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Ryoko Makita,** Kiyoaki Tanaka®  X-ray atomic orbital (XAQO) analysis revealed that at both Received 17 April 2008
and Yoshichika Onuki® temperatures the electrons are transferred from B 2p,(=p,) to Accepted 18 August 2008
Ce 5d and 4f orbitals. At 340 K 5d(j = 5/2)[s orbitals are
occupied partially, but 4f(j = 5/2)I's orbitals are more
populated than 4f(j = 5/2)['; orbitals, in contrast to our
Japan, and "Graduate School of Science, Osaka observation at 430 K [Makita et al. (2007). Acta Cryst. B63,
University, Japan 683-692]. At 535 K the XAOQ analysis revealed clearly that the
order of the energy levels of 4f(j = 5/2)['s and I'; states
reversed again and is the same as that at room temperature. It
also limited the possible 5d configurations to three models
among the nine possible ones. However, the XAO analysis
could not decide which of the three models was the best with
the present accuracy of the measurement. Two of them have
partially and fully occupied 5d(j = 5/2)I'; orbitals and the
remaining one has a fully occupied 5d(j = 3/2)I['g orbital. Since
the lobes of 5d(j = 3/2)T'g or 5d(j = 5/2)I"; orbitals do not
overlap with the 4f(j = 5/2)T'g orbitals as well as the 5d(j = 5/
2)I'g orbitals, the order of the energy levels of the 4f(j = 5/2)
orbitals became the same as that at room temperature. These
results indicate that the crystal field varies with temperature
due to the electron transfer from B 2p to Ce 5d orbitals. The
difference densities after the spherical-atom refinement at the
three temperatures clearly revealed the different combina-
tions of 4f and 5d orbitals which are occupied. In the present
study positive peaks due to the 4f electrons appear near the Ce
nucleus and those due to 5d orbitals are found in the area
outside the 4f peaks. Between the two areas there is a negative
area distributed spherically at 340 K. The negative area
produced by the contraction of 4f(j = 5/2)I's orbitals seems to
reduce the electron repulsion of the 5d(j = 5/2)I'g orbitals and
helps the 4f(j = 5/2)I'g orbitals to remain as the ground state.
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1. Introduction

CeBg has been investigated intensively at low temperature due
to its many interesting properties such as antiferro-quad-
rupolar (AFQ) ordering and competition for the Kondo effect,
which makes the localized spin of Ce vanish owing to the
coupling of Ce and B spins, and the Ruderman—Kiittel-
Kasuya—Yoshida (RKKY) interaction, which arranges the spin
of the antiferromagnetic interaction of Ce with the spins of
itinerant electrons of B (Sato et al., 1985; Sakai et al., 1997).
These properties are closely connected with the localized 4f-I'g
electrons of Ce and conductive electrons of B.
In our previous study (Makita et al., 2007; hereinafter
referred to as MTOT) the electron-density distribution
(EDD) in CeBg was measured at 430 K and analyzed with the
© 2008 International Union of Crystallography XAO analysis method (Tanaka et al, 2008) and several
Printed in Singapore — all rights reserved interesting facts were found. At high temperature electrons
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were transferred from B 2p.(= p,) to the Ce 5d(j = 5/2)I'g
orbitals, and the 4f-I"; state, which is above 4f-T'g in energy at
298 K, was more populated than the 4f-I'g orbitals. Electron
transfer from the B4 moiety to Ce 5d orbitals is a reversal of
that found at low temperatures (Tanaka & Onuki, 2002). Since
the filled 5d(j = 5/2)T'g orbitals are outside the 4f orbitals and
both 5d(j = 5/2)'g and 4f(j = 5/2)I"5 orbitals have the same I'g
symmetry, with the EDD extending to the same directions, the
4f(j = 5/2)T'g orbitals became unstable, thus making the 4f-I';
orbital more populated than the 4f-I'g orbitals. In order to
assess and integrate these results the electron-density distri-
bution (EDD) was measured at 340 and 535 K with a four-
circle diffractometer equipped with a small furnace. Further-
more, the fully occupied 5d orbitals imply that energy can be
gained from the 5d — 4f transition at temperatures below
473 K. The energy gap between 4f and 5d in [Ce(OH,)o]** was

Ce B

5d(5=3/2)
Ts

-
-,

tZg .

I

S . >5d(j:5/2)

T%

F7>
41(=5/2
— 0 )

(a)

Splitting in crystal field

2s

Ce Transfer B
— 2

l"s/

>5d(j=5/2)
Iy

. Transition?

Transfer?

1

e 5d(=3/2)

Splitting in crystal field T
4f(j=5/2
. > (=5/2)

— 8

2s

b
Figure 1
Schematic drawing of the energy levels of Ce and B (a) below room
temperature and (b) at 535 K. The energy levels of Ce were estimated
using the program HEX (Liberman et al, 1971), those of B were
calculated by Mann (1968). The energy difference between 5d and 4f
levels is approximately 56 times larger than that between 4f-I'g and I';
orbitals.

measured by UV absorption spectroscopy (Okada et al., 1985)
to be 30-32 x 10’ cm™ ' or 3.7-4.0 eV. The 4f — 5d energy gap
in CeBg is expected to be similar. Therefore, it becomes highly
interesting whether the 5d occupation occurs below 474 K or
not. The measurement at 535 K was planned since it is close to
the energy difference between the 4f-I'g and I'; states in CeBg.

Several investigations have been reported on the important
contributions of the 5d electrons to physical properties.
Resonant X-ray scattering intensities corresponding to the
AFQ superlattice spot are explained by the mechanism that 5d
electrons excited from B 2p modulate through the Coulomb
interaction between 4f and 5d electrons (Nagao & Igarashi,
2002). On the other hand, Ignatov et al. (2006) related the
anomalous behaviour of the transport characteristics at
~ 80 K to the instability of the exciton in the 5d band. The
EDD of CeBg at 298 K, from synchrotron X-ray diffraction
reported by Streltsov et al. (1999), showed positive peaks at
~1.5-2 A from the Ce site. They regarded these peaks as
mixing the 4f wavefunction with 5d or 2p components.
Grushko et al. (1985) compared the X-ray chemical shift with
the self-consistent Dirac—Fock-Slater-Latter calculation and
concluded that the trivalent rare-earth atoms in hexaboride
with metallic conduction donate two electrons to the boron
framework, and that a third valence electron exists in the 5d
orbitals. From the band structure of CeBg, the 4f bands are
hybridized with the 5d band around the Fermi energy (Heide
et al., 1986) and the Fermi surface of CeBg, centred at the X
point in the Brillouin Zone which is the centre of the B—B
bond between the By octahedra (hereinafter referred to as
B—B,u), has the hybridized character of the Ce 5d and B 2p
states (Souma et al., 2004). Thus, it is worth including the 5d
orbitals in the XAO analysis at high temperature.

Ce** formally has one 4f electron. When the spin-orbit
interaction is taken into account, the 4f orbitals split into two
4f states with j = 5/2 and j = 7/2. Since the energy of the latter is
higher and no electrons are found on them in our studies on
CeBg, only the 4f(j = 5/2) orbitals are considered in the present
study. In the O,, crystal field the 4f(j = 5/2) orbitals split further
into two orbitals: I'; (doublet) excited states and I'g (quartet)
ground states. The EDDs of the I'; orbitals extend along the
(111) and (110) directions, whereas the ['g orbitals extend
along the (100) direction. The excitation energy between I';
and I'g was reported to be 530-560 K (Loewenhaupt et al.,
1985; Zirngiebl et al., 1984). In the present study, the
temperature 7 was used as the expression of energy rather
than kg7 (kg is Boltzmann’s constant). The energy levels of
the 5d orbitals of CeBg split into 5d(j = 3/2), 5d(j = 5/2)I's and
5d(j = 5/2)T"; orbitals owing to the crystal field and spin-orbit
interaction. The 5d(j = 3/2) orbitals have fourfold degeneracy,
with I'g symmetry. The 5d(j = 5/2)I"; and I'g orbitals have lobes
extending to the same directions as the 4f(j = 5/2)I"; and I'g
orbitals.

The schematic energy levels are illustrated in Fig. 1(a) for
the forthcoming discussion. The energy levels of Ce 4f(j = 5/2),
5d(j = 5/2) and 5d(j = 3/2) are calculated using the program
HEX (Liberman et al., 1971) assuming a 4f(j = 5/2)'5d(j =
5/2)°35d(j = 3/2)*° configuration. They are —0.74, —0.63 and

Acta Cryst. (2008). B64, 534-549

Ryoko Makita et al. « Electron configuration of CeBg 535



research papers

Table 1
Experimental details.

340K 535K
Crystal data
Chemical formula B3 Ce** B3 Ce**
M, 20498 20498
Cell setting, space group Cubic, Pm3m Cubic, Pm3m
Temperature (K) 3384 (9) 535(2)
a (A) 4.14288 (3) 4.14918 (4)
v (A% 7111 (1) 71.43 (1)
Z 1 1
D, (Mg m—3) 4787 4.765
Radiation type Mo Ka Mo Ka
u (mm™") 15.66 15.59

Crystal form, colour
Crystal radius (mm)

Data collection
Diffractometer
Data collection method

Sphere, metallic dark purple
0.037

Four-circle
Integrated intensities data from
/26 scans

Sphere, metallic dark purple
0.037

Four-circle
Integrated intensities data from
/26 scans

Scan speed in @ (min™") 2 2
Maximum no. of scans 10 10
Absorption correction For a sphere For a sphere
T'min 0.434 0.435
max 0.483 0.484
No. of measured, independent 902, 180, 179 1066, 182, 171
and observed reflections
Criterion for observed reflections  F > 3.00(F) F > 3.00(F)
Rine 0.006 0.008
Omax (°) 743 74.0

No. and frequency of standard
reflections

3 every 50 reflections

3 every 50 reflections

Refinement

Refinement on F F

R[F* > 20(F%)], wR(F), S 0.008, 0.010, 1.04 0.009, 0.013, 1.30

No. of reflections 804 809

No. of parameters 38 38

Weighting scheme Based on measured s.u.s Based on measured s.u.s
(A/0) max < 0.0001 < 0.0001

APmaxs APmin (€ A—3) 0.70, —0.39 0.55, —0.37

Extinction method
Extinction coefficient

B-C type 1 Gaussian anisotropic
0.251 (2) x 10*

B-C type 1 Gaussian anisotropic
0.290 (2) x 10*

Computer programs used: [lUANGLE (Tanaka et al., 1994), RSLC-3 UNICS system (Sakurai & Kobayashi, 1979).

the 4f(j = 7/2) orbitals and no elec-
trons were found in the orbital after
the refinement.

