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Chapter 1

Introduction

There is a homologous series of oxide crystals refered to as Ruddlesden-Popper type
which are constructed by stacking n successive ABOj3 perovskite layers and one AO rock-
salt layer alternately as shown in Fig. 1.1 for n = 2 and 3,"* and thus the chemical
formula are expressed by A,;11B,03,41. These oxides often show oxygen-deficient or
_excess nonstoichiometry. The present study is concerned with the nonstoichiometry
of Ruddlesden-Popper type oxides with excess oxygen; namely, La, 1Ni,Ozyqi45 and
LasCuOyyps crystals. In this chapter, crystallographic and thermodynamic studies, and
a few topics on electronic properties of LagNiOgys and LagCuQyys crystals are reviewed
briefly with stress on the oxygen nonstoichiometry, and the aims of the present study are

mentioned in the last section of this chapter.

1.1 Oxygen nonstoichiometry, crystallographic
and thermodynamic properties of LasM Oy
(M= Ni, Cu) system

1.1.1 Oxygen nonstoichiometry

It is necessary to determine La/ M cation ratio of Lag M O4y5(M = Ni, Cu) crystal in order
to discuss its oxygen nonstoichiometry. There was a controversy about La/Cu cation ratio
of LagCuOy,s crystals in the early days. Some research groups™ * reported the presence

of La vacancies in LayCuQy crystal, howover Schirber et al.® conducted careful electron
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Figure 1.1: Crystal structures of Ruddlesden-Popper type oxides: (a) LazNi,On;! (b)
L114Ni3010.2



probe microanalysis with an estimated uncertainty of 1 % and obtained the stoichiometric
value, 2, for the cation ratio of LayCuOyys crystal when it was prepared by annealing in
high-pressure oxygen atmosphere. Jorgensen et al.® have donc a conclusive work on the
problem: They prepared polyphase specimens with varying La/Cu ratio, and measured
the abundance of CuQ and La,Os impurity phases using multiphase Rietveld analysis
of neutron powder diffraction data. It was concluded from the results that the La/Cu
cation ratio of La;CuQOgsps phase did not vary from 2 by more than 0.01 and thus no
significant concentration of La vacancies was present in LayCuOy4ys phase. LagCuOyys
crystal are thus considered to be stoichiometric concerning the La/Cu cation ratio. In
La,NiO,, however, therc is a report which indicates the presence of La vacancies in the
single crystal grown by floating zone method.” The chemical formula of the single crystal
detemined by wet chemistry and thermogravimetric analysis was Laj gNiO3zg3. I there
were such a large amount of La vacancies in the crystal, La;Os impurity phase as remalning
subjected to no reaction could be detected by X-ray powder diffraction method. But the
presence of such a phase has not been reported in studies of many research groups. Thus,
the appearance of La vacancies would be associated only with the oxygen deficiency of
the crystal.

Kitayama® proposed a phase diagram of La-Ni-O system by using a thermogravi-
metric technique and showed that the equilibrium value of § of LazNiOays crystal 1s 0.08
at 1473 K under 1 atm of oxygen partial pressure, Po,. The equilibrium value of § has
been reported to increase with decreasing temperature and to reach 0.16 at around 600
K under Po, = 1 atm.? Below 600 K, however, the establishment of equilibrium state
with respect to excess oxygen content is hard because a potential barrier becomes too
large for oxygen to enter into or go out of a crystal. On the other hand, oxygen non-
stoichiometry of LayCuQOyys crystal is much smaller than that of LagNiOyys crystal: It
has been reported that equilibrium values of § are 0.01 and 0.03 under Fo, = 1 atm
and Pp, = 100 atm, respectively, at 853 K.® Recently, Wattiaux ef al.!® ' reported that
La,Cu0, can be oxidized electrochemically in basic aqueous solution in the potential

range of 600 < E < 800 mV at room temperature, and that LayCuOyys was prepared up
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to 6 & 0.1 by the technique. They proposed that the following reaction occurred in the

potential range:
LazCuO4 + 250H_ - LBQCUO4+5 + (SHzO -+ 256—. (11)

In the early days, Jorgensen et al'® and Ganguly et al.'® proposed that excess
oxygen atoms are incorporated as forms of 0%~ and O3, respectively, in LayNiOy crystal
with charge balance requiring NiO,™ to be formed. It has been recently found from
thermogravimetric analyses'® ' that 0%~ dominates al least in the region of 0.03 <
6 < 0.15. On the other hand, a number of proposals have been given in the early days
concerning the form of excess oxygen atoms in Lay,CuQy crystal including 0?~, O~, 0%,
O3, and O, with charge balance requiring CuQ,~ to be formed.> ¢ 161718 Gy ¢t /19
measured oxygen pressure dependence of clectric conductivity of LayCuQyys crystal at
1123 K, and showed that excess oxygen atoms are incorporated as O*” in the range
of =1 < log(Po,/atin) < 0. Furthermore, they showed, from the plot of the excess
oxygen composilions versus the oxygen partial pressures under which the samples were
preparcd, that excess oxygen atoms are incorporated as O?" at least in the range of

—5 < log(Po, /atm) < 5 which corresponds to 0 < § < 0.07.

1.1.2 Crystal structures and structural phase transitions of
stoichiometric crystal

The crystal system and the space group of both the stoichiometric crystals LayNiO4 and
La;CuOy at high temperatures are tetragonal and I4/mmm, respectively. This crystal
structure refered to as a KyNily type is shown in Fig. 1.2(a). There are two units of
Lag MOy in the body-centered unit cell. By the way, face-centered tetragonal notation,
F4/mmm, is often used for the space group of the crystal structure instead of body-
centered tetragonal notation, I4/mmm, in order to coincide with the unit cells of the
other crystal structures mentioned as follows. As shown in Fig. 1.2(b), a- and b- axes of
F'A/mmin notation are along two perpendicular diagonals of square composed of a- and b-

axes of I4/mmm notation, and thus there are four units of LagMQ, in the face-centered
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Figure 1.2(a): Crystal structure of stoichiometric crystals Lay M O4 (M = Ni, Cu) at high
temperatures in I4/mmm notation: Solid circles represent lanthanum atoms. Oxygen
atoms and nickel or copper atoms are located at the corners and center of an octahedron,
respectively. This structure is named a K;Nily type structure in common use.



Figure 1.2(b): Crystal structure of stoichiometric crystals La,MO4 (M = Ni, Cu) at high
temperatures in F'4/mmm notation.



unit cell of F4/mmm notation. Both the crystals LayNiOQ4 and Lay;CuQy transform to
another crystal structure at around 770 K?° and 530 K?!, respectively. Thesec phase
transitions are of a second-order type. The crystal system and space group below the
respective temperatures are orthorhombic and Bmab, respectively. The crystal structure
is shown in Fig. 1.3, and lattice constants, bond lengths, and an angle M-O(1)-M are
tabulated in Table. 1.1.% * The difference from F4/mmm structure is that M Qg sharing
a planar oxygen atom, O(1), rotate in the opposite directions to each other about a-axis.
It is found that the MOg octahedra are elongated along the c-axis and that M-O(1)-
M angle deviates from 180°. Lap;CuQ, crystal has Bmab structure at low temperatures
down to at least a few Kelvin. On the other hand, Lay,NiO, crystal is known to transform
subsequently to another structure at around 80 K.?2 The phase transition is of a first-order
type. The space group of the low temperature phase has been proposed to be P4y/nem

[.* and Pcen by Hayashi et al.,** respectively. The structure of these phases

by Rice et a
are expressed as follows. (I'he space group, F'mmim, has often appeared in papers for the
structure of nonstoichiometric crystal. The crystal structure of I'mmm is similar to that
of I'4/mmm. It is obtained as transformation from F4/mmm through elongation of the
b-axis, and thus a symmetry element of the four-fold axis vanishes.)

The successive structural phase transitions of a K,;NiF4-type crystal have been dis-
cussed by Axc et al.*® on the basis of Landau theory. These transitions occur through
variations in tilts of M Qg octahedra, each tilt being characterized by displacements of
the apical oxygen atoms, O(2) in Fig. 1.3, of MOg octahedra. Provided that the displace-
ments of an apical oxygen atom along the [100] and [010] directions in- F'4/mmm notation
are designated by ); and @)y, respectively, the magnitudes of @) and (), in each space

group arc given as follows and shown graphically in Fig. 1.4.

Fafmmm ;5 |Q1] = |Q2] =0
Bmab ;@1 =0,]Q #0
Pdyfnem ;5 {Qi] = Q2] # 0
Pcen i Q1] # 1Q2, Q1] # 0,]Q2] # 0.
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Figure 1.3: Crystal structure of stoichiometric crystals La, MO, (M = Ni, Cu) at room
temperature; Fach octahedron is tilted in the direction of the b-axis. The space group is

Bmab.



Table 1.1: lattice constants, bond length, and bond angle of LayNiO4"* and La,Cu0,®
crystals with Bmab structure. Units of length and angle are angstrom and degree, re-
spectively.

M Ni Cu
a 5.466 5.334
b 5.533 5.414
¢ 12.555 13.126
M-0(1) 1.947 1.903
M-0(2) 2.260 ) 2.429
La-0(2) 2.398 2.351
LM-O(1)-M 173.6 173.2




Figure 1.4: Arrangement of tilts of M Og octahedra represented by the displaccments of
apical oxygen atoms in different structural modifications, as viewed along the c-axis. The
magnitudes of displacements along the a- and b- axes, |Q] and |Q,], are different from
and equal to each other in space groups Pecen and P4y /nem, respectively.
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Tt has been found from the analysis that following two cases of successive phase transitions

potentially occur;

case. 1 F'4/mmm @ Bmab g—)g P4y /nem
case. 2 F4/mmm & Bmab ¥ Peen & P4, [nem,

where (a) and (b) denote that the two relevant space groups are and are not connected,
respectively, by the relation between group and subgroup with respect to their symmetry
clements. The Bmab-to-P4,/nem transition should be of a first order because the two
space groups are not linked by the group-subgroup relation, but all the other transitions

could be of a second order.

1.1.3 Accessible site to and arrangement of excess oxygen atoms

It has been found by structural refinements of neutron diffraction data of both LayNiO41s
powder crystal'® and LayCuQy.o3; single crystal®® that an excess oxygen atom is located

al (%, 5, 3) sitc which is surrounded tetrahedrally by four lanthanum atoms and four
apical oxygen atoms, O(2) in Fig. 1.3, of two LaO plancs as shown in Fig. 1.5. Thus,
there are eight sites of oxcess oxygen afoms in the unit cell of ['4 /mmm notation.
Long-range-ordered structures of the excess oxygen atoms have been suggested so far
to exist. Iliroi et al.?” first observed two types of homologous series of superstructures in
LayNiO,ys crystals by electron diffraction and transmission electron microscopy, and pro-
posed that the superstructures are based on three-dimensional ordering of excess oxygen
atoms. Demourgues ¢t al.?® have observed by an electron diffraction technique superlat-
tice structures in LagNiO, 7 and LayNiOy s single crystals prepared by electrochemical
oxidation technique. Tranquada el al.?® have suggested one-dimensional ordering similar
to the staging of intercalates in graphite in the vicinity of 4 = 0.07 and § = 0.10 on
the basis of the obtained superlattice reflections by a neutron diffraction technique. Fur-
thermore, Tranquada et al.? observed by neutron diffraction experiment of LagNiOy4 125

crystal two types of superstructures below 300 K and suggested that order-disorder phase

transition of excess oxygen atoms takes place at around 300 K from three-dimensionally

11



Figure 1.5: Interstitial site of excess oxygen atoms, represented by open circles, at (:11"7 i,

1) in F4/mmm notation. There are eight equivalent sites in the unit cell of F'4/mmm

notation.
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ordered phase to disordered phase.

For the copper system, Radaelli et al®" have studied an electrochemically oxidized
single crystal La;CuQy,; using a neutron diffraction technique, and determined the space
group to be Fmmm. Besides, they observed satellites around the several Bragg peaks
as well as around the forbidden peaks of Fmmm symmetry. They indicated that the
appearance of satellites around the forbidden reflections 1s due to the distortion associated
with the modulation which locally breaks Fmmm symmetry, and furthermore suggested
that the superstructure is due to the ordering patterns of the interstitial oxygen atoms
and of the apical oxygen displacements spanning many fundamental unit cells. Wells et
al3% 3 have observed by neutron diffraction technique superlattice peaks corresponding
to stage-6, stage-4, stag-3 and stage-2 structures similar to those suggested by Tranquada
et al. in electrochemically oxidized crystals, the cxcess oxygen composition of which were

not determined.

1.1.4 Phase separation with respect to excess oxygen
composition

Jorgensen et al.'? first reported, from Reitveld reflinement of neutron diffraction data of
LasNiOg4,s crystals, the presence of phase separation into oxygen-rich and oxygen-poor
phases the space groups of which were F'mmm and Bmab, respectively. Systematic studies
with variation of excess oxygen content have shown the presence of three phase separation
regions so far.'® 2% 3% 35 Tlosoya et al.** reported by magnetic susceptibility measurements
that the two phase separation regions of 0.01 < § < 0.02 and 0.03 < § < 0.06 appeared.
Rice ¢t al.® and Tamura et al.’® also observed the appearance of the same phase separation
regions by pewder X-ray diffraction technique, and suggested that the space groups of
three single phases formed in the ranges 0 <4 < 0.01,0.02 < d < 0.03, and § > 0.06 were
Bmab, Pcen(or Pdy/nem), and I4/mmm(Fmmm at low temperatures), respectively.
Tranquada et al.? reported by neutron diffraction technique of single crystals that another
phase separation occurred at around room temperature in the range 0.07 < § < 0.10. The

diffraction studies with variation of temperature'® ? have lead to a conclusion that the

13



phase separations in the ranges 0.03 < § < 0.06 and 0.07 < § < 0.10 were accompanied
by structural phase transition in either of two phases present. Tranquada et /.2 reported
on the behavior in the range 0.07 < § < 0.10 that only high-temperature phase existed
above 290 K, that the high-temperature phase with 6§ ~ 0.07 and the low-temperature
phase with § &~ 0.10 coexisted in the temperature range 240-290 K, and that the high-
temperature phase with § ~ 0.07 vanished and new low-temperature phase with § ~ 0.07
appeared and coexisted with the other low-temperature phase with § ~ 0.10 below 240

K. They also reported the similar stepwise anomalies in the range 0.03 < § < 0.06.

For LagCuO,ys system, there are still controversies concerning the phase separation
region and the phase separation temperature. Jorgensen ef al® have first suggested a
phase separation into oxygen-rich Frmm and oxygen-poor Bmab phases below 320 K,
based on the structural analysis using the neutron diffraction data. The similar phase
separation phenomenon has been observed in La;CuOyo5 powder crystal by using de-
tailed synchrotron X-ray and neutron diffraction techniques by Zolliker et al..*® and the
separation temperature was determined to be 290 K. Further, Vaknin e/ al%7 observed
by the neutt;on scattering study of La,CuQ, s single crystal that the linewidth of the
(006) reflection begins to broaden abruptly at around 260 K, and concluded that phase
separation occurs at T, = 260 + 5 K. Around 260 K, Hundley et al.*® have also observed
hysteresis phenomena in the magnetic susceptibility, resistivity, and thermoelectric power
for La;Cu0y g3, single crystal and suggested them to be due to slowness of oxygen diffu-
sion in the crystal. Hammel et al.* observed in '3 NMR study of LayCuQy 939 crystal
two signals, one originating from oxygen-rich region and the other from OXYgen-poor re-
gion, and found that the doublet signal based on the magnetic spin ordering originating
from the oxygen-poor region vanished above 265 K. The above two research groups con-
cluded that a phase separation occurs at around 265 K in Lay,CuQ, g3, crystal. Ryder et
al."® observed by using an electron microscopic technique for La,CuQ, s polycrystal that
a “herringbone” pattern with a very strong diffraction contrast of black-white “fringes”
developed below room temperature. They have proposed a spinodal decomposition into

6 ~ 0 and d ~ 0.05 phases with a periodicity of ~300 A and determined the separation

14



temperature to be 280 K from the results of resistivity and Seebeck coefficient measure-
ments. Wells et al.3% 3% have proposed a phase diagram of LayCuQOgys crystal with four
phase separation regions on the basis of their neutron diffraction data. According to their
phase diagram, the first phase separation occurs around room temperature in the range
0.01 < § < 0.055, and the other three phase separations also occur around room tem-
perature in the range § > 0.055 but the details of the composition ranges have not been

clarified.

1.2 Topics on electronic property of LaaM Oy s
(M = Ni, Cu) system

1.2.1 Antiferromagnetic ordering in stoichiometric crystals

Both the stoichiometric crystals of LayNiQ4 and La,CuO, arc Mott-ITubbard insula-
tors(in detailed reality, charge-transfer type insulators). The characteristic of Laz MOy
crystal in the magnetic properties is two-dimensional antiferromagnetic nature in each
MO, plane which is expected from the layered structure. The two-dimensional antifer-
romagnetic properties have been studied in detail in K;NiFy crystal: Neutron diffraction
experiments? 42 have disclosed that a three-dimensional antiferromagnetic phase transi-
tion occurs at around 97 K and is accompanied by two-dimensional critical scattering, and
that the in-plane antiferromagnetic short-range-order remains up to rather high temper-
atures. These phenomena have been understood to be as follows: The two-dimensional
antiferromagnetic short-range-order exists at rather high temperatures above the three-
dimensional antiferromagnetic phase transition temperature, the correlation length within
each NiF, plane and thus the effective exchange interaction of spins between the planes
increasc as the temperature decreases, and when the correlation length reaches a par-
ticular value, the three-dimensional ordering cooperatively occurs. The similar three-
dimensional antiferromagnetic phase transitions have been reported to occur at 335 K
and 315 K in LayNiO4*® and Lay,CuO4,* respectively. There is, however, a difference

between the two compounds. The three-dimensional antiferromagnetic phase transition
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is and is not accompanied by two-dimensional critical scattering in nickel* and copper?®®
crystals, respectively. Furthermore, the magnitude of in-plane nearest-neighbor M-M ex-
change interaction, J ~1300 K, for La;CuOy4 crystal*” is rather higher than that, .J ~340
K, for LayNiQy crystal.®®

1.2.2  Annealing effect on superconductivity in La,CuO,
crystal below room temperature

Since the suggestion of phase separation with respect to excess oxygen composition by
Jorgensen et al.,° most of research groups have related anomalies of superconductivity due
to the effects of cooling rate and annealing time below room temperature to the freezing-
in or -out of the diffusion of excess oxygen atoms concerning the phase separation as
follows. Ahrens et al.*® pointed out that the superconducting 7;. of LayCuOy g3y crystal
was sensitive to the cooling rate around 195 K, and the 77, of slowly cooled sample, ~33
K, was 4 K higher than that of rapidly cooled one, ~29 K. The result was explaihed as
due to freezing-in of the phase separation process halfway in the non-equilibrium state,
since the diffusion rate of cxcess oxygen atoms would become small as the temperature
decreased. Then, metallic phase in the rapidly cooled sample has small § than that in the
slowly cooled one. The small §, meaning dilute hole concentration, leads to lowering in
the 7. Kremer el al.®°! have investigated the annealing effects at some lempcratures on
the Meissner fraction of La,CuQyg:7 crystal, and suggested the freczing-in of the diffusion
of hole clusters around 180 K in addition to that of excess oxygen atoms around 220 K.
However, any of the research groups has not observed directly the phase separation with

respect to excess oxygen composition and thus oxygen migration.

1.2.3 Charge stripe ordering in LayNiQO, s crystal

It has been reported that holes doped into NiQ, planes of LagNiQgys crystal tend to
order themselves in periodically spaced stripes.?® 3% 5253 The phenomenon is refered to
as a charge stripe ordering. These charge stripes run diagonally in the squarc lattice

defined by the Ni-O-Ni bond and thus along the a-axis of F'4/mmm notation as shown
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in Fig. 1.6. In the essentially undoped regions between the stripes, the Ni spins can
order antiferromagnetically, with the charge stripes acting as domain walls. The charge
stripe ordering phenomena have been observed by neutron diffraction technique only in
LayNiOy 125 and LagNiOy 133 crystals in addition to orderings of excess oxygen atoms
and magnetic spins in NiO, plane.?? 3% 5253 The orderings of excess oxygen atoms and
magnetic spins have been reported to occur cooperatively near room temperature and at
110 K, respectively. It was reported that the superlattice peaks based on the order of
holes start to be observed around 220 K with the periodicity commensurate to that of
the order of excess oxygen atoms. Then, the intensity of the superlattice peaks increased

exponentially with decreasing temperature, and the peak position and intensity changed

discontinuously at 110 K.

1.3 Calorimetric appearance of a glass transition due
to freezing-in of rearrangement motion of excess
oxygen atoms

In the study on the oxygen nonstoichiometry of Lﬂn+1NinO3n+1+5 and LagCuQOyys crystals,
it is indispensable to obtain the information on dilfusion rate of excess oxygen atoms in the
crystals in order to judge whether the crystal is in the equilibrium state or not with respect
to positional arrangement of excess oxygen atoms. The information can be obtained by
calorimetry as mentioned below.

