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Atom positions and anisotropic Debye±Waller factors of the rhombohedral

phase of LaCrO3 have been re®ned simultaneously with the low-order structure

factors, using a structure-analysis method of convergent-beam electron

diffraction (CBED) proposed by Tsuda & Tanaka [Acta Cryst. (1999), A55,

939±954]. The method is based on the least-squares ®tting between full

dynamical calculations and energy-®ltered intensities of two-dimensional

higher-order Laue-zone (HOLZ) and zeroth-order Laue-zone (ZOLZ) CBED

patterns. The positions of the oxygen atoms have been determined with a high

precision. Clear anisotropy of the thermal vibrations of the oxygen atoms has

been successfully determined by the CBED method for the ®rst time. The charge

transfer from the La and Cr atoms to the O atoms has been found from the

deformation charge-density map.

1. Introduction

In recent years, quantitative analyses of convergent-beam

electron diffraction (CBED) for determining crystal structural

parameters (low-order structure factors, atom positions,

Debye±Waller factors etc.) have been reported by many

researchers (Vincent et al., 1984a,b; Zuo et al., 1989, 1993,

1997, 1999; Tanaka & Tsuda, 1990, 1991; Deininger et al., 1994;

Tsuda & Tanaka, 1995, 1999; Saunders et al., 1995, 1996,

1999a,b; Holmestad et al., 1995; NuÈ chter et al., 1998a,b; Jansen

et al., 1998; Wu et al., 1999; Streltsov et al., 2001). The method

has the following advantages in contrast to the X-ray and

neutron diffraction methods:

(i) Nanometre-size crystal structure analysis: CBED patterns

can be obtained from specimen areas of a few nm in diameter.

Thus, the CBED method enables us to conduct the structure

determination of not only perfect crystals but also local areas

of crystals.

(ii) Dynamical diffraction effect: the CBED intensities

contain phase information on crystal structure factors through

the strong dynamical effect.

(iii) Site-selective analysis: incident electrons form Bloch

states in a specimen also due to the strong dynamical

diffraction effect, each Bloch state being concentrated on

speci®c atom positions. The use of the Bloch states allows

site-selective structure analysis, or structure determination

weighted for speci®c atom sites.

(iv) High sensitivity to charge distribution: structure factors

of low-order re¯ections for electron diffraction are more

sensitive to the distributions of valence electrons than those

for X-ray diffraction.

We proposed a fully dynamical method to re®ne atom

positions and Debye±Waller factors using CBED patterns

with higher-order Laue-zone (HOLZ) re¯ections for the ®rst

time (Tanaka & Tsuda, 1990, 1991; Tsuda & Tanaka, 1995).

The use of HOLZ re¯ections is essential for the method

because small displacements of atoms can be sensitively

detected using HOLZ re¯ections with large reciprocal vectors.

The method is based on the least-squares ®tting between

dynamical calculations and experimental intensities measured

by imaging plates. The method was successfully applied to

re®ne the structural parameters of the low-temperature phase

of SrTiO3. The experimental intensities in this case were

acquired from a thin specimen area without the use of any

energy ®lter. The ®tting of the intensities was carried out using

both integrated intensities (zero-dimensional data) and one-

dimensional line pro®les of HOLZ re¯ections.

The use of two-dimensional CBED intensities provides

much more information on structural parameters. It enables us

to perform accurate ®tting between experimental and theo-

retical intensities, thus improving the accuracy and reliability

of the analysis. We extended our method for re®ning crystal

structural parameters using CBED so as to ®t the theoretical

calculations with the experimental intensities of energy-



®ltered two-dimensional zeroth-order Laue-zone (ZOLZ) and

HOLZ CBED patterns (Tsuda & Tanaka, 1999). For this

purpose, we developed a new energy-®lter transmission elec-

tron microscope JEM-2010FEF, which can take CBED

patterns covering high angles of up to 10� with small distortion

(Tsuno et al., 1997; Tanaka et al., 1998). We have also devel-

oped an analysis program (MBFIT) to re®ne structural

parameters, which is based on many-beam Bloch-wave

calculations and nonlinear least-squares ®tting. Using this

method, we re®ned the atom positions and isotropic and

anisotropic Debye±Waller factors of CdS.