2. Experimental

Although the experimental equip-
ment and procedures at 340 and
535 K were almost the same as those
described in MTOT, the specimens
used in each experiment were not
identical. The CeBg single crystal was
shaped into a sphere with a radius of
37 um. X-ray intensity was measured
using a four-circle diffractometer
(MAC Science). The crystal was
heated in a furnace installed on the
diffractometer. The temperature of
the sample depends on the x angle of
the diffractometer and the tempera-
ture distribution at the sample posi-
tion was measured by shifting x
angles of the diffractometer, keeping
an electric current in the Pt wire at
2.02 A. When yx was limited between
—50 and 80°, the temperature of the
crystal was kept at 338.4 &= 0.9 K. The
current of 5.0 A kept the temperature
of the crystal at 535 & 2.0 K, limiting
the x angle between —60 and 40°.
Measurements were taken after
heating the crystal for 1 h to stabilize
the temperature. The orientation
matrix and the lattice parameters
were determined by {155}, {444}, {172}
and {633} reflections with 260 ~ 75°,
where Ko, radiation was well sepa-
rated from Ko,. Since the contribu-
tion of 4f electrons to structure factors

—0.64 a.u. for 4f(j = 5/2), 5d(j = 5/2) and 5d(j = 3/2). When the
crystal field is taken into account and the quantization axes are
taken along the (100) direction, to the face centres of the cubic
cell, the energy level of 5d(j = 5/2) is expected to be lower than
that of 5d(j = 3/2) orbitals, since the energy level of 5d-e,
extending along the (100) directions is lower than that of the
5d-t,, orbitals, which correspond to the 5d(j = 3/2) orbitals. On
the other hand, those of B 2s and 2p levels are —0.98 and
—0.62 a.u. according to Mann (1968). Many electrons were
found in 5d orbitals, but no electrons were found in 4f(j = 7/2)
orbitals in any of the refinements of the present study. Since
the 4f orbitals are located closer to the nucleus and the effect
of the crystal field is shielded by the 5p orbitals outside of
them, the energy levels of the 4f orbitals are dominated by the
spin-orbit interaction rather than by the crystal field. Hence,
the energy level of the 4f(j = 5/2) orbitals remains lower than

is very small, the fluctuations of the observed structure factors
caused by the multiple diffraction, which easily exceed 1%,
make accurate measurement of 4f~-EDD difficult, as demon-
strated in Fig. 2 of the paper written by Tanaka & Onuki
(2002). Proper treatment of this effect is essential for the EDD
measurement of rare-earth compounds. Since multiple
diffraction is very sensitive to the orientation of the crystal, a
subtle change in the X-ray beam path such as that in the
orientation of the monochromator may easily change the
effect and the correction for it may not be realistic. Tanaka &
Onuki (2002) succeeded in measuring the 4/-EDD of CeBg by
avoiding the multiple diffraction with a ¢ scan and they also
succeeded in treating the localized electron densities quanti-
tatively using XAO analysis. In the present study the optimum
¢ angles (keeping the effect less than 0.25% of each structure
factor) were calculated using the program [UANGLE
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(Tanaka et al, 1994). Other data collection details are
summarized in Table 1.'

2.1. Shielding of the X-rays by the Pt wire of the furnace

In the present study the Pt wire of the furnace was extended
around the crystal to stabilize the temperature, but it is
accompanied by unavoidable scattering and shielding of the
incident and diffracted X-rays by the Pt wire. Therefore, at
340 K 75 reflections were rejected, among which 64 reflections
were partially shielded when the difference of 26 and w was
60-70°, and 11 reflections with an anomalous background
caused by the scattering of the incident beam by the Pt wire. In
addition, 23 reflections with F < 30 F were considered to be
insignificant. Hence, 98 reflections were rejected. After this
process the number of independent reflections was reduced
from 180 to 179.

On the other hand, at 535 K 169 reflections were rejected,
among which 58 reflections were shielded and 111 reflections
had an anomalous background. In addition, 71 reflections with
sin 6/A > 1.34 (20 > 145°) were rejected because of the high
background due to the air scattering of the incident X-rays.
Five reflections that have more than three equivalent reflec-
tions deviate too much from the mean of the equivalent ones
for an unknown reason were rejected. 12 reflections with F <
30 F were considered to be insignificant. Hence, 257 reflections
were rejected. After this process the number of independent
reflections was reduced from 182 to 171. Among 11 indepen-
dent reflections deleted, 6 reflections have sin 6/A > 1.34. The
remaining 5 reflections were affected by the Pt wire, but
sin /A >~ 1.33. The number of reflections with an anomalous
background at 340 K was less than that at 430 and 535 K,
which may be caused by a slight change in the setting of the Pt
wire. Only R;, in Table 1 is calculated, excluding the reflec-
tions affected by the Pt wire.

3. Refinement

The reflection data at 340 and 535 K were refined using the
least-squares program QNTAO (K. T., see also Tanaka &
Onuki, 2002; Tanaka et al., 2008). The valences of Ce and B
were initially assumed to be +3 and —0.5, and electrons were
configured equally among the subshell orbitals. The process
makes the EDD of each atom spherical. We call this stage the
spherical-atom refinement (hereinafter referred to as refine-
ment A). A spin-orbit interaction was assumed for Ce and a
scattering factor was calculated using the program SFRSCF
(K. T., see also Tanaka & Onuki, 2002) from relativistic atomic
orbitals, which were calculated by Tatewaki using the program
GRASP (Dyall et al., 1989). The scattering factors of B were
calculated based on self-consistent field wavefunctions (Mann,
1968). Anomalous dispersion terms of each atom were taken

! Supplementary data for this paper are available from the IUCr electronic
archives (Reference: OG5031). Services for accessing these data are described
at the back of the journal.

from International Tables for X-ray Crystallography (1992,
Vol. C). We assumed that extinction is type I (Becker &
Coppens, 1974a,b, 1975) based on the Thornley—Nelmes
distribution function (Thornley & Nelmes, 1974). After
spherical-atom refinement, an XAO analysis was carried out
which included analysis of the anharmonic vibration (AHV)
of each atom.

3.1. Anharmonic vibration

Dawson et al. (1967) proposed the treatment of temperature
factors, including the anharmonic thermal vibration effect for
high-symmetry crystals by means of series expansion of a one-
particle potential. Tanaka & Marumo (1983) generalized the
treatment and anharmonic third- and fourth-order parameters
were refined in the least-squares program. AHV parameters
were restricted by the site symmetry of Ce(m3m) and
B(4mm), and their potentials, V, are represented by

Vee :b1(u% + “% + ’/‘%) + 511111(1“1‘ + ’/‘3 + ug)
+ Chm(”%”% + ufu% + u%“%)
Vg = bl(“% + ”g) + b3u§ + Cm(”i + ”Z) + 0333”2
+ qun (Ul +13) + CI3333“§ + quopuit;
+ quz (i + uu3), 1)

where (uy, u,, us) is a displacement vector from the equili-
brium position of each atom defined on the coordinate system
with axes parallel to the crystal axes a, b and ¢ in the present
study. b; = kz T/(4m?U;) in the present case expresses the
harmonic potential Vg and the other terms express the
anharmonic potential V. The anharmonic potential is
assumed to be much smaller than kg7. Since the AHV
represents the vibration of the nucleus, the AHV parameters
are expected to be closely related to high-order reflections.
Hence, 4f-EDD located closer to the nucleus is expected to be
strongly affected by AHV. Since there is a strong correlation
between harmonic temperature factors and AHV parameters,
they were refined alternately. Since the contribution of
valence electrons to structure factors is significant in the low-
order reflections, but that of the vibration of atoms becomes
more in the higher-order reflections, the simultaneous refine-
ment of the parameters of valence electrons and AHV is
expected to result in a proper partition of the aspherical EDD
among both types of parameters, although it does not guar-
antee a perfect separation. In MTOT AHV parameters were
not refined with the orbital parameters and no information
was obtained from the AHV analysis. Therefore, in the present
study all AHV parameters were refined with electron-popu-
lation and kappa parameters simultaneously. The refinement
at 430 K was carried out again in the same way and the results
at the three temperatures are compared.

3.2. X-ray AO analysis

We refined the X-ray diffraction data by XAO analysis
(Tanaka & Onuki, 2002; Tanaka et al. 2008). This method

Acta Cryst. (2008). B64, 534-549

Ryoko Makita et al. « Electron configuration of CeBg 537



research papers

Figure 2

Difference densities (a) around Ce at (343) on the 100 plane at 340 K, (b) around B at 340 K, (c) Ce at

27272

535 K and (d) B at 535 K in spherical refinement. Contours are at intervals of 0.1 e A™>. Zero contours are
drawn as thick lines, positive contours are drawn as thin lines and negative contours are drawn as broken

lines.

divides each atom into subshell electrons, which enables us to
treat localized electron density quantitatively. Such a
quantum-mechanical analysis is useful for investigations of
physical properties, since the characteristics of each AO are
easily correlated with the observed EDD and thus with the
properties of compounds.