The diffusion process of excess oxygen atoms is thermal activation process. The
relaxation time taken for each excess oxygen atom to surmount a potential barrier, Ae,,
is expressed by,

T = 1pexp(Ae,/RT). (1.2)

where 79, It, and 1" are pre-exponetial factor, gas constant, and absolute temperatrure,
respectively. As the temperature of the crystal decrcases, the rclaxation time becomes
long, and when the time becomes longer than the experimental time scale(10%-10%s in the

present calorimetric work), the positional arrangement of excess oxygen atoms is effec-
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Figure 1.6: Model of spin and hole ordering in NiO, plane suggested by Tranquada et
al.:** circles, positions of holes; arrows, correlated Ni moments. The double lines indicate
positions of domain walls.
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tively frozen in. A glass transition is such a freezing-in phenomenon, and the transition
temperature, Ty, is often defined as the temperature at which the relaxation time be-
comes 103s. When the relaxation time is brought into the range of 10%-10%s, spontaneous
enthalpy relaxation as an equilibration process of arrangement of excess oxygen atoms
is observed on account of the crossing between the time scales of the rearrangement of

excess oxygen atoms and the calorimetry.

The enthalpy relaxation due to the glass transition 1s observed as spontaneous heat
evolution and absorption effects of a sample. If any spontaneous heat evolution or ab-
sorption effect appears in the sample, it is detected as a spontaneous temperature rise or
fall, respectively, of the cell under adiabatic conditions. Figures 1.7 (a) and 1.7 (b) show
a diagram illustrating how the configurational enthalpy follows in the cooling and heating
processes in the glass transition region and how the temperature drift rates are observed in
the heat capacity measurements on heating under adiabatic condition, respectively, for a
rapidly precooled sample, A, and a slowly precooled one, B. The upper-right to lower-left
thick solid line in Fig. 1.7 (a) represents the equilibrium enthalpy curve concerning the de-
gree of frecdom with respect to positional arrangement of excess oxygen atoms. When the
sample is precooled rapidly, the excess oxygen atoms are arrested in the state correspond-
ing to that at a relatively high temperature such as T,. As the temperature increases n
the course of heat capacity measurements, the enthalpy starts to relax appreciably toward
the equilibrium value at around the temperature at which the relaxation time becomes
~ 10¢ s. The rates ol exothermic relaxations first observed become large with reduction
in the relaxation times at higher femperatures, and then become small as the enthalpy
approaches the equilibrium value as shown in the figures. After crossing of the enthalpy
with the equilibrium line at 77, endothermic relaxations appear till the relaxation time
becomes shorter than ~ 107 s at higher temperatures such as Ts. When the sample is
precooled slowly or is anncaled for a long time at low temperatures around Ty, on the
other hand, the enthalpy of the sample is brought to a very low value corresponding,
for example, to Ty in the figure. As the temperature increases for measurements, a small

exothermic effect starts to appear at around the temperature at which the relaxation time
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Figure 1.7 (a) Schematic configurational enthalpy vs. temperature relation in a glass
transition temperature region: A, rapidly precooled sarnple; B, slowly precooled sample.
Thick solid line stands for the equilibrium configurational enthalpy, and thin solid lines
for the paths along which the sample, when cooled and heated continuously, follows. (b)
Temperature drift rate curves observed on heating the samples A and B.
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becomes ~ 108 s. A following endothermic effect starts to appear at T; which 1s definitely
lower than the 77 in the above case of rapidly precooled sample, and is considerably large

compared with that in the rapidly precooled case.

1.4 Aim of the present study

Layered perovskite oxides constructed by stacking perovskite layers and rock-salt layers
with a certain periodicity show nonstoichiometry with respect to oxygen composition,
giving rise to oxygen-deficient site(vacancy) or interstitial excess oxygen. These oxides are
attractive with the intcresting electronic properties such as superconductivity in copper
oxides, colossal magnetoresistance in manganesc oxides, and so on. The fraction of oxygen
vacancies is often large and the vacancies are arranged in the ordered way. On the other
hand, the ordering processes and the ordered arrangements of intetstitial excess oxygen
atoms have not been clarified yet. The dynamic properties of nonstoichiometric oxygen
atoms in oxide are interesting themselves, and, of course, indispensable in order to judge
whether the crystal is in equilibrium state or not. But, there is no study on the dynamic
property of oxygen atoms in nonstoichiometric oxides.

La, 41 Ni,Os, 145 crystals are a typical homologous series of layered perovskite ox-
ides, and can be synthesized easily for n =1, 2, 3, and co. This series of crystals are thus
the best for the systematic study on the oxygen nonstoichiometry of layered perovskite
oxides. LasNiOgys crystal is insulator with respect to electric conductivity but, on the
other hand, LasNiyOrys' and LasNi3Oyo4s? crystals are metallic. Because LayCuOy4ys
crystal is also metallic, the comparison between LayCu0y4ys and LayNiOyy s crystals are
interesting, for example, to clarify the role of electronic energy to the stability of various
phases such as oxygen ordered phase.

Unsolved problems on the phase relation, crystallography, and interrelation between
crystal structure and electronic properties of La, 1 Ni,Os,1146 and LagCuOgys crystals
are collected in the following. Many research groups have reported that phase separation

with respect to excess oxygen composition and order-disorder phase transition of excess

21



oxygen atoms occurred at some temperature in LayNiO,ys and LayCuOyys crystals as
stated in sections 1.1.3 and 1.1.4. However, there is no evidence so far indicating that
the excess oxygen atoms really rearrange at those temperatures. It is unclear whether
the phase separations occuring in LayNiOyys crystals are of a eutectoid, a peritectoid or
any other type, and the phase relation is not clarified in the range 6 > 0.10 at all. The
positional arrangement of cxcess oxygen atoms in LayNiOygys crystals as stated in section
L.1.3 is doubtful because the analysis did not take scattering from excess oxygen atoms
themselves into account. As concerned with the annealing effect reported around 200 K on
the superconductivity in LagCuQ4y.5 crystal as stated in section 1.2.2, 1t is unclear whether
the annealing cffect is due to freezing-in or -out of diffusion of excess oxygen atoms or
not, because no direct evidence has been given for the freezing-in or -out process. There
is no understanding for the reason why a charge stripc ordering in LayNiOy, s crystal as
stated in section 1.2.3 appears only around ¢ = 0.13. There is no study on the oxygen
nonstoichiometry and phase relation of LazNizOrs and LagNizOjgys crystals at all.

The [irst aim of the present study on La,y1Ni, Osq145 and Lay;CuOyys crystals is
to clarify th'e phase relations as a function of excess oxygen content and temperature,
the second to clarify the ordering process of excess oxygen atoms, the third to clarify
the dynamic properties of excess oxygen atoms, and the fourth to clarify the electronic
properties in relation to the phase relation.

The format of thesis is as follows. In Chapter 2, the method of sample prepara-
tion and the experimental techniques are mentioned. The results of adiabatic calorimetry
and magnetometry arc shown in Chapter 3. Most of the crystals showed glass transition
phecnomenon due to freezing-in of excess oxygen atoms. Particularly, LayNiQgys crys-
tals showed glass transition phenomena indicating the presence of phase separation with
respect to excess oxygen composition as discussed in section 4.3. Order-disorder phase
transitions with respect to positional arrangement of excess oxygen atoms were observed
in LagNiOyys crystals but, on the other hand, such a transition was not observed both
in LazNi;O745 and Lay,CuQgps crystals. In La,CuOyys crystals, many structural phase

transitions of a displacive type were observed in the nonstoichiometric region and the
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correlation between superconductivity and the phase transitions(but not phase separa-
tion) was discovered. In LayCuOyos and La,CuQyo7 crystals, it was indicated that an
order-disorder process on the arrangement of excess oxygen atoms occurs above 400 K.
In section 4.1, phase relation, ordering process of excess oxygen atoms, and magnetic
and electronic properties in La,NiOyys crystals are discussed. In section 4.2, phase re-
lation, antiferromagnetic ordering, and correlation between superconductivity and struc-
tural phase transitions are discussed. In subsection 4.2.4, potential reasoning for the dif-
ference between some features of phase transitions in LagNiQuys and LayCuQgys crystals
is discussed. In section 4.3, dynamic properties and freezing-in processes of excess oxygen
atoms are discussed in LasNiOyps, LasNigOrys, and LagCuOyys crystals. In Chapter 5,
some concluding remarks of the present study are mentioned in relation to the chemistry

and physics of nonstoichiometric layered perovskite oxides.
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Chapter 2

Experiment

2.1 Preparation of samples

Powder crystals were used for the present study of crystalline LagNiOuts, LagNipaOrgs,
and La,NizO s corresponding ton = 1, 2, and 3 in La,, 41 Ni,,05,4145 scrics. The powder
sample of LayNiO4ys crystal was prepared by a usual method. La;03(99.9% purity) and
Ni0Q(99.9% purity) crystals were dried by calcining at about 1200 K in air. Appropriate
amounts of the crystals were mixed in an agate mortar, and heated in air to 1527 K with
intermittent mixing of several times. The powder samples of LagNiyO745 and LagNizOjoys
crystals were prepared by sol-gel method using citric acid as follows, because impurity
phases remains when the samples were prepared by the usual method. Aftor LayOs
crystal was dried by calcining at about 1200 K in air, appropriate amount of La;O3 and
Ni(NO3)y-611,0(99.9% purity) crystals were disolved into water by adding nitric acid until
LayQ5 crystal is completely disolved. Then, citric acid was added into the solution as the
wholc charge of the citric ions is about twice of the charge of sum of Ni** and La®* ions
in the solution. The solution was heated with a gas burner for dehydration of the solution
to enhance the polymerization of citric acid. After the polymerization, the gel was fired
in a furnace at around 423-473 K, then heated to 1573 K, and kept there for a day to
react. The samples of La, 1 Ni,Ou, 145 crystals as prepared by the above methods were

confirmed each to be a single phase by X-ray powder diffractometry.

Single crystals and powder crystal were used for the present calorimetries of crys-
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talline LayCuQO4ys in the ranges & < 0.035 and & > 0.05, respectively. Lay05; and
Cu0(99.9% purity) powders were dried by calcining at about 1200 K in air. Appro-
priate amounts of the powders were mixed with ethanol in an agate mortar, and heated
m air to 1123 K with intermittent mixing of several times. Single crystals were grown
by Traveling Solvent Floating Zone (TSFZ) method®® 55 as follows. There is a cocxistent
region composed of LayCuOy solid phase and a liquid phase of LayQ3-CuO in the phase
diagram,’ and such a liquid phase can be used as the solvent for single crystal growth by
zone levelling technique. The crystal growth apparatus is an infrared radiation furnace
(Nichiden Machinery Ltd.) equipped with an ellipsoidal mirror and a 750 W halogen
lamp as the heat source. One of the foci of the ellipsoid is occupied by the lamp and
the other by a sample; the solvent rod was attached to the top of the lower shaft located
just below the focus and the feed rod was suspended at the bottom of the upper shaft
located just above it. The light produced by the halogen lamp is focused and cast on
the top of the solvent rod from cvery direction, the rod is dissolved into the molten zone
between two rods, and La,CuQy4;s solid phase precipitates from it on to the foed rod as it
passes this zone. The state of the sample is able to be examined from the enlarged figure
image of the molten zone projected on the screen through the lens, and the intensity of
the halogen lamp is controlled to be in the desired state. The growth region is isolated
by a fused quartz {ube and the atmosphere in the region can be controlled to prevent the
molten sample from evaporation. La,CuO4 powder and Lay03-Cu0O mixed powder with
the solvent composition of 78 mol% CuQ were formed into a cylindrical shape 6 mm in
diameter by 80 mm in length, and compressed at hydrostatic pressure of about 250 MPa.
These rods were sintered at 1373 K for 12 h in oxygen atmosphere and were then used as
the feed and the solvent rod, respectively. Growth conditions involve growth rate of 1.0
mmh ™!, counter-rotation rate of each shaft of 30 rmin~', and growth atmosphere of 0.2

MPa O, to prevent the melt from evaporation of CuO.
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7.2 Adjustment of excess oxygen composition

Table 2.1 shows the values of excess oxygen compositions determined by an iodomet-
ric titration technique described in the next section with uncertainty of about +0.003,

together with the quantities of the samples used for the present calorimetry.

Adjustment of the excess oxygen composition of LayNiOgys crystals in the range
§ < 0.073 was carried out by annealing at 1473 K for a day under different oxygen
partial pressure using mixed gases of CO; and I or of CO, and O, to achieve the
desired oxygen pressurc.® After the sample was quenched to room temperature in the
atmosphere, the sample was annealed in an evacuated and sealed quartz tube at around
700 K for a few days and then cooled slowly down to room temperature in the furnace in
order to homogenize the oxygen content in the crystal. Adjustment of the excess oxygen
composition of LagNiOyy s crystal in the range 6 > 0.098 was carried out by annealing at
respectively different temperatures in air for a day, and then the sample was quenched
into liquid nitrogen. Because the cooling rate is very rapid, the samples are considered to
be homogencous with respect to excess oxygen content. It was found that there is a linear
relation between § and the annealing temperature as shown in Fig. 2.1. Adjustment of the
excess oxygen compositions of LazNiyOr goq and LayNizOqg.00 crystals was carried out by
annealing at 573 K for a day. It was found that oxygen nonstoichiometry of LazNiyOris
is smaller than LayNiO4ys crystal and that LasNisOiops crystal shows no appreciable

oxygen nonstoichiometry. Thus, calorimetry of LasNizO1o4s crystal was not carried out.

Adjustment of the excess oxygen compositions of LayCuQOqys (6 =0, 0.011) samples
was also carried out in the same procedure as that of nickel system. LasCuOyo3s sample
was prepared by thermal treatment at 873 K under pure oxygen gas pressure of 600 atm for
a week. For La,CuQ, 05 and La,CuQy g7 samples, the oxygen adjustment was carried out
by an electrochemical oxidation technique first reported by Wattiaux et al. 'O 11 as follows:
An electrochemical cell of the type, Lay;CuO4|l N KOH aq.|Pt, was used for oxidation. A
Ag/AgCl electrode was used as a reference electrode connected to the solution via the salt

bridge. The LayCuQy pellet was polished to a thickness of 2 mm, and Pt wire was attached
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Table 2.1: Fxcess oxygen contents, masses, and quantities of samples

] mass(g) quantiy(mol)
LasNiOys
0.047 14.184 0.035350
0.062 20.614 0.051344
0.067 31.227 0.077763
0.073 24.809 0.061764
0.098 19.705 0.049009
0.116 30.955 0.076934
0.123 18.653 0.046346
0.126 17.755 0.044110
0.131 17.066 0.042389
0.141 16.228 0.040293
0.150 22.928 0.056907
0.154 13.292 0.032986

La3 Ni207+5

0.091 15.079 0.023286
La,gCuO4+5

0.002 8.7692 0.021634

0.011 11.235 0.027705

0.035 9.0097 0.022196

0.05 21.217 0.052239

0.07 11.861 0.029181
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Figure 2.1: Excess oxygen contents of the LagNiOgys crystals prepared by annealing at
temperature, T,. Solid line in the figure was obtained by fitting a straight line to the
data.
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by silver paste and fixed by epoxy resin. The electrochemical oxidation experiment Wag
carried out at room temperature under both a constant potential and a constant Curreny
using a HOKUTO HA-301 potentio-galvanostat. The amount of electricity passing t},
cell was measured by a HOKUTO HF-201 coulombmeter. After the oxidation process, the
sample pellet was washed and rinsed with distilled water and evacuated under vacuum a4

1073 Torr for 24 h.

2.3 Chemical analysis of excess oxygen composition

The formal valence of copper or nickel atoms, p, was determined by iodometric titration
technique as follows. The excess oxygen compositions were calculated from the values of p
assuming that excess oxygen atoms are incorporated as 0%~ species in the crystal and on
the basis of the fact that the valence numbers of the other oxygen atoms and lanthanum
atoms are —2 and +3, respectively. The [ormula is thus written as I;aiil/\//fl""()g%_lﬁ,
and the relation between excess oxygen composition, §, and the formal valence of M atom,
p, is theh represented by

I 26

p=3— =+
n T

(2.1)

Concentration of sodium thiosulfate standard solution was determined by titration of
KIO3 of ~10 mg dried at about 80 °C in air. LasNiO4ys sample of ~0.2 g was dissolved

into a 6N HCl solution with excess KI of ~3 g; then the following rcaction rapidly occurred.

9
Nit* 4 (p — 2)I7 — Nizt 4 2 L (2.2)

After the sample was completely dissolved, acetic acid and sodium acetate buffer solution
were added in order to prevent iodide ion from air-oxidation, and then the solution was
titrated with ~0.002 mol% and 0.02 mol% sodium thiosullate solution for LayNiOsts
crystal and for LagNipOris5 and LasNizOqgps crystals, respectively, using starch as ab
indicator. Since the air-oxidation of iodide ion always occurs during dissolving the sample;
a 6N HCI blank solution with the same amounts of KI and buffer solution as the sample

solution but without a sample was titrated, after the same duration as in the case with
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the sample, In order to estimate a volume for correction due to air-oxidation of iodide ion,

and a value derived by subtracting it from the titration volume for the sample solution

was used as the titration volume due to the sample itself for calculation of p valuc.
La,CuOg4ys crystal of ~0.2 g was also dissolved into a 6N HCI solution with excess

KI of ~3 g, and then the following reaction rapidly occurred.

p—1

Cu?t + pI™ — Cul | + L. (2.3)

Differing from the nickel ions in the nickel system, copper ions are reduced to Cu*, and
B any Cu? ion in the solution precipitates out as Cul. The same titration procedures as for

 the nickel sample were taken for the sample and the blank solutions.

2.4 Principle of calorimetry and evaluation
procedure of heat capacity

_ Figure 2.2 shows a cryostat of an adiabatic calorimeter used in the present study.?” The
adiabatic condition was so prepared as to minimize the heat leak between a calorimeter
cell (A) and its surroundings. For this preparation an innermost shield (B) surrounding
the cell is always kept in principle at the same temperature as the cell, while the space
around the cell is exhausted to 107* Pa to prevent a heat leakage by convection.

For controlling the temperatures of the calorimeter cell (A) and innermost shield (B),
outer adiabatic shields (C)-(E) were controlled at adequately low temperatures referred
to that of the shield (B). The calorimeter cell is made of copper and gold plated, and
has vanes for help of heat conduction within the cell. Equilibration of the temperature
within the cell after heating off is achieved within 5 ~ 6 min and the imprecision of the

_thermometry is within the order of 107° K.

Calorimetry was carried out in the temperature range of 13-500 K by the intermittent
heating methodss schematically described in Fig. 2.3: The temperature is rated with a
fesistance thermometer fixed on the bottom of the sample vessel until the temperature

of the calorimeter cell is equilibrated, for example, for 13 min, some known quantity of
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Iligure 2.2: Schematic drawing of a cryostat: (A), calorimeter cell; (B), (C), (D), and
(E), adiabatic shields; (F), inner vacuum jacket; (G), liquid helium tank; (H), floating
radiation shield; (I), spiral tube for cold helium gas; (J), middle vacuum jacket; (K),
spiral tube for cold nitrogen gas; (L), liquid nitrogen tank; (M), liquid helium inlet and
gas outlet; (N), liquid nitrogen inlet and gas outlet; (O), outer vacuum jacket: and (P),

and (Q), caps.
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Figure 2.3: Schematic diagram showing a procedure of heat capacity determination.
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clectrical energy, AF, is supplied into a calorimeter cell loaded with the sample through
the heater wire (about 100 Q) wound on the outside wall of the sample vessel, and again
the temperature is raled for 13 min. The initial temperature, 7j, and the final one, Tj,
arc estimated by extrapolating temperature drift data to a middle point of encrgy-supply
period, {4, in terms of a straight linc. The gross heat capacity of the cell, Cisar, at

Tow = (Tt + T3)/2 is evaluated to be

AFE

i 2.4

Ctotal -

The latter temperature drift serves as the former temperature drift for determination of
T; of the next set of a heat capacity measurement. If any spontaneous heat cvolution
or absorption effect appears in the sample, it is detected as a spontaneous temperature
rise or fall, vespectively, of the cell in the above rating periods. All the spontaneous
temperature drift rates in the present study were taken as the values at 10 min after each
energy supply.

Net heat capacity of a sample is given by

Onet = (7total - (7cell + CHe- (25)

where Cie is heat capacity of the cell filled only with helium gas of 0.1 MPa at room
temperature, and Cfy, 1s heal capacity of helium gas excluded from the cell by existence
of sample. The heat capacity of the cell, C.y, was measured in advance, and the heat

capacity of helium gas, Che, was evaluated assuming that the gas is ideal gas.

