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5 Nano and Materials Science

5-1 Orb i ta l  Order ing  in  a  t 2g 
Electron System: MnV2O4

Electrons in d orbitals often have orbital degrees 
of freedom – the freedom to occupy different orbitals. 
Analogously to spin degrees of freedom, orbital degrees 
of freedom can become ordered at low temperatures 
(orbital ordering), with particular orbitals occupied at 
each site. Interestingly, the orbital degree of freedom 
is often coupled with the spin degree of freedom. This 
coupling arises from the fact that whether the same 
orbitals or different orbitals are occupied at neighboring 
sites is strongly infl uenced by whether the neighboring 
spins are aligned in the same direction or in opposite 
directions.

We have studied single crystals of spinel MnV2O4 as 
a prototypical cubic structure system having orbital de-
grees of freedom [1, 2]. In this compound, the A site of 
the spinel structure (AB2C4) is occupied by the Mn2+ ion, 
which is in the 3d 5 high-spin confi guration with no orbit-
al degree of freedom, and can be regarded as a simple 
S = 5/2 spin. On the other hand, the B site is occupied 
by the V3+ ion, which takes the 3d 2 high-spin confi gura-
tion in the triply degenerate t2g orbital, and has an orbital 
degree of freedom.

Figure 1 (a) shows the temperature dependence 
of the (440) X-ray diffraction peak of a MnV2O4 single 
crystal. The spectra were recorded at BL-4C. The peak 
sharply splits into two peaks at temperatures below 57 
K, indicating a structural phase transition from cubic to 
tetragonal at this temperature. According to magnetiza-
tion measurements, ferrimagnetic ordering occurs at the 
same temperature, indicating simultaneous structural 
and magnetic phase transitions at 57 K in MnV2O4. Fig-
ure 1 (b) shows the (802) peak of MnV2O4. This peak 
is forbidden in the cubic spinel structure due to the 
diamond glide symmetry. However, the peak appears 
in the tetragonal phase below 57 K, indicating that the 
diamond glides no longer exist in the tetragonal phase 
of MnV2O4. From this experiment, we can conclude that 
the antiferro-type ordering of V t2g orbitals, as proposed 
by Tsunetsugu and Motome [3], where the yz and the 
zx orbitals are alternately occupied along the c axis as 
shown in Fig. 1 (c), occurs in the tetragonal phase of 
MnV2O4.

These results show that the spin and orbital degrees 
of freedom order at the same temperature in MnV2O4, 
and that coupling between them is expected. In order 
to further study this coupling, X-ray diffraction spectra 
under an applied magnetic field were recorded at BL-
16A1. As shown in Fig. 2 (a), when a magnetic fi eld is 
applied slightly above the transition temperature, the 
(800) peak in the cubic phase jumps to that of the te-
tragonal phase for fi eld strengths above 4 T, indicating a 
magnetic-fi eld-induced structural phase transition from 
cubic to tetragonal. On the other hand, when a magnetic 

Figure 1
Temperature dependence of (a) the (440) peak and (b) the (802) 
X-ray diffraction peaks. (c) Schematic diagram of antiferro-orbital 
ordering in MnV2O4.
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Figure 2
Magnetic-fi eld dependence of (a) the (800) peak at 59 K (above 
the transition temperature) and (b) the (840) peak at 56 K (below 
the transition temperature).
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5-2 Orbital-Stripe Rotation and 
the Charge Polarized State in 
Double-Layered Manganite

The phenomenon of charge ordering (CO) - the 
formation of charge stripes - is a central topic in the 
physics of correlated-electron systems, and is widely 
observed in transition metal oxides such as layered-
structure cuprates [1] and nickelates [2]. Charge order-
ing in manganites is closely linked to the orbital degrees 
of freedom of the 3d electrons, which leads to staggered 
orbital ordering (OO) or the formation of orbital stripes. 
We report here the observation of thermally-induced ro-
tation by 90 degrees of orbital stripes in bilayered man-
ganite crystals with half hole-doping (consisting of a 1:1 
ratio of Mn3+/Mn4+) [3, 4]. In addition, the orbital stripe ro-
tation and the consequent CO are found to couple with 
the underlying lattice distortion to produce a charge-
polarized state [5].