3.2.1. Possible orbital models. The EDDs were divided into
those of the core and valence electrons, which were further
divided into those of the subshell electrons. The 2s and 2p
orbitals of B were assumed to be valence orbitals. For Ce the
spin-orbit interaction was taken into account. Since the elec-
tron populations of 5p(j = 3/2), 5p(j = 1/2) and 2s tended to
exceed full occupation, they were fixed at 1.0, 1.0 and 2.0. The
k parameter of 5p(j = 1/2) could not be refined, indicating that
5p(j = 1/2) is part of the core orbital. The set of orbitals 5p(j =
3/2), 4f(j = 5/2)T's and 4f(j = 5/2)I";, which is noted as v, were
commonly refined in all the refinements. The 4f(j = 7/2)
orbitals were not taken into account since the refinement
including 4f(j = 7/2) orbitals made the residual densities
around Ce and B at 340 K worse and it would not be signifi-

cant at 535 K. The three kinds of
5d orbitals permitted in the O,
crystal field, 5d(j = 3/2)I"s, 5d(j =
5/2)I's and 5d(j = 5/2)I";, and all
their different combinations were
taken into account in the XAO
analysis, since in MTOT at 430 K
the peaks along (100) 0.8 A from
Ce were explained as well as
those due to the 5d(j = 5/2)I'g
orbitals. At 340 and 535 K signif-
icant peaks were also observed
after refinement A along (100)
and (110) at 0.9 A from Ce with
heights of 0.4 e A3, as shown in
Figs. 2(a) and (c) (see §4.1). The
radii of the 4f and 5d orbitals of
Ce (0.38 and 1.15 A) support the
analysis with 5d orbitals. In order
to confirm that the 5d orbitals
were occupied by electrons, the
refinements without the 5d orbi-
tals were first carried out as
refinement (B). Therefore, the
following seven types of valence
subshells (5d(j = 3/2)Tg)*-
5d( = 5”2)TgY’(5d(j = 512)I'7)*
were assumed in addition to (A)
and (B). Non-zero parameters x, y
and z are listed for refinements
(C) to (1) as follows

Oy, y; (D)v,x; (E)v, z;
(F)V,y, Z; (G)V,X, Z;
H)v,x,y; D) v,x,y, 2. 2)

Electro-neutrality of the crystal
was maintained during the refinement by setting the total sum
of the electron populations of each sub-shell orbital equal to
that of the positive charges of the nuclei in the unit cell. For
example, in refinement (B) the following equation was applied

gce[4n(@fi=s ) Ts) + 2n(4f,=s.1'7) + 4n(S5p;32) + 2n(5p; 1)
+ 48] + gB[zn(zpr) + n(zpz) + I’Z(ZS) + 2] = gCeZCe + gBZB’
3)

where g, n and Z indicate the multiplicities of the Ce and B
atoms in the unit cell, electron population and atomic number.
The number in front of the electron population is a degen-
eracy of each orbital imposed by the crystal symmetry. The
point-group symmetry of the B site constrains the n and «
values of the (2p,) and (2p,) orbitals to be the same. The
k parameters describe expansion/contraction of the
orbital.

3.2.2. XAO analysis at 340 K. The populations of the orbi-
tals in each model were refined. When one of them became
negative, the model was discarded. In refinements (F) and (G),
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Table 2

Extinction and final parameters at 340 K.

Parameters for B at (0, 0, z), electron populations 1, kappa parameter k, anisotropic temperature factors
U7 (x 107> A% and b, (x 107" J A™?), anharmonic cubic parameters ¢ (X 10T A™?), quartic
parameters ¢;; (X 107T A=), height of peak A Ap,, maximum peaks in residual density distribution
A Pmax, height of B in residual density distribution A pperon. Anisotropic temperature factors are defined as
Ty = exp(—27° DT yhihja,-*a;)U"f and anharmonic potentials V are defined in the text. R factors: Ry =
S\IF,| — [F/ZIF,], Ry = 2(|F,| — |F)¥Z|F,[* Anisotropic type I extinction parameters (x 10*s) with
Thornley-Nelmes distribution function. The significant AHV parameters are shown in bold. With respect

to the refinements, see text in §4.2.

the values became insignificant. Hence,
they were refined separately and
refinement (H) was divided into refine-
ments (C) and (D). On the other hand,
in refinement (E) 5d(j = 5/2)I"; orbitals
were  fully  occupied, however,
improvement of the residual densities
and a decrease in the R factors were not
observed. Therefore, acccurate X-ray

Refi t D A) SPH B) without 5d  (C) 5d(j = 5/2)T", D) 5d(j = 3/2)T",

cHnemen cgeneracy  (4) (B) withou (©) 5d( ) (D) 5§ s measurement of the EDD at 340K
R, 0.00909 0.00767 0.00749 0.00750 limited the possible electron configura-

2
ge 0.01150 0.01022 0.00998 0.00999 tion to (C) and (D) Refinements (B)—
UM 639 (1) 685 (1) 681 (1) 681 (1) (D) will be compared in the forth-
b, 681 (1) 686 (1) 689 (1) 689 (1) coming discussion.
n (4fj=502Ty) 4 1/6 0.47 (4) 0.53 (4) 0.53 (4) .
n(dfiospry 2 Ve 000 000 000 3.2.3. XAO analysis at 535K
n(5dj=50Ty) 4 _ _ 0.69 (12) _ Refinement (/) at 535 K was reduced to
n (5d j =32) 4 - - - 0.75 (13) refinement (D), and (H) was reduced to
k(4 =502y 4 N 152 (6) 144 (5) 143 (5) (C) and (D) for the same reason as
K (4fj=52Iv) 2 - - - - . . .
« (5p j =302) 4 _ 0.89 (2) 0.90 (3) 0.90 (3) described in §3.2.2. At this stage we
k(5dj=52Tg) 4 - - 1.10 (9) - cannot discriminate between the other
K (5dj=302) 4 - - - 1.08 (9) refinements at 535 K
qin - 0.6 (3) 0.7 (3) 0.6 3) :
quz - 2.8 (8 1.2 (8) 1.5 (8)
Apa (e A7) 0.59 0.56 0.37 0.45
Valence of Ce +3.00 (-) +2.12 (16) —0.88 (51) —1.12 (54) 3.3. Parameter interactions between x
B and other parameters
z 030062 (20) 029901 (231)  0.29923 (145) 0.29929 (145)
U: 525 (6) 513 (5) 518 (5) 518 (5) In the least-squares refinement for
U 345 (9) 343 (9) 331 (7) 330 (7) - :
b, 894 (10) 915 (9) 907 (8) 907 (8) the sys.tem with highly condensed elec
by 1362 (36) 1367 (34) 1419 (32) 1421 (32) trons like the present compound, para-
n (2s) 1 2.00 2.00 2.00 2.00 meter interactions should be carefully
n(@2p)=n@2p,) 2 12 025 (4) 0.03 (4) 0.02 (4) .
2 Cp) 1 1 0.86 () 0.79 () 078 (8) t¥ea.ted. Usually parameters with a
« (25) 1 _ 1.07 (3) 1.09 (3) 1.09 (3) similar effect on the EDD have severe
Kk (2p) =«(py) 2 - 0.97 (22) 120 (35) 1.22 (39) parameter interactions with each other.
« (2p.) 1 - 0.95 (9) 0.95 (9) 0.95 (9) .
o 0.0 70 (40) 63 (43) 62 (43) Wh.en they are reﬁl.led simultaneously,
a3 0.0 ~3.4 (56) 3.1 (73) 28 (73) their parameters oscillate or they do not
qiint 0.0 —6.8 (76) —6.6 (74) —6.3 (74) converge well. In these cases they were
G333 0.0 —8.4 (275) —20.9 (301) —18.9 (302)
quz 0.0 11.5 (383) 142 (370) 145 (371) refined sepgrately. ' There are  many
G 0.0 61.4 (558) 65.0 (583) 61.1 (585) parameter interactions besides that
Extinction between AHV  parameters and
Y 139 (5) 15.0 (6) 143 (5) 14.4 (6) .
Yo 184 (13) 198 (12) 184 (11) 180 (11) harmonic temperature factors. The. K
Y 20.0 (13) 22.8 (13) 21.6 (12) 21.4 (13) parameters have a strong correlation
Y1 —0.6 (5) —0.4 (4) —0.5 (4) —0.5 (4) with the other parameters. When the
Yis —33(6) —38(5) —32(5) —32(5)
Yo 09 (®) 06 (7) —01(6) —01(8) scal'e factor and « parameter of 4f
APumas (€ A7) 1.17 0.81 0.70 0.70 orbitals were refined together, the
Apporon (€ A7) —0.52 —0.43 —0.39 —0.39 height of the residual peak on Ce

the electron population of 5d(j = 5/2)I'; orbitals became
negative and models (F) and (G) were discarded. When the
populations of 5d(j = 5/2)I"s, 5d(j = 5/2)I"; and 5d(j = 3/2) were
refined simultaneously in refinement (I), correlation among
them was extremely large and they became negative, except
that of 5d(j = 3/2) reducing refinement () to (D).

Since the correlation coefficient between the populations of
5d(j = 5/2)I's and 5d(j = 3/2)I"g orbitals is —0.96 in refinement
(H), the errors of their electron populations were so large that

became 1.4-3.0 times larger than when

they were refined separately, even

though the correlation coefficients are

not large. When « parameters of 4f
orbitals were added to the refinement, the correlation between
the population of the 4f orbitals and the scale factor became
important (coefficients between —0.55 and —0.94). Since the
correlation coefficients at 340 K in refinements (C) and (D)
between « of 5p(j = 3/2) and those of 5d orbitals were —0.93
and —0.97, and these parameters oscillated, they were refined
separately. Other examples are those between « parameters of
the B 2p,(= 2p,) and B 2s orbitals, between « parameters and
the electron population of the B 2p.(= 2p,) orbitals etc.
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Table 3
Extinction and final parameters at 535 K.

Height of peak B A pg, E(5d-t,,) and E(5d-e,) is the energy levels calculated by the program WAVEQ3 (Tanaka et al., 2008). With respect to the refinements, see

text in §4.3. Details are the same as given in Table 2.