The present method can be applied to the determination of

charge-density distribution because the low-order Fourier

coef®cients of the potential (low-order structure factors for

electron diffraction), which are sensitive to valence electrons,

can be re®ned together with the atom positions and Debye±

Waller factors. Through Poisson's equation, the structure

factors for electron diffraction are converted to those of X-ray

diffraction, or the Fourier coef®cients of the charge density.

According to the nature of Poisson's equation, a small change

in the low-order structure factors for X-rays causes a large

change in those of electron diffraction. Furthermore, the

accuracy of the measurements of low-order structure factors

using X-ray diffraction is strongly affected by the extinction

effect. Therefore, the determination of the low-order structure

factors for electron diffraction by the electron diffraction

method has an advantage in determining more accurately low-

order structure factors for X-ray diffraction, compared with
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Table 1
Atom positions of the rhombohedral phase of LaCrO3.

Site Wyckoff position Coordinate

La 2�a� 1=4, 1=4, 1=4
Cr 2�b� 0, 0, 0
O 6�e� x�O�, ÿx�O� � 1=2, 1=4

Table 2
Re®ned values of the positional parameter (fractional coordinate) and
anisotropic Debye±Waller factors of the rhombohedral phase of LaCrO3;
the values obtained by a neutron powder diffraction experiment using
Rietveld analysis (Oikawa et al., 2000) are shown in the right column for
comparison.

Position and Debye±Waller
factor (AÊ 2) CBED Neutron diffraction

x�O� ÿ0.30621 (2) ÿ0.30589 (32)
U11�La� 0.008274 (4) 0.0085 (6)
U12�La� ÿ0.002674 (2) ÿ0.0027 (4)
U11�Cr� 0.005678 (3) 0.0041 (10)
U12�Cr� ÿ0.001871 (2) ÿ0.0010 (7)
U11�O� 0.01130 (4) 0.0104 (6)
U33�O� 0.01456 (3) 0.0141 (11)
U12�O� ÿ0.00787 (4) ÿ0.0066 (8)
U23�O� ÿ0.001521 (5) ÿ0.0016 (4)

Figure 1
Atomic scattering factors (a) for X-rays and (b) for electrons. The
differences in the scattering factors between the neutral and ionized
atoms at low scattering angles are noted.

Figure 2
A CBED pattern of the rhombohedral phase of LaCrO3 taken with �11�1�
incidence at 573 K
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the X-ray diffraction method. Re®nements of the low-order

structure factors using ZOLZ CBED patterns were performed

by Saunders et al. (1995, 1996), NuÈ chter et al. (1998a) and Zuo

et al. (1999). It should be noted that the accurate determina-

tion of Debye±Waller factors, which can be performed

successfully by our re®nement method with the use of HOLZ

re¯ections, is crucial to obtaining high-precision low-order

structure factors for X-rays. Thus, the present method would

Figure 3
Final results of the ®tting. The patterns in the left, center and right columns respectively show experimental, calculated and difference patterns.



have a potential to determine the behavior of valence elec-

trons more accurately than the X-ray diffraction method and

the electron diffraction method, which uses only ZOLZ

re¯ections.

In the present paper, atom positions and anisotropic

Debye±Waller factors of the rhombohedral phase of LaCrO3

are re®ned simultaneously with the low-order structure factors

using the present method for the ®rst time. The electrostatic
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Figure 3 (continued)
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potential and charge-density distributions are obtained from

the re®ned structural parameters.