The crystal structure of Pr(Sr0.1Ca0.9)2Mn2O7 was 
determined from a synchrotron single-crystalline X-ray 
diffraction pattern recorded using  an imaging plate sys-
tem at BL-1A. As suggested by the two-step anomalies 
observed in the magnetization (see Fig. 4(a)), there 
exist two CO-OO phases in this material, which can be 
associated with the thermally-induced OO rotation. The 
higher temperature phase is denoted CO1 and the low-
er temperature one CO2. The diffraction study reveals 
that the space groups are Amam (with a = 5.410, b = 
5.462, c = 19.277 Å at 405 K) for the charge disordered 
phase (T > TCO1), Pbnm (with a = 5.412, b = 10.921, c = 
19.234 Å at 330 K) for the CO1 phase (TCO1 > T > TCO2), 
and Am2m (with a = 10.812, b = 5.475, c = 19.203 Å at 
295 K) for the CO2 phase (T < TCO2). Figures 3(a) and (b) 
show the X-ray oscillation images recorded around the 

refl ection 4 1 3. Because of the formation of charge-or-
bital stripes, superlattice spots appear at h k±1/2 l (where 
h, k, l are integers) for the CO1 phase (Fig. 3(a)) and at 
h±1/2 k l for the CO2 phase (Fig. 3(b)). Note that on the 
transition from the CO1 to CO2 phase, the superlattice 
spots move from the b*-axis to the a*-axis. This directly 
refl ects a rotation of the orbital stripes by 90 degrees at 
TCO2, as depicted in Figs. 3(c) and 3(d).

A further interesting aspect of this phenomenon is 
the emergence of an electrically polar state in the CO2 
phase, as anticipated for the space group Am2m of the 
CO2 phase. The insets of Fig. 4(b) illustrate the CO 
structure of each phase. The crystal structure is ortho-
rhombically distorted even at temperatures above TCO1, 
i. e. each MnO6 octahedron tilts around the a-axis. For 
the bilayered structure, this distortion causes an alter-
nation in the Mn-O-Mn bond lengths and angles in the 
MnO2 plane along the b-axis. The structural modulation 
accompanied by the CO-OO is added to this structure 
in the lower temperature phases. For simplicity here 
we take into account only the ordering of the charges, 
and assume an underlying Amam orthorhombic lattice. 
When the CO transition occurs as shown in Figs. 3(c) 
and 3(d), the checkerboard pattern of the CO is super-
imposed onto the bond alternation pattern. This com-
bination of the bond alternation with the CO-induced  
site alternation induces charge polarization along the 
b-axis in each bilayer. In the CO1 phase, however, the 
CO pattern stacks to make the inter-bilayer coupling 
of the polarization antiferroelectric in nature. At TCO2, 
however, rotation of the orbital stripes is accompanied 
by rearrangement of Mn3+ and Mn4+ ions, and the CO 
stacking pattern is changed as shown in the left-hand 
insert to Fig. 4. In the CO2 phase, the CO stacks along 
the c-axis so that the polarization of each bilayer along 
the b-axis become additive, forming a charge-polarized 
state below TCO2. This charge polarized state is also 
confirmed by the observation of a large second har-
monic generation susceptibility in the CO2 phase, as 
depicted in Fig. 4(b).

Figure 3
X-ray oscillation images recorded near the 4 1 3 reflection in 
Pr(Sr0.1Ca0.9)2Mn2O7 obtained using an imaging plate at (a) 340 
K, and (b) 280 K. The red arrows indicate superlattice refl ections. 
Schematic diagrams of the charge and orbital ordering patterns at 
(c) TCO1 > T > TCO2 (orbital stripes run along the a-axis) and (d) T < 
TCO2 (orbital stripes run along the b-axis) are also shown.

fi eld is applied below the transition temperature, the two 
(840) peaks visible at 0 T merge into a single peak. This 
indicates that the magnetic fi eld induces an alignment of 
the crystal domains in the tetragonal phase, with orbital 
direction being aligned via spin-orbital coupling.

In summary, we have obtained experimental evi-
dence for orbital ordering as well as evidence for the 
coupling between orbital and spin degrees of freedom in 
spinel MnV2O4 using synchrotron X-ray diffraction mea-
surements on single crystals.