(B) without

Refinement Degeneracy (A)SPH 5d orbitals (C) 5d(j = 512)I'g
R, 0.01030 0.00935 0.00878
R, 0.01267 0.01146 0.01060
Ce

U 1087 (2) 1079 (2) 1079 (2)
by 680 (1) 685 (1) 685 (1)
n(4fj=52Tg) 4 1/6 0.27 (6) 0.47 (7)
n(4fj=52T;) 2 1/6 0 0
n(5dj=52Tg) 4 - - 1.00
n(dj=52T;) 2 - - -

n (5d j = 312) 4 - - -

k (4fj=5RT) 4 - 1.60 (21) 1.38 (9)

Kk (4fj=52T,) 2 - - -

Kk (5pj=302) 4 - 0.91 (4) 0.92 (7)
k(5dj=52Tg) 4 - - 1.17 (18)
k(5dj=52T;) 2 - - _

K (5d j=312) 4 - - -

qi111 - —0.6 (1) —0.1 (1)
q1122 R - 19 @) 1.3 4)
Apg (e A7) 0.48 0.47 0.40
Valence of Ce +3.00 (-) +2.92 (24) —1.88 (28)
E(5d ty) (a.u.) +0.023 - -

E(5d e,) (a.u.) —0.035 - -

B

z 0.30085 (2) 0.30208 (278) 0.30186 (159)
u"! 742 (7) 733 (7) 738 (7)
U* 419 (10) 407 (9) 407 (9)
by 996 (9) 1008 (9) 1002 (9)
b 1763 (40) 1815 (42) 1813 (41)
n (25) 1 2.00 2.00 2.00
n(py) =nQpy) 2 12 0.47 (7) 0.00

n (2p.) 1 12 0.55 (15) 0.68 (5)

i (25) 1 - 1.04 (4) 1.07 (3)
k(2py) =x(2py) 2 - 0.65 (6) -

« (2p.) 1 - 0.92 (15) 0.92 (9)
e 0.0 5.0 (32) 43 (32)
333 0.0 3.6 (87) 2.7 (94)
qii1 0.0 —6.6 (40) —-5.1 (39)
q3333 0.0 9.0 (196) 10.9 (196)
Gz 0.0 52.8 (197) 46.7 (192)
q1133 0.0 —21.4 (345) —11.9 (343)
Extinction

Yi 154 (16)  17.6 (19) 16.1 (14)
Y 123 (14) 143 (18) 14.3 (15)
Y 92 (5) 9.8 (6) 8.4 (5)
Y, —02(9)  —0.7(10) —0.6 (8)
Yis —0.9(6)  —1.5(6) —1.6 (5)
Yas —25(6) —3.0(7) —2.4 (5)
APrmax (€ A%) 0.70 0.54 0.50
AProron (€ A73) —0.58 —0.45 —0.33

(F) 5d(j = 5/2)T's
(D) 5d(j = 3/2)Ts  (E) 5d(j = 5/2)T; + 5d(j = 5/2)T;

(G) 5d(j = 3/2)Tg
+5d(j = 512)T,

0.00875 0.00902 0.00873 0.00875
0.01041 0.01078 0.01040 0.01042
1080 (2) 1080 (2) 1079 (2) 1079 (2)
685 (1) 684 (1) 684 (1) 685 (1)
0.49 (7) 037 (7) 0.49 (7) 0.49 (8)
0 0 0 0

- - 0.72 (13) -

- 1.00 1.00 041 (25)
1.00 - - 1.00

1.36 (8) 1.47 (13) 133 (9) 132 (8)
0.92 (3) 0.92 (5) 0.91 (8) 0.92 (5)
- - 1.19 (30) -

- 1.16 (21) 1.15 (21) 1.14 (59)
117 (9) - - 1.14 (9)
—0.1 (1) —03 (1) —0.1 (1) —0.1 (1)
13 @) 1.8 (4) 13 @) 13 4
0.37 039 0.33 033
—1.96 (28) +0.52 (28) —2.84 (59) —2.78 (59)
- - —0.022 —0.022
- - +0.33 +0.33

0.30194 (158) 030186 (162) 0.30191 (158) 030193 (159)

737 (7) 736 (7) 736 (6) 736 (6)
407 (9) 409 (9) 409 (9) 409 (9)
1002 (9) 1003 (9) 1003 (8) 1003 (8)
1814 (41) 1806 (41) 1805 (39) 1807 (39)
2.00 2.00 2.00 2.00

0.00 023 (7) 0.00 0.00

0.68 (5) 0.62 (15) 0.53 (10) 0.54 (10)
1.07 3) 1.04 (4) 1.07 (3) 1.07 3)

- 0.76 (15) - -

0.92 (10) 0.92 (13) 0.93 (15) 0.93 (14)
45 (32) 4.4 (33) 45 (32) 45 (32)
3.1 (94) 2.7 (96) 2.9 (93) 3.0 (94)
—5.0 (38) —5.2 (40) —5.1 (39) —5.2(39)
11.1 (195) 9.3 (198) 112 (192) 10.6 (194)
46.3 (192) 449 (197) 46.8 (192) 46.8 (193)
—13.8 (341) —14.3 (348) —152 (342) —15.9 (343)
157 (13) 16.4 (16) 15.8 (13) 157 (13)
13.9 (14) 14.0 (16) 13.7 (14) 13.6 (14)
85 (5) 9.4 (6) 82 (5) 83 (4)
—0.7 (8) —0.8 (9) —0.8 (8) —0.8 (8)
—1.6 (5) —1.6 (5) —1.6 (4) —1.6 (5)
—24(5) —2.7 (6) —23(5) —23(5)
0.50 052 0.55 0.54
—033 —0.40 032 032

4. Result and discussion
4.1. Spherical-atom model (refinement A) at 340 and 535 K

Parameters after the spherical-atom refinement (refinement
A) are listed in Tables 2(a) and 3(a) at 340 and 535 K. The
residual densities around Ce and B at 340 K are shown in Figs.
2(a) and (b), and those at 535 K in Figs. 2(¢) and (d). In order
to understand the difference densities the 4fT'; and 5dI';
orbitals must extend along the (110) and (111) directions, and
I's orbitals extend to (100) directions. Since no aspherical
EDD is introduced in the atomic scattering factors, these

figures exhibit the experimental and unbiased aspherical
EDD.

The positive peak on Ce and those extending along the
(100) directions near Ce in Figs. 2(a) and (c) have peak heights
of 0.8 and 0.6 e A™>. The directions of these peaks in the
vicinity of Ce indicate that the electron population of 4f(j = 5/
2)T'g is larger than those of 4f(j = 5/2)I"; at 340 and 535 K,
which contradicts the results at 430 K but agrees with those at
room temperature. Negative values, —0.4 e A_3, near Ce
along the (110) directions in Fig. 2(c) at 535 K seem to be due
to the 4f-I'; orbitals. Negative peaks surround these positive
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peaks almost spherically in Figs. 2(a); these features were not
observed at 430 K (MTOT).

Outside the negative area there are positive areas mainly
correlated to the 5d electrons described in the previous
section. The positive peaks along the (100) and (110) direc-
tions at 0.9 A from Ce with a height of 0.4 e A~ are shown in
Figs. 2(a) and (c). They are hereinafter referred to as peak A
and peak B, and their peak heights are listed as Ap, and Apg
in Tables 2 and 3. The positive peaks along the (100) directions
in Fig. 2(a) correspond to 5d(j = 5/2)T'g orbitals which were
also found in MTOT at 430 K. Fig. 2(a) shows that 4f(j = 5/2)I"g
and 5d(j = 5/2)'g orbitals are expected to be occupied in spite
of the electron repulsion between them, which is different
from our previous results at 430 K. This will be discussed in
the forthcoming section.

The positive peaks on the B—B,, bond between the Bg
octahedra (B 2p. orbitals) in Figs. 2(b) and (d), which are due
to the two-centre electrons on the B—B covalent bonds, are
higher than those near the B—B bonds in the B4 octahedra.
On the other hand, heights of the negative peaks on the B
atom denoted as Apperon are listed in Tables 2 and 3. The
peaks on B with a height of —0.5¢ A~ are expected to be

AN A\

IR,
| Refinement B |-+

" Refinement D |:

s T g I| o

Figure 3

Residual densities around (a) Ce after refinement (B), (b) Ce after refinement (C), (¢) Ce after refinement

(D) and (d) B after refinement (C). Contours are as in Fig. 2.

Refinement
—_J- :::,5

cl

o). T

correlated to the number of 2p electrons. Thus, as was
observed at 430 K the electron population of the B 2p.(= 2p,)
orbital is expected to be less than the 0.5 assumed in
refinement (A).

4.2. XAO analysis at 340 K

Parameters after refinements (B), (C) and (D) are listed in
Table 2 and the residual densities around Ce are shown in Figs.
3(a) to (c¢). R, and R, before these refinements, but after the
AHYV analysis, are 0.00892 and 0.01142. The harmonic
temperature factors of Ce are larger than those of B, which
were also observed at 430 K since the framework of the Bg
octahedra is firm and B is not as mobile as Ce located at the
centre of the unit cell, although the Bs moiety does lose
electrons (which is clear from Table 2). However, the AHV
parameters of Ce are small and those of B are one order larger
than those of Ce. This tendency does not change in refine-
ments (C) and (D).

The residual density around the B atom after refinement
(C), which is almost the same as that after refinement (D), is
illustrated in Fig. 3(d). That after refinement (B) is not shown
since it is almost the same as that
of refinement (A) shown in Fig.
2(b), except for the reduction of
the negative peaks on B as listed
in Tables 2(a) and (b). The hole of
—0.52 ¢ A~ on the B atom in Fig.
2(d) shifts towards the inside of
the By frame with a height of
—039e¢ A~ in Fig. 3(d). After
refinements (B)-(D) the electron
populations of 4f(j = 5/2)I"; orbi-
tals became zero, but those of the
4f(j = 5/2)I'g orbitals increased by
electron transfer from B 2p,(=
2p,) orbitals. It makes the total
electron populations of the 4f
orbitals close to 2.0, ranging from
1.88 (16) to 2.12 (16) as listed in
Table 2. On the other hand, B 2s
is fully occupied and the popula-
tions of 2p, increased from 0.5 to
0.79 (8) and 0.78 (8), which are
equal within experimental error
after refinements (B) to (D). The
peaks of the B—B,, bonds on
the residual density map are also
large, but they were reduced from
0.45 to 0.32 ¢ A™>. The height of
the highest residual peak A pp.x
in Table 2 is that on Ce. These
results show that electrons are
transferred from B 2p, (= p,)
orbitals to Ce 4f and 5d orbitals.

