the mi-
crostructure of NaV,0s prepared by flux method for
a better understanding of the process-microstructure-
properties interrelations. We have revealed the lamellar
structure with the (001) boundary planes.

2. Experimental details

V,03, V,05 and NaVO; were used as raw materials
for preparation of NaV,0s by flux method. They were
mixed in a nominal atomic ratio of 1:1:4 and made com-
pact. The mixture was melted in a platinum crucible at
1273 K, then slowly cooled to 1020 K at a rate of 1
K/h and held at this temperature for 2 days using ar-
gon with 5 at% NaVOsj as flux. The obtained NaV,0s
crystal is plate-shaped with a longer edge of 2 cm. Fi-
nally the NaV,05 was boiled with water to remove
any remaining NaVOs; [7]. The transition temperature
was measured to be 35 K using NMR and far infrared
spectroscopy.

Cross section and plan view TEM specimens were
prepared using a modified dimpling/ion milling pro-
cedure. Cross section samples allow direct observa-
tion of microstructure alternation during crystal growth
with high resolution and simultaneous collection of
crystallographic information. To prepare cross section
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samples, a plate-shaped NaV,0s5 sample was glued in
between two sapphire fillers using M-bone and cured at
400 K in an electric oven to form a raft-like structure.
Disks with a diameter of 3 mm were cut with a super-
sonic cutter, followed by mechanical grinding and dim-
pling and finally ion thinning to electron transparency
using a Gatan dual ion milling system. Plan view sam-
ples were made following nearly the same procedures
as for cross-section samples but with the plate normal
coincident with the electron projected direction. The
prepared samples were examined using a Hitachi H-
8100 and Phillips CM-200 TEMs equipped with a field
emission gun operating at 200 k'V.

3. Results and discussion
3.1. Morphology and centrosymmetry

of NaV, 05
Fig. 1 is a bright-field image at low magnification show-
ing a typical morphology of NaV,0s viewed along
[100] direction. Lamellar structures are observed to be
well developed along the [001] direction and with an
average width of ~1 um. The grain boundary coin-
cides with the (001) plane. Within the lamellae there
are numerous defects extending approximately along
[010] direction and piling up in the direction parallel
to the grain boundary. The density of these defects is
measured to be about 10° cm™2 and their size in the
range of 0.1 to several microns. The small orientation
difference among the lamellae was detected with elec-
tron diffraction to be within several degrees. As a result
the twist boundaries may be introduced between these
lamellae.

Large-angle electron diffraction experiment was car-
ried out for quick scan of the whole inverse space.
The reconstructed reciprocal space has an orthorhom-
bic symmetry that corresponds to a unit cell with re-
spective lattice parameters of 1.13, 0.360, and 0.45 nm
in real space. The deduced extinction of the reflections
coincides with two space groups P2;mm and Pmmn.
The difference between them is an inversion center

Figure 1 Bright-field photo viewed along the [100] zone axis showing
morphology of NaV,0s5. NaV,0s consists of the lamellae with an av-
erage thickness of 1 micron. There are numerous dislocations aligning
parallel to the [010] direction and piling up within the marked lamellae.
The corresponding electron diffraction pattern is inserted.
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Figure 2 (a) and (b) are a pair of dark-field convergent beam electron
diffraction patterns showing translation symmetry of 301 and 301 discs,
which indicates the presence of inversion center in this material.

present in Pmmn, but not in P2;mm. Tsuda et al. [13]
determined an inversion center in NaV,Os using CBED
based on the symmetry of a pair of dark-field patterns
whose reflection indices have opposite signs [16, 17].
Fig. 2a and b shows the dark-field patterns of the 013
and 013 reflections, obtained at the exact Bragg angle
positions. The contrast distribution in the 013 diffrac-
tion disc is identical with that of the 013 disc, which
indicates the presence of an inversion center in the spec-
imen. Therefore it can be concluded that NaV,05 has
centrosymmetry and the correct space group is Pmmn.

