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PREFACE

The work described in this thesis was carried out under
the guidance of Professor Jiro Shiokawa of the Department of
Applied Chemistry, Faculty of Engineering, Osaka University.

The object of this thesis is to describe preparation aﬁd
propérties of mixed oxides containing bivalent europium and
niobium, and appreciate their possibilities for electrical
materials. The author hopes that the work described in this
thesis would give a suggestion on developing new electrical

materials.

K L ohikarn

Kenji Ishikawa

Suita, Osaka

January, 1983
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GENERAL INTRODUCTION

Since some systematic separation techniques have been
established for a lanthanide series, lanthanide compounds of
high purity become available as raw materials at moderate cost,
and many investigations have been done for compounds containing
rare earth elements. Recently, some lanthanide compounds
have been used as functional materials such as magnets and
phosphors. The objects of this study are to synthesize and
to characterize mixed oxides containing europium and niobium in
order to develop some useful materials.

Lanthanide ions are usually in the trivalent state,
because lanthanides are IIIb group elements. Lanthanide ions
can also exist in a bivalent state under limited conditions.
For example, bivalent europium, ytterbium, and samarium ions
have been identified in metals, crystals, and complexes [1-6].
The bivalent europium ion is the most stable and many europium
(II) mixed oxides are reported to be found [7-19]. However,
the reducing power of the bivalent europium is so strong that
cations being able to coexist with it are limited [20,21].

Niobiam is an element which can cngist with the bivalent
europium cation in mixed oxides [20,21]. Niobium is also known
to form bronze compounds with some bivalent -ions (A2+be03)
[22]. Bronze compounds have attracted much interest especially
for their electrical properties, and stimulated various studies.
However, there are few reports about mixed oxides of bivalent
europium and niobium.

From the above point of view, preparation, structure, and
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chemical and physical properties of the mixed oxides containing
bivalent. europium and niobium have been studied in the present
work. The thesis is composed of three chapters and general
conclusion.

In chapter 1, preparation, structure, and electrical
properties of the europium (II) niobium bronze containing
various europium and oxygen contents are described. A new
compound, Eu(II)be(II)l_XO, which was found in the course of
the study, is also mentioned in this chapter.

In chapter 2, oxidation of the europium (II) niobium
bronzes is discussed in detail.

In chapter 3, electrical properties of sintered
EuZrOy - EuNbO3 and sintered EuTiO3 - EuNbO3 are described.
The chapter is an application study of the bronzes for
developing new electrical resistor materials whose thermal

coefficient of electrical resistivity is very small.

The papers published by the author concerning the present

studies are as follows:
1. Electrical properties of divalent europium niobium

bronzes Eube03.

K. Ishikawa, G. Adachi, M. Hasegawa, K. Sato,

and J. Shiokawa,

J. Electrochem. Soc., 128, 1374 (1981).
2. Preparation and oxidation of europium (II) niobium

bronze EubeO3_Y.
K. Ishikawa, G. Adachi, M. Tanida, and J. Shiockawa,
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Bull. Chem. Soc. Jpn., 54, 159 (1981).

Electrical properties of sintered EquO3 - EuNbO3

and EuNbO3.

K. Ishikawa, G. Adachi, and J. Shiokawa,

Mat. Res. Bull., 16, 419 (1981).

Preparation and electrical properties of Eu(II)XNb(II)l_XO-
K. Ishikawa, G. Adachi, and J. Shiokawa,

Chem. Lett., 1982, 623.

Preparation and electrical properties of Eu(II)be(IV)O2+x
K. Ishikawa, G. Adachi, and J. Shiokawa,

Bull. Chem. Soc. Jpn., 55, 3317 (1982).

Electrical properties of sintered EuTiO3 - EuNbO3.

K. Ishikawa, G. Adachi, and J. Shiokawa,

Mat. Res. Bull., in press.

Europium niobium bronzes.

K. Ishikawa, G. Adachi, and J. Shiokawa,

Mat. Res. Bull., in contribution.



Chapter 1

PREPARATION, STRUCTURE, AND ELECTRICAL

PROPERTIES OF EUROPIUM (II) NIOBIUM BRONZES

1-1. Introduction

Only a few metal oxide systems have metallic properties.
Most of them are lower oxides of transition metals, e.g., Re03.
NbO, and VO [23]. Some of the tungsten bronze type oxides,
their general formula AxBO3, also exhibit metallic conduction
[23,24]. Especially, a number of experimental and theoretical
work have been done to describe the electrical properties of
the cubic sodium tungsten bronze [25-26]. A strontium niobium
bronze, which has been first prepared bx Ridgley et .al. [22],
also has a cubic structure and has a metallic character [23].

Greedan et al. have proposed an important guideline for
the preparation of Eu2+ compound [20], in which the desired
europium (II) oxide phase should have an Sr2+ analog, since
ionic radii of Eu2+ and Sr2+ are almost equal [37]. The
europium niobium bronze, EubeO3, has been first synthesized by
Greedan et al. [20,21]. The niobium bronze is a tungsten bronze
like compound, and the crystal structure and the lattice size
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closely resemble that of erNbO {38-31]. In EubeO , most of

3 3
the europium ions are in the 2+ state and Nb4+ ions coexist

with Nb5+ ions. Some of the europium ions are in a 3+ state,

since the reducing power of niobium is not strong enough to

reduce all Eu3+ to Eu2+ [42-45]. Greedan et al. {[45], using

Eu-151 M8ssbauer spectroscopy, have confirmed that Eu3+ ions

coexist with Eu2+ in EubeO3 at low x.

2+ a4+

For EubeO ratios of Eu to total Eu and Nb to total

3'
Nb are determined only by x. The ratio of Nb4+ to total Nb

should affect the electrical properties of EubeO since the

37
number of Nb4+ ions is equal to that of conduction electrons

for the cubic bronze. However, the Nb4+ to total Nb ratio is
also controlled by removing lattice oxygen from EubeO3. The
lattice oxygen can be removed untill all the Nb5+ ions are

+ +
reduced to the Nb4+ ions, i.e., forming Eu2 be4 O2+x

Electrical properties of EubeO have been reported by

3
Studer et al. [42-44], although their study has been limited to

oxygen stoichiometric Eu NbO of low x (x = 0.5 and 0.6).

3
In this chapter, the europium niobium bronze is expressed
by EubeOy, and the structure and the electrical properties of

the bronze with various x and y are discussed.

1-2. Experimental

Reagents

Europium sesquioxide (Shin-etsu Chemical Corp., minimum
purity 99.99%), diniobium pentoxide and niobium metal (Wako

-5 =



Chemical Industries, Ltd., purity 99.99% and 99.9%, respectively).
Europium sesquioxide and diniobium pentoxide were calcinated at
1000 K for half an hour in the air before being weighed.

Preparative

A fully mixed powder of Eu203, szos,

into pellets. The pellets were packed into a Mo box and sealed

and Nb was pressed

in a silica tube under vacuum. The pellets were degassed under
vacuum at 450 K for 3 h before the sealing procedure. The

silica tube was set up in a vertical furnance and heated at
1423-1473 K for 6 h. The sample was ground in an agate mortar,
re-pressed into pellets, degassed, sealed in a silica tube under
vacuum and heated again at 1423-1473 K for 30-50 h. The reaction
was completed during the procedure described above and assumed

to proceed as follows.

0.5xEu,0

293 + (0.2y—0.3x)Nb20

5 + (1+0.6%-0.4y)Nb

- EubeOy (1)

However, in practice niobium metal was taken 1.05 times
the amount needed to prepare Eubeoy to compensate for slight
oxidation losses of the samples during the synthetic procedure.
Analyses

The phase purity and the structure type of EubeOY were
characterized by a x-ray powder diffraction method with a Rigaku
Denki "Rotor-flex" diffractometer.

The atomic ratios, x in EubeOy, were determined by a fluo-
rescent x-ray analytical method with a Rigaku Denki energy
dispersion type x~ray fluorescent spectrograph unit "Ultra trace
system" having a tungsten target x~ray tube, a stannum second
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target, and a Si(Li) semiconductor detector.

The oxygen contents, y in EubeOy, were analysed by a
thermal gravimetric analysis. The niobium bronze was fired in
a platinum crucible at 1100 K. From the weight gain due to
oxidation and europium content (x), the oxygen content (y) was
determined. The y value was given by regarding the oxidation

reaction as follows:

EubeOy + (0.75x—0.5y+l.25)02

(2)

-~ 0.5xEu,0, + 0.5Nb20

273 5

Magnetic Measurements

Magnetic susceptibility measurements were done for EuXNbOy
with a Shimadzu magnetic balance "MB-11l" at 4.2-300 X.