A platinum resistance thermometer (Minco Products S1059, U. S. A.), which had a
nominal resistance of 100 £ at 0 °C was used after the temperature scale was transferred
from the other thermometer calibrated on the ITS-90. The imprecision and inaccuracy of
the measurements with the apparatus were estimated previously to be less than £0.04%

and £0.4%, respectively.®”
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2.5 Magnetic susceptibility measurement

Magnetic susceptibility measurements of La,CuQy4ys crystals were carried out in order to
determine the antiferromagnetic and the superconducting phase transition temperatures.
The experiments were performed using a Quantum Design MPMS-2 SQUID magnetome-
ter. The measured magnetic susceptibilities of samples were corrected by subtracting the
contribution due to the orbital diamagnetism of relevant ions from the raw data. The
annealing effects of superconductivity as stated in section 1.2.2 were also investigated in

LayCuQy401; crystal by the magnetic susceptibility measurements.
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Chapter 3

Results

3.1 LayNiO,, s system
3.1.1 Heat capacities of stoichiometric crystal

Experimental molar heat capacities of LayNiOggo crystal are tabulated in Table 3.1 and
shown graphically in Fig. 3.1 in the temperature range 14-500 K. Three heat capacity
anomalies were observed at around T, = 80 K, T} = 150 K, and Ty = 330 K, due
23, 59, 60

to a first-order structural phase transition reported before, a second-order phase

transition, and a threce-dimensional antiferromagnetic phase transition, respectively, as
described below.

Lattice molar heat capacities at constant pressure, C* as represented by a solid

pym)
line in Fig. 3.1, were calculated in order to estimate excess molar heat capacities due to
the phase transitions. The solid line in Fig. 3.1, representing lattice molar heat capacity

curve at constant volume, C2 = was first evaluated from the phonon density of states

v,m?
obtained by inelastic neutron scattering measurements,® and a (CI2% — Cl*) correction
) i

term was calculated according to the following equation;

Clt gl — AT (3.1)

“p,m m
b

Here constant A was determined from the structural and other data at 300 K as follows.

The correction term can be estimated by using formally a thermodynamic relation;

Com = Com =T (%) (g%;) = BVuaT, (3.2)
v R
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Table 3.1: Molar heat capacities of LayNiOqo; £=8.31451 JK 'mol™!

TELV &Ill_ 'r[11'1V gw TB.V %
K R K R K R
14.09 0.1242 57.48 4.442 110.60 9.847
14.95 0.1525 58.79 4.605 112.92 10.04
15.88 0.1894 60.11 4.756 115.28 10.24
16.86 0.2323 61.42 4.900 117.66 10.43
17.94 0.2854 62.74 5.051 120.09 10.62
19.13 0.3512 64.18 5.229 122.54 10.81
20.39 0.4294 65.78 5.410 125.03 11.00
21.71 0.5227 67.43 5.599 127.55 11.19
23.03 0.6258 69.02 5.793 130.10 11.38
23.97 0.6937 70.57 5.974 132.69 11.57
24.62 0.7504 72.13 6.163 135.31 11.75
25.68 0.8433 73.69 6.354 137.96 11.93
27.03 0.9711 75.02 6.524 140.65 12.10
28.41 1.108 76.11 6.680 143.37 12.28
29.89 1.253 77.21 6.824 146.12 12.47
31.36 1.408 78.34 6.958 148.91 12.65
32.85 1.561 79.48 7.074 151.73 12.81
34.40 1.730 80.63 7.174 154.57 12.97
36.05 1.913 81.80 7.263 157.43 13.14
37.54 2.080 83.27 7.398 160.32 13.30
38.90 2.235 84.37 7.477 163.24 13.46
40.25 2.390 85.69 7.601 166.18 13.62
41.60 2.548 85.74 7.600 169.15 13.77
42.94 2.703 87.49 7.764 171.91 13.92
44.28 2.862 89.30 7.934 174.46 14.05
45.61 3.021 91.14 8.107 177.05 14.18
46.94 3.181 93.27 8.296 179.67 14.31
48.26 3.338 95.33 8.491 182.32 14.44
49.58 3.497 97.41 8.685 185.14 14.57
50.90 3.655 99.52 8.877 187.85 14.72
52.22 3.814 101.67 9.070 190.59 14.85
53.53 3.971 103.85 9.263 193.36 14.97
54.85 4128 106.07 9.460 196.17 15.09
56.16 4.280 108.32 9.653 199.00 15.21
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Table 3.1: (continued)

K R K R K R
201.86 15.34 301.77 18.57 401.10 20.42
204.76 15.46 304.67 18.65 404.10 20.45
207.68 15.58 307.57 18.72 407.12 20.54
210.64 15.70 310.47 18.81 410.16 20.54
213.62 15.82 313.38 18.88 413.21 20.55
216.64 15.94 316.28 18.96 416.27 20.59
219.68 16.06 319.19 19.04 419.35 20.59
222.76 16.17 322.09 19.12 422 44 20.64
225.86 16.28 325.00 19.20 425 .54 20.66
228.99 16.40 327.91 19.29 428.66 20.66
232.15 16.54 330.83 19.37 431.79 20.74
235.35 16.64 333.74 19.39 434.95 20.79
238.56 16.73 336.66 19.39 438.10 20.81
241.83 16.83 339.58 19.42 441.25 20.85
245.08 16.98 342.51 19.43 444 .42 20.86
248.34 17.07 345.43 19.44 44761 20.92
251.60 17.16 348.36 19.53 450.81 20.92
254.87 17.26 351.30 19.58 454.03 20.92
258.12 17.36 3h4.42 19.65 457.26 20.97
261.38 17.44 3h87.36 19.69 460.51 20.97
264.63 17.55 360.30 19.76 463.78 21.00
267.84 17.65 363.31 19.80 467.06 21.01
270.75 17.72 366.18 19.87 470.34 21.08
273.66 17.80 369.04 19.93 473.65 21.04
276.57 17.87 372.00 19.95 476.96 21.07
279.48 17.96 376.32 20.04 480.28 21.10
282.39 18.05 380.67 20.10 483.61 21.11
285.30 18.12 385.04 20.19 486.94 21.15
288.21 18.21 389.43 20.25 490.28 21.18
291.12 18.30 393.85 20.33 493.62 21.20
294.03 18.37 398.28 20.37 496.98 21.21
296.94 18.44 395.12 20.35 500.33 21.20
299.85 18.52 398.10 20.37
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Figure 3.1: Experimental heat capacities of LagNiOggo crystal. Dashed and solid lines
represent calculated lattice heat capacities at constant volume and at constant pressure,
respectively. See text for detail.
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where B, V,, and « are bulk modulus, molar volume, and volume thermal expansion
coefficient, respectively. Bulk modulus B = 1.13 x 107° Jcm™? was taken from the result
of Brill et al.,%? and V},, = 57.21 em®mol~! and o = 3.31 x 107° K~! were calculated from
the data of temperature dependence of the unit cell volume obtained by Hayashi et al.?*
Ct at 300 K was derived from the phonon density of states as mentioned above to be

v,m

Ct2 (300 K) = 145.16 JK~'mol™", and thus C}%, at 300 K was evaluated to be

Ct (300 K) = 147.29 JK 'mol L. (3.3)

Py

Substituting the evaluated C'*' and C'* values into Eq. (3.1) resulted in A = 3.26 x 10~7

P, v,m
J1mol 1.

Figure 3.2 shows excess heat capacitics of LayNiQy g9 crystal obtained by subtracting
the solid line values in Fig. 3.1 from the experimental heat capacities. The heat capacity
anomaly at around 150 K is demonstrated to exist definitely. The solid line in the figure
stands for a base line, obtained by smoothly interpolating the values in the ranges of
14-40 K and of 200-300 K, to the structural phase transitions at 7} and 73. I'igure 3.3
shows the excess heatl capacities on an enlarged scale. The total entropy of the transitions
was estimated to be 0.8 JK~'mol~!. No appreciable spontaneous temperature drift nor
sharp heat-capacity peak were observed at around Ty in the heat capacity measurements

on heating. The phase transition at T} was thus determined to be of a second order.

Circles in Fig. 3.4 represent excess heat capacities, due mainly to antiferromagnetic
ordering of spins, for the normalization of the three-dimensional antiferromagnetic phase
transition temperature, 330 K, on an enlarged scale. The transition point was determined
as the temperature of the small heat-capacity peak, and was rather close to the literature
values by Yamada el al.*® The heat capacity curve showed a wide tail on the low temper-
ature side of the transition, and is expected to do on the high temperature side as well

with showing a hump a little above the transition temperature.

41



Com{ Kflm()];_l)

Figure 3.2: Excess heat capacities of LagNiQy4go crystal as referred to the values of solid
line in Fig. 3.1. A solid line represents the base line to the contribution from the structural
phase transitions at Ty and 75. The baseline was drawn by linking smoothly the values
in the ranges of 14-40 K and 200-300 K. '
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Figure 3.3: The assessed heat capacities due to the structural phase transitions at 7} and
I3 on an enlarged scale.
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Figure 3.4: Excess heal capacities due to magnetic contribution: O, the present result; [J
, the result of K;NilYy by Salamon et al.”™®
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3.1.2 Standard thermodynamic functions of stoichiometric
crystal

Standard thermodynamic functions of a LagNiOyggo crystal were evaluated with the ob-

tained heat capacity data according to the following basic equations;

T
ATH: = H(T)= H(0) = [ Cpmdl, (3.4)
0
T
ATS® = S(T)— S(0) = / Cypm/TdT, (3.5)
0
P = AYS — ATHYT. (3.6)

Here H(0) and S(0) denote the lattice energy at zero Kelvin and the residual entropy,
respectively, and were taken to be zero in this evaluation. Ieat capacity values below
13 K were estimated by extrapolating the values below 20 K in terms of an odd-order

polynomial function as follows:

Chon/(JK'mol 1) = 2134 x 1074(T/K)* + 1.051 x 1078(T/K)* — 1.354 x 10~°(T/K)".
(3.7)
The evaluated values are tabulated in Table 3.2.

3.1.3 Spontaneous temperature drift-rates and heat capacities
observed in the heat capacity measurements of
nonstoichiometric crystals

3.1.3.1 The samples precooled rapidly from high temperature to 90 K

Figures 3.5(a) and 3.5(b) show spontaneous temperature-drift rates observed during the
heat capacity measurements of La;NiO4ys crystals. Open circles in the figures represent
values obtained on .heafcing the samples precooled rapidly at 20 Kmin™! from 300 K (400 K
for § = 0.150 and 0.154 crystals) to 90 K. All the samples showed complex heat evolution
and absorption phenomena. The complex phenomena are understood to be superposition
of two contributions: One is a glass transition due to freezing-in of rearrangement motion
of excess oxygen atoms and the other is a positional phasc transition/separation of excess

oxygen atoms. The glass transition penomenon was clearly demonstrated in § = 0.126
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Table 3.2: Standard thermodynamic functions of LagNiOy4g; R=8.31451 JK 'mol™!

T Com Ag H, AGSh P
K R R-K R R
0 0 0 0 0
10 0.0367 0.0832 0.0108 0.6025
20 0.4047 1.854 0.1196 0.0268
30 1.267 9.872 0.4329 (.103&
40 2.362 27.89 0.9437 0.21464
50 3.546 57.39 1.697 0.4493
60 4.736 98.85 2.350 0.7021
70 5.898 1562.0 3.167 0.9952
80 7.117 217.3 4.037 1.321
90 8.001 292.8 4.925 1.672
100 8.918 377.4 5.815 2.042
110 9.799 471.0 6.707 2.425
120 10.62 573.1 7.595 2.819
130 11.37 683.1 8.475 3.220
140 12.07 800.4 9.344 3.627
150 12.70 924.3 10.20 4.037
160 13.28 1054 11.04 4.448
170 13.82 1190 11.86 4.860
180 14.33 1331 12.66 5.271
190 14.81 1476 13.45 5.681
200 15.26 1627 14.22 6.089
210 15.67 1781 14.98 6.494
220 16.07 1940 15.72 6.896
230 16.44 2103 16.44 7.296
240 16.79 2269 17.14 7.691
250 17.11 2438 17.84 8.083
“@ R = (ALSe — AVHR /T)/R (to be continued)
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Table 3.2: (continued)

T Cpm ATH, AF Sy, 2.”
K R R-K R R
260 17.41 2611 18.51 8.472
270 17.71 2787 19.18 8.856
280 17.97 2965 19.83 9.236
290 18.26 3146 20.46 9.612
298.15 18.47 3296 20.97 9.916
300 18.52 3330 21.08 9.984
310 18.79 3517 21.70 10.35
320 19.06 3706 22.30 10.72
330 19.34 3898 22.89 11.08
340 19.42 4092 23.47 11.43
350 19.54 4987 24.03 11.78
360 18.75 4483 24.58 12.13
370 19.94 4681 25.13 12.48
380 20.11 4882 25.66 12.82
390 20.26 5084 26.19 13.15
400 20.39 5287 26.70 13.48
410 20.52 5491 27.21 13.81
420 20.63 5697 27.70 14.14
430 20.73 5904 28.19 14.46
440 20.82 6112 28.67 14.78
450 20.90 6320 29.14 15.09
460 20.98 6530 29.60 15.40
470 21.05 6740 30.05 15.71
480 21.11 6951 30.49 16.01
490 21.16 7162 30.93 16.31
500 21.20 7374 31.35 16.61
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dT/dt (uKs™)

Figurc 3.5(a): Spontaneous temperature-drift rates observed during the heat capacity
measurements of LayNiOyys crystals(0.062 < § < 0.116) precooled rapidly at 20 Kmin™!
[rom high temperature to 90 K.
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Figure 3.5(b): Spontancous temperature-drift rates observed during the heat capacity
measurements of LayNiOyps crystals(0.123 < 6 < 0.154): O, samples precooled rapidly at
20 Kmin™" from high temperature to 90 K; @, sample precooled slowly at 20 mKmin™!
from 210 K to 150 K.
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crystal, becausc no phase transition/separation occurred in the crystal, the reason of
which is discussed in the next chapter. The sample of § = 0.126 crystal precooled rapidly
from 300 K showed heat evolution effect from 150 K to 220 K and then heat absorption
effect up to 230 K as represented by open circles in Fig. 3.5(b), and the sample precooled
at 20 mKmin™! from 210 K to 150 K, on the other hand, showed heat absorption effect
from 150 K to 230 K as represented by solid circles. In addition, heat capacity jump was
clearly observed around 220 K as shown in Fig. 3.7(b) and 3.9(b). These are characteristic
of glass transition phenomenon. In the same way, the heat evolution(and absorption
in & = 0.062 crystal) effect observed in the heat capacity measurements of the other
crystals mainly in the range 150-220 K must be due to a glass transition occurring in the
supercooled high-temperature phases. As stated in the next subsection, heat evolution
effect in the range 200-280 K is due to (supercooled meta-stable)-to-(low-temperaturc
stable) phase transition, and heat absorption ellect above 230 K to (low tempcrature)-to-

(high tempcrature) phase transition.

3.1.3.2 The samples transformed into low-temperature stable phases

Based on the results of the samples precooled rapidly as described above, heat capacity
measurements were carried out after the samples were annealed at around 230-240 K
for a few days to be transformed completely to the low-temperature stable phases after
precooling to 100 K for enhancement of nucleation of the low-temperature phases. The
completion of the phase transformation was judged by confirming that the heat cvolu-
tion due to the transformation vanished completely. Figures 3.6(a) and 3.6(b) show
spontaneous temperaturc-drift rates observed during the heat capacity measurements of
LayNiO445 crystals which were subjected to stabilization to the low-temperature phases.
No heat evolution effect due to transformation of the supercooled high-temperature to
low-temperature phases was observed as seen from the figures. Figures 3.7(a) and 3.7(b)
show the molar heat capacities, including the result of § = 0.047 crystal, obtained in the

measurements.
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dT/dt (uKs ™)
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T (K)
Figure 3.6(a): Spontaneous temperature-drift rates observed during the heat capacity
measurements of LayNiOy s crystals(0.062 < § < 0.116) transformed completely to each
low-temperature stable state beforehand. The transformation was achieved by annealing
the crystals at around 230 K for a few days. Inset in the bottom-right portion shows the
results of & = 0.062 crystal on an enlarged scale.
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Figure 3.6(b): Spontaneous temperature-drift rates observed during the heat capacity
measurements of LayNiOyps crystals(0.123 < § < 0.154) transformed completely to each
low-temperature stable state beforehand. The transformation was achieved by annealing
the crystals at around 230 K for a few days.
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Figure 3.7(a): Molar heat capacities of LayNiOyys crystals with 0.047 < § < 0.116.
The origins of ordinate are shifted for clarity upwards by 50 JK~'mol~! in the order of
increasing 4.
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Figure 3.7(b): Molar heat capacities of LagNiQ, s crystals with 0.123 < § < 0.154.
The origins of ordinate are shifted for clarity upwards by 50 JK~'mol™! in the order of
increasing 4.
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3.1.3.2.1 Glass transition phenomena Anomalous spontancous heat evolution and
absorption effects as shown in Fig. 3.6(a) and 3.6(b) are attributed to a glass transition
and phase transitions roughly below and above 230 K, respectively. Open circles for § =
0.062 crystal in Fig. 3.6(a) represent the results of the sample which was precooled at the
rate of 20 mKmin™" in the range 231-204 K and then cooled down to 90 K at the rate of 4
Kmin~'. There appeared heat evolution effect from 160 K to 195 K and heat absorption
effect above 195 K. Solid circles for § = 0.062 crystal, on the other hand, represent the
results of the sample precooled slowly at 20 mKmin~' in the range 233-167 K and then
cooled down to 90 K at the rate of 2 Kmin~!. Heal evolution was hardly observed and
heat absorption effect appeared above 160 K. Such dependence of heat evolution and

absorption effects on the precooling rates is characteristic of a glass transition.

The results for § = 0.098, 0.116, 0.123, and 0.131 crystals, which are plotted in
Fig. 3.8 on enlarged scales, indicate the similar dependence: Open circles represent the
results in the measurements in which the samples were precooled from 230 K to 90 K
rather rapidly at 5 Kmin~!'. Hcat evolution was observed around the ranges 160-230 K
for the respective crystals. Solid circles, on the other hand, stand for the results in the

!'in the range

measurements in which the samples were precooled slowly at 20 mKmin~
240-150 K. Rather only heat absorption cffect was observed above around 180 K for the
respective crystals. The observation thal the heat cvolution effect in the low-temperature
region below 220 K for the rapidly precooled sample changed to heat absorption effect for

the slowly precooled sample is just characteristic of a glass transition as in the case of §

= 0.062 crystal.

The samples of 6 = 0.067 and 0.073 crystals were precooled slowly at 4 mKmin™!
and 20 mKmin™!, respectively, in the range 230-170 K. The heat evolution and absorption
effects in the range 160-225 K and 180-230 K for the respective crystals are due to the glass
transitions. No appreciable heat evolution and absorption effect due to a glass transition

was observed in the sample with ¢ > 0.135.



dT/dt (uKs ™)

T (K)

Figure 3.8: Spontancous temperature-drift rates, shown on an enlarged scale, of § = 0.098

0.116, 0.123, and 0.131 crystals in the range 100-230 K.

9
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3.1.3.2.2 Phase transitions/phase separations The heat absorption effects above
about 230 K observed in all the crystals are due to phase transitions as follows. Heat
capacity curve of § = 0.047 crystal in Fig. 3.7(a) shows a small peak at 235 K. The peak is
assigned as due to a phase transition. The results of § = 0.062 crystal represented by open
and solid circles in Fig. 3.6(a) above 230 K show, in addition to high-temperature tail
of heat absorption due to the glass transition, a small heat absorption peak or shoulder
at 237 K and sluggish heat absorption effect continuing up to 270 K. Presence of the
sluggish heat absorption effect is clearly seen from the plots on an enlarged scale in the
bottom-right portion of Fig. 3.6(a). The anomaly at 237 K is due to a phase transition on
account that a heat capacity peak was observed at the same temperature as shown in Fig.
3.7(a), and the sluggish absorption effect continuing up to around 270 K corresponds to
some heat capacity contribution detected up to 265 K and indicates the presence of phase
transition gradually progressing with temperature. The combined appearance of the two
successive phase transitions suggests the progress of the processes such as cutectoid or
peritectoid phenomena.

§ = 0.067 crystal showed large heat absorption effect having two peaks at 237 K and
at 244 K, and hcat absorption continuing sluggishly up to 265 K. In view of the fact that
two heat capacity peaks were observed at the former two temperatures, the absorption
peaks at 237 K and 244 K were concluded to be due to the respective phase transitions.
The latter absorption effect up to 265 K is connected to rather sudden decrease in the
heat capacity curve at around 255 K, which corresponds to the temperature of completion
of phase transition progressing gradually with temperature.

§ = 0.073 crystal exhibited a large heat-absorption peak at 247 K and absorption
effect continuing sluggishly up to 275 K. Heat capacity curve showed correspondingly a
peak at 247 K and a shoulder at 270 K. The two anomalies are concluded to be caused by a
phase transition and the completion of phase transition progressing gradually, respectively.