2. Experimental method and analysis procedure

LaCrO3 is a material for the interconnector of solid oxide fuel

cells. It is known that LaCrO3 has two structural phase

transformations at approximately 2000 and 537 K. The phase

above 2000 K is expected to have the cubic perovskite struc-

ture (Geller & Raccah, 1970). The two phases below 2000 K

have distorted perovskite structures. It was reported that the

space group of the phases above and below the transition

temperature of 537 K are rhombohedral R�3m (HoÈ fer & Kock,

1993) and orthorhombic Pbnm (Khattak & Cox, 1977; Berjoan

et al., 1980), respectively. Prior to the structure re®nement, we

determined using the CBED method that the space groups

above and below the transition temperature are respectively

R�3c and Pbnm (Hashimoto et al., 2000). The relation between

the rhombohedral axes and the pseudo-cubic axes is given by

ar � ac � cc, br � ac � bc and cr � bc � cc, where ar, br and cr

are lattice parameters of the rhombohedral lattice and ac, bc

and cc are those of the pseudo-cubic lattice. In the present

paper, the incident-beam directions and re¯ection indices are

expressed by the rhombohedral system. The atom positions of

the rhombohedral phase of LaCrO3 are given in Table 1.

The LaCrO3 polycrystalline powder was supplied from

Nikkato Co. Ltd. The powder was pressed into a pellet and

sintered at 1470 K for 4 h in air, followed by cooling to room

temperature at a rate of 200 K hÿ1. The specimens for CBED

experiments were prepared by crushing the pellets and

dispersing the fragments on microgrids. The CBED experi-

ments were conducted using the 
-®lter transmission electron

microscope JEM-2010FEF (Tanaka et al., 1998). Intensities of

CBED patterns were recorded on imaging plates (IP). The

accelerating voltage of the electron microscope was deter-

mined to be 100.7 kV from a HOLZ line pattern of silicon

using the method described by Tsuda & Tanaka (1995).

According to the procedure described by Tsuda & Tanaka

(1999), the distortions of the CBED patterns were corrected

by assuming analytical expressions of the distortions owing to

the aberration of the lenses and the energy ®lter (radial, spiral

and elliptical distortions). The weak remaining background

intensities due to thermal diffuse scattering (TDS) were

subtracted by reference to background intensities just outside

the CBED discs.

The structural parameters are re®ned by a nonlinear least-

squares ®tting so as to minimize the residual sum of squares S,

or the sum of the squared differences between the experi-

mental CBED intensities and the theoretical CBED inten-

sities. S is de®ned as S �Pi wi�Iexp
i ÿ sIcal

i �r;B;Fg��2, where

I
exp
i is the ith experimental intensity, Ical

i �r;B;Fg� is the

calculated intensity for atom positions r, Debye±Waller factors

B and low-order structure factors Fg, wi is a weight factor and s

is a scale factor common to all the calculated intensities. We

have set the weight factor wi � wLZ=��exp
i �2, where �exp

i is the

experimental error of I
exp
i . wLZ is an additional weight factor to

decrease the weight of ZOLZ re¯ections in S. Since intensities

of ZOLZ re¯ections are more than roughly 102 times those of

HOLZ re¯ections and rather insensitive to positional par-

ameters and Debye±Waller factors, the weights of ZOLZ

re¯ections should be decreased using wLZ for precise deter-

mination of the positional parameters and Debye±Waller

factors. The nonlinear least-squares ®tting is carried out by the

analysis program MBFIT that we have developed (Tsuda &

Tanaka, 1999).

In the present analysis, the low-order crystal structure

factors for electron diffraction, which are sensitive to valence

electrons, are re®ned together with the atom positions and

Debye±Waller factors. The electrostatic potential and charge-

density distribution are obtained using the re®ned low-order

structure factors.

The structure factors for electron diffraction Fe
g is propor-

tional to the Fourier coef®cients of the electrostatic potential

Vg as Vg � Fe
gh2=�8�"0mee2
�, where h, "0, me, e and 
 are

Planck's constant, the dielectric constant of vacuum, the rest

mass of an electron, the charge of an electron and the volume

of the unit cell, respectively. Thus, the electrostatic potential

V�r� is obtained by

V�r� �P
g

Fe
g exp�2�ig � r�h2=�8�"0mee2
�: �1�

The structure factors for electron diffraction Fe
g can be

transformed into the structure factors for X-ray diffraction

FX
g , or the Fourier coef®cients of the charge density ��r�, using

the following relation derived from Poisson's equation (e.g.