Electrical Resistivity Measurements

The electrical resistivity measurements for the sintered
samples were carried out in a helium atmosphere from 4.2 to
373 K. A simple four-probe d.c. method was employed for the
resistivity measurements of the samples. Rectangular samples
of about 2 mm2 in cross section and 8-12 mm long were taken
for the measurements with the four-probe method. The samples
were cut from the sintered pellets of l%rmm in diameter and
1 mm in thickness, and the surfaces of the samples were finished
with No. 1000 carborundum paper. Electrical leads were attached
to the faces of each sample with Ag paste. The resistivity
measurements were performed in the potential region in which
the samples behaved ohmically. Furthermore, to avoid any contri-
butions to the measured potential from thermally generated emf's

readings were taken in both forward and reverse directions and
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the averaged values were recorded.

Thermoelectric Power Measurements

Thermoelectric power measurements were carried out in a
helium atmosphere from 100 to 373 K. A rectangular sample. of
about 2 mm2 in cross section and about 4 mm long was attached
to two copper blocks with Ag paste. A thermal gradient was
produced across the sample by small heaters attached to the
copper blocks, and the temperature difference across the sample
was regulated so as to fall within 10 K. The Seebeck coeffi-

cient of the sample was determined according to the relation:

S = S, ~ AV/AT, (3)

where SCu is the absolute Seebeck coefficient of copper [46],

AV is the thermoelectric voltage of the sample, and AT is the

temperature difference across the sample.

1-3. Results and Discussion

a. EubeO3 and EubeO2+x

Crystal Structure

The phases and analytical data for EubeO and EubeO2+

3

obtained are listed in Table 1. Niobium bronze EubeO3 of

X = 0.5-0.65 has a tetragonal form [38,47] and for x = 0.65-1.0

X

has a cubic form [38,47], while EubeO2+x has a cubic form in
the single phase region (x = 0.5-1.0).

Lattice constants of cubic EubeO3 and EubeO are

2+x

plotted in Fig. 1 as a function of the europium concentration x.
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Table 1. Analytical and crystal data for Eu NbO; and Eu NbO,, .

. Eu,NbO Eu NbO
Exptl (nominals (analytical) Phase a(cubic) a(tetragonal) c(tetragonal)
No. — ———— A A A
x ) x J
Eu,NbO,

A 1.00 3.00 1.01 3.01 Cubic 4.026

B 0.90 3.00 0.90 3.00 Cubic 4.010

C 0.85 3.00 0.88 3.03 Cubic 4.009

D 0.80 3.00 0.82 3.03 Cubie 4.002

E 0.75 3.00 0.76 3.03 Cubic 3.985

F 0.70 3.00 0.70 3.09 Cubic 3.980

G 0.65 3.00 0.68 3.05 Cubic 3.978

H 0.60 3.00 0.60 3.03 Tetragonal — 12.361 3.885
I 0.55 3.00 0.58 3.02 Tetragonal — 12.363 3.892
J 0.50 3.00 0.51 3.02 Tetragonal —_— 12.355 3.901

Eu,NbQ,,,

A 1.00 3.00 1.01 3.01 Cubic 4.026

K 0.90 2.90 0.90 2.94 Cubic 4.013

L 0.80 2.80 0.79 2.93 Cubic 3.993

M 0.70 2.70 0.71 2.82 Cubic 3.992

N 0.60 2.60 0.62 2.70 Cubic 3.983

O 0.50 2.50 0.52 2.66 Cubic 3.977

P 0.50 2.50 0.51 2.47 Cubic+u®’ 3.988

Q 0.45 2.45 0.47 2.38 Cubic+u 3.990

R 0.40 2.40 0.42 2.39 Cubic+u 3.982

S 0.30 2.30 0.30 2.16 Cubic+u 3.982

a) u: Unknown phase.
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The cubic lattice constant of EuXNbO increases almost linearly

3
with an increase in x [47]. The least-squares fitting generates

the following egquation:
N <
a(cubic) = 3.974 + 0.1515x (A7) (4)

Lattice constants of EubeO2+x also increase with increase
in x in the range from x = 0.5 to x = 1.0, but the change is not

linear and the constants of EuXNbO are greater than those of

2+x
EubeO3 on a fixed composition especially below x = 0.7.
Below x = 0.5, an unknown phase appeared in addition to a cubic
phase of a = 3.982 R, and the tetragonal phase which was found
in EubeO3 of x = 0.5~0.65 was not observed.

The phase change of EubeO from a cubic to a tetragonal

3
form is explained as follows. The crystal structure of the
cubic and the tetragonal niobates are revealed in Fig. 2 (a)
and (b). A bivalent europium cation occupies a body-centered
site of the cubic lattice (Fig. 2 (a)) and the site expressed
by the black circle in the tetragonal cell (Fig. 2 (b)). Since
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Fig. 2. Schematic diagram for the
cubic and the tetragonal EubeO3.
The bivalent europium cation can
occupy the position expressed by

the black circles

the lattice constant decreases with a decrease in the europium

concentration for cubic Eube03, the maximum ionic radius to be
able to occupy the body-centered site of the perovskite struc-
ture also decrease with decreasing the europium concentration,

and at x = 0.65 the maximum ionic radius becomes equal to

the ionic radius of Eu2+. At x = 0.65, the lattice constant

-]
a" is 3.987 + 3 A and the tolerance factor "r" [48] is 1.01l.

The tolerance factor is defined by the following equation:
t = (r(Euh) + r(0%7)) /V7a, (5)

-] - °
where r(Eu2+)(l.45 A: 6th coordination) and r(O2 ) (1.40 A: 6th

coordination) are ionic radii [37] of Eu2+ and 02— and

a(3.987 R for Eu Nb03) is a cubic lattice constant. Below

0.67

X = 0.65, the body-centered site of cubic EubeO can no longer

3
accomodate a bivalent europium cation and the cubic phase trans-
form to the tetragonal phase. This can provide room for a

bivalent europium cation in the limited range from x = 0.5 to
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x = 0.65.

The above discussion is also applicable to Eube92+x.
The lower limit of the lattice constant for cubic EubeO2+x
seems to be almost the same as the lattice size of EuO.GSNbO3'
However, the tetragonal phase, which was found for EuXNbO3 at
x = 0.5-0.65, was not found and an unknown phase was detected
in EuXNbO2+x below x = 0.5.
Magnetic Properties

Results of the magnetic susceptibility measurements for
EubeOy are listed in Table 2. The observed magnetic moments
are compared with the theoretical values, which are calculated
in two ways. One of the theoretical moments is obtained by
assuming that the 44 spins of niobium are unpaired, and the
other is given by assuming that the spins are paired in the
bronzes.

The observed magnetic moment of EubeO3 is apparently
smaller than either of the theoretical ones. The Eu3+ ions in

EubeO should exist, because niobium metal is not strong enough

3
to reduce all Eu3+ to Eu2+.
The observed magnetic moment for each EuXNb02+X fits well
with the latter of the two theoretical moments. The finding
that the bronze 1is a metallic 4d electron-conductor suggests

that the 4d spins of niobium are paired. 1In EubeO , most of

2+x
the europium ions are in the 2+ state. .

Electrical Properties

Results of the resistivity measurements are shown in
Figs. 3, 4, and 5. The resistivities are found to decrease
with reciprocal temperature for EubeO3 of low eurpium
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Table 2, Magnetic and electrical data for EuXNbO3 and EubeO2+X
- Eu,NbO, Magnetic moments o oo
Xpt. analytical T : o .
Nolf’ L_y\_-l Hore Bore®” po ~ Conduction UV K-t WV K m* [mg®

* J J7N Hs iy
(Obsd)  (Caled)  (Calcd)

Eu,NbO,
A 1.01 3.01 7.92 8.16 7.98 m? —-7.0 —3.26 2.1
B 0.90 3.00 7.61 7.68 7.52 m —6.2 —3.77 1.6
c 0.88 3.03 7.36 7.58 7.45 m —8.2 —4.10 2.0
D 0.82 3.03 7.16 7.31 7.19 m —11.1 —4.63 2.4
E 0.76 3.03 6.80 7.03 6.92 m —14.7 —5.36 2.7
F 0.70 3.09 6.34 6.69 6.64 m —17.2 —8.74 2.0
G 0.68 3.05 6.46 6.61 6.54 m —22.2 —17.81 2.8
H 0.60 3.03 6.04 6.18 6.15 Y —182 — —
1 0.58 3.02 5.89 6.07 6.05 s —~152 — -
J 0.51 3.02 5.47 5.67 5.67 s — — —

Eu,NbO,,,
A 1.01 3.01 7.92 8.16 7.98 m -7.0 —3.26 2.1
K 0.90 . 2.94 7.70 7.1 7.53 m —6.2 —3.42 1.8
L 0.79 .  2.93 7.15 7.21 7.06 m —8.3 —3.99 2.1
M 0.71 2.82 6.69 6.87 6.70 m —12.9 —3.77 3.4
N 0.62 2.70 6.29 6.47 6.27 m —12.8 —~3.56 3.6
o 0.52 2.66 5.70 5.89 5.70 m —18.8 —-3.99 4.7
P 0.51 2.47 5.74 5.94 5.66 — — — —
Q 0.47 2.38 5.50 5.73 5.41 — — — —
R 0.42 2.39 5.22 5.47 5.18 — — — -
S 0.30 2.16 4.36 4.77 4.35 — — — —

a) foge (caled)=o/%2(Eut+) + (ND/Nb) 2 (NbH); p (Eutt)=7.%pp; ¢t (Nb*)=1.73 pty.  b) gt (caled)=./xp(Eu2t).
c) §: Observed absolute Seebeck coefficient at 300 K. d) S,: Calculated absolute Seebeck coefficient at 300 K. ¢) m*:
Effective mass of electron; my: rest mass of electron,

) m: Metallic.

g) s: Semiconductive.
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concentration (x = 0.5-0.65) (Fig. 3), and the changes are

expressed by the well-known equation:
p = poexp(Ea/kT), (6)

where Ea is related to the activation energy for conduction.