6 = 0.098 crystal showed two heat-absorption peaks and two corresponding heat-
capacity peaks at 249 K and 278 K. These are judged to be due to respective phase

transitions. Above 278 K, spontaneous heat absorption effect continued sluggishly up to

57



above 290 K. This effect might be indicative of some change of state, as suggested from
shoulder at the corresponding temperature in the anomalous heat capacity curve given
later in Figs. 3.9(a) or 3.11(a).

In 6 = 0.116 and 0.123 crystals, a heat-absorption peak and the corresponding
heat-capacity peak appeared at 250 K and 240 K, respectively. Then, spontaneous heat
absorption effect continuing sluggishly up to around 280 K and 270 K, respectively, and the
corresponding shoulders in the heat capacity curve were observed. The bchaviors taking
place successively of both the heat absorption effects and anomalous heat capacities were
rather similar to those at 278 K and 290 K in § = 0.098 crystal.

6 =0.131, 0.135, and 0.141 crystals showed a heat-absorption peak and correspond-
ing heat capacity peak at around 270 K, 278 K, and 285 K, respectively, due to a phase
transition. It is found from Fig. 3.7(b) that the temperature of the transition in creases, the
shapc of the heat capacity anomaly becomes sharper, and the enthalpy of the transition
becomes larger as increa’sing the excess oxygen composition.

d = 0.150 and 0.154 crystals showed a sharp heat-absorption peak at 300 K and
sluggish heat absorption cffects up to 340 K and 360 K, respectively. The heat capacity
peak and difluse heat capacity anomaly were observed correspondin gly at the temperature,
300 K, of the heat-absorption peak and in the temperature range where sluggish heat
absorption effect was observed. It is concluded that the successive anomalies are due to
respective phase transitions. It is found from Fig. 3.7(b) that as increasing the cxcess
oxygen composition the magnitude of heat capacity peak at 300 K decreases, and on the
other hand the magnitude of diffuse heat capacity anomaly continuing up to 340 K or 360
K increases. Such two successive phasc transitions suggest the progress of the processes

such as eutectoid or peritectoid phenomena.

3.1.4 Anomalous heat capacities and antiferromagnetic ordering

The anomalous part of heat capacities due to phase transitions was estimated by sub-
tracting the contribution due to lattice vibrations of La,NiQ, crystal from the present

experimental values just as donc in section 3.1.1. Figures 3.9(a) and 3.9(b) show the
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Figure 3.9(a): Excess molar heat capacities of LayNiO4y5(0.047 < § < 0.116) crystals as
referred to the lattice heat capacities of LagNiO4 crystal derived from the data of phonon
density of states.®!
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Figure 3.9(b): Excess molar heat capacities of LayNi0415(0.123 < 6 < 0.154) crystals as
referred to the lattice heat capacities of La,NiQ, crystal derived from the data of phonon
density of states.®!
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estimated anomalous part of heat capacities. Anomalies as peaks or shoulders above 230
K were described above in the last section. Heat capacity jump due to a glass transition
was clearly demonstrated in the figures around 200 K for § = 0.062 and 0.067 crystals, 215
K for § = 0.073 crystal, and 220 K for § = 0.098, 0.123, and 0.131 crystals, respectively.
In & = 0.126 crystal, heat capacity jump was also observed around 220 K. In § = 0.154
crystal, a broad peak of heat capacity was observed around 230 K. Though the origin of
the anomaly is unclear, it is not related to rearrangement of excess oxygen atoms for the
following reason: If the anomaly were related to rearrangement of excess oxygen atoms,
the rearrangement motion should be frozen in around 220 K and thus corresponding heat

capacity jump should be observed there.

In addition to the anomalies due to phase transition and glass transition based
on rearrangement of excess oxygen atoms, there were anomalous heat capacitics found
over the wide temperature range measured; those appeared to begin at around 15 K and
remained up to above 400 K. These must be due to magnetic ordering/disordering of
spins in NiQ, planes similar to stoichiomctric crystal. Heat capacity peaks appearing at
55 K in & = 0.067 and 0.073 crystals and a shoulder around 60 K in § = 0.062 crystal are
interpreted as due to an antiferromagnetic phase transition accofding to literatures.?® ©3
It is noticed that the peak was sharp in the § = 0.073 crystal and became broad as the
§ decreased. Heat capacity anomaly was observed around 40 K in § = 0.098, 0.116, and
0.123 crystals, which was interpreted as due to an antiferromagnetic phase transition as is
consistent with literatures.®® As mentioned in section 1.2.3, heat capacity anomalies were
observed due to an antiferromagnetic phase transition at around 100 K in the vicinity of
§ = 0.13, as a sharp peak for § = 0.131 and 0.135 crystals and a broad one for § = 0.141
crystal. Figure 3.10 shows the excess heat capacities of § = 0.131, 0.135 and 0.141 crystals
on an enlarged scale. Open circles in the figure represent the same data as shown in Fig.
3.9(b), that is, the values of low-temperature phase with respect to order-disorder phase
transition of excess oxygen atoms. Solid circles in the figure represent values obtained
on heating the samples precooled rapidly at 20 Kmin™" from 300 K to 14 K, namely, the

values of the supercooled high-temperature phase. It is found that the anomalies around
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Figure 3.10: Excess molar heat capacities, shown on an enlarged scale, of § = 0.131, 0.135

and 0.141 crystals in the range 14-200 K: O, low-temperature phase; ®, supercooled
high-temperature phase.
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100 K were observed only in the low-temperature phases of § = 0.131, 0.135, and 0.141

crystals.

3.1.5 Entropies of order-disorder phase transition of excess
oxygen atoms

Since rearrangement motion of excess oxygen atoms is frozen-in below 180 K due to the
glass transition as described later, there should be no confribution to heat capacities
from change in the positional arrangement of excess oxygen atoms below 180 K. Only
small heat capacity jumps due to the glass transition were observed in the crystals with
0.062 < § < 0.141. The anomalous heat capacity curves of the crystals below 180 K seem
to be linked smoothly to the respective curves above 350 K except for & = 0.154 crystal,
as indicated by dotted lines in Figs. 3.9(a) and 3.9(b). The base line for § = 0.151 crystal
was estimated by interporating the data in the ranges 250-260 K and 380-400 K. Figures
3.11(a) and 3.11(b) show excess heat capacities, evaluated by subtracting the base lines
from the values in Figs. 3.9(a) and 3.9(b) respectively, based on order-disorder phase
transition of excess oxygen atoms of the crystals. The entropies of the phase transition
were estimated by integrating the excess heat capacity curves. These values are tabulated

in Table 3.3 and shown graphically in Fig. 3.12.

3.2 LagNiyO7,5 system
3.2.1 Heat capacities

Experimental‘molar heat capacities of LagNiyO7 g9 crystal are tabulated in Table 3.4 and
shown graphically in Fig. 3.13 in the temperature range 14-400 K. The heat capacity
curve is relatively smooth and no order-disorder phase transition was observed differently
from the behaivior in LagNiO4 ges crystal in spite of similar occupation number of excess

oxygen atoms within the interstitial layers.

63



AC, .. (K 'mol )

Figure 3.11(a): Anomalous heat capacities due to phase transitions of positional order-
ing/disordering of excess oxygen atoms in La;NiOgys crystals with 0.062 <46 < 0.116.
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Figure 3.11(b): Anomalous heat capacities due to phase transitions of positional order-
ing/disordering of excess oxygen atoms in LagNiO4s crystals with 0.123 < § < 0.154.



Table 3.3: Entropics of order-disorder phase transitions of excess oxygen atoms in
LayNiO,y 5 crystals ’

) AysS (JK~'mol~1)
0.062 0.91
0.067 1.28
0.073 1.35
0.098 1.77
0.116 1.13
0.123 0.97
0.131 0.96
0.135 0.99
0.141 1.28
0.150 1.14
0.154 1.28
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Figure 3.12: Entropies of order-disorder phase transition of excess oxygen atoms estimated
by integrating the data shown in Fig. 3.11.
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Figure 3.13: Molar heat capacities of LagNiyOr gy crystal.
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Table 3.4: Molar heat capacities of LagNiyO7gg1; B=8.31451 JK 'mol™!

Tav Cp,m Tav C1p,m Ta.v Cp,m
R K R K R

11.76 0.1589 50.34 5.450 b9.57 7.1562
12.37 0.1766 51.61 5.685 60.65 7.352
13.09 0.1946 52.87 5.918 61.76 7.558
14.02 0.2416 54.14 6.148 62.91 7.773
14.89 0.2816 55.41 6.385 64.08 7.991
15.71 0.3234 56.68 6.620 65.27 8.208
16.49 0.3696 57.95 6.860 66.49 8.429
17.32 0.4232 59.22 7.094 67.73 8.656
18.21 0.4892 60.49 7.331 69.00 8.886
19.13 0.5633 61.77 7.570 70.28 9.117
20.05 0.6450 63.04 7.805 71.59 9.353
20.99 0.7364 64.32 8.035 72.91 9.593
21.96 0.8427 65.61 8.269 74.25 9.835
22.95 0.9573 66.89 8.504 75.60 10.08
23.94 1.071 68.18 8.740 76.98 10.33
24.92 1.202 69.48 8.977 78.37 10.58
25.90 1.332 70.77 9.209 79.77 10.83
26.86 1.446 72.07 9.441 81.19 11.09
27.81 1.576 73.38 9.671 82.63 11.35
28.74 1.719 74.69 9.905 84.08 11.61
29.68 1.861 76.00 10.14 85.54 - 11.86
30.67 2.016 77.31 10.37 87.02 12.13
31.74 2.186 78.63 10.61 88.51 12.39
32.88 2.367 79.96 10.84 90.02 12.65
34.05 2.564 81.29 11.07 91.54 12.91
35.26 2.764 82.62 11.29 93.07 13.17
36.48 2.973 83.96 11.50 94.61 13.43
37.72 3.185 85.30 11.71 96.17 13.69
38.97 3.401 86.64 11.98 97.75 13.95
40.23 3.618 88.00 12.24 99.33 14.21
41.49 3.834 89.36 12.50 100.93 14.47
42.75 4.045 90.73 12.75 101.71 14.58
44.02 4.273 92.11 12.99 103.72 14.91
45.28 4.504 93.49 13.24 105.74 15.22
46.55 4.735 94.88 13.48 107.76 15.54
47.81 4.975 57.50 6.772 109.78 15.85
49.08 5.213 58.52 6.955 111.79 16.16
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Table 3.4: (continued)

E\i Cp,m Ty Cp,m Ty %
K R K R K R
113.79 16.48 191.68 25.35 288.19 30.75
115.78 16.79 194.09 26.56 291.16 30.88
117.76 17.09 196.52 25.74 294.15 31.00
119.74 17.38 198.97 25.93 297.15 31.12
121.72 17.69 201.43 26.09 300.17 31.20
123.71 17.99 203.90 26.27 303.20 31.27
125.71 18.25 206.39 26.44 306.25 31.40
127.72 18.54 208.90 26.59 309.32 31.52
129.75 18.83 211.42 26.74 312.40 31.61
131.78 19.10 213.94 26.97 315.49 31.74
133.83 19.39 216.49 27.12 318.61 31.83
135.89 19.64 219.05 27.32 321.73 31.95
137.96 19.92 221.63 27.18 324.88 32.08
140.05 20.17 224.22 27.65 328.04 32.18
142.14 20.45 226.83 27.78 331.22 32.27
114.25 20.68 229.16 27.94 334.41 32.38
146.37 20.97 232.10 28.09 337.61 32.48
148.51 21.23 234.76 28.22 340.84 32.57
150.66 21.45 237.43 28.38 344.07 32.70
152.82 21.71 240.12 28.57 347.33 32.78
154.99 21.94 242.83 28.70 350.60 32.85
157.18 22.19 245.55 28.84 353.88 32.92
159.38 22.41 248.28 29.01 357.18 33.08
161.59 22.65 251.03 29.17 360.50 33.15
163.82 22.88 253.79 29.32 363.83 33.22
166.07 23.10 256.57 29.38 367.18 33.30
168.32 23.31 259.37 29.56 370.54 33.38
170.59 23.53 262.18 29.74 373.92 33.48
172.88 23.75 265.01 29.81 377.31 33.69
175.18 23.96 267.85 30.00 380.72 33.67
177.49 24.15 270.71 30.08 384.15 33.78
179.82 24.38 273.58 30.20 387.59 33.87
182.16 24.58 276.47 30.28 391.04 33.97
184.52 24.78 279.38 30.40 394.51 34.07
186.89 24.96 282.30 30.53 398.00 34.15
189.28 2617 285.24 30.68 401.50 34.25
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3.2.2 Standard thermodynamic functions

Standard thermodynamic functions of LagNiyO7g91 crystal were evaluated with the ob-
tained heat capacity data according to the basic equations (3.4)-(3.6) on the assumption
that H(0) = 0 and S(0) = 0. Heat capacity values below 13 K were then estimated
by extrapolating the values below 20 K in terms of an odd-order polynomial function as

follows:

C,,,I,,/(JK—Hnol“l) = 9.401 x 1074T/K)* — 1.503 x 107°(T/K)® + 2.088 x 10~*(T/K)".
(3.8)

The evaluated values of standared thermodynamic functions are tabulated in Table 3.5.

3.2.3 Glass transition due to freezing-in of rearrangement
motion of excess oxygen atoms

Figure 3.14 shows spontaneous-temperature drift rates observed in the range 150-300 K.
Solid and open circles represent the values obtained on heating the samples precooled at
20 Kmin™! from 300 K to 90 K and at 20 mKmin™' from 240 K to 200 K, respectively.
The former sample showed heat evolution effect from 200 K to 260 K and absorption
effect then up to 275 K. The latter sample showed heat absorption effect from 220 K
to 275 K. Such heat evolution and absorption effects dependent on the cooling rate are
charactcristic of a glass transition, of course, due to freezing-in of rearrangement motion of
excess oxygen atoms. The glass transition temperature was determined from the empirical

relation to be 260 K.

3.3 LayCuQO,,; system
3.3.1 Magnetic susceptibilities of stoichiometric crystal

Magnetic susceptibility measurements of LayCuQy,gg, crystal were carried out under 50 Oe

in order to determine the temperature of antiferromagnetic phase transition. Figure 3.15
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Table 3.5: Standard thermodynamic functions of LaszNiyOr g91; R=8.31451 JK 'mol~!

Tav Com ATH? AlSse @°
K R R-K R R
0 0 0 0 0
10 0.0975 0.2557 0.0344 0.0088
20 0.6408 3.398 0.2318 0.0619
30 1.911 15.68 0.7124 0.1898
40 3.579 42.98 1.186 0.4117
50 5.384 87.60 2.474 0.7224
60 7.240 150.7 3.620 1.108
70 9.066 232.3 4.874 1.555
80 10.84 331.9 6.202 2.053
90 12.60 448.9 7.578 2.590
100 14.31 583.8 8.997 3.159
110 15.89 734.8 10.44 3.755
120 17.42 901.5 11.88 4.372
130 18.86 1083 13.34 5.006
140 20.18 1278 14.78 5.653
150 21.38 1486 16.22 6.309
160 22.48 1706 17.63 6.973
170 23.48 1935 19.03 7.641
180 24.39 2175 20.39 8.311
190 25.22 2423 21.74 8.983
200 25.99 2679 23.05 9.653

"o/ R =(AGS,

m

— AYHR /TR (to be continued)
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Table 3.5: (continued)

T o AV HE, AT Sy oy, °
K "R R-K R R

210 26.69 2943 24.33 10.32
220 27.35 3213 25.59 10.99
230 27.97 3489 26.82 11.65
240 28.55 3772 28.02 12.31
250 29.10 4060 29.20 12.96
260 29.59 4354 30.35 13.61
270 30.05 4652 31.48 14.25
280 30.45 4955 32.58 14.88
290 30.83 5261 33.65 15.51
298.15 31.12 5514 34.51 16.02
300 31.19 5571 34.70 16.13
310 31.54 5885 35.73 16.75
320 31.89 6202 36.74 17.36
330 32.23 6523 37.73 17.96
340 32.56 6847 38.69 18.56
350 32.85 7174 39.64 19.14
360 33.12 7504 40.57 19.73
370 33.38 7836 41.48 20.30
380 33.66 8171 42.37 20.87
390 33.94 8509 43.25 21.43
400 34.20 8850 44.12 21.99
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dT/d¢ / uKs™

Figure 3.14: Spontaneous temperature-drift rates observed during the heat capacity mea-
surements of LagNiyOr g9; crystal: O, precooled slowly at 20 mKmin™! from 250 K to 200
K; @, precooled rapidly at 20 Kmin™' from 300 K to 100 K.
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Figure 3.15: Magnetic susceptibilities of LagCuQy4 o2 crystal under H = 50 Oe L ab-plane.
T\ denotes a Neel temperature.
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shows the experimental magnetic susceptibilities of LayCuQy g9y crystal in the temperature
range 5-350 K. A magnetic susceptibility anomaly was observed at 316 K due to the

antiferromagunetic phase transition.

3.3.2 Heat capacities of stoichiometric crystal

Experimental molar heat capacities of LayCuQy g9y crystal are tabulated in Table 3.6 and
shown graphically in I'ig. 3.16 in the temperature range 13-330 K. The hecat capacity
curve is relatively smooth and no heat capacity anomaly was found at the temperature,
316 K, of antiferromagnetic phase transition. The polynomial function derived by being
fitted to the experimental heat capacities was used below as a base line for estimation of

excess heat capacities of nonstoichiometric crystals La,CuQyys.

3.3.3 Standard thermodynamic functions of stoichiometric
crystal

Standard thermodynamic functions of a Lay,CuQy ooz single crystal were evaluated with the
obtained heat capacity data according to the basic equations (3.4)-(3.6) on the assumption
that H(0) = 0 and S(0) = 0. Heat capacity values below 13 K were then estimated by
extrapolating the values below 20 K in terms of an odd-order polynomial function as

follows:

o/ (JK 1mol ™) = 1.922 x 1074(7'/K)? + 1.435 x 107%(T/K)® — 2.019 x 10~2(T/K)".
(3.9)

The evaluated values of standard thermodynamic functions are tabulated in Table 3.7.

3.3.4 Magnetic susceptibilities of nonstoichiometric crystal

Magnetic susceptibility measurements of the nonstoichiometric crystals LayCuQgys(8 =
0.011, 0.035, and 0.07) were carried out under the magnetic field of 50 Oe. Figure 3.17
shows magnetic susceptibilities of LayCuOy o35 single crystal under the field H 1 ab-plane
in the range 5-320 K. Two anomalies were observed at T\ = 265 K and 7. = 33 K duc to an
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Table 3.6: Molar heat capacities of LayCuQygp2; R=8.31451 JK~1mol~!

To Cpm T Com T Cpm T Cpym

K R K R K R K R
13.51 0.1185 64.94 5.541 151.56 12.97 250.24 16.88
14.27 0.1382 66.67 5.749 153.93 13.10 252.43 16.95
15.09 0.1721 68.45 5.953 156.31 13.24 254.73 17.01
16.82 0.2490 70.27 6.153 158.72 13.36 256.81 17.07
17.91 0.3063 72.14 6.372 161.14 13.49 259.00 17.12
19.74 0.4124 74.04 6.581 163.58 13.61 261.19 17.17
20.95 0.4953 75.99 6.802 166.03 13.74 263.38 17.21
22.53 0.6243 77.97 7.012 168.51 13.88 265.57 17.27
23.76 0.7250 79.98 7.230 171.00 14.00 267.50 17.33
24.99 0.8353 82.03 7.450 172.73 14.09 269.96 17.40
26.20 0.9530 84.11 7.664 174.78 14.19 272.15 17.46
27.32 1.061 86.22 7.887 176.82 14.28 273.74 17.52
28.46 1.173 88.37 8.101 178.85 14.38 275.10 17.54
29.46 1.278 90.55 8.314 180.87 14.48 277.13 17.55
30.47 1.386 92.75 8.520 182.28 14.55 279.16 17.60
31.49 1.485 94.99 8.734 184.86 14.66 281.19 17.63
32.52 1.606 97.29 8.959 187.46 14.79 283.21 17.67
33.66 1.743 99.35 9.139 190.08 14.89 285.23 17.71
34.90 1.885 101.41 9.318 192.71 15.00 287.25 17.74
36.17 2.020 103.48 9.503 195.37 15.13 288.46 17.78
37.87 2.231 105.56 9.681 198.05 15.25 290.50 17.84
39.46 2419 107.65 9.861 200.75 15.36 292.55 17.85
41.19 2.640 109.75 10.03 203.36 15.45 294.59 17.87
42.42 2.795 111.86 10.21 205.87 15.54 296.63 17.87
43.50 2.922 113.97 10.39 208.39 15.63 298.67 17.88
44.67 3.063 116.07 10.55 210.91 15.71 300.71 17.89
45.85 3.212 118.18 10.72 213.59 15.79 304.27 17.97
47.02 3.365 120.31 10.88 216.05 15.88 306.28 17.95
48.19 3.505 122.28 11.03 218.50 15.98 308.29 17.98
49.37 3.649 124.44 11.18 220.96 16.05 310.31 18.01
50.55 3.794 126.61 11.34 223.42 16.14 312.32 17.99
51.75 3.945 128.80 11.50 225.87 16.21 316.35 18.05
52.94 4.100 131.00 11.66 228.33 16.29 318.36 18.08
54.15 4.244 133.22 11.81 230.78 16.39 320.37 18.10
55.35 4.396 135.45 11.95 233.23 16.48 322.39 18.16
56.57 4.522 137.70 12.10 235.68 16.52 324.41 18.19
87.78 4.685 139.97 12.25 238.13 16.58 326.43 18.22
59.01 4.834 142.26 12.39 240.58 16.65 328.46 18.22
60.23 4.983 144.56 12.54 243.03 16.71 330.49 18.24
61.46 5.131 146.87 12.68 245.48 16.79
63.26 5.345 149.21 12.82 247.93 16.84
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IFigure 3.16: Molar heat capacities of LayCuOy g0y crystal.
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Table 3.7: Standard thermodynamic functions of LayCuQgg02; R=8.31451 JK™'mol™1.