Spence & Zuo, 1992):

FX
g �

P
i

Zi exp�ÿBis
2� exp�ÿ2�ig � ri� ÿ 8�"0h2s2Fe

g=mee2;

�2�
where Zi is the atomic number of the ith atom and

s � sin �=� � jgj=2. Thus, the charge density ��r� is obtained

by

��r� �P
g

FX
g exp�2�ig � r�=
: �3�

According to the nature of Poisson's equation, a small change

in the low-order structure factors for X-rays causes a large

change in those for electrons. That is, the determination of the

low-order Fe
g by the CBED method has an advantage in

determining more accurately the low-order FX
g , compared

with the X-ray diffraction method. It should be noted that

Debye±Waller factors are contained in the transformation

from Fe
g to FX

g . Thus, the accurate determination of Debye±

Waller factors, which can be performed successfully by our

re®nement method with the use of ZOLZ and HOLZ re¯ec-

tions, is crucial to obtaining high-precision low-order structure

factors for X-rays from the structure factors for electrons.

These features are evidently seen in atomic scattering

factors. Fig. 1(a) shows the atomic scattering factors of X-rays

f X for neutral and ionized atoms of La, Cr and O as a function

of sin �=�. The difference between f X for a neutral atom and

that for an ionized atom is con®ned in the region in which

sin �=� is smaller than roughly 0.25 AÊ ÿ1. The difference is

largest at sin �=� � 0, where the value of f X is equal to the



total number of electrons Z of the atom. The difference at

sin �=� � 0 is 25% even for a light element like oxygen and is

only about 5% for lanthanum. Atomic scattering factors for

X-rays f X and electrons f e are related by the Mott formula

f e � �Z ÿ f X�mee2=8�"0h2s2; �4�

which is derived from Poisson's equation (e.g. Spence & Zuo,

1992). Fig. 1(b) shows the atomic scattering factors of elec-

trons f e for the neutral and ionized atoms. It is seen that the

difference between the neutral and ionized atoms is remark-
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Figure 4
ORTEP diagrams of the ®tting result viewed from (a) the [111] direction
and (b) the ��1�12� direction. An octahedron of (b) is enlarged in the inset.

Figure 5
Crystal structure of the rhombohedral phase of (a) LaCrO3, (b)
deformation electrostatic potential and (c) deformation charge density
projected in the �11�1� direction. The solid lines and dotted lines of the
contour maps indicate positive and negative values. The intervals of the
contour lines of the maps (b) and (c) are 0.75 V and 0.075 e AÊ ÿ2,
respectively.
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ably enhanced in the region of low scattering angles. It is very

clear from Fig. 1 that the difference in valence-electron

distributions is observed more sensitively in the crystal

structure factors for electron diffraction than in those for

X-ray diffraction.

3. Results

3.1. Refinements

Fig. 2 shows an energy-®ltered CBED pattern of the

rhombohedral phase of LaCrO3 taken with the �11�1� incidence

at a specimen temperature of 573 K using a heating specimen

holder. The �11�1� corresponds to the [100] direction in the

notation of the cubic phase. The pattern was obtained from a

few nm-diameter area in a single domain with an acceptance

energy of 0� 10 eV. ZOLZ re¯ections are seen at the center

of the pattern. HOLZ (FOLZ and SOLZ) re¯ections appear

as two rings in the outer part, the SOLZ re¯ections having

large reciprocal vectors with sin �=� � 1:9 AÊ ÿ1. It should be

noted that the FOLZ re¯ections are sensitive to the positions

and Debye±Waller factors of the O atoms because the FOLZ

re¯ections are generated by the rotation of the oxygen octa-

hedra.

After the distortion correction and background subtraction,

two-dimensional intensities of 20 ZOLZ re¯ections and 80

HOLZ (FOLZ and SOLZ) re¯ections were extracted from the

CBED pattern of Fig. 2. The total number of data points was

118466, which consists of 39220 points of ZOLZ re¯ections

and 79246 points of HOLZ re¯ections.

From the results of the convergence tests, 757 re¯ections

were used in the dynamical calculations. 256 weak re¯ections

among the 757 re¯ections were treated by the generalized

Bethe potential (GBP) method (Ichikawa & Hayakawa,

1977).