The activation energy of EuO.SINbO3.02’ Euo.ssNb and

O3.02’

EuO.GONbO3.03 is respectively 0.099, 0.084, and 0.033 eV at

300 K. Thermoelectric power measurements reveal that the samples
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Fig. 6. Energy-level diagram for

EubeO (a: cubic) and EuXNbO3

2+%
(b: cubic; c: tetragonal)

are n~type semiconducters. However, the resistivities are found
to decrease on decreasing the temperature for EuXNbO3 of high
europium concentration (x = 0.65-1.00) and EuXNbO2+x (x = 0.5~
1.0). In other words, the tetragonal samples are n-—type
semiconductors and the cubic samples are metallic conductors.

An interpretation of the electrical resistivity data for
the tetragomal and cubic samples is given on the basis of
Goodenough's model [23] for the tungsten bronze. The schematic
(and EuXNbO

band models for EuXNbO are illustrated in Fig. 6.

3 2+x
The conduction bands of EubeOy are formed by the 44 orbitals of
niobium and the 2p orbitals of oxygen. All the 4d(t2g) orbitals
of niobium are considered to be degenerated for cubic EuXNbO3
(Fig. 6 (b)), and the number of conduction electrons is the same
as the number of Nb4+ in this case. The number of Nb4+ in the

general formula EuXNbOy can be provided by the relation:
n = 2(x-y) + 5. (7)

The equation suggests that some conduction electrons exist
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in the conduction band of cubic EuXNbO3 (x = 0.65-1.0), giving
all the cubic samples metallic properties. On the other hand,
the 4d(t2g) orbitals of niobium in the tetragonal phase split
into two states (Fig. 6(c)) and a localized nonbonding level

(44 is formed below the bottom of the conduction band. The

xy)
conduction electrons are considered to be trapped by the level,
and the tetragonal bronzes exhibit semiconducting properties.
From the analysis of the resistivity curve, the level is
determined to be 0.1 eV below the bottom of the conduction band.
An energy level diagram for cubic EuXNbO2+x is proposed in
Fig. 6 (a). The conduction band is also composed of 4d(t2g)
orbitals of niobium and 2p orbitals of oxygen. The 4d(t2g)
levels of niobium, which are composed of 4d(t2g) orbitals around
oxygen vacancies, are located below the conduction band.
The numberrof conduction electrons is equal to the number

of Nb4+ as for EubeO there is a Nb4+ per one formula of

3l
. Therefore, EubeO2+x exhibits a metallic conduction

(Fig. 4). However the mobility of an

Eube02+x

(Fig. 5) as cubic EubeO3

electron and an effective mass of electron for Eube02+x should

be different from those for EuXNbO3, since positive charged
oxygen vacancies are considered to att;act the conduction
electrons around the vacancies electrostatically.

In Figure 7, a.c. resistivities of some bronzes are plotted
as a function of frequency. The a.c. resistivity of the
tetragonal bronze decreases with increasing the freguency of
alternating current more than 1000 kHz. The grain-boundary
effect may be responsible to the frequency dependence for the

tetragonal bronze at high frequencies. However, the a.c.

-~ 17 -~
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resistivity of the cubic bronze is independent of the frequency
of alternating current and there is no difference in results
between by the d.c. and the a.c. methods.

Cubic EubeO has the same crystal structure and the same

2+xX

electrical conduction as cubic EubeO However, an effective

3-
mass of electron for EubeO2+X should be different from that

for EubeO3, since there are many oxygen vacancies in EubeO2+x

The Seebeck coefficients of cubic Eu NbO_ and Eu NbO
X X 2+4x

3
are given as a function of the temperature in Figs. 8 and 9.
For the free-electron approximation [49] the Seebeck coefficient

is given by the relation:

- 18 =
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2 7 ,2/3 m'k%r _ -2/3

s = (
3 e (h/2m) 2

3 (8)

An almost linear dependence of the Seebeck coefficient with
temperature (Fig. 8) suggests that the conduction electrons are
close to free electrons. The Seebeck coefficient of cubic
EubeO3 at 300 K are plotted in Fig. 10 as a function of the

carrier concentration given by Eq. 9:

N = SE(2(x-y) + 51, (9)

T

B
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Fig.1l0. Seebeck coefficient of EuXNbO3

(cubic) at 300 K vs. Nb4+ concentration
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where d is the pycnometric density of the sample, L is
Avogadro's number, M is the formula weight of the sample, and

x and y are defined by the formula EubeOy. The Seebeck

0.7

coefficients for cubic EubeO3 vary as N L predicated by the

free~electron model (Eq. 8). Therefore, the conduction electrons

of cubic EubeO are considered to be close to free electrons.

3

Figure 9 shows the Seebeck coefficient of EubeO at

2+x
various temperature. Temperature dependence of the Seebeck

coefficient for each EubeO2+x is almost linear and this fact

suggests that the behavior of the conduction electrons resemble
that of the free electrons. The Seebeck coefficient of EuXNbO2+x
increases with decreasing x at each temperature (Fig. 9).

The increase in the Seebeck coefficient means that the effective

mass of the electrons of EuXNbO increases with decreasing x.

2+4+x

The effective masses of electrons for cubic EubeO3 and

EubeO2+ are roughly evaluated by a thermoelectric power

X

measurement, assuming that all the 4d electrons of niobium are
concerned to the electrical conduction. The effective mass
is obtained by comparison of the observed Seebeck coefficient

*
with the calculated value {(m = mg)-.

In Table 2, effective electric masses of Bu NbO, and

EubeO2+ are listed. The effective electric mass for EuXNbO

X 2+x

increases with decreasing x from 2m, to 5m,. However, the

effective mass for EubeO is independent of x and about 2m,

3
for any sample obtained.

An interpretaion for the disagreement in masses of EubeO2+x

and EubeO3 is as follows. The host lattice of EubeO3, namely

Nb03, where the conduction electrons go through, is not changed
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with x, and the effective mass is not affected by x. On the

other hand, EubeO % has oxygen vacancies, and the lattice of

2+

24x LS fairly different from that of EubeO3 at low x.

The conduction electrons are trapped near the oxygen vacancies

Eu NbO
X

through the electrostatic force; the electrostatic interaction
of the electrons with the vacancies is strong at low x, becaﬁse
there‘exist many oxygen vacancies at low x. This is the reason
why the effective mass of the electrons for EubeO2+x increases
with decreasing x.

The resistivity of a metallic compound can be separated
into two components. One of them is a residual component p,
which is ascribed to electron scattering by impurities and the
scattering is temperature independent. The other one, P is
temperature dependent and is due to electron scattering by
lattice vibrations. The total resistivity is therefore the sum

of the temperature-independent, or residual, and the temperature-

dependent, or thermal, components.
P = po + Py (10)

Figure 11 shows the drift residual mobilities as a function of

europium concentration for cubic EubeO On determination of

3°
the drift mobility, the carrier concentration is assumed to be
equal to the Nb4+ concentration and is derived from Eg. 9. The

drift mobility is calculated from following relation.
U, = 1/Nep, (11)

The drift residual mobility decreased with increasing
europium concentration of x = 0.68-0.92 except for a range
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around x = 0.75. At x = 0.75 an irreqularly high value was
found. The values of mobility for these samples are considerably
lower than the value for single crystals of other metallic
compounds, e.g.,‘NaXWO3 [29-31]. A degree of sintering will be

a dominant factor for determining the value, and the degree is
considered to decrease with europium concentration. An
irregularly high mobility at x = 0.7 was also found in the

studies of NaXWO {31,50,51]. Ellerbeck et al. [32] pointed out

3
that the electrical homogeneity of the sample was an influential

2

factor in the value of mobility and showed that there was no
minimum in resistivity near x = 0.7 for electrically homogeneous

NaxWO ~The homogeneity of the sample is an important factor for

3
determining the value of resistivity, and the homogeneity should
be maximum at x = 0.76.