T Afce ATH? YACHS A
K R R-K R R
0 0 0 0 0
10 0.0380 0.084 0.011 0.002
20 0.429 1.989 0.128 0.028
30 1.332 10.51 0.461 0.111
40 2.489 29.48 0.999 0.262
50 3.730 60.57 1.687 0.476
60 4.953 104.0 2.476 0.742
70 6.129 159.5 3.329 1.050
80 7.235 226.4 4.220 1.391
90 8.257 303.9 5.132 1.756
100 9.197 391.2 6.052 2.139
110 10.06 487.6 6.969 2.537
120 10.85 592.2 7.879 2.944
130 11.58 704.4 8.777 3.358
140 12.25 823.7 9.660 3.777
150 12.87 949.3 10.53 4.198
160 13.43 1081 11.38 4.620
170 13.95 1218 12.21 5.042
180 14.44 1360 13.02 5.463
190 14.89 1506 13.81 5.881
200 15.33 1658 14.58 6.297
210 15.68 1813 15.34 6.710
220 16.02 1971 16.08 7.119
230 16.36 2133 16.80 7.524
240 16.64 2298 17.50 7.926
250 16.89 2466 18.19 8.322
260 17.14 2636 18.85 8.715
270 17.40 2809 19.50 9.102
280 17.62 2984 20.14 9.485
290 17.79 3161 20.76 9.863
298.15 17.89 3306 21.26 10.17
300 17.91 3339 21.37 10.24
310 17.99 3519 21.96 10.61
320 18.11 3699 22.53 10.97
330 18.23 3881 23.09 11.33

"0, /R = (ATSe, — AVHS/T)/R

m
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Figure 3.17: Magnetic susceptibilities of LayCuOy 35 crystal under ficld cooling of H =
50 Oe L ab-plane.
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antiferromagnetic phase transition and a superconducting phase transition, respectively.
Figure 3.18 shows magnetic susceptibilities of LagCuQyg7 crystal in the range of 5-55 K.
One anomaly was observed al 44 K due to a superconducting phase transition.

It has been reported that the superconducting phase transition temperature is sen-
sitive to the cooling rate or annealing time around 200 K% ® as stated in section 1.2.2.
The annealing effects were examined in LayCuQ,q,, crystal as follows. Figure 3.19 shows
magnetic susceptibilities obtained on heating the LayCuQy;; powder crystal subjected
to following thermal pretreatments. When the sample was quenched at about 25 Kmin~?
from 320 K to 5 K (triangles in the figure), the Meissner effect started to appear at around
30 K and increased gradually with decreasing temperature and sharply below around 20
K. The two samples annecaled at 250 K and then quenched to 5 K in advance (squares
and diamonds in the figure) exhibited the diamagnetic Meissner effect starting at 33 K,
and the longer annealing there gave rise to the larger effect whilc holding the starting
temperature at the same 33 K. The samples annealed at 210 K after precooled to 5 K
(open and solid circles) showed the Meissner effect starting at 40 K. The difference in the
annealing periods between 20 h and 42 h did not make much difference in the Meissner

fractions.

3.3.5 Structural phase transitions of a displacive type in
LaQCuO4.011 and LagCuO4.035 crystals

Figure 3.20 shows experimental molar heat capacities of LagCuOy01; and LayCuOygss
crystals in the temperature range 14-360 K. Three heat capacity anomalics were observed
at around 290 K, 265 K, and 222 K duc to structural phase transitions of a second-order
type, a Martensitic type, and a first-order type, respectively, described below in detail.
Figures 3.21(a) and 3.21(b) show excess heat capacities of LayCuQO,q;; and
La;CuOyoss crystals, respectively, in the range 13-330 K; the values were evaluated by
subtracting the base line estimated by being fitted to the heat capacities of LayCuOy ggo
crystal, from the experimental heat capacities. (The values above 330 K could not be

evaluated because the heat capacities of LayCuQyqog crystal were measured only below
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Figure 3.18: Magnetic susceptibilities of LapsCuQ, g crystal in the temperature range of

5-60 K under H = 50 QOe.
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Figure 3.19: Magnetic susceptibilities of LayCuQy4p;; crystal in the temperature range of
5-50 K under H = 50 Oc: A, quenched at 25 Kmin™? from 320 K to 5 K; 0, <, annealed
at 250 K for 3 and 18 h, respectively, and then quenched; O, @, annealed at 210 K for 20
and 44 h, respectively, after the quenching from 320 K to 5 K.
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Figure 3.20: Molar heat capacities of LayCuQOy 011 and LasCuQy o35 crystals. The ordinate
is shifted upwards by 50 JK~'mol".
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Figure 3.21: Excess heat capacities evaluated by subtracting the base line, derived by
being fitted to the data of LagCuOy go2 crystal, from the experimental heat capacities: (a)

Lazcuo4.011; (b) LayCuOy 035.
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330 K.) The excess entropies estimated by using the excess heat capacities between 19 K
and 310 K were about 0.3 and 0.5 JK~—'mol~! for La;CuOy4.011 and LagCuOy gas crystals,
respectively. The smallness of the values suggests that the heat capacity anomalies involve
no order-disorder process of excess oxygen atoms.

Figures 3.22(a) and 3.22(b) show the heat capacities around 287 K and 295 K for
LayCuOy401; and LayCuOy s crystals, respectively, on enlarged scales. The respective
symbols represent the values obtained on heating the samples precooled from 300 K to
the temperatures written in the figures. In view of the fact that the respective three sets
of data are located on a single curve within their experimental errors and that no spon-
taneous temperature drift has been observed around the temperatures of the anomalies
immediately after the precooling treatments nor during the heat capacity measurements
on heating the respective samples, these phasc transitions are understood to be of a
second-order type.

Figures 3.23(a) and 3.23(b) show the heat capacities of LayCuO4011 and Lay,CuOy gas
crystals, respectively, around 265 K on cularged scales, where the respective symbols rep-
resent the values obtained on heating the samples precooled from 280 K fo the tempera-
tures written in the figures and dashed lines stand for the base lines used for estimating
the anomalous parts of heat capacities. The base lines were estimated by smoothly in-
terpolating the respective data in the ranges 270-280 K and 230-250 K. All of the five
sets and the four sets of data, respectively, were located on different curves depending
on the low tempcrature limit of each precooling, and meanwhile no appreciable sponta-
neous temperature drift was observed even just after the precooling nor during the heat
capacity measurements on heating the respective samples. The former indicates that the
transition is of a first-order type and the latter that the transition procecds in a short
time to a certain quasi-equilibrium state. These are characteristics of a Martensitic phase
fransition. Figures 3.24(a) and 3.24(b) show hysteresis loops of the enthalpy of transition
between the paths in the heating and cooling directions for LayCuOy1; and LayCuOy g5
crystals, respectively. The total transition enthalpies and entropies of LayCuOyqy; and

LayCuOy035 crystals were estimated to be about 5 and 14 Jmol™! and 0.02 and 0.05
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Figure 3.22: Heat capacities of (a) LayCuQOy0; around 287 K and (b) LayCuQy o35 around
295 K, on enlarged scales. Temperatures in the figure indicate the lowest temperatures

that each sample has experienced just before the measurements. Solid lines are guides for
eyes.
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Figure 3.23: Thermal hysteresis in the heat capacities observed around 265 K: (a)
LayCuOyq11; (b) LayCuOy gas. Temperatures in the figure indicate the lowest temper-
atures that each sample has experienced just before the measurements and dashed lines
represent the base lines for estimaling the excess part of heat capacity. Solid lines are
guides for eyes.
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Figure 3.24: Temperature dependence of the enthalpy of transition around 265 K for (a)
La;CuQy0y; and (b) LagCuOyps5: O, in the heating direction; @, in the cooling direction.
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JK 'mol ™1, respectively.

Figures 3.25(a) and 3.25(b) show the heat capacities and the spontaneous tempey.
ature drift rates, respectively, of LagCuQygy; crystal observed in the tempera‘cure—rating
periods of the measurements around 222 K. The sample quenched at 20 Kmin~! from 270
K to 150 K (squares in the figure) exhibited heat evolution starting at around 205 K apg
ceasing at 217 K and subsequently heat absorption in the range between 217 K and 9295
K. When annealed at 210 K for 4 h after precooling to 180 K (triangles in the figure), the
sample exhibited smaller heat evolution effect around 210 K than, but almost the same
magnitude of heat absorption effect around 222 K as the quenched sample did. In the
case where the sample was annealed at 210 K for 50 h (open circles in the figure), the heat
evolution entirely disappeared and larger heat absorption effect was observed than in the
previous cases. Mcanwhile the sample precooled from 270 K to 212 K (solid circles in the
figure) showed neither heat capacity anomalies nor spontancous heat evolution or absorp-
tion effects around 222 K at all. It is concluded from these that the anomaly in 200-225
K is attributed to. a first-order phase transition; namely, the heat evolution around 210
K corresponds to the high-temperature to low-temperature phase transition and the heat
absorption effect around 222 K to the opposite process. The observation that the sam-
ple precooled from 270 K to 212 K undergoes no transition from the high-temperature
to low-temperature phase at 212 K is understood as due to absence of the nucleus of
low-temperature phase. The understanding is reasonable in that a firsi-order transition
proceeds with two processes of the nucleation of a new phase and the growth and that
the nucleation tends to proceed in the low temperature range (away from the transition
point) where the Gibbs energy difference between the two phases becomes large ¢4 65 The
enthalpy and entropy of transition were evaluated to be 8 Jmol™! and 0.04 JK""mol™!,
respectively. Figures 3.26(a) and 3.26(b) show the heat capacities and the spontancous
temperature-drift rates of Lay;CuOy 035 crystal observed in the temperature-rating periods
of the measurements around 222 K s respectively. The sample was precooled rapidly at 10
Kmin™ from 300 K to 80 K, and exhibited the same heal evolution aud absorption effects

and the same heat capacity anomaly around 222 K as LayCuOy0;; crystal. Therefore, this
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Figure 3.25: Thermal anomalies of LayCuQ4011 observed around 222 K in the intermittent
heating process: (a), heat capacities; (b), spontaneous temperature drift rates; @, pre-
cooled from 270 K to 212 K; O, A, O, annealed at 210 K for 0, 4, and 50 h, respectively,
after the precooling from 270 K to 180 K.
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Figure 3.26: Thermal anomalies observed around 222 K in the intermittent heating pro-

cess for the rapidly cooled sample of La;CuOy035: (a), heat capacities; (b), spontancous
temperature drift rates.
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anomaly is understood to be caused by the same first-order structural phase transition as

observed in LagCuO4_011 crystal.

3.3.6 Stabilization phenomenon and structural phase transitions
of a displacive type in LayCuQO,; and LayCuO, 7 crystals

Figures 3.27(a) and 3.27(b) show spontaneous temperature-drift rates observed in the
heat capacity measurements of LapCuQOy0s and LayCuOygr crystals in the range 300-
400 K. Squares represent the values obtained on heating the samples prepared at room
temperature by electrochemical oxidation. Both the samples exhibited a heat evolution
effect starting at around 330 K. Circles represent the values obtained on heating the
saples annealed at 400 K for 60 h and 120 h, respectively. The annealed sample exhibited
no heat evolution nor heat absorption effect in the range 300-400 K any more. Therefore,
it is indicated that the heat evolution effect observed in the as-prepared sample is due to
irreversible stabilization from a quasi-stable (potentially mcta-stable) phase to a stable
phase. Figure 3.28 shows the spontancous temperature drift curve of LayCuQyes crystal
observed at around 400 K immediately after the series of heat capacity measurements for
the as-prepared sample were carried out from 300 K to 400 K. The'tempera‘uure change,
AT, due to the stabilization amounts to ~1.7 K. The magnitude of heat evolution, AHp,,
is evaluated as the sum of two contributions as follows. The first contribution is estimated
from heat evolution observed during the heat capacity measurements from 300 K to 400
K to be

AHp, = / Crovat /1 (4T /d8) dt ~ 0.2 kJmol ™!, (3.10)

where Cioar and n are gross heat capacity and the quantity of sample, respectively. The
second contribution is estimated from the heat evolution observed during the annealing
at 400 K to be

AHpms = Cioa1(400 K)AT /1 2~ 0.9 kJmol ™. (3.11)

The total enthalpy change is thus estimated to be AH,,, = AHy +AH, 5 = 1.1 kJmol~t.
Figures 3.29(a) and 3.29(b) show molar heat capacities of La;CuOy 05 and LayCuOy 07
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drift rates observed in the heat capacity mea-
surements: L, as-prepared sample; O, sample annealed at 400 K:

(a) LayCuOyys; (b)




t(h)

Figure 3.28: Spontaneous temperature-drift curve observed at 400 K immediately after

the heat capacity measurements of the as-prepared La;CuQy g5 crystal from 300 K to 400
K.
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Figure 3.29: Molar heat capacities of (a) LayCuQ, o5 and (b) LayCuOy4gr: O, as-prepared

sample; O, sample annealed at 400 K. The results of the annealed sample were shifted
upwards by 25 JK~!mol 1.
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crystals, respectively. Squares and circles represent the values of as-prepared and stabi-
lized samples, respectively. Both the as-prepared and stabilized samples of respective
crystals showed a heat capacity anomaly due to a superconducting phase trasnition at
around 41 K. The annealed samples of respective crystals showed two more heat capacity
anomalies; one is due to a Martensitic phase transition at around 280 K and the other
to a second-order phase transition at around 160 K. The two phase transitions were thus
realized only through the stabilization above 330 K.

Figure 3.30 shows the heat capacities of the stabilized sample of LayCuQys crystal
in the range 250-310 K on an enlarged scale. The respective symbols in the figure represent
the values obtained on heating the samples precooled from 320 K to the temperatures
written in the figure. All of the five sets of data were located on different curves depending
on the lowest temperature to which the sample was precooled before the measurements,
and meanwhile no appreciable spontaneous temperature-drift was observed even just after
the precooling nor during the heat capacity measurements on heating. It is therefore
concluded that the phase transition is of a Martensitic type. The dashed line in the figure
stands for a base line evaluated by interpolating the values in the ranges 200-250 K and
300-320 K. The enthalpy and the entropy of transition were estimated by using the base
line to be 24 Jmol™! and 0.096 JK~'mol~", respectively. In view of the smallness of the
values, the transition is concluded to be of a displacive type.

Figures 3.31(a) and 3.31(b) show the heat capacities of stabilized samples of
LasCuQyo5 and La,CuQy o7 crystals, respectively, in the range 140-170 K on an enlarged
scale, wherc the respective symbols represent values obtained on heating the samples
precooled from 200 K to the temperatures written in the figure.

Two or four series were located on the same curve independently of the lowest tem-
perature to which the sample was precooled beforehand, and there was no spontaneous
temperature-drift observed in the temperature range. The phase transition is thus con-
cluded to be of a second-order type. The dashed line in the figure stands for a base line
evaluated by interpolating the values in the ranges 50-100 K and 165-180 K. The enthalpy

and the entropy of transition were estimated by using the base line to be 15 and 37 Jmol™!
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Figure 3.30: Molar heat capacities of LayCuQOggs crystal plotted on an enlarged scale
around 280 K. Temperatures written in the figure represent the lowest temperatures to
which the samples were precooled from 320 K belore each series of measurements.
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Figure 3.31: Molar heat capacities plotted on an enlarged scale around 160 K: (a)
LayCuOyps; (b) LayCuOygr. Temperatures written in the figure represent the lowest
temperatures to which the samples were precooled [rom 200 K before each series of mea-
surements.
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and 0.10 and 0.23 JK~"mol ™!, respectively. Considering that the values are small, the

transition is concluded also to be of a displacive type.

3.3.7 Superconducting phase transitions

No heat capacity anomaly was detected within the experimental error in the
superconducting-transition temperature region in La;CuOy01; and La,CuOy gss crystals,
but, on the other hand, the heat capacity anomalies were detected around 40 K in
La;CuOy0s and Lay,CuOygr crystals. This is understood to be due to the difference
in the fraction of superconductive carriers.

This understanding is reasonable in view of the results of the magnetic susceptibility
measurements; the magnitude of Meissner effect at 5 K of La;CuOygr crystal is about a
hundred times larger than LayCuQgg; crystal. In order to estimate the heat capacity
Jump, AyC)y ., associated with a superconducting phase transition, excess heat capac-
ities, AC, 1, were calculated by subtracting the heat capacities of LayCuQ, gy crystal
from the observed values. Squares and circles in Figs. 3.32(a) and 3.32(b) represent the
excess encratics, A, Cp /T, as the excess heat capacities divided by temperature for the
as-prepared and stabilized samples, respectively, in the range 20-50 K. The superconduct-
ing phase transition was observed as showing a jump at around 41 K in the both samples.
The magnitudes of the encraty jump of LayC110, o5 and Lay;CuQy yr crystals are estimated
to be 10 and 18 mJK~?mol ™" for the as-prepared samples and 5 and 8 mJK~2mol~" for the
stabilized samples, respectively. The values of as-prepared samples are similar to thosc,
1.73~7.67 mJK ?mol~!, of Lay 51, Cu04(0.10 < 2 < 0.16) crystals,?” but, on the other

hand, the values of annealed samples are relatively large.

3.3.8  Glass transition due to freezing-in of rearrangement of
excess oxygen atoms and activation energy for the
positional jump of the oxygen atom

Solid and open circles in Fig. 3.33 represent the values of spontaneous temperature-drift

rates observed in two series of measurements of LayCuQy 05 crystal for the sample stabi-
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Figure 3.32: kKxcess encraties around superconducting phase transition temperatures for
(a) LazCuOy4p5 and (b) LagCuO4o7: O, as-prepared sample; O, sample annealed at 400
K.
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Figure 3.33: Spontaneous temperature-drift rates observed in the series of heat capacity
measurements for the LayCuQO g5 crystal stabilized at 400 K: @, sample precooled rapidly
at 1 Kmin™!; O, sample precooled slowly at 20 mKmin™!.
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!and at 20 mKmin™!,

lized at 400 K and subjected to precooling treatment at 1 Kmin~
respectively, from 200 K to 100 K. The rapidly precooled sample exhibited a heat evo-
lution effect starting at 140 K and ending at around 190 K, and the slowly precooled
sample a heat absorption effect starting at 145 K and ending at around 190 K. The heat
evolution and absorption effects are not associated with the phase transition at 158 K,
because the temperature of the heat absorption peak, 170 K, is clearly separate from the
transition temperature. The fact that a heat evolution effect observed in the rapidly pre-
cooled sample changed to a heat absorption effect in the slowly precooled sample lcads to
a conclusion that the heat evolution and absorption effects are due to a glass transition.
The glass transition temperature, Ty, at which the relaxation time is 10%s was determined
to be 170 K from an empirical relation, according to which the slowly precooled sample
exhibited a heat absorption peak.