4.2.1. Comparison of the elec-
tron configurations obtained by
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refinements (B) to (D). Now we discuss which analysis gives
the best electronic configuration. The criteria are:

(i) the R factor,

(ii) the height of peak A (Apa),

(iii) the residual density around B (A pporon) and

(iv) the physical validity.
Before discussing the electron configurations, it is necessary to
comment on the improvement of the R factors and EDD.
Since the ratio of the number of 4f electrons to the total
number of electrons in the unit cell is almost 1% and
accordingly the contribution of the aspherical EDD of loca-
lized 4f and 5d orbitals to structure factors is very small, and
the R factor after spherical refinement (A) at both tempera-
tures is close to 1%, the reduction of the R factors even by
only 0.1% can be a good measure of the validity of the
refinement. The mean radius of the 5d orbitals is 2.71 a.u. and
that of 4fis 0.983 a.u. (Mann, 1968). The reduction of 5d peaks
seems to be approximately (2.71/0.983)> = 7.6 times more
significant than that of 4f. Therefore, the reduction of 5d peak
heights by 0.1 e A7 s very large. In the present study the
highly localized 4f-EDD is explained well and almost all the
aspherical peaks have disappeared. However, peaks and holes
of 5d EDD are distributed in a rather diffuse way and it
becomes necessary to realise where the peaks owing to 5d
electrons appear on the difference-density map. Therefore, the
EDD of 5d(j = 5/2)I'g orbitals, A ps,, is calculated as

Apsy = <é> Z[F catc(K) — F, calc75d(k)] exp(ik -r), (4)

where V is the volume of the unit cell and k is a scattering
vector. Aps, with a height of 0.22 e A~3 extending along the
(100) direction is illustrated in Fig. 4. It is evident that the
peaks outside the spherical valley surrounding Ce in Fig. 2(a),
including peak A, are closely correlated to 5d EDD. 5p(j = 3/2)
peaks calculated in the same way appear just a little inside
A psg4, but overlap significantly. However, the population and «
parameter are stable and do not change throughout the

Figure 4
The EDD of 5d(j = 5/2)' orbitals. See text. Contours are as in Fig. 2.

refinements. Therefore, the peaks in the outside ring of Fig.
2(a) can be assumed to be due to 5d electrons and the area
with 5d peaks is called the 5d area hereinafter.

The populations of the 4f orbitals of the three refinements
in Table 2 are approximately equal to each other and the
peaks at 0.8 e A~ extending along (100) in Fig. 2(a) vanished.
Therefore, the aspherical EDD due to 4f-I'gs orbitals are
explained fairly well. Although the R factor and Apporon Of
refinement (B) in Table 2(b) are improved from refinement
(A), App of refinement (B) in Table 2(b) is evidently higher
than those of the other refinements. These facts show that the
5d orbitals are occupied and the refinement including 5d
orbitals is essential, and refinement (B) is rejected.

Refinements (C) with 5d(j = 5/2)T'y and (D) with 5d(j =
3/2)I'g are now compared. Since the Ap, of refinement (C) is
~ 0.1 ¢ A smaller than that of refinement (D) and the 5d
area with a height greater than 0.4 e A3 is wider in refine-
ment (D), refinement (C) seems to be better than refinement
(D). Since fourfold degenerate 5d(j = 3/2) orbitals are equally
occupied in the crystal field Oy, the density of 5d(j = 3/2)I'g
electrons is always spherical. On the other hand, the EDD of
5d(j = 5/2)T'g extends toward the (100) direction, as illustrated
in Fig. 5 in MTOT. Therefore, the authors conclude that model
(C) is the closest to the electron configuration of Ce at 340 K
among the electron configurations examined.

The result of refinement (C) indicates that electrons are
transferred from B 2p,(= p,) orbitals to 5d(j = 5/2)I'g orbitals
accompanying the increase of the total 4f electron population
from 0.92 (11) at 298 K (Tanaka & Onuki, 2002) to 2.12 (16) in
refinement (C). It shows that electrons are transferred from B
2p.(= p,) orbitals to Ce 4f orbitals directly or via Ce 5d(j =
3/2)I'g and/or 5d(j = 5/2)T'g orbitals. Since the energy levels of
5d orbitals are much closer to B 2p than 4f orbitals, as was
stated in the previous section, the probability of the transfer
from B 2p,(= p,) to Ce 5d(j = 3/2) and/or 5d(j = 5/2)I's, and
then to 4f(j = 5/2)I"s orbitals is expected to be larger than the
direct transfer. Since the 4f(j = 5/2)['s and 5d(j = 5/2)I'g
orbitals have different parities and extend exactly to the same
directions, the transition moment between them is expected to
be the largest.

The 5d(j = 5/2)I'g orbitals are partially and fully occupied at
340 and 430 K, but 4f(j = 5/2)I'g orbitals are more populated
than 4f(j = 5/2)"; orbitals at 340 K, in contrast to the results at
430 K in MTOT. At 430 K, the full occupation of 5d(j = 5/2)I"g
orbitals maximizes the electric repulsion between 4f(j = 5/2)I'g
and 5d(j = 5/2)I'g orbitals and makes the energy level of the 4f-
I'g orbitals higher than that of the 4f-I'; orbitals. The partial
and full occupation of 5d(j = 5/2)I'g orbitals at 340 and 430 K
seems to make such a difference. The partial occupation at
340 K is a transient state between 298 K with no 5d electrons
and 430 K with fully occupied 5d orbitals.

4.3. XAO analysis at 535 K

Parameters from refinements (B)—(G) are listed in Table 3
and the residual densities around Ce are shown in Figs. 5(a)-
(e). R, and R, after AHYV refinement, but before the XAO
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analysis, were 0.01024 and 0.01265. Most of the AHV para-
meters ¢g,11; and g2, of Ce are significant at 535 K. Since the
residual densities around Ce after refinements (F) and (G) are
similar to those after refinement (D), only those after refine-
ments (B), (C), (D) and (E) are shown in Figs. 5(a)-(d). The
difference density after refinement (B) is similar to that of
refinement (A) in Fig. 2(d) except for the reduction of the
depths of the holes on B, A pporon, listed in Tables 3(a) and (b).
Since the difference density around the B atom after refine-
ments (C)—(D) are almost the same, only that after refinement
(C) is shown in Fig. 5(¢). The hole in B was improved in the
same way as that described in §4.2 at 340 K. However, the
peaks on the B—B,,,, bonds remain the highest in the residual
density in all refinements (B)-(G). The heights App.. are
listed in Table 3.

In all the refinements the electron population of the 4f(j =
5/2)I'; orbitals became zero. The populations of B 2p, (= p,)
orbitals were also zero, except for refinements (B) and (E). As
listed in Table 3 the total number of electron populations of 4f
orbitals range from 1.08 (24) to 1.96 (32) and the population of
B 2p, is greater than the formal charge of 0.5. This indicates
that electrons are transferred from B 2p, (= p,) orbitals to Ce
4f and 5d orbitals, as was seen at 340 and 430 K.

4.3.1. Comparison of the electron configurations obtained
by refinements (B)-(G). Refinements (B) and (E) are not
good judging from the higher R factors than those of the other
refinements, although they are reduced significantly from

/7 W . L NT /L
Refinement D,F,G
Z\UJ it

Figure 5

Residual densities around (a) Ce after refine-
ment (B), (b) Ce after refinement (C), (¢) Ce
after refinement (D), (F) and (G), (d) Ce after
refinement (E) and (e) B after refinements (C),
(D), (F) and (G). Contours are as in Fig. 2.

those of refinement (A). Furthermore, peak B in Figs. 5(a) and
(d) was not reduced significantly from that in Fig. 2(c), and
AByoron in Table 3 was reduced less than those of the others.
Therefore, the results of refinement (B) and (E) are discarded
although the peaks on Ce are reduced significantly, which is
the main reason for the 0.00095 and 0.00128 reduction of the R
factors from 0.0103 for refinements (B) and (E).

The remaining refinements (C), (D), (F) and (G) are now
compared. The final parameters, except for configurations of
the 5d electrons, are equal within experimental error, and the
R factors and the residual density around the B atoms do not
differ significantly among them. The height of peak B, Apg, in
Table 3 became smallest after refinement (F) and (G),
although the difference is negligible. Negative peaks of
—0.15¢ A= are found in Fig. 2(c) in the 5d area along the
(100) directions at 1.0 A from Ce. They are called hole C
hereafter. It deepened to —0.33 e A in Fig. 5(b) after
refinement (C). Since no 5d orbitals are included in refinement
(A) and the 5d(j = 5/2)T'g orbitals extending to (100) are the
only 5d orbitals included in refinement (C), hole C in Fig. 5(b)
can be assigned to them and the difference in the depth of hole
C corresponds to the peak height of the fully occupied 5d(j =
5/2)T'g orbitals. Therefore, it may be appropriate to exclude
refinement (C) from further discussion. We should note again
that even the fully occupied 5d orbitals can produce a small
difference in the 5d area. Since there is actually no difference
in the residual densities of refinements (D), (F) and (G), it is
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Table 4
Final parameters at 340, 430 and 535 K.