T. Suzuki1, M. Katsumura1, K. Taniguchi2, T. Arima2 
and T. Katsufuji1 (1Waseda Univ., 2Tohoku Univ.)
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Figure 4 
Temperature variation of (a) magnetization in a magnetic fi eld of 
0.5 T and (b) second harmonic (SH) light intensity for the tensor 
component         . The insets shows schema of the CO states, with 
blue arrows indicating possible directions of the dipole moments 
for the ferroelectric (FE) and paraelectric (PE) cases.
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5-3 Wigner  Cr ysta l l izat ion in 
Molecular Conductor (DI-
DCNQI)2Ag

The rarefi ed electron gas system at high tempera-
ture is homogeneous due to the large kinetic energy 
compared to the Coulomb repulsion among electrons. 
At extreme low temperatures, the system will tend to 
condense and make uneven lumps, as theoretically pre-
dicted in the early 1930s [1]. Since these lumps carry a 
negative charge, they form a structure where they try to 
avoid each other in spatial positioning. We call this phe-
nomenon “Wigner crystallization.”

A molecular conductor (DI-DCNQI)2Ag is insulating 
even at room temperature and exhibits an antiferromag-
netic order at 5.5 K [2]. Planar DI-DCNQI molecules are 
piled up at even intervals along the c direction, compos-
ing one-dimensional columns. Since Ag is a monovalent 
ion having a closed shell, DCNQI molecules have a va-
lence of –1/2 on average and they construct a quarter-
fi lled 1D-π-electron band. Below 220 K, Ref. 3 reported 
a clear split in the 13C-NMR spectrum and suggested 
that the 4kF Wigner crystal type of charge order (CO) 
on DCNQI molecules arose in the low-temperature (LT) 
phase. This CO ground state on the 1D chain made by 
long-range Coulomb repulsion was predicted by mean 
fi eld calculation within the extended Hubbard model [4] 
in a large U/t and V/t region, where U, V and t indicate 
intra-site, inter-site (intra-chain) interaction and transfer 
integral, respectively. It is very interesting whether (or 
how) the electron crystal is stable in the real solid which 
involves a periodic potential of lattice and an electron-
phonon interaction.

Single-crystal X-ray diffraction measurements using 
synchrotron radiation having a wavelength of 0.6870 Å 
were performed on a large warped imaging plate cam-
era installed on BL-1A and BL-1B. We tried to analyze 
the LT structure but were frustrated geometrically in 
this system. According to several studies [5], the inter-
chain Coulomb interaction V’ is not significantly weak 
compared to U and V, and a positive V’ favors the alter-
nating charge arrangement between the columns. Let 
us arrange the charge ordered columns to minimize the 
Coulomb energy. Figure 5 shows a schematic view of 
columns A, B, C, and B’; the inter-chain interaction V’ 
works between two molecules connected by the dashed 
lines. The valence arrangement in column A is [1: rich, 
2: poor], and it determines the valences in B and B’ to 
be [3: poor, 4: rich] and [3’: poor, 4’: rich]. So far, such 
arrangement is unique. However, the valence of column 
C cannot be determined in this manner. Molecule 5 has 
molecules 3 and 4’ as its relevant neighbors, whose va-
lence is poor and rich, respectively. Molecule 6 has the 
same condition. We call this situation “spiral frustration”.

Figure 5
Schematic fi gure of helical structure along with the A, B, C, and 
B’ columns. The fi rst neighbor site is on the same chain, and the 
dashed lines connect second nearest neighbor molecules.

χ  2
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Including this frustrated situation, we tried to ana-
lyze the LT structure. The result is shown in Fig. 6(a) as 
schematic charge density wave (CDW). This fi gure con-
sists of three patterns of charge arrangements: column 
A shows the CO type, and column C’ shows the bond 
order wave (BOW) type with dimerization of DCNQI 
molecules. In column B, hybrid states of CO and BOW 
are established. Figure 6(b) shows the schematic CDW 
arrangement in the unit cell of the LT phase of (DI-
DCNQI)2Ag, in which the charge-rich areas are depicted 
by spheres. The charge-rich area forms a body-cen-
tered tetragonal lattice with a unit cell of ap/2×bp/2×2cp. 
This charge structure reminds us of the Wigner crystal 
in which the electrons repel each other. In this system, 
the origin of the structure is electron-electron interaction 
and the electron-lattice interaction is negligible, because 
the CDW phase is not locked to the lattice. Therefore, 
we conclude that this electronic structure is caused by 
the Wigner crystallization. [6]
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Figure 6
Schematic view of the molecules and charge density waves. (a) 
Relationship between molecules and charge density waves on 
each column. Red areas depict electron-rich areas. The arrows 
show the directions of molecular displacements. (b) Three-
dimensional view of the Wigner crystal-type charge arrangement 
and the molecules. Charge-rich areas are shown by red ellipses, 
forming a body-centered tetragonal lattice drawn by the blue lines.