The activation encrgy, Ae,, for the positional jump of excess oxygen atom is esti-
mated as [ollows. The relaxation time, 7, and frequency, f, for the jump are connected

by the relation

f=1/2nr. (3.12)
The jump frequency is expressed by
J =vexp(AS,/R) exp(—Ae,/ RT). (3.13)

where v, AS,, and R are frequency of translational vibration of excess oxygen atoms,
activation entropy and gas constant, respectively. Both of the Ae, and AS, are usually
considered to be independent of temperature. v is expected to be close to the Debye
frequency, 1.02 x 10'® Hz, which was estimated from the molar heat capacity valuc at the
glass transition tempcrature by assuming the crystal as a continuous solid composed of
7.05 x Nj atoms, where N, is Avogadro number. AS, can be estimated according to

Zener theory;®® 69

d(B/Bo)
dT
where B and By are bulk moduli at T and 0 K, respectively. Average value of d(B/By)/dT

AS, = —Ae, ) (3.14)

between 47 K and 310 K is calculated to be —4.21 x 1075 from the data of bulk modulus.™
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Using these values of d(B/B,)/dT and v and considering the fact that the relaxatio,
time at 7T, is 103, the activation energy for the jump of excess oxygen atom is estimateq
according to egs. (3.12)-(3.14) to be Ae, = 55.1 kJmol™!, and the relaxation time i
expressed by

T = 19exp(Ae,/RT) (3.15)

with 75 = 1.18 x 1075 which is reasonable from the values hitherto found.™
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Chapter 4

Discussion

4.1 LayNiO4, s system

4.1.1 Structural phase transitions of a successive type in
LayNiQO, g crystal

First, let us number the respective phases of LayNiOy g crystal in the order of decreasing

temperature for clarity;
V (I, =80K) IV (I} =150 K) III (Ty =330 K) 1I (7, =650 K) L

T, represents the temperature of I4/mmm-to-Bmab phase transition stated in section
1.1.2. The V-to-1V and IV-to-11II phase transitions would be interpreted as due to varia-
tion in the tilts of NiOg octahedra as stated in section 1.1.2. The successive (V-to-IV and
IV-to-11I) phase transitions displayed a heat capacity curve and characters, as shown in
Fig. 3.3, quite similar to those of a type of (locked-in commensurate)-to-incommensurate-

72,73,74, 75

to-(normal commensurate) phase sequence. The first transition is known to have

T, 24 59,60 and a relatively

a first-order character, showing the mixed phases around
sharp heat capacity peak. The second transition, on the other hand, showed a heat-
capacity anomaly of a second-order type as described above. Such a successive type of
anomalies has been found in some systems such as Rb,ZnCl,,"* ™ thiophene™ ™ and

chlorocyclohexane.?” In most of the systems, a remarkable impurity-doping effect has

been observed with respect to the (locked-in commensurate)-to-incommensurate phase
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transition; namely, the heat capacity anomaly due to the transition broadens and then
disappears with doping with a small amount of impurity: The reason is that a numbey
of different configurational structures are allowed as the incommensurately modulated
states only with a little difference in the energies and thus different structures can be
pinned easily by the presence of impurities. In this respect, it is noticed that no struc.
tural phase transition at 7, has been observed in LayNiOy gy crystal with only a little
amount of excess oxygen atoms.” Thercfore, the interpretation that the successive (V-to-
IV and IV-to-TII) phase transitions are classified as of a type of (locked-in superstructural
commonsurate)-t0~incommensurate—to—(normal commensurate) phase sequence is reason-
able at the present. The similar incommensurate phasc has been observed in a compound,

(CgH7NH3)2MnCl4 with the same Ko NiF-type structure at high temperatures.””

In view of the facts that the IV-to-III phasc transition is of the second order and
that the space group of phase I1T is Bmab,*® the only possible choice of the spacc group
for the phase IV is Pcen, a subgroup of Bmab in the symmetry elements. There are
two possibilities for the space group of phase V; Pcen and P4y /nem. The conclusive
choice for that is difficult only [rom the present data, but considering that the transition
at T, disappears in La;NOygy,7® the phase V is rather likely to be in the space group
Pecn. The reason is that the transition between the phases in the incommensurate Peen
and P4y/nem should have large jumps in the arrangements of tilts of NiQg octahedra
and thus in the energies, in comparison with the transition between the phases in the
incommensurate Peen or superstructural Peen, and the former is expected not to allow
the emergence of incommensurate pinning effects by impurities and thus of fading-out of
the locked-in commensurate-to-incommensurate phase transition. The interpretation is
rather consistent with the experimental result by Hayashi et al..?* Therefore the following

sequence of successive space groups is indicated in La,NiOy;

Locked-in superstructural Peen (T) incommensurate Peen (T\) Bmab.
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4.1.2 Phase relation in nonstoichiometric region

The 0-T phase diagram deduced from the present results is shown in Fig. 4.1. « designates
the high-temperature phase in which excess oxygen atoms would be essentially in the dis-
ordered state as discussed in section 4.1.2. 3, v, ¢, ( and ) designate the low-temperature
phases with 6 < 0.047, 6 = 0.07, 6 = 0.10, § =~ 0.14, and § > 0.154, respectively. &’
designates the intermediate phase which appeared in between e and « phases. The excess
oxygen atoms would be arranged in the somchow ordered way in the low-temperature

phases except for 8 phasc as discussed in section 4.1.2

In the range 0.067 < § < 0.098, rather sharp heat capacity peaks were observed
at around 247 K as shown in Figs. 3.7(a), 3.9(a), and 3.11(a). The peak temperatures
were essentially independent of the composition of excess oxygen atoms. A little difference
observed in reality is within the experimental error in view of the aspect that equilibration
time in the phase transition region was too long to obtain cxact equilibrium heat capacities
and thus the temperature of heat capacity peak. The magnitude of the peak was largest
in § = 0.073 crystal and smallest in § = 0.098 crystal among the three. In addition, heat
capacity anomalies were observed as shoulders at around 255 K a,nd‘ 270 K in 6 = 0.067
and 0.073 crystals, respectively, and as a sharp peak at 278 K in 6 = 0.098 crystal; namely,
the anomalies became remarkable and the temperatures increased as the excess oxygen
composition increased. The heat capacity peak at 250 K in § = 0.116 crystal seemed to
correspond to that at 278 K in § = 0.098 crystal, but the temperature of peak is definitely
lower at § = 0.116 than at § = 0.098. These observations are interpreted as characteristic
of phase separation of a peritectoid type proceeding in the range 0.067 < § < 0.098:
Low-temperature-stable € phasc is formed at around § = 0.10 and peritectoid compound
showing v phase is produced at around § = 0.07. The sample with ¢ in between 0.07
and 0.10 is expected to be composed of the {two crystals in the v and & phases at low
temperatures. The y-phase crystal decomposes at 247 K into high-temperature disordered
« and low-temperature ordered € phases. As the temperature increases, both the fraction

and the composition § of the o phase increase through the transition from ¢ to « phases.
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Figure 4.1: §-1" phase diagram of 1.agNiOgs crystal system deduced from the present
calorimetric results. « denotes the high-temperature phase with excess oxygen atoms in
the disordered arrangement, and 3, v, €, { and n the low-temperature phases with the
oxygen atoms arranged somehow in the ordered way.
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In the range 0.047 < § < 0.067, appreciably sharp peaks were observed at around
9236 K as shown in Figs. 3.7(a), 3.9(a), and 3.11(a). The temperatures were essentially
independent of the composition § of excess oxygen atoms in the range. The magnitude
of the peak appeared to be largest in § = 0.062 crystal among the three samples. The
peaks are interpreted as attributed to a eutectoid reaction between the low-temperature
B and « phases. Heat capacity shoulder at 265 K in § = 0.062 crystal would be due to a
phase separation between « and 8 phases. The eutectoid composition d. of excess oxygen
atoms is expected potentially to be located in between § = 0.062 and 0.067, and in view
of the fact that the heat capacities of § = 0.047 crystal in the range 235-340 K are larger
than those of § = 0.062 crystal as seen from Fig. 3.9(a), the phasc-separation temperature
at § = 0.047 would be above 340 K. The latter of the understanding is consistent with
the results of Tranquada et al?® and Tamura et al.'® The crystals in the composition
range &, < 6 < 0.07 such as § = 0.067 crystal arc expected to undergo following phase
transitions: The two, 8 and 7, phases present at low temperatures show a eutectoid
reaction at 236 K to transform to two, o and <, phases. The « phase transforms at 247 K
into a and ¢ phases through a peritectoid decomposition, and the whole crystal becomes
« phase with uniform composition § of excess oxygen atoms at some temperature above
247 K.

In the range 0.098 < § < 0.123, heat capacity anomalies were observed as a sharp
peak at 278 K, 250 K, and 240 K and as a shoulder at around 290 K, 270 K, and 260 K
in § = 0.098, 0.116, and 0.123 crystals, respectively, as shown in Figs. 3.7(b), 3.9(b), and
3.11(b). Though the two successive phase transitions are similar to those observed in § =
0.073 crystal, the sharp anomalies observed in this region are not peritectoid or eutectoid
transition because the both temperatures depend on the excess oxygen composition. The
successive a-to-¢’ and e-to-¢ phase transitions are discussed in section 4.1.3.3. In the
range 0.131 < § < 0.141, relatively broad heat capacity anomalies were observed at 270 K
and 278 K in § = 0.131 and 0.135 crystals, and relatively sharp anomaly was observed at
285 K in § = 0.141 crystal as shown in Figs. 3.7(b), 3.9(b), and 3.11(b). In view of the fact

that, with increasing the excess oxygen composition, the temperatures of phase transitions
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in the range 0.098 < § < 0.123 decrease, but, on the other hand, the temperatures of
those in the range 0.131 < § < 0.141 increase, it is indicated that the phase diagram iy,
the range 0.10 < § < 0.14 is a eutectoid type. But a eutectoid reaction the temperature
of which should be independent of the cxcess oxygen composition was not observed in the
present study. This observation is reasonable provided that the temperature of eutectoid |
reaction is lower than the glass transition temperature and thus the reaction docs not
occur within the experimental time scale. This understanding is consistent with the fact
that the heat capacity anomalies observed in § = 0.131 and 0.135 crystals tail on the low
temperature side. On the other hand, the heat capacity anomalies observed in § = 0.1186,
0.123, and 0.141 crystals are relatively sharp. According to the above understanding, it
follows that the ¢ values of these crystals are beyond the phase separation region at low
temperatures; namely, the low temperature states of § = 0.116 and 0.123 crystals are
composed of only ¢ phase, the low temperature state of § = 0.141 crystal is composed of
only ¢ phase, and thus the ¢ and ¢ phases show nonstoichiometry as shown in Fig. 4.1.
In the range 0.150 < § < 0.154, sharp anomalics were observed at 300 K which is
independent of excess oxygen composition, and broad anomalics were observed at around
340 K and 360 K in § = 0.150 and 0.154 crystals, respectively, as shown in Figs. 3.7(b),
3.9(b), and 3.11(b). These anomalies have a typical shape of phase transition of a peri-
tectoid or eutectoid type. Considering that the temperature of phase transition does not
show a maximum in the range 0.131 < § < 0.154, it is plaunsible that the phase diagram

in the range ¢ < 0.150 is of a peritectoid type as shown in Fig. 1.1.

4.1.3 Ordering processes and positional arrangements of excess
oxygen atoms

4.1.3.1 « phase
There are 2N, interstitial sites per mole of La;NiOy4, where Ny is Avogadro’s number.

Provided that excess oxygen atoms are arranged in the disordered way among the intersti-

tial sites, the entropy due to permissible positional arrangements of excess oxygen atoms
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in the completely disordered state is expressed by

Soa = keln{onCsn,}

—ZR{glng+<l—g> In (1—%)}, (4.1)

where kg and R are Boltzmann constant and gas constant, respectively. The values at

Q

different §’s are tabulated in Table 4.1. They are much larger than the observed entropies
of phase transition tabulated in Table 3.3. This means that the excess oxygen atoms are
not completely disordered in the « phase and/or not completely ordered in the v, €, and ¢
phases. However, in view of the facts that the ¢ values in the crystals used in the present
study correspond only to the occupation fractions of 0.03~0.08 to the whole interstitial
sites accessible to the excess oxygen atoms in the a phase and that a high-temperature
tail of the anomalous heat capacities due to the phase transitions was not observed as seen
from Figs. 3.7 or 3.9, the excess oxygen atoms are expected to be rather in the completely
disordered state in the « phase. It follows therefore that the excess oxygen atoms are not

arranged in the completely ordered way in the vy, €, and ( phases.

4.1.3.2 ~ phase

Tranquada et al.?® have observed (0,1,3) superlattice peaks based on the v phase in ¢ =
0.074 crystal in addition to (0,1,]5) superlattice peaks based on the ¢’ or € phase owing
to the phase separation. They suggested from the analysis of the superlattice peaks that
excess oxygen atoms are arranged to form stage-3 structure of the orthorhombic system
in the v phase. The structure was denoted as intercalated Bmab the unit ccll of which
is shown in Fig. 4.2. The NiOg octahedra rotate without their deformation about a-axis
similarly to Bmab structurc as shown in Fig. 1.3, but the phase of the tilt modulation
in the c-direction reverses at every layer in which excess oxygen atoms are accomodated.
Accessible sites to the excess oxygen atoms in the stage-3 structure are represented by
open circles in the figure. As seen from the figure, within a layer in which the excess

oxygen atoms are accomodated, the apical oxygen and lanthanum atoms located nearest

to the accessible site move away from the accessible site along the b-axis, and consequently
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Table 4.1: Entropies evaluated with respect to the permissible arrangements of excess
oxygen atoms in completely disordered state for LayNiO4 5 crystals

] So1 (JK™'mol™1)
0.062 2.30
0.067 2.44
0.073 2.61
0.098 3.25
0.116 3.68
0.123 3.84
0.131 4.02
0.135 4.11
0.141 4.24
0.150 4.43
0.154 4.51




a

Figure 4.2: Unit cell of stage-3 intercalated Bmab structure. Octahedra, solid and open
circles represent NiQg octahedra, lanthanum, and excess oxygen atoms, respectively.
Nickel atoms are omitted in the figure for clarity. The accessible sites to excess oxy-
gen atoms form lines along the a-axis, and the excess oxygen atoms are expected to be
arranged rather randomly among the sites in the line. The occupation fraction of the
excess oxygen atoms to the accessible sites is about 0.2.
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these atoms come close to the next interstitial site, along the b-axis, otherwise accessible to
excess oxygen atom. This makes it impossible for excess oxygen atoms to be accomodated
into the interstitial sites; namely, the accessible sites {o excess oxygen atoms form a line
along the a-axis and only every alternate, along the b-axis, line of the sites can be available
to the excess oxygen atoms. Thus, according to their structural model, the number of
accessible sites to the excess oxygen atoms is subjected to the restriction to amount to
Na/3 in the stage-3 structurc per mole of LayNiQy. Provided that the excess oxygen atoms
are arranged in the disordered way among the restricted accessible sites, the entropy based
on permissible positional arrangements of excess oxygen atoms in the stage-3 structure is

expressed by

SO,S = kB III{NA /SCMVA}
_?’ {361n(38) + (1 —38) In(1 — 36)}. (42)

Q

The phase transition in § = 0.073 crystal is recognized rather to be of the v to « phases.
The entropy of Sos amounts to 1.46 JK *mol™! for § = 0.073 crystal. The expected
entropy of y-to- phase transition for the § = 0.073 crystal is evaluated, by subtracting
So,3 from So 1, to be around 1.15 JK™'mol ™. The experimentally observed value is larger
by 0.20 JK"'mol™" than the evaluated onc. This means that the cxcess oxygen atoms
are arranged in a somewhat ordered way in the short range. § = 0.073 corresponds to
the occupation fraction of about 0.2 to the whole accessible interstitial sites within the
layer in which the excess oxygen atoms are accommodated together; namely, the atoms
are arranged every five sites on an average along the g-axis. Such an arrangement would
exist as a rather preferred short-range order in the 4 phase. The arrangement of atoms
in the long range is, of course, essentially in the disordered state.

In order to estimate the effect of short-range order in the arrangement of excess
oxygen atoms on the entropy of the y phase, the following problem is considered here;
When n atoms are arranged on the sites of a ring in which there are N sitcs as shown in
Iig. 4.3(a), what is the number of permissible arrangements of atoms under the restriction

(a) that any atom can not be located at nearest-neighbor sites of the other atoms? The
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Figure 4.3: Model for estimating short-range order present in the arrangement of n atoms
distributed among N accessible sites: (a), no atom can occupy the nearest-neighbor sites
to that occupied by the other atoms; (b), no atom can occupy the next ncarest-neighbor
as well as the nearest neighbor sites to that occupied by the other atoms. In (a), the
ring composed of N accessible sites, represented by dots, is recognized to be composed
of N clemental line-segments represented by arrow B. Arrow A represents a line segment
composed of two successive elemental line-segments, and indicates that a site represented
by a circle with dot is occupied by an atom. In (b), the ring composed of N accessible
sites is recognized to be composed of N elemental line-segments represented by arrow B.
Arrow A represents a line segment composed of three successive elemental line segments,
and indicates that a mid site, represented by a circle with dot, in the line segment is
occupied by an atom.
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restriction (a) is plausible for the case of La;NiO,ys crystal because repulsive coulom},
interaction should act between excess oxygen atoms(O?~ ions). The number of arrange-
ments under the restriction (a) is evaluated exactly as follows. It is considered that the
ring is composed of N clemental line-segments (of type B), each line-segment being made
by linking the two nearest neighbor sites on the ring, as represented by arrow B in Fig.
4.3(a). When an atom is located on a certain site of the ring as indicated by an open
circle in Fig. 4.3(a), the situation is defined by the line-segment (of type A) composed of
two successive elemental line-segments linked to the site occupied by the atom, as repre-
sented by arrow A in Fig. 4.3(a). The two elemental line-segments included in the arrow
A are never overlapped by the segments duc to the other atoms under the restriction
(a), because any atom can not occupy the nearest-neighbor site of the atom. It is thus
considered that the ring is composed of n line-segments of type A and (N —2n) elemental
line-segments of type B. The above problem is then reduced to counting the number of
permissible arrangements, in the ring, of n line segments of type A and (N — 2n) cle-
mental line-segments of type B. The number is expressed by n_,C,. Next, imaginc the
three-dimensional lattice composed of (2N, )7 x (2N4)7 x (2N4)7 lattice points which cor-
respond to interstitial sites for excess oxygen atoms in LayNiOyys crystal. In the stage-3
structure of the + phase, a line of the interstitial sites along the a-axis in the lattice form
the accessible sites to excess oxygen atoms, and the line may be considered as an above
stated ring with V = (2N,)3 and n = 38(2N,)3 if the problem of the ends of the linc is
ignored. Because there are (2/V5)% /6 lines of the accessible intorstitial sites in the lattice
for the stage-3 structure, the entropy based on the permissible positional arrangements
of cxcess oxygen atoms is expressed by,

Al

(&) _
Sos = kBln{(l 35)(2N) 3 (Jgs(zNA)él‘

—%ER{(1~35> 1335) (iigg)m(i{%)}' (13)

The cvaluated value 58123 for § = 0.073 is 1.28 JK~'mol™!, and the transition entropy is

}(2NA)%/6

&

evaluated, by subtracting this value from So,1, to be 1.33 JK~'mol™!, which is very close
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to the experimental value. Therefore, it is concluded that there exists a short-range order
of excess oxygen atoms in the v phase to the extent that the atoms do not approach the

nearest-neighbor accessible sites one another.

4.1.3.3 ¢’ and ¢ phases

Tranquada el al.?® have observed (0,1,%) superlattice peaks below 290 K in § = 0.105
crystal, though not observed successive a-to-¢’-to-¢ phase transitions discovered in the
present study. They suggested that the excess oxygen atoms are arranged to form stage-2
structure in the low-temperature phase as shown in Fig. 4.4, the tilt pattern of which
within each layer of accessible sites to the excess oxygen atoms is the same as that in
the stage-3 structure. Thus, provided that the excess oxygen atoms are arranged in the

disordered way among the accessible sites, the entropy based on permissible positional

arrangements of excess oxygen atoms in the stage-2 structure is expressed by

'SYO,Q - kB ]rn{NA/ZCSNA}
~ 2 02510(20) + (1~ 28) In(1 — 25} (4.4)

The phase transitions in ¢ = 0.098 crystal are recognized rather to 'be of the ¢ through
£’ to « phases. The entropy of So . amounts to 2.06 JK 'mol™! for § = 0.098 crystal.
The expected entropies of (stage-2 phase)-to-« for the § = 0.098 crystal is evaluated, by
subtracting So 4 from Sg ;, to be around 1.19 JK™'mol™'. The experimentally observed
value is larger by 0.58 JK~!mol™! than the evaluated one.

Two potential reasons would be considered for the difference between the experi-
mental and above-evaluated transition entropies, as follows. First reason is because the
presence of short-range order in the arrangement of excess oxygen atoms in the low-
temperature phase is responsible similarly to that discussed in the case of y(stage-3)
phase. Suppose the lattice composed of (2N4)3 x (2N4)3 x (2N,)5 lattice points as in
the discussion for the stage-3 structure. For the stage-2 structure, the line, along the a-
axis, of accessible sites to excess oxygen atoms is also represented as the ring shown in Fig.