Figure 12 shows the temperature dependence of the thermal
part for Eu0.76Nb03.03. The thermal part of the resistivity

3.5

is proportional to T below 49 K, indicating that the mobility
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of electrons increases proportional to T-3°5. Bardeen and

Shockley [52] have proved that the mobility follows T—l'5
dependence when the conduction electrons are scattered by the
lattice vibrations for an acoustic mode. On the other hand,
Greener et al. [53] suggest that a mobility of a polar
semiconductor, in which the conduction electrons are scattered

by the optical mode lattice vibrations, can be approximated by

the relation at low temperature:
-n
u="T (12)

where n is a constant of magnitude 2-3.5. It is apparent that
the conduction electrons of the niobium bronze are scattered
by the optical mode lattice vibrations.

The interaction between electron and phonon is describable
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by the perturbation theory of Howarth and Sondheimer [54] in
which the conduction electrons were assumed to degenerate and
to be scattered by polarization waves in the crystal. Crowder
and Sienko [49] successfully applied the perturbation theory
to the tungsten bronze. The thermal part of the electrical

resistivity for the metallic compound is given in the relation:

oo = AT Lginn™2 (e/21), (13)

where A is a constant and OD is the Debye factor. The Debye
temperature is conventionally estimated by a method proposed by
Kunder and Sienko [55]. That is the transition temperature of
resistivity from ™ to Tl dependence in the resistivity curve
(Fig. 12) is approximately @D/7. The constant A is evaluated
from the measured value of the thermal part at 250 X and from

an estimated @D{ The Debye temperature and the constant are

15 T
o obs
£ 10L ® calc ° b
(9]
[=]
i -]
2 ]
= - 8 4
e o .
= o
Q
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Fig.13. Comparison of the observed
thermal part of resistivity with the

calculated one
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evaluated as 343 K and 1.41 x 1072

ohm*K, respectively.
Figure 13 shows the results. The agreement between the
observed and calculated values is satisfactory. The conduction

manner in the bronze having some oxygen vacancies (2+x < y < 3)

is essentially the same as in EubeO3.

b. EuNbOZ System

Phases

The total oxygen contents of the niobate were controlled
by regulating the use of the reducing agent, Nb metal, in the
preparative procedure. The O/Nb ratio of the samples was
changed from 2.55 to 3.24.

An x-ray analysis revealed that the samples with a high

oxygen content (O/Nb > 3) consist of EubeO (major phase) and

3

Eu3NbO (minor phase) (Table 3).

6

On the other hand, a cubic phase (lattice constant a =
4,131 i) was found as a minor phase and EubeO3 as major phase
in the samplesvof low oxygen content. The intensity of the
x-ray powder diffraction of the cubic phase increased with this
ratio. At O/Nb = 2, the x-ray diffraction patterns of EubeO3
disappeared, and the single phase of the cubic phase was obtained.
The lattice constant of the cubic phase is 4.210 g. Later,

properties of the cubic phase is discussed.

Electrical Properties

Figure 14 shows the thermal coefficient of resistivity for
the niobate at 300 K as a function of the oxygen content. The
thermal coefficient decreases with increasing O/Nb ratio in the
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Lz

Table 3. Analytical and magnetic data for the niobates
with various oxygen contents
a
E;g. EubeOz EubeOz Hoff ueff Phases
¢ found) (nominal) Hp Ug
X z be z (found) (calcd)
N 0.97 2.5% 1.00 3.00 7.77 8.32 Eu NbO, + EuNbO,
(0] 0.98 2.75 1.00 3.00 7.73 8.36 EubeO3 + EuNbO2
P 0.90 5.92 1.00 3.00 7.65 7.72 EubeO3
Q 1.00 3.01 1.00 3.00 7.92 8.13 EubeO3
R 0.90 3.10 1.00 3.00 7.42 7.65 EubeO3 + Eu3NbO6
S 0.92 3.13 1.00 3.00 , 7.58 7.73 Eu)'(NbO3 + Eu3NbO6
T 0.97 3.24 1.00 3.00 7.75 7.91

EuXNbO + Eu3Nb06

w

a:  Hepg (calcd) = ¥ xp2

w(Eu?) = 7.94 u_, w2t = 3.87 wge wb?y = 1,73 4

B B

Eu2h) + (b2 b)) + (/b ul (b )
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Fig.l4., Thermal coefficient of electrical
resistivity vs. oxygen content for the
niobates. Symbols in the diagram are

experimental number in Table 3

low-oxygen region (O/Nb < 2.9), while it increases with the
oxygen content in the high-oxygen region (O/Nb > 2.9). In other
words, the thermal coefficient increases with the amount of the

second phase, i.e., Eu3Nb0 and Eu Nb O in the range

6 0.5770.5
2.55 < O/Nb < 3.24,

Figure 15 shows a composit plot of electrical resistivity
versus temperature for several sintered samples. The
appropreate compositional data for these samples are tabulated
in Table 3. The electrical resistivity curve of the niobate
with a high oxygen content (O/Nb > 3)shows two distinct regions:
(1) less than 55 K a broad peak, being maximum at 9 K, is
observed in the resistivity curve around 7 K to 55 K; and (2)

above 55 K the resistivity rises slowly with temperature.

- 28 -



T
00 Hezy "0 kQe
=== Hext =6.8% kOe

-
%00,
&
io

@,
n"ﬂq,

A oasoes
S8s000000000-00

“@R.e_.o

2%ee 5
STt esene,.,, case e
Lo tecevsecoves 1

21w donmcm

-
*pooo R
if °°Q°°°‘.0000°°°.090000 o o0 9

P

Q
[#eeeccssscsecccercers s suseoscas

. Lo L
0 50 100
1K

Fig.1l5. Resistivity vs. temperature
for the niobates. Symbols in the
diagram are experimental numbers

in Table 3

However, there exists no peak in the resistivity curve for
samples that are stoichiometric or low in oxygen content.

A similar behavior has been reported for EuO, EuS, and
EuSe, and it is concluded that a magnetic interaction of Eu2+
causes the effects. Magnetic measureme?ts show that the sample
with a high oxygen content has a ferromagnetic Curie point at
7 K and 4f7 spin of Eu2+ ordered below the temperature. This
point is two degrees lower than the temperature Tm at which the
zero-field resistivity is maximum for each sample with a high
oxygen content. The resistivity peak near the Curie temperature
was observed for the samples with a high oxygen content and
could not be found for the samples that were stoichiometric or
low in oxygen content (Fig. 15).
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The observation suggests that a second phase appearing in
a high oxygen content region indirectly affects the conduction
electrons of EubeO3 magnetically. The phase of interest may

be Eu_NbO_ with oxygen vacancy or trace amount of Eu304.

3 6
2+ 2+ . . .
In EubeOB, the Eu - Eu nearest neighbor distance 1is

so long that the Eu2+ cannot interact magnetically, and no peak

was observed in the resistivity curve of EubeO (Q) and EuXNbO

3
with oxygen vacancy (P). Therefore, an indirect and magnetic

3

interaction between EubeO and the second-phase was assumed

3
to exist in order to explain the appearence of the resistivity
peak.

The influence of EuO on the resistivity peak can be
neglected in this case, since EuO has a high ferromagnetic Curie
point at 69 K and is known to have a resistivity peak mamimum
at 80 K.

One of the most important methods to judge whether the
peaks are caused by the magnetic interaction is to measure the
. The electrical

xt
resistivity of sample "T" was therefore measured in a magnetic

resistivity in an external magnetic field Hy

field of 6.85 kOe from 4.2 K to 77.4 K (a dashed line in Fig. 15).

Figure 15 shows that the magnitude of the resistivity peak
decreases, Tm shifts from 9 XK to 16 K, and the onset of the
sharp resistivity rise shifts from 4 K to 6 K with the external
magnetic field.

All these phenomena. are very analogous to those of EuO
[56,57], and lead to the assumption that the mechanism of the
resistance resembles to that of EuQO [56-59].

In the theories of de Gennes and Friedel [57,60], and of
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Kim [57,61], in which the magnetic scattering of electrons is
assumed £o be dominated by long-range spin fluctuations, the
peak of inverse electronic mobility u-l is exactly at TC‘

On the other hand, Fisher and Langer [57,62] have shown
that the peak in the reciprocal mobility u~' occurs at T > Tor
when the magnetic scattering of electrons is dominated by short-
range spin fluctuations.