The parameters to be re®ned in the ®tting are the coordi-

nate x�O� of the O site, anisotropic Debye±Waller factors of all

atoms, U11�La�, U12�La�, U11�Cr�, U12�Cr�, U11�O�, U33�O�,
U12�O� and U23�O�, low-order structure factors of three ZOLZ

re¯ections F101, F1�10 and F112, scale factor s, specimen thickness

t and 200 geometrical parameters to adjust ®nely the positions

of re¯ection discs. The three re¯ections 101, 1�10 and 112 have

values of sin �=� smaller than 0.25 AÊ ÿ1.

The nonlinear least-squares ®tting was performed in the

following steps. In the ®rst step, the positional parameter x�O�
and anisotropic Debye±Waller factors were re®ned, where the

additional weight factor wLZ to reduce the weight of the

ZOLZ re¯ections was set to 0.002. In this step, the values of

the low-order structure factors were assumed to be the values

calculated from the atomic scattering factors of the neutral

atoms. In the second step, the low-order structure factors were

re®ned using the values of the positional parameter and

Debye±Waller factors obtained in the ®rst step. The wLZ was

set to 0.02 for increasing the weights of ZOLZ re¯ections,

which are sensitive to the low-order structure factors. In the

®nal step, all of the parameters were re®ned simultaneously.

The ®nal results of the ®tting are shown in Fig. 3. The

patterns in the left, center and right columns respectively show

experimental, calculated and difference patterns. The calcu-

lated patterns are seen to agree very well with the experi-

mental patterns. The re®ned values of the positional

parameter (fractional coordinate) and anisotropic Debye±

Waller factors are given in Table 2. The standard deviations of

the re®ned parameters in parentheses were simply evaluated

according to the error-propagation rule as described by Tsuda

& Tanaka (1995). The values of the standard deviations are

considered to be appreciably underestimated because of the

large number of data points of the two-dimensional pattern.

The values obtained by a neutron powder diffraction experi-

ment using the Rietveld analysis (Oikawa et al., 2000), which

was conducted based on the space group determined by us, are

Figure 6
CBED patterns of the rhombohedral phase of LaCrO3 taken at 573 K with the 022 Bragg excitation near the �11�1� incidence and with the 200 Bragg
excitation near the [010] incidence, respectively.



shown in the right column for comparison. It is seen that the

values agree well with the CBED values.

The re®ned values of the low-order structure factors are

given in Table 3. The values calculated from the atomic scat-

tering factors of neutral atoms and ionized atoms are shown

for comparison. The re®ned values are seen to be intermediate

between those of neutral atoms and ionized atoms.

3.2. Atom positions and anisotropic Debye±Waller factors

The crystal structure of LaCrO3 determined by the present

®tting is shown in the style of the ORTEP diagram, in which

anisotropic Debye±Waller factors are displayed as thermal

ellipsoids. Fig. 4(a) shows the diagram of the ®tting result

viewed from the [111] direction. It is seen that the neighboring

octahedra in the [111] direction rotate in directions opposite

to each other with respect to the [111] axis. As a result, the O

atoms deviate from the positions of the cubic perovskite

structure, in which the two atoms are superposed in this

projection. Fig. 4(b) shows the diagram of the ®tting result

viewed from the ��1�12� direction. An octahedron in Fig. 4(b)

is enlarged in the inset. It is seen that the thermal ellipsoid

is elongated in the directions perpendicular to the bond

connecting an O atom at a vertex and the Cr atom at the

center of the octahedron. Such clear anisotropy of the thermal

vibration of the oxygen atom has been found by the CBED

method for the ®rst time.