5-4 A Single-Crystal to Single-
Cr ys ta l  Phase Trans i t ion 
under Hydrostatic Conditions 
Accompanied by a Large 
Deformation in Zn(OH)2

The study of phase transition mechanisms from the 
viewpoints of thermodynamics and kinetics is very im-
portant for the understanding of fi rst-order phase transi-
tions induced by pressure. It is expected that some of 
these transitions occur by displacive-type mechanisms. 
However, this is not easy to prove directly from experi-
mental results since fi rst-order transitions generally oc-
cur with polycrystallization, and only limited information 
on the transition can be obtained [1, 2]. If it were possi-
ble to study the phase transition in a pure single crystal 
under high pressure, it would be possible to discuss the 
transition mechanism in detail. However, the only such 
example previously studied is the transition in CuGeO3 
[3, 4].

We report here on a phase transition of Zn(OH)2 
under hydrostatic conditions. The explorative results [5] 
suggest that the transition occurs without polycrystalli-
zation, a result similar to the case of CuGeO3 [3, 4]. The 
newly observed phase transition was studied in depth 
under hydrostatic conditions using both powdered and 
single crystalline specimens [6]. X-ray powder diffraction 
patterns were collected using the MAX80 system at AR-
NE5C, and the high-pressure behavior of a single crys-
tal was observed using a diamond-anvil cell at Institute 
for Solid State Physics of the University of Tokyo.

Figure 7
Compression behavior of the low-pressure phase (LPP) and 
the high-pressure phase (HPP) in Zn(OH)2 under hydrostatic 
conditions at room temperature. The open and solid symbols 
indicate data recorded for the powdered and single crystalline 
specimens, respectively. (This fi gure was redrawn based on Fig. 8 
of Ref. 6 with the permission of Elsevier (16 May 2007.))
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The X-ray powder diffraction studies [6] revealed 
that a low-pressure phase (LPP) with an orthorhombic 
cell structure [7] was stable up to 1.1 GPa, where a 
sudden transition to a high-pressure phase (HPP) was 
observed. The HPP was found to have a tetragonal cell 
structure. The LPP-HPP transition involves a decrease 
in volume of 10%, as shown in Fig. 7. The HPP reverted 
to the LPP upon reducing the pressure to around 0.7 
GPa: the phase transition is reversible, with a hysteresis 
of about 0.4 GPa. These two facts clearly indicate a 
fi rst-order transition.

The shape of the ~100 µm single crystal specimen 
remained unchanged at pressures below 1.0 GPa, with 
a sudden change in shape observed at 1.4 GPa, as 
shown in Fig. 8. It should be noted that no crack was 
present in the deformed specimen in spite of the large 
deformation, which occurred within 0.135 seconds. The 

X-ray reflection pattern recorded using the oscillation 
photograph method showed that the crystal remained in 
a tetragonal cell structure, with the same sharpness as 
that of the LPP, indicating that an LPP-HPP transition 
occurred and that the HPP specimen remained a single 
crystal. The crystal-orientation relationships between the 
orthorhombic LPP and the tetragonal HPP are shown in 
Fig. 8.

The crystal structures in the LPP and HPP are very 
similar, as shown in Fig. 9. However a detailed compari-
son of the helical chains of ZnO4 tetrahedrons in the two 
structures reveals a slight difference in the tilt angles of 
the tetrahedrons. The tilting motion of the tetrahedrons 
in the transition causes a shortening of the period of the 
helical chain. In other words, the rotation of ZnO4 tetra-
hedrons with no long-range atomic diffusion plays an 
essential role in the rapid transition, which is accompa-
nied by a large deformation along the a-axis of the LPP.

This simple displacive mechanism observed from 
the microscopic viewpoint is successful in explaining 
the macroscopic deformation during the transition of the 
single crystal specimen, and also the kinetic properties 
of the quick transition. The present results show that the 
study of this kind of phase transition can provide enough 
information to understand phase transition mechanisms 
under high-pressure condition.

K. Kusaba1, T. Yagi2, J. Yamaura2, N. Miyajima2 and 
T. Kikegawa3 (1Tohoku Univ., 2The Univ. of Tokyo, 
3KEK-PF)

Figure 8
Photomicrographs of a single crystalline specimen in a diamond-
anvil cell. The low-pressure phase (LPP) suddenly transformed 
to the high-pressure phase (HPP) at 1.4 GPa. The crystal 
orientations were determined from X-ray oscillation photographs. 
(This figure was redrawn based on Fig. 9 of Ref. 6 with the 
permission of Elsevier (16 May 2007.))
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Figure 9
Crystal structures of the low-pressure phase (LPP) with the 
orthorhombic cell and the high-pressure phase (HPP) with the 
tetragonal cell. The crystal structure of the HPP was determined 
from an X-ray oscillation photograph. Hydrogen atoms are ignored.