In our case, Tm is two degrees higher than T When the

c
number of conduction electrons is, hypothetically, assumed to be
unchanged, the latter process must be dominant in the samples

with a high oxygen content.

c. Eu(II)XNb(II)l_xO System

Phases

The phase and analytical data for Eube xO obtained are

1~
shown in Table 4. Single phases are obtained at x = 0.33 and

0.5. One of the single phases, Eu b is purple tinged

0.33N 0.670'
dull blue polycrystal, and has a grayish blue color and a cubic

o
lattice with a = 4.135 A,

Syntheses of analogs, Sr b0.670 and SrO.SNbO.SO’ were

0.33"

attempted. The mixtures of SrCO3 and Nb205

the solid state reaction in a flow of H2 at 1623 K for 20 h.

were subjected to

The reducing power of H, was not strong enough to convert Nb20

2
to NbO, and a great amount of NbO

5

2 was found in the product.

Therefore, erNbl_XO could not be obtained in this manner.

Syntheses of mixed oxides, erNb xO, were hence tried by the

1-

reaction of SrCO3 and NbO under continuously pumped vaccum
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Table 4.

Analytical data for Eu(II)XNb(II)l_xO;

Eubel_xOy Eubel—xoy . -3

(Nominal) (Analytical) Phase a/A p/y-cm
X Y x 4
0.13 1.00 0.14 0.97 (1) + NbO - -
0.25 1.00 0.26 1.01 (1) + NbO - -
0.33 1.00 0.33 1.08 (1) 4,019 7.51
0.40 1.00 0.38 1.00 (L) + (2) - -
0.50 1.00 0.49 1.08 (2) 4,135 7.65
0.75 1.00 0.72 1.20 (2) + Euo - -
(1) Bug 33Nbg 707 (2) Buy gNbg 50

-3

(10 Pa). A purple single phase of Sr0 33Nb0 67O was obtained.

However, a single phase of Sr0 5Nb0 5O was not given and a

mixture of SrO.SNbO.SO and Sr0.33Nb0.670 was obtained. An excess

of SrCoO 0.

3 O.SNbO.S
At the nominal composition of SrO GNbO 4O, the Sr analog of

was required to prepare the Sr analog of Eu

Eu Nb O was detected in the powder x-ray pattern. However,

0.5770.5

Sr0 6Nb O may be the mixed phase of the Sr analog of

0.4
EuO.SNbOOSO and amorphous SrO, since SrO.GNb0.4O is hygroscopic.
The single phase of the Sr analog of Euo 5Nb0 5O was not prepared

even in the reaction of SrCO3 and NbO.

Electrical Properties

Electrical resistivity measurements were done for

0, Eu O, and Sr O (Figs. 16 and 17).

Buy 338067 0.5"0.5 0.33%0.67
Resistivities of Eu0.33Nb0.670 and Sr0_33Nb0.670 are very low at
room temperature and the thermal coefficients of resistivity for
these compounds are positive, indicating that these are metallic
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0.57P.50 1s a

typical semiconductor (Fig. 17), and its temperature dependence

conductors (Fig. 16). On the other hand, Eu

of resistivity is expressed by the well-known relationship:
p = p,exp(Ea/kT). (14)

The activation energy (Ea) for Euo 5Nb0 50 was 0.32 eV. These
resistivity data indicate that 44 electrons of niobium are
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collective for Eu0.33Nb0.67O and Sr0.33Nb0-67O, and localized

for Eu 0.

0.57°0.5
Magnetic Properties

Magnetic susceptibility measurements were done for

Buy 33Nby 40 Buy gNby 5O, Sry 55Nb, .0, and Sr, (Nb, ,0

(Table 5). The magnetic data show that Eu0.33Nb0.670.and

Euo.sNbo.so are paramagnetic substances, and Sr0.3315\1b0.67

Sr0 6Nbo 4O are a Pauli paramagnetic and a diamagnetic substances

0O and

respectively. The magnetic data for Sr b O indicate that

0.337P0.67

there is no unpaired Nb4d spin. Paramagnetic properties of

; . 2+
Eu0'33Nb0.670 and EuO.SNbO.SO are arised from paramagnetic Eu
ions. The observed magnetic moments of Eu0.33Nb0.67O and

Eu0 5Nb0 SO agree closely with the calculated values, which are
derived on the assumption that all the 44 spins are paired.

The good agreements between the observed and the calculated values

indicate that all the europium ions are in a bivalent state and

that there is no unpaired Nb4d spin. The diamagnetic properties

Table 5. Electrical and magnetic data for

Eu(II)be(II)l_xO and Sr(II)be(II)l_XO

. a) : b)
Compound Electrical Ea/eV Magnetism ueff/uB ueff/uB X . (300K)
Property (Found) (Calcd) emu-g-
Euy 3Nb, (0 metallic - para 4.70 4.56 7.4x1073
Euo 5Nbo 50 semiconductive 0.32 para 5.30 5.61 B.SXlO_5
Sr, . Nb. .0 metallic - Pauli-para - - sx10~10
0.33770.67 ) -10
Sr0 6Nb0 40 semiconductive - dia - - < 10

a) Ea is activation energy in a equation; p = p,exp(Ea/kT)
B) Mggg(Caled) = /X u(Ew’™); uBa®) = 7.94 uy
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of the Sr analogs also support the assumption that all the 44
spins are paired in the Eu compounds. The metallic conduction

and Pauli paramagnetism of Sr0.33Nbo.67O (Eu0.33Nb0.670 analog)
suggest that the Nb4d electrons exist as conduction electrons in
EuO 33Nb0 670' Similarly, the semiconduction and diamagnetic
properties suggest that the Nb4d electrons are paired in

Eu, Nby 0.

1-4, Summary

The structural and the electrical properties of the
europium niobium bronzes with various europium and oxygen
compogitions (Eubeoy) have been investigated. The results
obtained in thié chapter are as follows.

1. Mixed oxides containing bivalent europium, EuXNbOy, were
synthesized by the solid state reaction of Eu203, Nb205, and
Nb powder. A niobium bronze with a stoichiometric oxygen
content, namely y = 3, was in tetragonal form for x = 0.5-0.65
and in cubic form for x = 0.65-1.00., A niobium bronze with

-

full oxygen vacancies, EubeO where zll europium and niobium

2+x
ions were in bivalent and tetravalent states respectively,
crystallized in cubic form in the single phase region

(0.5 < x < 1,0).

2. The cubic niobium bronze of any composition between y = 3
and 2+x exhibited metallic conduction and the tetragonal bronze
was a semiconductor. A Goodenough model for the tungsten bronze,

NaXWO was employed for the difference in the electrical

3I
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conduction behavior among cubic EubeO and EuXNbO and

3 2+x

tetragonal EubeO Residual drift mobility for cubic EubeO

3°
decreased with x except for x = 0.76 and on this point an

3

irregularly high value was obtained. The temperature-dependent
part of the drift mobility for the cubic one was found to be
describable by the perturbétion theory of Howarth and Sondheimer.
Thermoelectric power measurements showed that the charge carriers
of each bronze were electrons. BAn effective mass of the electron

for each cubic EubeO was about 2m, (m, was the electronic rest

3
mass), and the quasi-free electron model was roughly applicable.

However, the effective mass of electron for cubic EuXNbO2+X

increased with decreasing x from 2m, to 5m,.

3. Thermal coefficients of electrical resistivity for the
niobates with various oxygen contents were all positive in the
range y = 2.55-3.24 and exhibited a sharp minimum at O/Nb = 2.92.
was a major phase and Eu_NbO_ or

3 3 6

Eu0 5Nb0 5O was detected as a second phase in the range O/Nb > 3

or O/Nb < 3 respectively. Peaks in the resistivity curves were

In all these niobates, EubeO

correlated with a magnetic ordering temperature for samples with
an overall ratio O/Nb > 3.

4, Two new compounds, Eu b 0 and Eu0 5Nb0 5O, were found

0.33%P0.67
in the ternary system Eu(II)XNb(II)l_XO. Electrical resistivity

measurements showed that Eu0 33Nb0 67O was a metallic conductor

while Eu O was a semiconductor. Strontium analogs of

0.5Nb0.5

these compounds, Sr0 33Nb0 670 and Sr 0, were also attempted

0.57°0.5
to be prepared. The former was obtained as a single phase.
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Chapter 2

OXIDATION OF EUROPIUM (II) NIOBIUM BRONZES

2-1. Introduction

In the foregoing chapter, electrical properties of the
europium nicbium bronze have been examined, and it is found
that the thermal coefficient of the electrical resistivity for
the cubic bronze is very low at specific compositions. This
property is desirable for an electrical resistor material.
However, bivalent europium ions in a mixed oxide are easily
oxidized by the atmospheric oxygen at high temperatures.

It is necessary to know that at what temperature the niobium
bronzes are oxidized. The oxidation mechanisms of the bronze
have also attracted our attention, because the cubic and the
tetragonal bronzes undergo in different ways. Krylov et al.