3.3. Electrostatic potential and charge density projected
along �11�1��11�1�

Electrostatic potential and charge density of LaCrO3

projected in the �11�1� direction were calculated with the

re®ned parameters of atom positions, Debye±Waller factors

and the low-order structure factors of re¯ections 101, 1�10 and

112. Fig. 5(a) shows the crystal structure of the rhombohedral

phase of LaCrO3 projected in the �11�1� direction. Fig. 5(b)

shows the projected deformation electrostatic potential, or the

difference between the electrostatic potential calculated with

the ®tting result and that calculated with the neutral atoms. It

is seen that the potential is increased at the La and Cr+O sites

and decreased at the O sites. Fig. 5(c) shows the projected

deformation charge density or the difference between the

charge density calculated with the ®tting result and that

calculated with neutral atoms. The charge transfer from the La

and Cr atoms to the O atoms is clearly seen. Details of the

deformation charge density will be discussed in x4.3.

3.4. Three-dimensional charge density

To obtain three-dimensional distribution of the charge

density, we successively re®ned the low-order structure factors

of re¯ections 201, 200 and 022 using energy-®ltered CBED

patterns taken with different incidences. Figs. 6(a) and 6(b)

show the CBED patterns taken at T � 573 K with the 002

Bragg excitation near the �11�1� incidence and the 200 Bragg

excitation near the [010] incidence, respectively, to enhance

the intensities of these low-order re¯ections. Similarly, after

the distortion correction and background subtraction, two-

dimensional intensity data of 86 ZOLZ re¯ections were

extracted from these CBED patterns. The total number of

data points was 119415. The re®ned values of the low-order

structure factors are shown in Table 4. The values calculated

from the atomic scattering factors of the neutral atoms and

ionized atoms are shown for comparison.

From these low-order structure factors together with the

already re®ned 101, 1�10 and 112 re¯ections, the three-

dimensional distribution of the charge density of the rhom-

bohedral phase of LaCrO3 was constructed. The three-

dimensional deformation charge density is visualized in Fig. 7.

The charge transfer from the Cr atom to the O atoms is clearly

seen.

The structure factor of the 222 re¯ection, which could

not be determined using these CBED patterns, was set to

be the value calculated with the ionized atoms. As is the
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Figure 7
Three-dimensional visualization of the deformation charge density
obtained from the present analysis. The color scale bar is attached to
the map. The color of the low-density region was set to be translucent.

Table 4
Re®ned values of the low-order structure factors of re¯ections 201, 200
and 022; the values calculated from the atomic scattering factors of
neutral atoms and ionized atoms are shown for comparison.

g sin �=� (AÊ ÿ1) Fg re®ned Fg neutral Fg ionized (AÊ )

201 0.213 ÿ3.3169 (2) ÿ3.499 ÿ3.175
200 0.222 ÿ11.5847 (3) ÿ12.639 ÿ11.591
022 0.257 21.5340 (3) 21.698 21.642

Table 3
Re®ned values of the low-order structure factors of re¯ections 101, 1�10
and 112; the values calculated from the atomic scattering factors of
neutral atoms and ionized atoms are shown for comparison.

g sin �=� (AÊ ÿ1) Fg re®ned Fg neutral Fg ionized (AÊ )

101 0.128 ÿ7.542 (3) ÿ8.012 ÿ7.238
1�10 0.181 20.233 (3) 19.120 20.761
112 0.183 20.451 (2) 19.596 21.009
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case for the other re®ned low-order structure factors, the

value of the structure factor of the 222 re¯ection is

expected to be in between the value calculated with the

ionized atoms and that calculated with the neutral atoms.

When the value of the structure factor of the 222

re¯ection is changed from the value for the ionized atoms

to that for the neutral atoms, only slight elongations of

the charges at the Cr+O and O sites in the [111] direction

was seen in the deformation charge-density map.

4. Discussion

4.1. Bloch states

The positions and anisotropic Debye±Waller factors of the

oxygen atoms have been successfully determined in the

present analysis though the atomic number of oxygen �Z � 8�
is considerably smaller than those of La �Z � 57� and Cr

�Z � 24� atoms. This can be explained from the viewpoint of

the Bloch states formed by incident electrons.

Figure 8
(a) Projected structure and (b) projected electrostatic potential of LaCrO3 in the �11�1� direction. Electron-density distributions of branches 1 to 10 are
shown in (c) to (l), respectively.