4.3(a) with N = (2N4)? and n = 26(2N4)z, and there are (2NA)%/4 lines of accessible
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Figure 4.4: Unit cell of stage-2 intercalated Bmab structure. The occupation fraction of

the excess oxygen atoms is about 0.2 which is the same as in the stage-3 structure.
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sites in the lattice for the stage-2 structue. As one case, assume that the excess oxygen
atoms are arranged on the lines under the restriction (a) as in the stage-3 structure. The
entropy based on the permissible positional arrangements of excess oxygen atoms under

the restriction (a) is expressed by

) (2Nx)5 /4
50 ki In {(1~25)(2NA)%C25(2NA)%}

126 2 2 148\, (1-46\
e R{(1—25)h‘(1~25)+(1—25)1”<1~25)}‘ (1.5)

The evaluated S((;)Z for § = 0.098 is 1.86 JK~'mol™!, and the transition entropy is calcu-

&

lated, by subtracting this value from So,, to be 1.39 JK"'mol™!, which is still smaller
by 0.38 JK~'mol~!than the experimental value. From the aspect that the interaction
between excess oxygen atoms in the c-direction should be larger in the stage-2 structure
than in the stage-3 structure (because the layers in which excess oxygen atoms are ac-
comodated are closer to one another in the former structure), however, it is reasonable
to consider that the short-range order develops more in the stage-2 structure than in
the stage-3 structure. As another case for the potential short-range Yordcr, therefore, let
us assume the restriction (b) that any excess oxygen atom can not occupy, in addition
to the nearest neighbor, the next-nearest-neighbor sites of the other atoms. The ring is
recognized to be composed of N clemental line-segments as represented by arrow B in
Fig. 4.3(b). The elemental line-segment(type B) is made by linking the two ncighboring
points, each point being given by the mid point between the two neighboring sites. (It
should be noted that the definition of the elemental line-segment is different from that
in Fig. 4.3(a).) In this case, when an atom is located on a certain site of the ring, as
indicated by an open circle in Fig. 4.3(b), the situation with the restriction (b) is de-
fined by the line segment(type A) composed of three successive elemental line-segments
as represented by arrow A in Fig. 3.4(b). Thus, the ring in which n atoms arc arranged
is composed of n line segments of type A and (N — 3n) elemental line-segments of type

B. The number of permissible arrangements of two types of line segments is expressed by
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N-2:Up. Therefore, entropy of stage-2 structure under the restriction (b) is expressed by

o (2N) % /4
50,2 = kgln {(1—45)(2NA)% C25(21\’A)%}

1-49 26 26 1-65\ . (1—65
T2 R{<1~45>ln(1—45>+(1_45)1n(1_45>}. (4.6)

The evaluated ng)z for & = 0.098 is 1.59 JK'mol™!, and the transition entropy is calcu-

Q

lated, by subtracting this value from So,1, to be 1.66 JK~'mol~1, which is rather cloge
to the experimental value, 1.77 JK~'mol~!. Second potential reason why the {ransition
entropy evaluated by subtracting So,2 [rom So i is smaller than experimental value is that
there exists another long-range order in the arrangement of excess oxygen atoms in the ¢
phase besides that corresponding to the superlattice peaks (0,1 ,%) observed by Tranquada
ct al*® The base of this consideration is that successive phase transitions were observed
i the present study, while only one transition was observed in the neutron diffraction
study by Tranquada et al. The successive a-to-¢’ and &'-to-e phase transitions may be
two-step ordering ol excess oxygen atoms. That is, the & phase has the stage-2 structure
as suggested by Tranquada ct al., and some equivalent accessible sites to excess oxygen
atoms in the €' phase of stage-2 structurc would be divided into non-equivalent ones in
the e phase. It can not be concluded at present which of the two reasons stated above is
reasonable.

By the way, it was found that the transition entropy of o through &’ to e phases takes
a maximum value around § = 0.10 as shown in F 1g. 3.12. The transition entropy always
increases as increasing J around § & 0.10, when the entropy of ¢ phase is evaluated by
using the expressions of Sp 5, S(()a,)z, or ngé. Such entropies of ¢ phase were evaluated under
the assumption that the excess oxygen atoms are arranged among only the above-stated
accessible sites in the both ranges of § < 4. and § > 0, where &, is the stoichiometric
content of ¢ phase. However, the fact that the transition entropy decrcases with increasing
§ above § = 0.098 indicates that the assumption is not adequate at least in the range

d > d.. Thus, it is reasonable to assume that in the range d > 4., 0. Ny excess oxygen

atoms are arranged among the sites which are accessible in the range § < 4., and, on
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the other hand, (§ — d.)Na excess oxygen atoms remaining are arranged among the sites
which are not accessible in the range § < §.. The entropy of € phase in the range 6 > 4.

is thus expressed by
So.2 = ks In{n, 2Cs.n, } + kB In{an, 2C-s.)n, } (4.7)

under the condition that the ¢ phase has simple stage-2 structure without short-range nor
another long-range order discussed above as two potential orders present in the phase. The
compositional dependence of the transition entropies evaluated by subtracting the values
from So ; is shown in Fig. 4.5. It is found that the entropies decrease as increasing the 4 in
the range § > &.(d. is assumed to be 0.10 in the figure), which is qualitatively consistent
with the experimental results. This indicates that, when the occupation fraction in the
line of accessible sites exceeds ~0.2, the Gibbs energy of the system is rather stabilized
by locating the extra excess oxygen atoms on the sites unaccessible ordinarily in the

phase than on the accessible sites more densely.

4.1.3.4 ( phase

Tranquada et al.*® have observed two kinds of superlattice peaks (0,%‘,1) and (£,0,%) cor-
responding to 5a x 3b X 5¢ unil cell with respect to F'4/mmm notation below room
temperaturc in & = 0.125 and 0.136 crystals. (Note that the definition of ¢ and b axes
is taken opposite to that by Tranquada el al. in order to coincide presently with stage-2
and stage-3 phases. The adoption of different axes causes no problem because which of
a and b axes is longer was not determined without detection of orthorhombic splitting
by them.) They reported that the peak intensities can not be explained by the rotation
of NiOg octahedra as rigid, differently from the cases of stage-2 and stage-3 structures,
and thus the NiOg octahedra should be deformed. The deformation pattern of NiOg
octahedra was determined by analyzing the intensities of superlattice peaks on the as-
sumption that the scattering comes only from La;NiOy4 lattice with lanthanum, apical
oxygen and planar oxygen atoms with displacement from the respective positions in the

high-temperature F'4/mmm phase and nickel atoms without displacement. Then, they
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Figure 4.5: The whole entropy of e-to-¢' and &-to-o phase transitions as a function of
excess oxygen atom composition. Circles with error bar in the composition § represent
the experimental data. Solid line represents the dependence evaluated by subtracting the
quantities derived according to eq. (4.7) from those according to eq. (4.1).
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determined the locations of excess oxygen atoms among the interstitial sites having largest
space. The projections onto the bc and ac planes of the threc-dimensional arrangement
of excess oxygen atoms are shown in Figs. 4.6(a) and 4.6(b) corresponding to (0,5,1)
and (551-,0,%) superlattice peaks, respectively. According to their model, the composition
of excess oxygen atoms is § = 2/15(=0.133) and the phase transition is of (completely-
disordered)-to-(completely-ordered) phases with respect to the excess oxygen atoms; The
transition entropy should be expressed by eq. (4.1). The entropy, as tabulated in Table
4.1, is much larger than and can not explain the experimental value as stated in section
4.1.3.1. Tranquada et al. have, in fact, observed weak diffuse scaltering at 10 K and
mentioned that a small fraction of the excess oxygen atoms do not participate in the
threc-dimensional ordering. The disorder, however, must not be due to incompletencss
of the long-range order of arrangement suggested by Tranquada et al., because, if that
is in the case, the heat capacity jump duc to the glass transition should be rather large.
Therefore, the model suggested by Tranquada et al. is not quite compatible with the
present calorimetric result, and the disorder rather similar to those discussed in the v, &
and € phases should remain also in the ¢ phase according to the calorimetric results. The
picture of excess oxygen atom arrangement in the ¢ phase, which ekplains the results by

neutron diffractometry and calorimetry consistently, has not been established and is open

to a question.

4.1.4 Three-dimensional antiferromagnetic phase transition and
two-dimensional antiferromagnetic short-range-order
in LayNiO, oy crystal

The two-dimensional antiferromagnetic propertics have been studied in detail in K,NiF,
crystals by neutron diffraction technique' *' as stated in section 1.2.1. Heat capacities
of K;Nil, crystal were measured by Salamon and Tkeda ™ and the curve showed a small
peak at the transition temperature, 97 K, and a broad hump rather on the high temper-
ature side, as is consistent with the results of the neutron diffraction experiments. 4% 4!

Circles and squares in Fig. 3.4 represent the heat capacities due to magnetic ordering in
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Figure 4.6: Unit cell, suggested by Tranquada et al.,*® of the arrangement of excess oxygen
atoms and the deformation pattern of NiOg octahedra in the low-temperature phase with
0 = 2/15, as projected onto (a) be plane and (b) ac plane corresponding to (0,5,1) and
(4 0,2) superlattice peaks, respectively: Solid circles, excess oxygen atoms; diamonds,
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NiOg octahedra.
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LayNiO4 and K,NiFy crystals, respectively, for the normalization of the three-dimensional
antiferromagnetic transition temperature, Ty. Both results show a small peak at Ty and
a hump on the high temperature side of the peak. The two results are thus quite similar
to each other, indicating that the magnetic properties of La;NiOy4 crystal is of a K;NiFy
type. It is concluded that two-dimensional short-range order remains up to rather high
temperatures above 500 K. The total entropy estimated from the heat capacities in Fig.
3.4 below 500 K is about 10 JK 'mol~!. Even if the heat capacity tail on the high tem-
perature side is taken into the evaluation, the entropy would not exceed 15 JK 'mol™.
Considering the presence of some ambiguity that the baseline of heat capacities was de-
rived from the phonon density of states by neutron scattering experiment,®! it is concluded

that the value is rather close to RIn 3 expected from the spin of nickel ion.

4.1.5 Interrelation among orderings of holes, spins, and excess
oxygen atoms

The temperature of three-dimensional antiferromagnetic phase transition decreased as the
excess oxygen composition increased; 335 K, 60 K and 40 K for stoichiometric é = 0, v and
¢ phases, respectively. This is understandable on the consideration that the holes doped
into NiO, planes disturb the development of the short-range and correspondingly long-
range order of spins within NiQ, planes. This understanding is consistent with the results
that a hump in the excess heat capacity curve found around 430 K in the stoichiometric
crystal as shown in Fig. 3.3 was observed at lower temperature around 200 K in the
nonstoichiometric crystals as shown in Fig. 3.9. However, the transition temperature
abruptly increased, with further increase in the excess oxygen composition, up to 100 K
in the { phase. This is remarkable according to the above understanding. The reason for
the abrupt increase is discussed here in relation to orderings of holes and excess oxygen
atoms.

As stated in section 1.2.3, Tranquada et al.>? have observed stripe ordering of holes
around 220 K and cooperative antiferromagnetic ordering at 110 K in § = 0.125 and 0.136
crystals. They suggested that the holes are located at the oxygen sites of NiO; planes
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above 110 K, and arranged every three sites along the b-axis but still at random along the
a-axis as shown in Fig. 1.6. The stripe ordering of holes creates the regions, where there i
no hole, extending in the a- and c-directions. In each of the regions, the short-range order
of spins within NiO, plane can develop along the a-axis and inter-plane interaction along
the c-axis is not disturbed owing to the presence of holes, and thus threc-dimensiona]
antiferromagnetic phase transition would occur at relatively high temperature.

According to the results of Tranquada et al., the superlattice peaks corresponding
to the stripe order of holes were observed below 220 K and the magnitude increased
exponentially as the temperature decreased. In addition to this, considering that no heat
capacity anomaly was observed around 220 K in § = 0.131 and 0.135 crystals in the present
study, it is concluded that the charge ordering does not proceed through its own phase
transition. Judging from the fact that the magnitude of superlattice peaks corresponding
to the stripe order become too small to be observed above the temperature, 220 K, where
the heat capacity curves of § = 0.131 and 0.135 crystals rise up due to disordering of
excess oxXygen atoms, it [ollows that the hole ordering is strongly correlated with the
ordering of excess oxygen atoms. It is thus expected that the holes are trapped at the
neighbors of excess oxygen atoms at low temperatures, and that the stripe order of holes
should reflect the arrangement of excess oxygen atoms in the ¢ phase. The fact that the
antiferromagnetic phase transition did not occur in the supercooled « phase of § = 0.131,
0.135, and 0.141 crystals as shown in Fig. 3.10 is understandable from that the stripe
order of holes could not be achieved because the holes were trapped coupling with the
excess oxygen atoms arranged randomly.

In view of the reasonable expectation that the arrangement of excess oxygen atoms
along the a-axis and the positional correlation between hole and excess oxygen atom would
be cssentially same among v, ¢ and ( phases, one may consider that also in the v and ¢
phases the stripe ordering should occur and the temperature of three-dimensional anti-
ferromagnetic phase transition should be correspondingly high. However, the transition
temperatures arc lower in the v and ¢ phases. This may be undestood on the considera-

tion that the period of accessible sites to the holes in the b-direction is small and there is
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no wide region, where there is no hole, extending in the c-direction in the v and ¢ phases
in comparison with the { phase as shown in Figs. 4.2, 4.4 and 4.6, respectively.

The heat capacity anomaly due to the antiferromagnetic phase transition collapsed in
§ = 0.141 crystal compared with those in § = 0.131 and 0.135 crystals. This is understood
as due to the disturbance by the presence of extra excess oxygen atoms arranged among the
unaccessible, ordinarily in the { phase, sites and thus holes arranged between the stripes.
This result also supports the view that § = 2/15 is the stoichiometric composition for the

¢ phase.

4.2 LayCuQO, s system

4.2.1 Phase relation
4.2.1.1 Phase separation in the range 0.01 < J < 0.04

Phase separation phenomena have been reported by many research groups in the com-
position range including ¢ = 0.011 and 0.035. Considering that the phase transition
temperatures, 265 K and 222 K, are same between La,CuOggy; and LagCuQyggs crys-
tals, the compositions of two crystals are expected to be located within the same phase
separation region at the relevant temperatures. On the other hand, the transition tem-
peratures of the second-order phase transitions, 287 K and 295 K, are different between
the two crystals. One would consider two possible reasonings for that: One is that the
phase separation with respect to the excess oxygen composition occurs between 265 K
and 287 K in LayCuO4011 or between 265 K and 295 K in LayCuQyg3s5 crystal. When
the phase separation newly occurs, a large heat evolution effect should be observed as in
the case of LayNiQOg4ys crystal. However, such a relaxation phenomenon was not observed
at all below 300 K both in LayCuQOy g1y and LayCuQy 35 crystals. Therefore, this reason-
ing must be wrong. The other reasoning is that the phase separation phenomena with
respect to excess oxygen composition take place above 300 K in both crystals. Then, the
difference in the temperatures of the second-order phase transition can be understood as

follows. If the grain size of the phase in which the second-order phase transition occurs
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is small, the coopcrative effect causing the phase transition becomes weaker, and thyg
the transition temperature is lowered. Figure 4.7 shows the compositional dependence
of the temperature of second-order phase transition determined from the clectric resis.

1.%% The transition temperature riscs up to

tivity measurements carried out by Itoh et a
0 =~ 0.015, but remains constant above 0.015. This phenomenon is consistent with the
above understanding that the second-order phase transition occurs in the oxygen rich
phase: The grain size is large enough above § = 0.015 to undergo the transition at the
same temperaturc as that of bulk sample.

On the other hand, many research groups have reported that the phasc separation
phenomenon takes place at around 320 K,% 290 K% 32 280 K, and 265 K.37 %8 39 The
above interpretation seems to be inconsistent with these reports. It should be noted
that the conclusion of “phasc scparation phenomenon” taking place was based on the
results of neutron diffraction or electron microscopic techniques. The techniques are hard
to monitor rearrangement processes of excess oxygen atoms. The sitnation happening
would be understood as follows: The homogeneous single-phase crystal concerning both
the excess oxygén composition and the crystal structure first scparates to two phases
only concerning the composition al a certain high temperature above 300 K, but the two
phases separated have the same crystal structure, probably Bmab structure. The phase
separalion concerning excess oxygen composition can not be detected there by diffraction
or microscopic techniques. As the temperature decreases, one of the two phases separated
undergoes a structural transformation to another phase at around room femperature.
Then the diffraction or microscopic techniques can detect the structural phase transi-
tion. The previous research groups must have accordingly misunderstood the structural
transition to be a “phase separalion phenomenon”. Actually, all the reports concerning
the phase separation can be understood from the viewpoint that three structural phase
transitions occur in the oxygen-rich phase as stated in the following.

The evidences from which phase separation was concluded to occur are the results
of neutron diffraction studics of LayCuQO4q5(d & 0.03) crystals carried out by Jorgensen

et al® and by Zolliker et al;* new reflection peaks were obscrved below 320 K or 290
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Figure 4.7: Composition dependence of the temperature of the second-order structural
phase transition within a phase separation region: @, Itoh et al.; O, present results.®
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K, respectively, together with the peaks observed above the temperatures. Figures 4.8
and 4.9 shows the temperature dependence of lattice constants taken from the results of
Jorgensen et al. and Zolliker et al., respectively. The two results are nearly same except
for the phase separation temperature; /4/mmm-to- Bmab phase transition {akes place at
around 430 K, and phase separation into Bmab and Fmmm phases occurs at around
320 K or 290 K. The temperature, 290 K, is close to the temperature of the second-order
structural phase transition at 295 K observed in the present study. On the other hand, the
temperature, 320 K, reported by Jorgensen et al. is much higher than the temperature
of second-order transition. It may be due to difficulty in the two-phase analysis. Wells et
al? also reported by neutron diffraction measurements that the phase separation occurs
around 290 K in ¢ & 0.03 crystal which is close to the results of present calorimetric study
and neutron study by Zolliker ¢t al.

Ryder et al' also indicated the phase separation by using a microscopic technique.
They worked on LayCuOyqs polycrystal at room temperature, 200 K, and 100 K, and
observed two separated phases at 200 K and 100 K, suggesting that the phase separation
proceeded between room temperature and 200 K. (The sample was prepared by annealing
under 1800 atm of oxygen atmosphere at 823 K for 24 L, and the excess oxygen composi-
tion would be § =~ 0.03.) The separation temperature was determined to be 280 K based
on their results that the resistivity and Seebeck coeflicient were reproducible and inde-
pendent of cooling/hcating rate above 280 K. However, this hystercsis phenomena can be
explained as due to the first-order nature of the phase transitions at 265 K and at 222 K.

A few anomalies have been reported so far around 265 K in relation to phase sep-
aration but without any direct evidence. Vaknin ct al®” observed, by using a neutron
diffraction technique, an abrupt broadening of the (006) peak, and indicated the phe-
nomenon to be due to a phasc separation. (They did not obscrve the similar results to
those by Jorgensen et al. and Zolliker ¢t al. because of their lower resolution.) This phe-
nomenon can be understood by taking the presence of the Martensitic phase transition at
265 K into consideration; a Martensitic phase transition usually produces microcrystalline

particles due to the presence of the interfacial energies between the mother and daughter
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phases in the course of transition. Further, Hundley et al.%® observed hysteresis phenom-
ena around 265 K in resistivity, magnetic susceptibility, and thermoelectric power, and
indicated those as due to the phase separation. These results are also understood to be
due to the character of Martensitic phase transition.

The LayCuQyys crystals with § < 0.035 prepared by high pressure oxygen treat-
ment show three displacive phase transitions.®® ™ 5 The relation between these phase
transitions and those at around 280 K and 160 K observed in Lay,CuO, 05 and LayCuOy o7
crystals, is not clear at present. However, the temperatures of transitions in Lay;CuOy0s
and La,CuOygr crystals are clearly different from those in LayCuO,ps crystals with
0.015 < § < 0.035. It is concluded that § = 0.05 and 0.07 are beyond a region of
the phase separation relevant to ¢ < 0.035 crystals and that the phase separation line is

around & = 0.04.

4.2.1.2 Origin of stabilization phenomena observed in § = 0.05 and 0.07
crystals

Two possibilities are considered as the origin of the stabilization observed above 330 K in
§ = 0.05 and 0.07 crystals prepared by electrochemical oxidation: One is homogenization
of excess oxygen content in the crystal in which excess oxygen atoms were incorporated
heterogeneously by electrochemical oxidation at room temperature, and the other is a
phase transition from a quasi-stable (potentially meta-stable) phase to a stable phase. If
this is in the former case, in view of the fact that the heat evolution due to freezing-out
of rearrangement motion of excess oxygen atoms was observed at above 140 K, the heat
evolution phenomenon due to the stabilization should be observed at low temperatures
much below 330 K. Considering that the heat evolution phenomenon started to be ob-
served only at above 330 K, it is concluded that the stabilization is not only attributed
to rearrangement of excess oxygen atoms but to a phase transition in which a new-phase
nucleation is prerequisite. The reason why the as-prepared sample was in the quasi-stable
phase but not in the stable phase is considered to be because the samples before and

after the electrochemical oxidation at room temperature have different stable phases and
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because the phase transition between them did not proceed during the oxidation due tq
any difficulty in the new-phase nucleation and glowth processes. In view of the fact that
no heat evolution was observed in LayCuQgys (0 = 0.011 and 0.035) crystals prepared
by high pressure oxygen annealing above 400 K,% ™ the processes could proceed only
above room temperature and the § = 0.011 and 0.035 crystals would have undergone the
transition at high temperatures. Judging from the large heat-evolution effect observed,
enthalpy and entropy of the transition are supposed to be rather large. This indicates that,

the transition (stabilization) would involve an ordering process of excess oxygen atomms.