[47] have reported that EuNbO, is an oxidized product of EuNbO

4
However, oxidation products and oxidation mechanism of Eu NbO

3°
3

have not been reported. In this chapter, oxidation of EubeO3

is discussed.
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2-2, Experimental

Magnetic Measurements

The magnetic susceptibilities of EuXNbO3 were measured
under an air atmosphere from 300 K to 1173 K at a heating
rate of 10 K/min, using a Shimadzu magnetic balance "MB-11".

Thermal Measurements

Differential thermal analysis (DTA) and thermogravimetric
analysis (TGA) were carried out in the air at a heating rate
of 10 X/min in the temperature range 300-1173 K. All thermal
measurements were performed on a Rigaku Denki DTA "Thermoflex".
Powder samples (30-60 mg) were used, alumina powder (99.9%)
being employed as a reference. The heat of oxidation for the
bronzes was measured with a differential scanning calorimeter
(DSC). Measurements were carried out in the air at a heating
rate of 10 K/min in the temperature range 300-1173 K. The
heat of oxidation was determined from the area beneath a DSC
peak. The heat of oxidation of NbO, to Nb_O. was used as

2 2°5
a standard [63].

2=-3. Results and Discussion

Typical TGA and DTA curves for tetragonal and cubic
EubeO3 are shown in Fig. 18. An abrupt weight gain is observed
in the TGA curve for tetragonal EubeO3 at 550-700 K, and a
moderate weight gain at 550-900 K for the cubic one. We see
that the oxidation proceeds in two steps for both the tetragonal
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(tetragonal) and Euo.74Nb02.81 (cubic)

and the cubic bronzes.

Magnetic susceptibility measurements were carried out for
the same samples in the air in the temperature range 300-1173 K,
at a heating rate of 10 K/min (Fig. 19). The magnetic moments
of Eu2+, Eu3+, Nb4+, and Nb5+ are 7.94, 3.4, 1.73, and 0O Hge

respectively. The decrease in the magnetic moment is much
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larger in the oxidation of Eu2+ to Eu3+ than in the oxidation of

4+ 5+

Nb to Nb From a comparison of the TG-DTA curves (Fig. 18)

with the xm-l vs. T curves (Fig. 19), we see that the initial
stage of the oxidation would be due to tﬁe oxidation of Eu2+,
the second to the oxidation of Nb4+. Figure 19 also shows that
the initiating temperature 6f the.oxidation of Eu2+ is 550 K

for both the tetragonal and cubic bronzes, the rate of oxidation
of Eu2+ being larger for the tetragonal bronze than for the
cubic one.

The stability of the bronze against oxidation mainly depends
on that of Eu2+. The temperature at which oxidation of Eu2+
starts is the same for both the tetragonal and cubic bronzes.
The stability of Eu2+ to oxidation seems to be the same order
for both bronzes. The rate of oxidation of Eu2+ is considered
to determine the rate of oxidation of the bronzes.

The thermal analyses (TGA and DTA) were carried out for
EuO under the same conditions as those for the bronzes, EuO
oxidized at 520-580 K, showing that the rate of oxidation of
Eu2+ in EuO is much;greater than that in the bronzes. The
oxidation of Eu2+ proceeds form the surface to the bulk of the
bronze grain. The rate of oxidation of Eu2+ in the bulk should
be determined by the probability of Eu2+ encounter with oxygen.
Thus the rate of diffusion of oxygen in the oxidized product
layer should control the rate of oxidation of Eu2+.

X-Ray analysis was carried out for the bronzes oxidized
at various temperatures. Oxidation of the cubic bronze gave
an amorphous phase crystallizing at 950 K. On the other hand,

the tetragonal phase underwent oxidation giving complex
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crystalline products which recrystallized at 1070 K. The
difference in the rate of oxidation between the tetragonal and
cubic bornzes can be attributed to the difference in the rate
of diffusion on oxygen in the layer of the oxidized product.
The diffusion coefficient of oxygen for the product obtained by
the oxidation of the tetragonal phase should be much larger
than for the amorphous phase resulting from the cubic phase.

On heating tﬁe bronzes in the air, EuNbO4 appeared at
1070 K for the tetragonal bronze and at 950 K for the cubic
bornze. Exothermic peaks, 950 K and 1070 K, due to crystallization
are seen in the DTA curves with no weight change (Figs. 18 and
20), suggesting that the amorphous phases are less stable than

the crystalline phases. The difference in the stability of the
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Fig.20. DTA curves for EubeO3
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intermediate states affects the heats of oxidation for these

bronzes. .

Figure 21 shows the observed and calculated heats of
oxidation for the bronzes of various Eu2+ contents.
The observed heat of oxidation showé a minimun at x = 0.65.
For the evaluation of the heat of oxidation, the bronze is

assumed to be a mixture of EuO, Nboz, and NbZOS‘
EuXNbOy = xEuO + (2x-2y+5)NbO2 + (y—x-2)Nb205 (15)
The oxidation reaction is assumed to proceed as follows:

Eu NbO, + (0.75x-0.5y+1.25)0,
—> 0.5xEu203 + 0.5Nb205. (1s6)

The minimum of the heat of oxidation at x = 0.65 corresponds

to the phase transition.

The heat of oxidation for the tetragonal bronze are almost
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Fig.2l. Heat of oxidation for

EubeO3
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equal to the calculated values. The result indicates that
the heat of formation for the cystalline phase is close to that
for the mixture of Eu203 and Nb205 represented by Eqg. 16.

The heat of transformation from an unknown crystalline phase

to the final products, mainly EuNbO,, as well as EuNb O9 and

4 3
EuNb5014, might be very small. Thermal analyses (TGA-DTA)
support the assumption.

The heat of oxidation for the cubic bronzes is much lower
than that for the calculated ones, a minimum being obtained at
x = 0.65. The result indicates that the heat of formation for
the amorphous phase is considerably larger than that for the
mixture of Eu203 and Nb205 shown in Eq. 16. The minimum of the

heat of oxidation at x = 0.65 is due to the difference in

stability of these two intermediate phases.

2-4, Summary

The oxidation mechanism of EuXNbO3 was investigated. The
results obtained in this chapter are as follows.
1. The bivalent europium ions in the cubic and the tetragonal
bronzes were oxidized by the atmospheric oxygen over 550 K.
2. The europium bronzes were oxidized in two steps. One of
them was the oxidation of Eu2+ and the other was that of Nb4+.
3. The oxidation mechanism of the cubic bronze differed from
that of the tetragonal bronze, the cubic bronze giving an
amorphous phase and the tetragonal bronze complex crystalline
products. The oxide, EuNbO4, was crystallized from both the
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amorphous and crystalline phases at 950 K and 1070 K, respectively.
TG-DAT and magnetic studies indicated that the oxidized phases
played an important role in the rate-determining step of

oxidation for the bronzes.
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Chapter 3

PREPARATION AND ELECTRICAL PROPERTIES OF

SINTERED EquO3 - EuNbO3 AND EuTiO3 - EuNbO3

3-1. Introduction

Perovskite type oxides containing the bivalent europium
EuMO4 [20,21] are of great interest for their electrical and
magnetic properties. These properties, especially electrical
conduction, are very sensitive to the crystal system and to the
kind of metal occuping the B site of EuMO3. For example,

cubic perovskite EuNbO3 exhibits metallic conduction

while similar products EquO3 and EuTiO3 are semiconductor [23],.

3 could be siptered with EquO3 or

EuTiO3 since these perovskites were in the same crystal system
[20,21,23,24] and the ionic radius [37] of Np**
4+

It was expected that EuNbO

o
(0.74 A: 6th-fold

-]
coordination)was close to that of Zr (0.79 A: 6th-fold

Q
coordination) or to that of Ti" (0.61 A: 6th-fold coordination).

Furthermore, the electrical properties of the sintered material

were expected to be between EuNbO3 with EquO3 or EuTiO3. The

object of our study was to sinter EuNbO3 with EquO3 or with

EuTiO3 to develop a new type of resistor having the following

- 45 =~



two properties.
(1) Controlled value of resistivity.

(2) Controlled thermal coefficient of resistivity.

In this chapter, electrical properties of sintered EuZrO, =

EuNbO, and EuTiO_ - EuNbO

3 3 3 are discussed.

3-2. Experimental

a. EquO3 - EuNbO3.System

Preparation

A miture of Euzo

37 ZrOz, sz 57

ground together in an agate mortar and pressed into pellets.

o} and Zr or Nb powder was
They were packed into a molybdenum box, sealed under vacuum
(10_3 Pa) in a silica capsule and heated at 1423 K for 50 h.