3.2. Determination of coincident site lattice

A small misorientation between the lamellae was found
by electron diffraction. By carefully adjusting these
lamellae along the exact [100] zone axis, misorienta-
tions between these lamellae were determined. The de-
tected angles were not larger than 10°. As an example,
the angles between the marked lamellae in Fig. 1 were
measured to be ~5° (lamella I and II), ~4° (lamella II
and IIT), and ~1° (lamella I and III). The twisting angles
between these neighboring lamellae may not necessar-
ily be exactly the same, but variation of these angles is
very small. Also, the twist between these lamellae is not
in a chirality way. The direction parallel to the normal
of the grain boundary was observed in order to reveal
details of the grain boundary between two lamellae. As
the electron beam passes a crystalline substance, it is
scattered into a number of distinct beams with small ori-
entation differences of around two degrees according
to Bragg’s law. These scattered beams form a diffrac-
tion pattern at the back focal plane of the objective lens.
Geometrically, the diffraction pattern is coincident with
a reciprocal lattice plane in the case of single crystal.
The scattered beams may also act as incident beams that
can be scattered again in the specimen, resulting in a so-
called double diffraction. When a polycrystalline sam-
ple is analyzed, its diffraction pattern would consist of
various reciprocal lattice planes. Because of this multi-
diffraction mechanism, polycrystalline specimens may
produce very complex diffraction pattern which can
make it difficult to interpreting the diffraction data. In



Figure 3 Electron diffraction pattern taken along the [001] zone axis
shows a group of satellite reflections around every main reflection. These
extrareflections are due to overlap of the bicrystals with highly orientated
[001] direction.

order to correctly analyze the electron diffraction pat-
tern, it is necessary to distinguish satellite reflections
due to double diffraction from structural alternations.
Fig. 3 is an electron diffraction pattern from bicrystal
sharing [001] axis, but misoriented by a small angle
within the (001) plane. This figure clearly shows that
every main reflection has a group of satellite reflections
around them due to multi diffraction. Due to relative
twisting between the neighboring lamellae the rows of
the satellite reflections are not parallel to that of main
reflections and formation of pure twist grain boundary
between the two lamellae can be predicted [18].
Careful analysis shows that the angle between rows
of the satellite and main reflections is about 2.6 degree.
Usually such grain boundaries can be analyzed geo-
metrically using the concept of Coincident Site Lattice
(CSL) developed by Grimmer et al. [19], although this
concept is developed based on cubic symmetry system.
CSL is formed by those lattice points that are coinci-
dent when the two misoriented lattices of neighboring
grains are allowed to interpenetrate. In real space this
CSL lattice is described by a parameter ¥ where 1/%
of the lattice points are common to both lattices and X
is an odd integer. In reciprocal space, the satellite re-
flections resulting from multi diffraction form a super-
lattice called Displacement Shift Completely Lattice
(DSCL) which has a reciprocal relationship with the
CSL. The superlattice has the same geometrical config-
uration as that of the main reflections but with a rotation
of ~87.4° measured in diffraction pattern. Its dimen-
sions are ¢’ = 0.08 and ¥ = 0.255 nm™!, which corre-
spond to a cell’s edges of 12.2 and 3.9 nm, respectively,
in real space. The relative rotation angle 6 between two
parallel grains is calculated based on Fig. 4. Lines OA
is perpendicular to AB. OO’ is perpendicular to AA’
and equally divides 6. Because /OAA’ + § = 90°
and /OAA' + 0/2 = 90°,8 = 6/2 and 0 equals
two times §. 0, (i.e. 2 x 2.6° = 5.2°), is the angle
of the row of satellite reflections twisting with respect
to the main reflections. Based on a number-theoretical
method the angle between two sets of lattice vectors,

Figure 4 A schematic drawing shows the relation of relative rotation
angle 6 of two overlapped grains and the angle § between the main
reflections and satellite reflections rows. Solid and open circles represent
the reflections from top and bottom crystals respectively.

[1670],[1670]and[710],[710], was found to be 5.2°,
thus, orientation of the basis (a’b’c’) of this CSL with
respect to grain [ and II can be calculated. The orienta-
tion relationship between the coincident lattice and host
crystals at two sides of the grain boundary are a'//[1 67
Oly//[1 67 Oly, b'//[7 1 014/ [710]1, ¢'//[001]1 o 17. If the
misorientation angle between the two lamellae slightly
deviates from the exact twisting value of CSL in Fig. 3,
a so-called secondary dislocation could have been in-
troduced at the grain boundary. In this case, Burgers
vectors of lattice dislocation reduce to a fraction of the
lattice dislocation of the corresponding CSL, resulting
in lower boundaries energy [20, 21].