Figs. 8(a) and 8(b) show the projected structure and

projected electrostatic potential of LaCrO3 in the �11�1�
direction, respectively. It is seen that the projected structure is

composed of rows of La atoms (La site), rows of Cr and O

atoms (Cr+O site) and rows of O atoms (O site). Figs. 8(c) to

8(l) show the electron-density distributions of branches 1 to 10

of the Bloch states, respectively. These were calculated at an

accelerating voltage of 100.7 kV using 109 ZOLZ re¯ections.

Each Bloch state is seen to have density maxima at speci®c

positions. For example, the electron densities of branches 1

and 2 are concentrated on the rows of La atoms (Fig. 8c) and

on the rows of Cr and O atoms (Fig. 8d), respectively. The

electron density of branch 5 is concentrated strongly on the

rows of O atoms and weakly on the rows of La atoms. These

Bloch states can be assigned to atomic states or hybridized

states, which are also indicated in Fig. 8.

Figs. 9(a) and 9(b) show a section of the dispersion surface

and the excitation of the Bloch states of LaCrO3 along the

direction of g112 around the �11�1� incidence. It is seen that

branch 5, which has density maxima at the O sites, has the

greatest excitation at the zone-axis incidence. Thus, the

sensitivity for the O atoms is strongly enhanced at the �11�1�
zone-axis incidence, at which the CBED pattern of Fig. 2 was

obtained. This accounts for the successful determination of the

positions and the anisotropic thermal vibrations of the O

atoms.

This site-selective characteristic of the Bloch states can be

extensively used for improving the accuracy of the parameters

re®ned by the present method. CBED patterns taken with

changing the tilt of the incident beam have excitations of

different Bloch states concentrating on speci®c sites, thus

being sentitive to different atomic sites. Therefore, the

combined use of the other CBED patterns taken with

different tilt of the incident beam is expected to provide much

further information to re®ne structural parameters and to

enable us to determine more of the low-order structure

factors.

4.2. Comparison with the neutron diffraction experiment

To compare the atom positions and anisotropic Debye±

Waller factors of the present result with those of the neutron

diffraction experiments (Oikawa et al., 2000), we simulated the

CBED patterns using the atom positions and Debye±Waller

factors determined by the neutron diffraction. Figs. 10(a) and

10(b) show the CBED patterns of several SOLZ re¯ections

simulated by the present result and by the neutron diffraction

data, respectively. In the same manner as Fig. 3, the patterns in

the left, center and right columns respectively show experi-

mental, calculated and difference patterns. The present result

(Fig. 10a) shows small differences between the experimental

and the calculated patterns. In contrast, considerable differ-

ences are seen between the experimental CBED patterns and

the patterns simulated by the neutron diffraction data (Fig.

10b). It should be noted that in Fig. 10(b) one of the two peaks

in each calculated CBED disc is larger than the corresponding

peak in the experimental CBED disc. It was found that the

peak is caused by the Bloch state concentrating on the Cr+O

site (branch 2 of Fig. 8d), the other peak being caused by the O

site (branch 5 of Fig. 8g). Thus, the disagreement of the peak

intensities can be attributed to the difference between the

Debye±Waller factors of the Cr atoms for the present analysis

and those for the neutron diffraction. In fact, this is seen in

Table 2 where the Debye±Waller factors of the Cr atoms,

U11�Cr� and U12�Cr�, determined by the present analysis are

slightly larger than those found by neutron diffraction. This

indicates that the present method can distinguish such small

differences in the structural parameters.

4.3. Deformation charge density

The charge transfer from the La and Cr atoms to the O

atoms is clearly seen in the deformation charge-density maps

of Fig. 5(c). From the fact that the nominal valence numbers of

the La, Cr and O atoms are respectively 3+, 3+ and 2ÿ, the

amount of the transferred charge at the La site is expected to

be larger than that at the Cr+O site. However, the minimum of

the deformation charge density at the La site is seen to be

higher than the minimum at the Cr+O site. This fact indicates
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Figure 9
(a) A section of the dispersion surface and (b) the excitation of the Bloch
states of LaCrO3 along the direction of g112 around the �11�1� incidence.
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that the transferred charge is appreciably delocalized for the

heavier La atoms but localized for the Cr and O atoms at the

Cr+O and O sites.