(1) () (3)

Temperature (K) 340 430 535

R, 0.007 0.011 0.009

R, 0.010 0.014 0.010

Ce

Ut 681 (1) 847 (2) 1079 (2)
b11 689 (1) 701 (2) 684 (1)

n (4f j = 5/2T%) 0.53 (4) 0.10 (14) 0.49 (7)

n (4f j = 5/2T) 0.00 0.61 (23) 0.00

n (5d j = 5/2T) 0.69 (12) 1.00 0.72 (13)
n (5dj = 5/2T;) - - 1.00

Kk (4f j = 5/2T) 1.44 (5) 1.28 (23) 1.33 (9)

Kk (4f j = 5/2T'7) - 1.45 (14) -

K(5p j=302) 0.90 (3) 0.89 (4) 0.91 (8)

Kk (5d j = 5/2Tg) 1.10 (9) 1.12 (11) 1.19 (30)
K(5d j = 5/2T;) - - 1.15 (21)
qun 0.7 3) —0.3 (6) —0.1 (1)
G112 1.2 8) 2.6 (18) 134
Valence of Ce —0.88 (51) —1.62 (72) —2.84 (59)
B

z 0.29923 (145) 0.30223 (240) 0.30191 (158)
U 518 (5) 613 (7) 736 (6)
U* 331 (7) 366 (9) 409 (9)
by 907 (8) 968 (10) 1003 (8)
bss 1419 (32) 1622 (39) 1805 (39)
n(2s) 2.00 2.00 2.00

n (2p,) = n (2py) 0.03 (4) 0.0 0.0
n(2p.) 0.79 (8) 0.73 (12) 0.53 (10)
K(2s) 1.09 (3) 0.99 (4) 1.07 (3)
k(2p.) = k(2p,) 1.2(35) - -

« (2p.) 0.95 (9) 0.90 (10) 0.93 (15)
i —6.3 (43) —13 (57) 4.5 (32)
€333 —3.1(73) 10.7 (131) 3.0 (94)
qun —6.6 (74) —10.9 (78) —5.1(39)
q3333 —20.9 (301) —126.8 (359) 11.2 (192)
qu2 14.2 (370) —84.1 (39) 46.8 (192)
q1133 65.0 (583) 246.1 (645) —152 (342)

difficult to conclude from the experiment at 535 K which one
of the three models is the best. More accurate data
measurement is necessary.

However, it is worthwhile to discuss the physical validity of
each model. The difference density in Fig. 2(c) after the
spherical atom refinement (A) can be taken as experimental
fact, as was discussed in §4.1, and the directional character-
istics of the 5d area in Fig. 2(c) should be explained. As stated
in the previous discussion 5d(j = 3/2)['g orbitals in the O,
crystal field always form a spherical EDD. Thus, refinement
(D) may not be appropriate to explain the peaks along the
(110) direction in the 5d area in Fig. 2(c). Let us examine the
difference between models (F) and (G). Since the sum of the
equally occupied 5d(j = 5/2)I'g and I'; orbitals with the same «
parameter also produce a spherical EDD, the net components
along the (110) directions in refinements (F) and (G) are those
of 5d(j = 5/2)I"; with 0.28 (= 1.0-0.72) and 0.41 electrons.
However, hole C along (100) and peak B along (110) of
refinement (F) and (G) have almost the same heights as well
as R factors. Since the XAO analysis fits the superimposed
EDD of all the AOs of each atom to the observed one and
explains the aspherical EDD, further discrimination between

refinements (F) and (G) may not be possible from the EDD
alone. The AHV parameters may be used to discriminate the
refinements and will be discussed in §5.2.

4.3.2. Energy levels of 5d orbitals at 535 K. 5d(j = 5/2)I"; are
more populated than 5d(j = 5/2)T'g in refinement (F), but they
are less populated than 5d(j = 3/2)T'g orbitals in refinement
(G), as listed in Table 3. These facts contradict the energy-
level diagram shown in Fig. 1(a). It is worthwhile to discuss the
reason for the occupation of the orbitals which were expected
to have higher energy and to examine the possible relation-
ships of the energy levels of atomic orbitals expected from the
experimental electron populations of the relevant atoms.

The energy levels of the Ce 5d orbitals, E(5d-t,,) and E(5d-
e,), in the strong crystal field model are listed in Table 3, which
were calculated using the program WAVEO3 (K. T., see also
Tanaka et al., 2008), based on the method by Kamimura et al.
(1969) using a point charge calculated from the populations in
Table 3 to compare the strength of the crystal fields. Since the
valences of Ce in Table 3 are —2.84 (59) and —2.78 (59) after
refinements (F) and (G), the B atoms are positively charged.
In addition, the 2p, (= 2p,) orbital of B which is located closest
to Ce among the p orbitals of B has a small electron popula-
tion. Thus, the crystal field of Ce in the positively charged Bg is
at least made weaker by the electron transfer and the effect of
the neighbouring more negatively charged Ce atoms along the
(100) direction becomes stronger. Hence, the energy levels of
the 5d-e, orbitals may lie higher than those of 5d-t,,, indicating
that the energy levels of the 5d(j = 5/2)['g orbitals become
higher than those of the other 5d orbitals, as shown in Fig.
1(b).

Since the total number of 4f electrons after refinements (F)
and (G) is larger than 1.0 [1.96 (28) and 1.96 (32)], electrons
are transferred from B 2p, (= 2p,) to Ce 4f orbitals directly or
via the 5d orbitals. The transfer of electrons from B 2p to Ce 4f
via 5d orbitals which have energy closer to B 2p than the 4f
orbitals is the most probable process according to the
perturbation theory. Since no population was found on 4f(j =
5/2)T'5, as listed in Table 3, a transition via the orbitals with I'g
symmetry in Fig. 1(b) is proposed which we think fits our
present results, although we cannot claim that this is the only
solution.

5. Comparison of the results at 340, 430 and 535 K

The relationship between the electron configurations and
significant AHV parameters at 340 K (refinement C), 430 K
[see Table 4 column (2)] and at 535K (represented by
refinement F) are listed in Table 4 columns (1)—(3). The
parameters at 430 K were analyzed again and all AHV para-
meters were refined with the orbital parameters, as was done
in the present study. The population parameters, n(4f; - 5,I'7)
and n(4f; - spl's) in Table 4(b) increased from 0.37 (11) in
MTOT to 0.61 (23) and from 0.06 (2) to 0.10 (14). However,
the ratio of n(4f; - spI';) and n(4f; = 5,I's), the energy gap of
4f(j = 5/2)I'g and I'; orbitals and the basic relationships found
in MTOT, i.e. the fully occupied 5d(j = 5/2)I's and population
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inversion between 4f(j = 5/2)I'; and 4f(j = 5/2)I'g orbitals, were
not altered.

5.1. Electron configuration

Figs. 6(a)-(c) show a bird’s-eye view of the difference
densities drawn after spherical-atom refinement assuming
Ce* and B%°~ at 340, 430 and 535 K. They all show 4f peaks at
and around the Ce nucleus and after passing the valley there
are hills of 5d peaks surrounding the 4f peaks. The depths of
the valleys in Figs. 6(a)—(c) are —0.53, —0.20 and —0.46 ¢ A~>.
However, it is very interesting that the combination of the
directions of the peak of 4f and 5d EDD are different. The
directions of 4f and 5d orbitals are both along the (100)
directions at 340 K. However, at 430 K 4f and 5d lobes are
located along (110) and (100), and at 535 K along the (100)
and (110) directions.

The spherical-atom refinements at the three temperatures
exhibit clearly that the directions of the 4f peaks near Ce in
Figs. 6(a) and (c) are mainly due to 4f(j = 5/2)I'g orbitals at 340
and 535 K, and those in Fig. 6(b) due to 4f(j = 5/2)I"; orbitals at
430 K, which agree with the directions that the 4f(j = 5/2)
orbitals specify. 5d peaks at 340 and 430 K are due to the
partially and fully occupied 5d(j = 5/2)T'g orbitals, while those
at 535 K are correlated with the electrons in the fully and
partially occupied 5d(j = 5/2)I"; orbitals in refinements (F) and
(G). The relative relationships between the energy levels of
the 4f(j = 5/2)T'gy and I'; orbitals, which are located inside the
5d orbitals, vary according to the populations of the 5d orbi-
tals, as discussed in §4.2.1 and in our previous paper (MTOT).
However, in spite of the occupation of 5d(j = 5/2)I'g orbitals,
the energy levels of the 4f(j = 5/2)I'g at 340 K remain lower
than those of I'; orbitals. All positive peaks near Ce in Figs.
6(b) and (c) extend along the lobes of 4f(j = 5/2)['; and I's. On
the other hand, in Fig. 6(a) at 340 K the positive peaks near Ce
and the negative peaks in the valleys surrounding them are
clearly more spherical than those at the other temperatures.
This feature seems to be correlated to the « parameters of the
relevant orbitals. The difference-density distribution was
drawn after the refinement of each « parameter to see which

one contributed most to the spherical valley around Ce in Fig.
2(a). Then it became evident that these negative peaks were
produced by the contraction of the 4f(j = 5/2)I'g orbitals and
the expansion of the S5p(j = 3/2) orbitals with k = 1.44 (5) and
0.90 (3) at 340 K. Since « of 5p(j = 3/2) orbitals at three
temperatures are equal within error, the spherical valley at
340 K seems to be correlated to the more contracted 4f(j =
5/2)"'g orbitals with a larger « value. The significantly deeper
and more spherical valley in Fig. 6(a) seems to indicate that
the electron repulsion between the 4f and 5d orbitals became
weaker. In addition to the partially occupied 5d(j = 5/2)I'g
orbitals, this effect keeps the energy levels of 4f(j = 5/2)I'g
orbitals lower than that of the I'; orbitals at 340 K.

When the residual densities of Ce at the three temperatures
are compared, positive peaks on Ce remained high only at
340 K, as described in §4.2. Introduction of molecular orbitals
for the B4 molecules would be necessary to improve the scale
factor and accordingly the residual densities. The positive
peak may also indicate that the electron configuration or
AHYV parameters are insufficient to explain the EDD, or that
the scattering factors are not good enough, as pointed out by
Claiser et al. (2004). There seems to be room for improvement
in the analysis of EDD of rare-earth compounds.