Construction of the CSL can be described in Fig. 5a
and b. After a relative rotation of two crystals around
the common origin by 5.2° within the (001) plane, the
lattice points [1 67 0] and [71 0] in grain I will coincide
with the lattice points [1 67 0] and [710] in grain II. This
coincidence results in the formation of the CSL with the
primary orthorhombic symmetry and cell parameters of
(a® +4489b%)!/? and (494> + b*)'/2. The cell’s volume
divided by the volume of the host crystal is 470, and ¥
is determined to be 235. The parameters of DSCL could
also be deduced to be (a* + 4489b%)~ /% and (494> +
b?)~1/2 based on the reciprocal relation with CSL. In
orthorhombic system the reported CSL orientations are
considerably smaller than those in cubic structures due
to differences in the cell’s edge dimensions. The smaller
CSL orientations may result in high X value.

Fig. 6 is the corresponding bright-field photo show-
ing morphology of the ¥235 [001] twist boundary,

[001]

[710];; [710];

Figure 5 (a) A schematic diagram of the twist boundary formed by ro-
tation of two crystals around the common [001] axis; (b) the outlined
lattice vectors in crystal I and II for construction of the £235 [001] CSL.
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Figure 6 The corresponding bright-field micrograph showing the mor-
phology of CSL as outlined in white lines due to Moiré effect. The Moiré
effect results from the interference of the reflections from two overlapped
crystals.

where the dotted pattern with large distances occurs as
a result of Moiré effect. The Moiré effect introduces a
complex modulation resulting from interference of the
reflections from two overlapping crystals. It enlarges
the planar distance to be resolvable and distorts the
relative orientation of the images of adjacent planes.
The dimensions of the CSL (outlined with white lines)
measured in this image match with the calculated val-
ues. Many defects are visible in this Moiré? image,
which may correspond to the misfit dislocations at grain
boundaries or to the defects shown in Fig. 1 because the
twist boundary is a favorable location for initiating de-
fects.

In order to visualize the possible dislocation network
at the twist boundary O-lattice formulation has been
widely used [22]. The O-lattice, X(©, is a sublattice of
CSL and is formed by the set of elements of displace-
ment field. It is calculated as following:

1z 10
—s 1 J\o 1 W
a

Equation 1 represents positions (O-lines) of minimum
energy for the region where atoms are located with good
match at the boundary. The O lines are separated by re-
gions where the atoms have higher energy, i.e., regions
of bad match due to misorientation. Wigner-Seitz cells
around the O-lines indicate the regions of bad match,
in midst of the O-lines as shown in Fig. 7. The spac-
ings between O-lines are given by 1/2(a* + 4489b%)]
and 1/2(49a> + b?) respectively, half the cell’s edges of
CSL.

Charge ordering below transition temperature is par-
allel to b axis, i.e. parallel to the twist boundary. There-
fore, the twist boundary does not interrupt such a charge
ordering. The transition temperature of NaV;,0Os is
very sensitive to Na deficiency. The spin-Peierls tran-
sition disappeared when the composition changed to
Nag97V20s5 [7]. The twist mismatch of atoms in the
top and bottom crystals can be predicted to be propor-
tional to the distance from the O-lines to the atoms and
have its maximum value at the positions near the cen-
tral points between the two neighbouring O-lines. The
distortion of VOs square pyramids can only exist at

X =12
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Figure 7 A schematic drawing shows the possible dislocation network
within the 3235 [001] twist boundary predicted using O-lattice theory.
Solid circles represent O-lines viewed along [001] direction. The lines
around each O-line indicate the predicted dislocation network.

the grain boundary and can not extend into the crystal.
Large distortion of VOs square pyramids could be unfa-
vorable for Na ssitting between these distorted pyramids.
As a result, deviation from the exact stoichiometric of
NaV;,05 may happen locally at the grain boundary, al-
though the deviation may be very small. The deviation
in the composition at very localized position is expected
to have very little effect on the macrophysical properties
of the grown crystal since the transition temperature of
the crystal remains unchanged at 35 K.

4. Conclusion

NaV,05 was grown by flux method and its structure
was characterized. It consists of lamellae with a small
misorientation of several degrees within (001) plane.
Pure twist boundaries between these lamellae were ob-
served. A twist boundary coincident with a CSL orien-
tation with high X value of 235 has been estimated. At
temperatures below transition temperature, the bound-
aries do not interrupt the charge ordering of V4* chain
orladder, because the V#* chain or ladder extends along
the [010] direction. Such lamellar structure may intro-
duce deviation in the composition from the stoichiome-
try at a very localized position due to distortion of VOs
square pyramids that occurred near the twist bound-
aries. These very localized defects are expected to have
very little effect on the macroscopic properties of the
grown crystal because the transition temperature was
found to be unchanged.
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