5-5 U n u s u a l  C r y s t a l l i z a t i o n 
Behaviors from a Molecularly 
Thin Nanosheet Reactant

Nucleation and crystal growth from various reactants 
have been widely studied in the past few decades in the 
quest to achieve fi ne control of crystallization and thus 
design a range of functional materials. Due to the recent 
development of material design using nanomaterials, 
novel reactant systems may be precisely fabricated. 
These include two-dimensional solid systems which 
have thicknesses on the molecular range, that is be-
lieved to severely hinder nucleation and crystal growth. 
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Study of such systems may provide knowledge on thick-
ness effects for crystallization behavior.

Here we report interesting crystallization behaviors 
of anatase nanocrystallites in a molecularly thin reac-
tant composed of exfoliated titania nanosheets [1]. The 
heating process of the well-organized fi lms allowed the 
fi lm thickness to be accurately controlled, varying from 
single monolayer to stacked multilayer with a stepwise 
increment of ~1 nm. The process was monitored using 
X-ray absorption near edge structure (XANES) analy-
sis under the total refl ection fl uorescence (TRF) mode, 
along with in-plane X-ray diffraction (XRD) measure-
ments using a synchrotron radiation source.

A colloidal suspension of the titania nanosheets with 
composition Ti0.87O2 was obtained by delaminating a 
layered titanate into single host layers [2]. The resulting 

unilamellar crystallites were deposited onto quartz and 
Si substrates into highly organized monolayer and mul-
tilayer (2, 3, 5, 10 layers) fi lms by electrostatic self-as-
sembly and subsequent ultrasonic treatment. The fi lms 
were heated to 300, 400, 500, 600, 700, 800 and 900°C 
for 1 h in air, and measurements were carried out at BL-
12C (TRF-XANES) and BL-6C (XRD) to characterize 
the crystallization behavior of the nanosheets. Figure 10 
shows in-plane diffraction patterns of the monolayer and 
multilayer fi lms before and after anatase crystallization. 
The as-grown nanosheet exhibits three diffraction peaks 
at 4.28, 5.31 and 6.73 nm-1, which are indexable to 11, 
20 and 02 of its 2-dimensional (2D) rectangular unit cell, 
in the 1/d region from 4 nm-1 to 7 nm-1. Upon heating 
the monolayer fi lm to 800°C, the 20 peak shifted slightly 
to a smaller 1/d value. Heating further to 900°C shifted 
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Figure 11
Layer number dependence of the crystallization temperature for anatase. The inset shows the atomic architectures of the titania nanosheet 
and anatase, with Ti atoms shown in blue and O atoms in red.
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the  peak to 5.28 nm-1, assignable to the 200 refl ection 
of anatase. This shift can be employed as an indicator 
to identify transformation from the nanosheet to ana-
tase even in the thicker fi lms. The fi lms with 5 and 10 
nanosheet layers were transformed into anatase at 400 
– 500°C, a temperature similar to the common crystal-
lization temperature of anatase from bulk reactants [3]. 
For thinner fi lms with less than 5 nanosheet layers the 
crystallization temperature gradually increases, reaching 
800°C for the monolayer fi lm. The TRF-XANES moni-
toring also supported this thickness-dependent change 
in the crystallization temperature (results not shown). 
The crystallization temperature estimated in this work 
is plotted against layer number in Fig. 11. Interestingly, 
anatase transformed from the ultrathin fi lms with only 1 
or 2 nanosheet layers exhibited only the 200 peak, indi-
cating preferential growth of anatase along the c-axis.

This unusual thermal behavior may be understood in 
terms of crystallization from the 2D system of scarcely 

distributed reactants. The titania nanosheet crystallite is 
much thinner than the unit cell dimensions of anatase, 
as shown in Fig. 11. Extensive atomic diffusion is there-
fore required for crystallization, particularly for ultrathin 
fi lms with small numbers of nanosheet layers. This so-
called diffusion-rate limiting process should bring about 
the preferential growth of anatase based on the struc-
tural similarity between anatase and titania nanosheet. 
Further details are described in a separate publication 
[1].
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