The de®cit charge at the Cr site is seen to be almost

spherical. Since the Cr3� ion in LaCrO3 has three 3d electrons

that occupy three t2g states, it is expected that the Cr ion will

form a nearly spherical electron distribution. Thus, the present

results are consistent with this conjecture.

On the other hand, the excess charge at the O site is seen to

be elongated in the same directions as the thermal ellipsoids of

the O atoms. The bonding charge between the Cr and O atoms

was hardly seen in the deformation charge-density maps. In

order to discuss bonding charge in more detail, more low-

order structure factors should be determined using the site-

selective feature of the Bloch states as mentioned in x4.1

4.4. Error introduced by the conversion from fe to fX

The error introduced by the transformation from the

structure factors for electron diffraction to those for X-ray

diffraction is discussed here using atomic scattering factors.

From the Mott formula, the following relation is derived for

j�f X=f X j (Watanabe et al., 1969):

j�f X=f X j � j�f e=f ej�Z ÿ f X�=f X ; �5�

where f X , f e, �f X , �f e and Z are atomic scattering factors for

X-rays and electrons, their estimated errors and the atomic

number, respectively. This relation indicates that, in the course

of the transformation from f e to f X , the relative error of f X is

given by the relative error of f e multiplied by the factor

�Z ÿ f X�=f X . Fig. 11 shows the factor �Z ÿ f X�=f X for La, Cr

and O atoms as a function of sin �=�. It is seen that

�Z ÿ f X�=f X is less than 1 in the region of low scattering

angles, at which the atomic scattering factor is sensitive to

valence electrons. Therefore, the CBED method can deter-

mine the low-order FX
g more accurately than the X-ray

diffraction method.

5. Concluding remarks

We have applied the CBED structure analysis method

proposed by Tsuda & Tanaka (1999) to the rhombohedral

phase of LaCrO3. The atom positions and Debye±Waller

factors have been re®ned simultaneously with low-order

structure factors for the ®rst time. The positions and aniso-

tropic Debye±Waller factors of the O atoms have been

successfully determined with high precision owing to the site-

selective characteristics of dynamical diffraction. Clear

anisotropy of the thermal vibrations of the O atoms has been

detected by CBED for the ®rst time. The deformation elec-

trostatic potential and deformation charge density have been

constructed from the re®ned structural parameters, revealing

clear charge transfer from the La and Cr atoms to the O atoms.

It should be noted that the precise atom positions and Debye±

Waller factors are indispensable for obtaining the charge

density from the low-order structure factors for electron

diffraction. Thus, the present method is the unique technique

that can determine the crystal structure and charge density

from a nanometre-size area of specimens.

The present method can be extensively applied to the

charge-density determination of the perovskite and related

materials revealing charge ordering and orbital ordering

phenomena, which are closely related to the colossal magneto-

resistance and the high-Tc superconductivity. Though the

materials are frequently composed of very small domains

owing to twin structures and/or characteristic phase separa-

tions, the CBED technique allows us to obtain diffraction

intensity data from a single domain. We have already begun

the charge-density determination of the orbital-ordering

phase of LaMnO3, for which the ordering of eg orbitals of the

Mn 3d electrons was observed using the resonant X-ray

scattering (RXS) technique (Murakami et al., 1998). We have

Figure 10
CBED patterns of some SOLZ re¯ections simulated (a) by the present
data and (b) by neutron diffraction data.

Figure 11
Plot of �Z ÿ f X �=f X as a function of sin �=� (AÊ ÿ1).



already obtained a preliminary result of the charge density of

LaMnO3, in which the electron distribution is not spherical but

extends toward the O sites. The details will be described in a

forthcoming paper.

The present method to date needs enormous time to

simultaneously re®ne many structural parameters. This will be

reduced by the use of parallel computations. Parallel compu-

tation will also be useful for extending the application of the

present method to the analysis of local structures of imperfect

crystals, which requires the use of a lower-symmetry space

group and a superlattice cell.
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