5.2. Electron population of 4f(j = 5/2)I"; and AHV parameters

The electron population on 4f(j = 5/2)I"; was refined to be
zero at 340 and 535 K. In the present study the AHV para-
meters, electron-population and « parameters were refined
simultaneously. However, when the AHV parameters were
refined first and were not refined again after that, as was done
at 430 K(MTOT), the 4f(j = 5/2)I"; orbitals were also occupied
by a significant number of electrons, 0.26 (7) and 0.21 (10), and
the populations of the 4f(j = 5/2)I'g orbitals are 0.38 (4) and
0.38 (10) at 340 and 535 K. Since the simultaneous refinement
of the population parameters and those of AHV has a
tendency to increase the population of 4f(j = 5/2)I', it is clear
that the AHV model explained too much, but not all of the
aspherical characteristics of the EDD. This is different from
the results reported on the Gram-Charlier expansion method

Figure 6

Birds-eye view of deformation densities around Ce after spherical refinement at (a) 340, (b) 430 and (c) 535 K. Contours are as in Fig. 2.
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(Mallinson et al., 1988). It became clear that our method of
AHYV analysis (Dawson et al., 1967; Willis, 1969; Tanaka &
Marumo, 1983) does not explain every aspherical EDD.
However, the separation of the two aspherical features in
EDD owing to electron configuration itself and the aspherical
thermal vibrations of atoms is dependent on the number and
the accuracy of the higher-order reflections, but it is still a
problem to be solved although in the present study lots of time
and effort were spent trying to reduce the statistical counting
errors for the higher-order reflections.

Positive and negative AHV parameters indicate inhibited
and preferential vibrations along the directions that each
parameter specifies. 1111, 93333, 1122 and gp133 express the
AHYV potential in equation (1) along the (100), (001), (110)
and (101) directions. g;11; and g12, of Ce in Table 4 were
smaller than or insignificant (at all temperatures) compared
with those at 298 K (Tanaka & Onuki, 2002), where no 5d
occupation occurs. They were 6 (2) x 1072 and —13 (5) x
1072 erg A~ at 298 K. This seems to indicate that the crystal
field is made completely different by the electron transfer
from the B¢ moiety to Ce. The populations of the B 2p, (= p,)
and 2p, orbitals at 298 K are 0.67 (4) and 0.19 (8), and the «
parameter shows the expansion of B 2p, (= p,) orbitals making
the crystal field of Ce stronger. This tendency of the occupa-
tion of the 2p orbitals at 298 K is opposite those at 340, 430
and 535 K. The decrease of B 2p, (= p,) electrons at high
temperatures seems to make g;;;; of Ce insignificant at 430
and 535 K. On the other hand, the increase of the B 2p_ orbital
at 340, 430 and 535 K suppresses the vibration along (110),
where the centre of the B—B,,, bond is located making g2,

c(A)

1D a(A)

Figure 7

Potential on the 100 plane of anharmonic vibration around B at the centre
at 430 K. Contours are at intervals of 1 x 1072 J. Only the potentials of
those absolute values which are smaller than (1/3)kgT(= 2 x 1072 J) are
drawn. Potential at the origin is 0 J. Positive contours are drawn as thin
lines, negative contours are drawn as broken lines.

positive. The largest g1, value at 430 K may be due to the
repulsion between electrons in well localized Ce 4f(j = 5/2)I";
and B 2p, orbitals.

On the other hand, all the quartic AHV parameters of B at
430 K are evidently enhanced compared with those at 340 and
535 K, and all of them except ¢33 are negative. This may be
ascribed to the electrostatic attractive force between the B
atom with positive charge and the negative Ce atoms, since the
net charge on the Ce atom increases with temperature, i.e.
—0.88 ¢ at 340 K, —1.62 e at 430 K and —2.84 (refinement F)
or —2.78 e (refinement G) at 535 K. The difference between
those at 340 and 430 K may be mainly ascribed to that of the
charges. More populated 5d(j = 5/2)['s orbitals at 430 K
extending along (100) may also contribute. However, that
between 430 and 535 K may be ascribed to the change of
direction of the dominantly occupied 5d orbitals, i.e. from
(100) of 5d(j = 5/2)I's to (110) of 5d(j = 5/2)I";. In fact, gy12
becomes significantly positive at 535 K since the 5d(j = 5/2)[";
orbitals are now fully or partially occupied and suppressed the
vibration of B along the (110) direction, although the net
charges of B and Ce increased. When Figs. 6(b) and (c) are
compared, it is evident that the distance between the negative
charges of B 2p, and Ce 5d(j = 5/2)['; become closer by the
vibration along the (110) directions. At 430 K g3333 exhibits
strong AHV correlated to the stretching vibration along the
B—B,, covalent bond, whereas the harmonic temperature
factor U> is almost half U'' indicating that the harmonic
vibration along the bond is suppressed. This may be a result of
the interactions among the positive B atom, B 2p_ orbitals
composing the B—B,,; bond and the four 5d(j = 5/2)"; or
5d(j = 5/2)I's orbitals surrounding it. No electrons in the
nearest 5d(j = 5/2)I"; orbitals at 430 K give more freedom to
the B atom. While the fully occupied four 5d(j = 5/2)I'g
orbitals around the bond on the fourfold axis may possibly
enhance the vibration only along the bond, the attractive
forces between B and the electrons in the four 5d(j = 5/2)I'g
are cancelled except those along the bond when they are
combined together. Fully occupied 5d(j = 5/2)I'; orbitals on
the other hand attract the B atom in a similar way to that of
four fully occupied 5d(j = 5/2)I's orbitals, but the repulsion
between the 2p_ orbital and 5d(j = 5/2)I"; orbitals is more
severe. In Fig. 7 the anharmonic potential V5 in equation (1)
of B at 430 K is drawn on the (100) plane in a square with an
edge of 0.4 A up to [Va| < (13)ksT (= 2 x 1072 J). It shows
that the vibrations along the (101) directions which ¢gi;33
specifies seem to be strongly inhibited since it makes the B—
B,u: bond weaker because of the disturbance to the maximum
overlap of the 2p, orbitals. Since g,;33 increased from 65.0 x
107 JA™* at 340 K to 246.1 x 107°JA~* at 430 K, and the
population on the 5d(j = 5/2)I's orbital increased from 0.69 to
1.0, electrostatic repulsion between the electrons in B 2p, and
5d orbitals may also be one of the reasons for the increase in
q1133.

The discussion here is rather qualitative since the relative
effect of each force between charged particles and the stabi-
lization by the B—B,, bond is not clear. However, it is
evident that significant AHV is observed accompanying the
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Table 5
The results of Prince’s test among various models at 340, 430 and 535 K.

Prince’s test shows that the hypotheses from the two models give equally good fits to the data and can be
rejected at o« x 100% confidence levels. The positive confidence interval A favours model 1 and the
negative interval favours model 2. When « = 0.5, this test does not conclude which model is better. At
340 K all independent reflections except {001} were used.

Confidence (1 —a) x 100%
Temperature (K) Model 1 Model 2 level o confidence interval A Favour model
340 (B) ©) 0.005 —0.11142 £ 0.10175 (@]
(B) (D) 0.025 —0.11488 £ 0.10829 (D)
©) (D) 0.10 0.09475 + 0.08680 (©)
430 (B) ©) 0.005 —0.05528 £ 0.04836 ©)
(B) (D) 0.025 —0.04617 £ 0.04090 (D)
(©) (D) 0.05 0.09338 = 0.09099 (@]
535 (B) ©) 0.0005 —0.06356 £ 0.05782 (@)
(B) (D) 0.0005 —0.07746 £ 0.06074 (D)
(B) (E) 0.005 —0.08121 =+ 0.07563 (E)
(B) (F) 0.0005 —0.04767 £ 0.04764 (F)
(B) (G) 0.001 —0.04786 £ 0.04587 (G)
©) (D) 0.5 —0.02390 =+ 0.02505 -
©) (E) 0.1 0.03300 + 0.02851 ©)
©) (F) 0.5 —0.01179 =+ 0.01500 -
©) (G) 0.5 —0.00736 £ 0.01446 -
(D) (E) 0.001 0.08928 + 0.08687 (D)
(D) (F) 0.5 —0.00872 £ 0.02514 -
(D) (G) 0.5 0.00212 + 0.02581 -
(E) (F) 0.01 —0.05679 £ 0.05300 (F)
(E) (G) 0.01 —0.06121 £ 0.05678 (G)
(F) (G) 0.1 0.35200 =+ 0.35041 (F)

the I'; population increased at 430 K to
0.61 (23) in 4f(j = 5/2) orbitals, B—B,
became shorter. Then the I'; population
decreased to 0.41(7) in 5d(j = 5/2)
orbitals and after refinement (G) at
535 K it becomes a little longer. If the
results of refinement (F) with the fully
occupied 5d(j = 5/2)I'; orbital is
accepted, the B—B,, bond should
become shorter. Judging by the bond
lengths of the B—B,,, bond that seem
to be more reliable than the population
and AHV parameters, refinement (G) is
better than refinement (F). However,
since the interaction between AHV and
orbital parameters are not fully solved,
we cannot determine definitely which
model is better in the present study.

5.4. Residual peaks

After refinement (C) in Table 2 and
refinement (F) or (G) in Table 3 signif-
icant peaks still exist on the residual
density in Fig. 3(b) and Fig. 5(c). Since
the XAO analysis does not have two-
centre scattering models, naturally the

change in the electron configuration and the AHV parameters
obtained seem to be consistent with a change in the orbital
parameters with temperature. The positive g5, at 535K
supports refinements (F) and (G) at 535 K. We cannot
determine which fits best, but we can at least point out that the
repulsive interaction between B 2p, and 5d(j = 5/2)I"; elec-
trons is larger in model (F).