The reaction was assumed to occur according to the reaction:

O.SEu203 + aZrO2 + bNb205 + cZr or dNb

-  yEuZr0, + (l-y)EulNbO 17

3 3°
A small amount of oxygen was removed from the sintered
product by means of an isopiestic technique [65] in
which the compound was encapsulated in a silica tube with a
quantity of Nb metal held at 1273 K for 30 h.
Analyses’

The phase purities and structural type of the sintered
samples were characterized by x-ray powder analysis with a
Rigaku Denki Rotor-flex difﬁ;actqmeter;‘ The atomic ratio

(Eu:Zr:Nb) was determined with a Rigaku Denki energy dispersion
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type x-ray £lﬁorescent spectrograph unit, Ultra trace system.
The oxygen compositional states of the samples were determined
by weighing the samples before and after complete oxidation at
1100 K in air and assuming that all of the detectable weight

gain was due to the reaction:

Euxzrbel-yOz + aO2
0.5xEu203 + yZro, + 0.5(l-y)Nb205, (18)

where x and y were Eu and Zr contents determined by the x-ray
fluorescent analysis. The magnetic moment of the samples was
obtained with a Shimadzu magnetic balance "MB-11".

Electrical Resistivity Measurements

Electrical resistivity measurements were performed on
sintered polycrystalline pellets. The pellets were prepared
by pressing the powder samples and then sintering them at
1473 XK for 10 h in sealed silica capsules.

The electrical resistivity measurement for the sintered
samples was carried out in a helium atmosphere from 4.2 to 1000 K.
A simple four-probe d.c. method was employed for the resistivity
measurement. The measurement was performed in the potential
region in which the sample behaved ohmicéily. Furthermore, to
avoid any contribution to the measured potential from thermally
generated emf's, readings were taken in both forward and reverse

directions, and the averaged values were recorded.

b. EuT103.— EuNbO3

Preparation

BEuropium niobium oxide, EubeO3, and europium titanium

. System
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oxide, EuTiO3, were used as starting materials. A mixture of

EuTiO, and EuNbO3 was ground together in an agate mortar and

3
pressed into pellets. The pellets were packed into a molybdenum

3

box, sealed under vacuum (10™° Pa) in a silica capsule after

degassing at 473 K, and heated at 1453 K for 10 h. The starting
materials, Eu'I‘iO3
reaction of Eu203, Nb20

and EuNbO3, were synthesized by a solid state

57 Tioz, Ti, and Nb. The reaction is

as follows.

0.5Eu203 + 0.75Ti02 + 0.25Ti —_— EuTioO

O.SEu203 + 0.3Nb205 + 0.4Nb _— EuNbO3 (20)

(19)

Analyses

An x~ray powder analysis was done for characterizing the
phase purity and structure of the sintered samples with a
Rigaku Denki Rotor~flex diffractometer. The atomic ratio
(Eu:Ti:Nb) was determined with a Rigaku Denki energy dispersion
type x-ray fluorescent spectrograph unit "Ultra trace system".
The oxygen composition of the sintered sample was determined by
weighing the sample before and after complete oxidation at 1100 K
and by analyzed atomic ratio of metal. On evaluating the oxygen

composition, the following oxidation reaction was assumed:

Eu,Ti Nb, O, + (0.75%-0.25y-0.52+1.25)0,
—  0.5xEu,0, +yTiO, + 0.5(l—y)Nb205, (21)

where x and y were the analyzed atomic ratio of Eu and Ti to the
total metal amount (Ti+Nb) and z was an oxygen content.

The oxidation state of europium in the sintered product was
analyzed by measﬁring the magnetic moment of the sample with a
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Shimadzu mgnetic balance "MB-11".

Electrical Resistivity Measurements

An electrical resistivity measurement was done for the
sintered polycrystal bar of about 0.053 cm2 in cross section and
8 mm long. A standard four-probe method was used for the
resistivity measurement of low resistivity samples and a two-~probe
method was employed for the measurement of high resistivity
samples. The resistivity measurement was performed under a He
atmosphere at low temperature and under vacuum at high
temperature so as to avoid oxidation of the sample. To separate
the measured potential from thermally generated emf's, the d.c.
current was stopped at a 10 min interval and the drift of the

zero current potential was checked.

3-3. Results and Discussion

a. EuZrO, - EuNbO_ System

3 3
The sintered polycrystalline samples had a color varing

from purple tinged blue (y = 0) to pale yellow (y = 1.0). An
xX-ray analysis revealed .that the sintered samples consisted on
EubeO3 and EquO3. No solid solution of EuNbO3 and EquO3 was
observed.

The compositional and magnetic data for the sintered samples
are given in Table 6. It is seen that each observed atomic ratio
of Zr, Nb, and O for the samples is close to the calculated
value, while the atomic ratio of Eu for the samples is somewhat

lower than expected. This lowering means that europium is
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Table 6. Analytical and magnetic data for [yEuZrO, + (l-y)EuNb03]

- 0s -

3
E;g: Euerbel _ y0z Euerbel - 4% Vesg ue_ffa Phases
(found) (calcd) Ly} ¥p
X Yy 4 X Yy z {found) (calcd)

A 0,98 1.00 3.03 1.00 1.00 3.00 8.07 7.86 EquO3

B 0.99 0.94 3.03 1.00 0.95 3.00 8.00 7.90 EquO3 + EubeO3
c 0.98 0.90 3,03 1.00 0.90 3.00 7.88 7.86 EquO3 + EubeO3
D 0.95 0.74 3.02 1.00 0.75 3.00 7.94 7.76 EquO3 + EubeO3
E 0.93 0.49 2,97 1.00 0.50 3.00 7.84 7.74 EuzrO, + Eube03
F 0.91 0.24 2,96 1.00 0.25 3.00 7.67 7.71 EquO3 + EubeO3
G 0.97 ~ 0,18 3.01 1.00 0.19 3.00 7.89 7.96 Equo3 + EubeO3
H 0,91 0.17 - 2.91 1.00 0.17 3.00 8.10 7.93 EquO3 + quNbO3
I 0.89 0.15 2,91 1.00 0.16 3.00 7.84 7.98 EquO3 + EubeO3
J 0.90 0.14 2,93 1.00 0.14 3,00 8,01 7.97 EquO3 + EubeO3
K 0,99 0,13 3,01 1.00 0.13 3,00 8,00 8,06 Equo3 + Eubeo3
L 0,99 0.06 3.00 1.00 0,06 3.00 8,05 8.07 EquO3 + EubeO3
M 1.01 0.00 3.01 1.00 ~0.00 3.00 7.92 8.16 EubeO3 .

a: W gg (caled) = ¥ xuz(Eu2+) + (N5]+/Nb)u2(Nb4+), u(Eu2+) = 7.94 ug, u(Nb4+) = 1,73 uy
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Fig.22. Resistivity vs. reciprocal

temperature for EuZrO, - EuNbO3.

3
Symbols in the diagram are experimental

numbers in Table 6

evaporated form the products as EuO at more than 1473 K.

The observed magnetic moments are in agreement with the
calculated values, though a small lowering of the magnetic moment
is found in the Nb rich samples. It is because the reduction
power of niobium is not strong enough, compared with zirconium,
to reduce all of Eu3+ in the starting material to Eu2+ [21].

The resistivity data for the two-phase sintered samples
with various values of'y are given in Fig. 22 as a function of
the reciprocal temperature. The electrical resistivity for the

samples of high y (y > 0.14) is a characteristic of a
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Fig.23. Resistivity at 300 K vs. Zr
content for EquO3 - EuNbO3.
Symbols in the diagram are experimental

numbers in Table 6

semiconducting material, and that for the samples of low y
{y < 0.14) is a property of a metallic one. An activation energy
of conduction for EquO3 approaches an intrinsic value of 0.13 eV
at 800 K, and this means that the 4f  level of Eu lies 0.13 eV
below the bottom of the conduction band. The activation energy
decreases with increasing proportion of Nb in the samples.

Figure 23 shows the resistivity data for the samples at
300 K as a function of y. The data reveals that the resistivity
of the samples increases with y.

Figure 24 shows the thermal coefficient of resistivity for
the samples at 300 K. The thermal coefficients vary from
+5.9 x 100 k™! to 7.4 x 107 1. At y = 0.14, the thermal

coefficient of resistivity is nearly zero.
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Fig.24. Thermal coefficient of resistivity
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Symbols in the diagram are experimental

numbers in Table 6

b. EuTioO, - EuNbO3 System

3
Kasimov et al. [66] have been reported that solid solutions

of EuTio, and EuNbO3 exist. However, we could not find any

3
solid solution in the EuTiO; = EuNbO, ‘system under our
experimental conditions, in which EuNbOé was heated with EuTiO3
at 1423 X for 10 h under vacuum, and two-phase sintered products
of EuTiO3 and EuNbO3 were given. The sintered samples have a
color varing from purple tinged blue (y = 0) to gray (y =1).
The compositional and magnetic data of the sintered samples
are listed in Table 7. The observed magnetic moment of the
sintered products fits well with the calculated one, which is

calculated by assuming that all europium ions of the products
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Table 7. Analytical and magnetic data fo; [yEuTiO3 + (l—y)EuNbO3]

Exp. Bu Ti Nby _ O, Bu T Nb, _ O Magr  Mopp Phases

No. (found) (nominal) W Hg
X y z X y z (found) (calcd.)