5.3. Bond lengths and population of 5d(j = 5/2)I'; and 4f(j =
5/2)I'5

In our previous study on CeBg at 298 K (Tanaka & Onuki,
2002) it was assumed that the B—B,,,; bond became shorter to
avoid the repulsion between the 4f electrons of Ce and 2p
electrons of B when the 4f(j = 5/2)I"; orbital was occupied. The
population was 0.042 (36) at 298 K. The repulsion between
5d(j = 5/2)"; and 2p electrons of B is expected to have a
similar effect. Therefore, the B—B,,, bond lengths and the I';
population of 5d(j = 5/2) at 535 K or 4f(j = 5/2) at the other
temperatures from 100 to 535 K are shown in Fig. 8. If the
assumption is correct, 4f(j = 5/2)'; is also occupied at 340 K.
The residual density at 340 K in Fig. 3(b) after refinement (C)
has a peak on Ce extending in the (110) directions. No
population of 4f(j = 5/2)I"; orbitals is obtained at 340 K, but
when the AHV parameters were refined before the XAO
analysis and were fixed in the following refinement, the
population of 4f(j = 5/2)I'; orbitals converged to 0.26 (7), but
with a higher R factor of 0.777% than that of refinement (C).
Since the bond lengths at 298 and 340 K are equal, and from
the facts just stated, there may be 4f(j = 5/2)I"; electrons. When

largest peaks remain on the B—B,,, bonds, which are due to
the two-centre electrons of the covalent B—B bond. The
residual peaks in the 5d area are still significant with peak
heights more than 0.33 e A3, Since peaks of 5d electrons at
the 5d area can produce very small peaks with heights of at
most 0.22 ¢ A™>, as shown in Fig. 4, the residual peaks are too
large to express even with the fully occupied 5d orbital, as seen
in the difference between the relevant peaks in Figs. 5(b), (¢)
and (d). The CeBg crystal is very hard and the reflections with
26 greater than 150° are still significant so the series termi-
nation effect cannot be dismissed, as pointed out by Tanaka &
Onuki (2002). In fact, the peaks in the 5d area surround the Ce
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The bond lengths of B—B,, and the population of I'; orbitals at
temperatures from 100 to 535 K. The bond length and population at 100,
165, 230, 298 K were quoted from Tanaka & Onuki (2002). The
populations at 298 and 430 K are 4f(j = 5/2)I"; orbitals and those at
535 K are 5d(j = 5/2)I"; orbitals.
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atom spherically. Thus, the orbital parameters obtained in the
present study may possibly be improved when reliable inten-
sity measurement is carried out with synchrotron radiation
using a short wavelength by avoiding the multiple diffraction
effect. When many reliable intensities of high-order reflections
are collected, the separation of the two aspherical EDD due to
electron configuration and AHV is also improved.

5.5. Reduction of R factors and its significance

Since the R factor after the spherical atom refinement
(refinement A) is ~ 1%, room for the reduction of R factors is
very small and the R factors after XAO analysis reduced only
a little. Hamilton’s significance test (Hamilton, 1965) and
Prince’s test (Prince, 1982) were carried out to judge the
validity of the refinements. The R;(refinement B)/R;(refine-
(refinement C) ratio at 340 K and R;(refinement B)/
R (refinement F) ratio at 535 K are 1.024 and 1.071. These
satisfied the significant levels o = 0.05 (Ry154005 = 1.020) and
a = 0.005 (Rs1450005s = 1.045). Hamilton’s significance test
shows at least that the refinement including 5d orbitals is more
valid than that without 5d orbitals. Table 5 shows the result of
Prince’s test using the independent reflections at 340, 430 and
535 K that can compare two models with the same number of
parameters. Prince’s test shows that the hypothesis that two
models give equally good fits to the data can be rejected at o x
100% confidence levels. Prince’s test shows that the refine-
ments with 5d orbitals are much better than refinement (B),
except at 340 K. When all independent reflections are used at
340 K, the confidence level o between refinements (B) and
(©), (B) and (D), (C) and (D) is 0.5, 0.25 and 0.025. This
discrepancy is led by the {001} reflection used in refinements
(C) and (D). {001} reflections have only two equivalents, 001
and 100. F,(001) is smaller than F,(100) and |F,(001) —
F.(001)| is large, which may be caused by the Pt wire of the
furnace. Hence, results at 340 K without the {001} reflection
are listed in Table 5. At 430 K, Prince’s test shows that
refinement (C) is better than (B) and (D). On the other hand,
although Prince’s test at 535 K can conclude that refinements
(B) and (E) are less valid than others, there are no significant
differences among refinements (C), (D), (F) and (G) except
the difference between (F) and (G). If the confidence level o =
0.1 is significant for XAO analysis, refinement (F) may be
better than refinement (G).

Since the directions that 4f and S5d orbitals, and AHV
parameters specify are known, we can judge if the parameters
obtained in XAO correspond well to the peaks of the differ-
ence density after refinement (A) in Fig. 6, which exhibits the
observed aspherical EDD. Let us note that the 0.142 and
0.128% reduction of R, and R, factors from refinements (A) to
(B) at 340 K in Table 2 accompany the reduction of the 4f(j =
5/2)I's peak on Ce in Fig. 1(a) from 0.8 to —0.06 ¢ A~>. This
indicates that the 0.1% reduction in R factors is valid in the
present study. As has already been discussed, it is evident that
the 0.018 and 0.024 reduction of R; and R, from refinement
(B) to (C) is due to the occupied 5d(j = 5/2)I'g orbitals. It
reduces the 5d peak height Ap, in Table 2 from 0.56 to

Table 6
Electrons of the 5d-peak in the unit cell remaining after each refinement
in the residual density map at 340, 430 and 535 K.

Temperature (K) 340 430 535
(B) 1.56 245 1.05
©) 0.89 1.57 0.70
(D) 0.92 1.46 0.66
(E) - - 0.82
(F) - - 0.51
(G) - - 0.52

037e¢ A3 Accordingly, the 0.02% reduction of R factors may
be taken as significant improvement. However, the R factors
of refinements (C) and (D) are almost equal and it is not
possible to discriminate between (C) and (D). Apa,
0.45 ¢ A3, of refinement (D) which is due to the occupied
5d(j = 3/2)'g orbital is 0.08 e A~? higher than (C). As stated in
§4.2.1, 5d(j = 5/2)T's extends along (100), while 5d(j = 3/2) has
spherical EDD, which resulted in a difference of 0.08 e A~ for
Apa. AO and AHV behave properly to fit to the experimental
difference density in the XAO analysis.

The orbital parameters express the local EDD around the
atom and thus the R factors which take all the diffraction
effects into account may not be a good measure. There was no
clear measure to judge the validity of the refinement for such a
system with highly condensed electrons. Replacing ||F,| — |F,|
in R; and R, by oF,, a statistical counting error of F,, S; =
Y||loF,//Z|F,| and S, = {Z(oF,)*/Z|F,"}"? are calculated to
estimate the R values when the aspherical EDD was refined
well and systematic errors were corrected well. The differ-
ences between the R factors after the spherical atom refine-
ment (A) and §; values express the room left for the XAO
analysis. D = R (refinement A) — S; and D, = R,(Refinement
A) — 8, are 0.497 and 0.783%, at 340 K, and 0.610 and 0.680%
at 535 K. Refinements (B) explain 29% of D; and 16% of D,
at 340 K, and 16% of D, and 18% of D, at 535 K. Further
refinements including 5d orbitals increase these numbers to 32
and 19% at 340 K, 26% of D, and 33% of D, in refinement (F)
at 535 K.

In order to see how much 5d electrons are taken into
account let us integrate directly the 5d area on the residual
density map after refinements (B) and refinements with 5d
orbitals. The number of residual electrons after the refine-
ments at 340, 430 and 535 K are listed in Table 6. The differ-
ence in the numbers of residual electrons between refinements
(B) and (C) at 340 and 430 K, and between refinements (B)
and (F) at 535 K are 0.67, 0.88 and 0.54. Although the heights
of the 5d peaks are low, the numbers of electrons explained by
the refinements of 5d orbitals seem to be significant.

6. Conclusion

According to the XAO analysis electrons are transferred from
the B 2p, (= p,) orbitals to the Ce 4f and 5d orbitals at 340, 430
and 535 K. Since highly localized 4f-EDD was clearly
explained, we can conclude first that 4f-EDD can be observed
and analyzed with the orbital models based on quantum
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mechanics. The 5d occupation is commonly observed in the
present work and in MTOT at 430 K. Therefore, our second
conclusion in our series of investigations is that the B 2p
electrons are transferred to Ce 5d orbitals and the 5d-EDD
can also be analyzed based on a quantum-mechanical AO
model. The third conclusion is that the 4f(j = 5/2)["s orbitals
are more populated than 4f(j = 5/2)I"; orbitals at 340 and
535 K, which is different from our previous study at 430 K, but
agrees with that at 298 K (Tanaka & Onuki, 2002). The elec-
tron transfer between B and Ce changes the order of the
energy levels of the 4f orbitals located inside the 5d orbitals
that accept most of the transferred electrons. The AHV
analysis at the three temperatures also supports the different
electron configuration at the three temperatures.

Since the accuracy of the measurement of the present study
is very close to the experimental error, as is seen in the slight
improvement of R factors which was discussed in MTOT, more
accurate measurement is desirable for future EDD investi-
gations, especially of heavy-atom crystals. The separation of
the aspherical distribution of EDD due to the electron
configuration and the vibrations of atoms seems to remain as
an unsolved problem. The series termination effect of the
Fourier summation makes the EDD of 5d orbitals, which
exhibits diffuse peaks at the Sd-area, less reliable. Accurate
intensity measurement of high-order reflections avoiding the
multiple diffraction effect by using synchrotron radiation with
a short wavelength is very important to solve these problems.
The recent development of neutron diffraction is also
expected to give reliable temperature factors of nuclei and the
combined use with X-rays seems to have high potential to
solve the problem.

The present study reveals a fruitful future for the rare-earth
complexes as a quantum material, since electrons are trans-
ferred below 473 K to the 5d state with an energy of ca
4 x 10* to 7 x 10* K (program HEX by Liberman et al., 1971;
Martin et al., 1978) above the 4f states which are not fully
occupied, forming the state of population inversion. If the 5d
— 4f transition can be made by e.g. a UV stimulated transi-
tion, the emitted light can be a very useful energy source
utilizing the low-quality discarded heat below 473 K.
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