A 1.01 0.00 3.01 1.00 0.00 3.00 7.94 7.98 EuNbO3
B 0.98 0.14 3.09 1.00 0.13 3.00 7.93 7.86 EuNbO3 + EuTiO3
C 0.96 0,25 3.06 1.00 0.25 3.00 7.94 7.80 EuNbO3 + Eu'}‘iO3
D 0.99 0.38 3.09 1.00 0.38 3.00 8,00 7.91 EuNbO3 + EuTiO3
E 1.01 0.50 3.10 1.00 0.50 3.00 8.07 7.99 EuNbO3 + EuTiO3
F 1,04 0.73 3.10 1.00 0.75 3.00 8.11 8.08 EuNbO3 + EuTiO3

] 0.96 0.76 3.03 1.00 0.81 3.00 7.94 7.76 EuNbO3 + Eu’I‘iO3
H 1,02 0.88 3.07 1.00 0.88 3.00 8.08 8.01 EuNbO3 + EuTin
I 1.0} 0.94 3.07 1.00 0.94 3.00 7.99 7.97 EuNbO3 + EuTiO3
J 1.00 0.94 3.04 1.00 0.95 3.00 8.10 7,94 EuNbO3 + EuTiO3
K 0.89 0.95 2,93 1.00 0.95 3.00 7.79 7.49 EuNbO3 + EuTiO3
L 1.00 0.95 3.o03 1.00 0.96 3.00 8.08 7.96 EuNbO3 + EuTiO3
M 0.98 0.96 3.00 1.00 0.96 3.00 8.01 7.84 EuNbO3 + EuTiO3
N 1.01 0.96 3.07 1.00 0.96 3.00 7.99 7.97 EuNbO3 + EuTiO3
(0] 1.02 0.98 3.06 1.00 0.98 3.00 8,02 8.00 EuNbO3 + EuT103
P 1.01 1.00 3.03 1.00 1.00 3.00 8.16 7.96 EuTioO

2+ 2
a: peff(calcd.) = VXu(EBu“"), u(Eu

+

) = 7.94 Pg
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Fig.25. Temperature dependence Of
electrical resistivities for

[yEuTi03 + (1—y)EuNbo3l .

SYmbols in the diagram are experimental

numbers in Table 7

are in a bivalent state and that the 44 spins of niobium are
paired, since EuNbO, is a metallic conductor.

Figures 25 and 26 show the temperature dependence of
electrical resistivities for the sinteéed products. The sintered
samples with low tiianum concentration (y < 0.96) are metallic
conductors (Fig. 25). However, the sintered products with high
titanum concentration (y > 0.96) are semiconductors (Fig. 26).
The metallic region of sintered EuTiO3 - EuNbO3 is wider than
the region of sintered EquO3 - EuNbO3.

An activation energy of conduction for semiconductive

EuTiO., - EuNbO, increased with increasing y. The activation

3 3
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energy of conduction for EuTiO3 is 0.48 eV at 800 K, which is
considered to be the energy difference between the bottom of
conduction band and the 4f7 level.

Figure 27 shows the electrical resistivity of the sintered
products at 300 K. The resistivity of the samples does not
depend on y in the range 0 < y < 0.96 (the metallic region), and
rapidly increases with increasing y at y 2 0.96 (the

semiconductive region).
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Fig.27. Resistivity at 300 K vs.

Ti content for [yEuTiO, + (1—y)EuNb03].
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Symbols in the diagram are experimental

numbers in Table 7

Figure 28 shows the thermal coefficient of resistivity for

the sintered products at various y. The thermal coefficient of

resistivity varies continuously with y from +2.8 x 10-3 K-l

(y = 0.75) to -3.0 x 10 2 K ' (y = 1.0). Aty = 0.96, the
thermal coefficient is zero.

The electrical resistivity at this composition is 0.1-1.0
ohm+*cm, and this value is fairly greater than the resistivity
of sintered EuZrO, - EuNbO3 at 2r/(Zr+Nb) = 0.14. This may be
caused by the fact that concentration of EuNbO3 in EuTiO3 -

EuNbO3 (y = 0.96) is greater than that in EquO3 - EuNbO3

(Zr/(Zr+Nb) = 0.14).
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Control of the value of thermal coefficient of resistivity
is easier for sintered EquO3 - EuNbO3 than for sintered
EuTiO3 - EuNbOB, because the region where the former's thermal

coefficient of resistivity is near zero is wider than the latter's.

1-4, Summary

Two-phase sintered products [yEu2rO, + (l—y)EuNbO3] and

3
[yEuTiO3 + (1-y)EuNbO3] were investigated as electrical
resistance materials. The results obtained in this chapter are
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as follows.

1. Electrical resistivity of sintered [yEquO3 + (l-y)EuNbO3]
increased continuously with y, and a transition from a metallic
to semiconducting characteristics occured at y = 0.14. The
resistivity varied almost linearly with temperature in the

range ¥y = 0 to y = 0.24, and thermal coefficients of resistivity

at 300 K for the products decreased from +5.9 x 10_4 K-l to

~7.4 x 10”4 71 according to the value of y. At y = 0.14,
the thermal coefficient was almost zero.

2. Electrical resistivitiesvof sintered [yEuTiO3 +
(l—y)EuNbO3] did not depend on y in the range y = 0-0.96,
and rapidly increased with increasing y over v = 0.96. The
sintered products were metallic conductors from y = 0 to
y = 0.96, and were semiconductors at y > 0.96. Thermal
coefficients of resistivity for sintered products varied
continuously with y, and became a maximum of 2.8 x 10_3 K"'l

at y = 0.75 and a minimum around y = 1.00. The coefficient
was positive at y < 0.96 and negative at y > 0.96. The
absolute value of the thermal coefficient of resistivity
minimized, namely (1/p) (dp/4T) = 0, at y = 0.96.

3. Control of the value of thermal coefficient of resistivity

was easier for sintered EquO3 - EuNbO3 than for sintered

EuTlO3 - EuNb03.
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GENERAL CONCLUSION

In this thesis, mixed oxides coptaining bivalent europium
and niobium bave been investigated with respect to syntheses,
and their physical and chemical properties. Main results of
this work are as follows.

1. Europium (II) niobium bronzes, EubeO (y = 2+x -~ 3), were

y
prepared by a solid state reaction of Eu203, Nb205, and Nb.

The oxide EuXNbO3 is in a tetragonal form at x = 0.5-0.65, and
in a cubic form at x = 0.65-1,0. Cubic EuXNbO2+x is formed at
X = 0.5-1.0.

2, Cubic EubeO3 and Eube02+x exhibit metallic conduction
while tetragonal EubeO3 is a semiconductor. A band model based
on the Goodenough's model was proposed for cubic EubeO3 and

Eu, NbO and for tetragonal EubeO3.

2+x
3. Conduction electrons of cubic EuXNbO3 are almost free and
the quasi-free electron model is applicable for the bronze.

However, conduction electrons of EuXNbOZ+ are bound to oxygen

X
vacancies by electrostatic force.

4. Thermal coefficients of the electrical resistivity are very
small for cubic europium niobium bronzes, since residual
resistivities of these bronzes are large.

5. Two new compound, Eu0.33Nb0.670 and EuO.SNbO.SO’ were found
in the system EuO - NbO. The oxide Eu0.33Nb0.670 is a metallic
conductor, while Euo.sNbo.so is a semiconductor.

6. Bivalent europium and tetravalent nicbium in the bronze are

¢ o + . . . .
oxidized to Eu3 and Nb5+ with atmospheric oxygen. The oxidation
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4+

. + .
reaction of Eu2 occurs in preference to that of Nb The

starting temperature of the oxidation reaction for Eu2+ is
550 K for the bronzes.
7. The oxidation mechanism of tetragonal EubeO3 differs from

that of cubic EubeO Cubic EubeO3 oxidizes to an amorphous

3¢
phase and the tetragonal one to a complex crystalline phase,
and EuNbO4 crystallizes from the amcrphous or crystalline phase
at 950 K or 1070 K respectively.

8. Electrical properties of sintered EquO3 - EuNbO3 and
EuTiO3A- EuNbO3 have been investigated so as to develop a new
electrical resistor material. Sintered EuZr0O4 - EuNbO3 is

excellent for the resistor material, because thermal coefficient

of electrical resistivity is almost zero at Zr/(Zr+Nb) = 0.96.
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