4.2.2 Character of antiferromagnetic ordering in LayCuOy gy
crystal

Heat capacity anomaly was observed at 330 K in LayNiO g crystal based on the three-
dimensional antiferromagnetic phase transition as shown in Iig. 3.1. It was understood
to be the same transition as observed in K,NiF, crystal as discussed in section 4.1.1.
On the other hand, no appreciable heat capacity anomaly was observed in Lay,CuOy g0z
crystal at 315 K which is clearly the temperature of three-dimensional antiferromagnetic
phase transition as found from the magnetic susceptibility measurements as shown in Fig.
3.15. This will be understood as follows from the fact that the in-plane Cu-Cu exchange
interaction constant, J ~ 1300 K, is much larger than the temperature, 315 K, of three-
dimensional antiferromagnetic phase transition. The large in-plane interaction means that
correlation length within CuO; plane is very large and two-dimensional antiferromagnetic
short-range order within CuO; plane rather develops cven just above the transition tem-
peraturc. Thus, the entropy change at the transition should be unobservable because no

appreciable change in the magnitude of spin order occurs at the transition.
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4.2.3 Annealing effects at 210 K and 250 K on the structural
phase transitions and superconductivity in La;CuO,
crystal

Let us number the respective phases for the crystal with § & 0.04 in the order of decreasing

temperature for clarity;
V (222 K) IV (265 K) HI (295 K) II (~400K) L

The structural phase transition around 400 K is the I4/mmm-to- Bmab phase transition.

Annealing effects around 200 K were examined in La;CuQOyqi1 crystal as shown
in Fig. 3.25. The annealing at 210 K enhances the IV-to-V phase transition as seen in
Fig. 3.25 (b); therefore, the annealed samples (open and solid circles in Fig. 3.19) are in
the phasc V, and the other samples are in the phase IV. The most remarkable point of
the results is that the phases IV and V give definitcly different superconducting-phase
transition temperatures, 33 K and 40 K, respectively. The first-order phase transition
at 222 K takes place undoubtedly in the oxygen-rich § = 0.04 metallic phase in the
crystal. It is noted that the superconducting-transition temperature would change with
small structural modifications of aloms under essentially the same arrangement of excess
oxygen atoms.

Another interesting feature in the LagCuOy1 crystal is concerned with the anneal-
ing cffect at 250 K after cooling from 320 K. Since the anomaly around 265 K is ascribed
to the Martensitic phase transition, the transition is expected to proceed relatively fast
but to produce microcrystalline particles due to the presence of the interfacial energies
between the mother and daughter phases in the course of transition. Then at 250 K
which is below the transition temperature region, the whole sample is necessarily in the
low temperature phase IV. In fact, the enthalpy of Martensitic phase transition did not
depend on the annealing period below 257 K as shown in Fig. 3.23 (a). The annealing
at 250 K is thus considered only to have enhanced the grain growth of the crystals. The
annealing effects observed on the superconducting-transition temperature 7. and on the

Meissner fraction are consistent with the above understanding. The 7, was independent
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of the annealing period: This is reasonable since the crystalline particles with the sizes
above a certain magnitude give the same 7. If the annealing at 250 K enhanced the
diffusion of excess oxygen atoms and the establishment of equilibrium § at the tempera-
ture, on the other hand, the T, would change with the annealing. The Meissner fraction
increased with the annealing period is increased: This is reasonable since the fraction
depends on the grain size of the crystals. Namely, the annealing at 250 K is understood
to help removal of the defects, dislocations, and/or grain boundaries produced through

the Martensitic phase transition.

4.2.4 Potential reasoning for the difference between some
features of phase transitions in La;NiO,,s and LayCuOyy
systems

The difference in transition-metal elements affects the ordering process of excess OXY-
gen atoms. The cooperative positional ordering of excess oxygen atoms was observed in
LayNiOy s system around room temperature above § ~ 0.06, but, on the other hand, in
LagCuOyys system it was expected to take place above 400 K even in § = 0.07 crystal.
The temperatures of the cooperative positional ordering arc thus different by at least
100 K between Lap,CuQ,4s and LayNiOgys systems. Here, the factors determining the
temperature of cooperative positional ordering is considered. The first [actor is coulomb
repulsion among excess oxygen atoms. The interaction would be screcened by holes in
MO; planes. The screening effect may be relatively strong in LagCuQyqs crystal rather
than La;NiOuys crystal, because the holes are itinerant in the former crystal but local-
ized in the latter crystal. The second factor is interaction among excess oxygen atoms
in opcration through the lattice deformation due to the presence of excess oxygen atoms
themselves. Considering that Cu-O(2)(apical oxygen) bond length is much longer than
Ni-O(2) bond length, it is supposed that elastic properties of M Qg octahedra and thus
interaction among excess oxygen atoms in operation through deformation or tilt of MOy
octahedra would be different from each other. The third factor is the effect of electronic

energy based on holes. The long-range ordering of excess oxygen atoms would lower the
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electronic energy in addition to lattice energy, particularly in La;CuQOg4ys crystal with
itinerant holes for the following reason. When excess oxygen atoms are arranged in the
disordered way, the band structure of the nonstoichiometric crystal is same essentially as
one of the stoichiometric crystal because the disordered arrangement does not change the
crystal symmetry, and thus holes occupy the edge of the valence band. On the other hand,
if the excess oxygen atoms are ordered in the long range, a new band structure is formed in
accordance with the new crystal symmetry, and the holes would occupy the lower energy
states than before the ordering. This consideration is similar to Hume-Rothery rule in
alloy. According to the rule, the crystal structure of disordered alloy appeared just below
the melting point is determined so as to lower the energy of free electrons. Similarly
to alloy, the excess oxygen atoms may be ordered so as to lower the energy of itinerant
holes in Lay;CuO4ys system. On the other hand, the electronic energy of localized holes
in LayNiOyys system does not appreciably depend on whether the arrangement of excess
oxygen atoms are ordered or disordered, because the energy state of the localized holes is
not essentially related to translational symmetry of crystal unless charge ordering occurs.
Thus, the effect of lowering in energy of holes due to the ordering of excess oxygen atoms
raises the ordering temperature in Lay;CuQy, s system rather than LasNiOgys system.

In relation to this, the both systems seem to show different behavior in the coupling
between lattice deformation and positional ordering of excess oxygen atoms: In LasNiOgys
system, the coupling is rather strong, the lattice deformation and the long range ordering
of excess oxygen atoms taking place simultaneously, namely cooperatively. In LagCuOy4ys
system, on the other hand, the ordering takes place at high temperatures and structural
phase transitions due to lattice deformation of CuQO, planes occur below room temperature
probably in some coupling with the change of electronic state in CuO, planes. This will
reflect the aspect that NiOg octahedron is rather tight so that the displacement of apical
oxygen atom would lead to the tilt of the octahedron constituting the NiO, lattice while
the apical oxygen atom of CuQOg octahedron is rather loosely bonded with the central
metal copper ion so that the positional ordering of excess oxygen atoms would occur

rather independently of phase transitions due to the lattice deformation of CuO; planes.
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4.3 Freezing-in process of rearrangement motion of
excess oxygen atoms

4.3.1 Proposition of relaxation time expression for the
rearrangement process of excess oxygen atoms and
effective diffusion distance

A relaxation time of the process (one-step jump process) that an excess oxygen atom
surmounts a potential barrier is expressed by eq. (1.2) as demonstrated in section 1.3,
Because the relaxation time is a mean time which it takes for an excess oxygen atoms to
surmount one potential barrier, it should take n times of the relaxation time of the one-
step jump process in the process (n-step process) that an excess oxygen atom surmounts n
potential barriers successively. The relaxation time, 7,,, of the n-step jump process would

be thus written as

T, = n Toexp(QAe,/RT). (1.8)

Here the Ac, is supposed to be more or less constant for all the jump processes within
the crystal. If the temperature of the system composed of many excess oxygen atoms
is changed, each atom would need to surmount plural potential barriers to reach the
equilibrium state of the system corresponding to the changed temperature. In the case
where the crystal is homogeneous with respect to excess oxygen composition, each atom
needs to surmount only several potential barriers to rcach the equilibrium state. Oun
the other hand, in the case wherc phase separation occurs in the crystal with respect
to excess oxygen composition and that the equilibrium composition of at least one of
two phases separaled depends on the temperature, each atom needs to surmount many
potential barriers in the rearrangement process required through the temperature change
because the atom must diffuse over so long distance that the excess oxygen compositions
of two phases separated should change. Heat evolution or heat absorption due to the
positional jump of excess oxygen atom occurs, of course, in the cases whether the atoms
surmount one potential barrier or many potential barriers. Thus, the heat evolution or

heat absorption can be detected at temperatures in which any relaxation time expressed
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by eq. (4.8) with 1 < n < ny.x overlaps the experimental time scale of calorimetry, where
Nmax cOrresponds to a maximum number of the potential barriers which each excess oxygen
atom needs to surmount in the rearrangement/ordering process. Of course, nya, is an
ambiguous quantity.

If there is no gradient in the potential curve for excess oxygen atoms in a crystal,
the atom jumps at random in any directions, and the effective diffusion distance, [, after

n-step jumps is expressed on consideration of the random walk problem to be,

[ =+/n a, (4.9)

where a corresponds to the jump distance of one-step.® Of course, there is a gradient in
the potential curve in the phase-separated crystal such as LagNiOgs. However, it would
be valid to estimate the order of the effective diffusion distance by eq. (4.9). In the case
where phase separation occurs in the crystal with respect to exces oxygen composition,
the effective diffusion distance corresponding to np., would correspond to the distance
between oxygen rich and poor phases in the order of magnitude. According to the results
of electron microscopy and neutron diffraction studies of LasCuQy41s crystals carried out
by Ryder et al*® and Jorgensen et al.®, oxygen rich and poor phases are located alternately
with a periodicity of ~300 A and ~3000 A, respectively. These values correspond to ~10%
and ~10° in the values of nyay, respectively, because a is about 3 A. On the other hand, in
the homogeneous crystal the effective diflusion distance would be about a several angstrom
at longest, corresponding to 10 in the value of nya,. The solid lines (a), (b) and (¢) in Fig.
4.10 represent the temperature dependences expressed by eq. (4.8) with n = 1, 10, and
10%, respectively. The experimental time scale of calorimetry is represented by the region
between two dotted holizontal lines. The region represented by the arrows (d) and (e)
show the glass transition temperature region in the cases of npax = 10 and nya, = 104,
respectively. It is clearly seen from the figure that the glass transition temperature regions
are wide and relatively narrow in the cases with and without long-distance diffusion of

excess oxygen atoms, respectively.
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Figure 4.10: Arrhenius plots of relaxation times of eq. (4.8): line (a), one-step jump
process; line (b), 10-step jump process; line (c), 10%-step jump process. Two horizontal
dashed lines represent the boundaries of the range of experimental time scale, 102-10°
s, by a precise adiabatic calorimetry. Arrows (d) and (e) represent the glass transition
temperature regions involving I~10-step processes and 1~10%-step processes, respectively.
See text for detail.
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4.3.2 Freezing-in processes in LayNiOy.; crystals

4.3.2.1 Freezing-in of long-distant diffusion of excess oxygen atoms

Figure 4.11 shows Arrhenius plots of the relaxation times of LayNiOy g¢2 crystal, estimated
from the temperature range where heat evolution or absorption effect was observed. The
activation energy of the one-step jump process corresponding to n = 1 in eq. (4.8) is
estimated from the relaxation data at low temperatures. In view of the fact that the
exothermic drift starts to be observed at around 160 K, the relaxation time of the process
is in the order of magnitude of 10° s there, as plotted by an open circle. The straight
line (a) represents the temperature dependence of the relaxation times for the one-step
process according to the Arrhenius eq. (4.8) assuming that 7o = 10~ 5. The activation
energy, Ae,, of the one-step jump process is estimated from the slope of the line (a) to

be 61 kJmol™1.

In view of the fact that the endothermic drift could not be detected above around
250 K, the relaxation time of n,,-jump process is in the order of magnitude of 10? s there,
as plotted by a open square. The straight line (b) represents the temperature dependence
of the relaxation times for the nua.jump process, which is drawn as the data of open
square is located on. The suitable value of Nmay 18 ~10%®. This indicates that each excess
oxygen atom needs to surmount ~10%° potential barriers in the order of magnitude until
the crystal reaches new equilibrium state by each temperature jump. It follows from the
above consideration of random-walk problem that the effective diffusion-distance of excess
oxygen atoms in the equilibrium process is ~150 A more or less in one direction. The
offective diffusion distance is not inconsistent with the value, ~300 A expected from the

structural data of related crystal LayCuQO 5.4

§ = 0.067 and 0.073 crystals also showed a glass transition phenomenon in the wide
temperature range(from 150 K to ~230 K) as shown in Fig. 3.6(a), which gives an evidence
of the occurrence of phase separation with respect to excess oxygen composition in the

range.
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Figure 4.11: Arrhenius plots of relaxation times in La;NiOy ggy crystal: line (a), one-step
jump process; line (b), 10**-step jump process. Open circle and square represent the data
corresponding to the lowest and highest temperatures beyond which no heat evolution

nor absorption was observed. Two horizontal dashed lines represent the boundaries of the
range of experimental time scale, 10%-10% s, by a precise adiabatic calorimetry.
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4.3.2.2 Freezing-in of short-distant rearrangement of excess oxygen atoms in
¢ phase

The glass transitions were also observed in homogeneous € phase in 6 = 0.098, 0.116 and
0.123 crystals as shown in Fig. 3.8. They should be due to the short-distant rearrangement
of excess oxygen atoms. Two origins of the freezing-in process are considered as follows:
One is the development of long-range order(in other words, the partial disorder remaining)
of the arrangement of excess oxygen atoms along the b- and c-axes with respect to a-to-¢'-
to-¢ successive phase transitions, and the other is short-range ordering with respect to the
arrangement of excess oxygen atoms along the ¢-axis in the € phase. Which is responsible
for the observed glass transition is not clear at present. Judging from the facts that glass
transition was observed in & = 0.131 crystal but that no appreciable heat evolution nor
absorption effect due to glass transition was observed in § = 0.135 and 0.141 crystals, the
glass transition observed in § = 0.131 crystal would be owing to larger amount of the «

phasc remaining cven at low temperatures as compared with § = 0.135 and 0.141 crystals.

4.3.3 Freezing-in of short-distant rearrangement. of excess
oxygen atoms observed in La,CuOqs crystal

It is found that the rearrangement motion of excess oxygen atoms is frozen-in at around
170 K in LayCuOy 05 crystal. The temperature, 140 K, at which the heat-evolution effect
was started to be observed for the rapidly precooled sample is close to that, 160 K,
for the LagNiOy sz crystal. The temperature region of the glass transition, 140-190 K,
is however narrower than 160-250 K in the case of La;NiO4gge crystal as stated in the
last section. The narrow temperature region of the glass transition indicates that it is
not associated with a phase separation but with freezing-in of short-distant rearrangement
motion of excess oxygen atoms in homogeneous phase. The same plot of relataxtion times
for LayCuOy 05 crystal as is shown in Fig. 4.11 is given in Fig. 4.12. The 1.y ~ 1015 was
obtained from the plot, which is consistent with the interpretation of the glass transition

as due to the freezing-in of the short-range rearrangement.
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Figure 4.12: Arrhenius plots of relaxation times in La;CuOy g5 crystal: line (a), one-
step process; line (b), 10'°-step process. Open circle and square represent the data
corresponding to the lowest and highest temperatures beyond which no heat evolution
nor absorption was observed. Two horizontal dashed lines represent the boundaries of the
range of cxperimental time scale, 10%-10° s, by a precise adiabatic calorimetry.
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4.3.4 Characters in the crystal structure determining the glass
transition temperature

The heat evolution and absorption effects due to glass transition were observed in the
temperature range 200-270 K in LasNiyO7 oo crystal. Because the temperature region 1s
relatively wide, it might be concluded that the crystal is phase separated with respect to
excess oxygen composition as well as La;NiOy g6z crystal. However, it is noticed that the
presence of stacking faults of 1.aNiO; and LaO layers has been reported in LazNizO7ys
and LayNizOqo crystals.® Actually, the X-ray diffraction peaks of LasNizOroe1 crystal
were found to be broad as compared with those of La;NiO4s crystal, as consistent with
the presence of stacking faults. Therefore, the wide glass transition temperature region
would be based on the presence of the wide distribution of activation energies in the

crystal owing to the presence of stacking faults.

When an excess oxygen atom changes its position, it must push away apical oxygen
atoms, 0(2), which surround the excess oxygen atom. It is thus expected that the ecasier
the pushing away of apical oxygen atoms is, the lower the activation energy for the
diffusion of excess oxygen atoms; that is, the longer the distance between transition metal
atom, M, and the apical oxygen atom is, the more easily the apical oxygen atoms would be
pushed away. Figure 4.13(a) shows the relation between M-O(2) distance, dy—o(2), and
the temperature, T ¢, at which appreciable heat evolution effect due to the glass transition
started to be observed, for LayCuQygs, LagNiOy e and LazNiyO7o0 crystals.(The M-
0(2) distances plotted in the figure are the values in the respective stoichiometric crystals.
See Table 1.1 for the values in La;CuOy4 and LayNiQ, crystals and literature! for that in
LagNi Oy crystal.) It is found that Ty and therefore the activation energy for the diffusion
of excess oxygen atoms become small with increasing the M-0(2) distance, indicating that

the expectation is quite reasonable.

Another correlation was found between the glass transition temperature and the
volume, v;, of the interstitial site, where the excess oxygen atom is accomodated, as

shown in Fig. 4.13(b); the values are for the respective stoichiometric crystals. It is
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Figure 4.13: (a) The relation between M-0(2) dgs’gance, dur—o(z), and the temperature,
145, at which appreciable heat evolution effect due to the glass transition started to be
observed; (b) The relation between Tgs and the volume, i, of the interstitial site, where
{he excess oxygen atom is accomodated: O, LayCuOy g5 00, LagNiOy g6z &, LagNiy Oy g1
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deduced from the figure that the activation energy for the diffusion of excess oxygen
atoms becomes large with increasing v;. The correlation is interpreted as follows: The
activation energy is the difference in energy between the two states where the excess
oxygen atom is located at a stable interstitial site and at a saddle point between the
neighboring interstitial sites, as represented by marks x and + respectively in Fig. 4.14(a).
The spatial circumstances of the oxygen atoms located at the stable site and the saddle
point are dipicted in Figs. 4.14(b) and 4.1A4(c) respectively for LagNi;O7 crystal which has
the largest v; among the three systems as cross sections of planes drawn by thick solid
and dashed lines in Fig. 3.14(a), respectively. Open circle drawn by thick line and shaded
circle represent apical oxygen atom and Janthanum atom, respectively, and open circle
drawn by thin line represents excess oxygen afom located at the respective sites. The
ionic radii of 0*~ and La*" are 1.40 A and 1.15 A, respectively. As seen from the figures,
both the distances between the stable site and the surrounding atoms and between the
saddle point and the surrounding atoms are smaller than the sum of ionic radii of excess
oxygen ion, 0¥, and the corresponding surrounding ion, 0%~ or La®*t. The situation
is same in the other two systems, La;CuQOy4 and La,NiOy4 crystals. Thus, the energies
of the both states become lower with increasing v;. The dependence of the energics of
the respective states on v; should be, however, diffcrent from each other. When located
at the stable site, the excess oxygen atom is surrounded by four apical oxygen atoms
and four lanthanum atoms and the average distance between the excess oxygen atom
and each of the surrounding atoms is '\/gvi%. On the other hand, when located at the
saddle point, the excess oxygen atom 1s surrounded by two apical oxygen atoms and two
lanthanum atoms and the average distance between the excess oxygen atom and each
of the surrounding atoms is «\/‘Zvi%. Therefore, as v; increases, the distance between the
stable site and the surrounding atoms increases in proportion to v/3, but the distance
between the saddle point and the surrounding atoms increases in proportion to V2. In
addition, the coordination numbers are eight at stable site and four at saddle point.
The both factors are expected, in a certain range of v;, to lead to faster decrease in the

energy at the stable interstitial site rather than at the saddle point. In such situations,
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Figure 4.14: (a) Interstitial site with the stable site and saddle point for excess oxygen
atom as represented by the marks x and 4, respectively. Open and shaded circles repre-
sent apical oxygen atom and lanthanum atom, repsectively. The cross sections of plancs
drawn by thick solid and dashed lines in F ig. (a) when an excess oxygen atom, which
represented by open circle drawn by thin line in Figs. (b) and (c), is located at (b) the
stable site and (c) the saddle point, respectively. The values of distances indicated in the
figure are for those in LagNi, O, crystal. Open circle drawn by thick solid line and shaded
circle represent apical oxygen atom and lanthanum atom, repsectively.
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the activation energy, namely the difference in energy between the relevant two states

becomes large with increasing v;.
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Chapter 5

Concluding remarks

Adiabatic calorimetry was demonstrated to be a very effective technique so as to clarify
the thermodynamic(static) and kinetic properties of nonstoichiometric crystalline systems.
This technique will be successfully applied to studies on other similar systems in future.

Many interesting features have been disclosed concerning the phase relation in the
present systems. First, it is noticed that the eutectoid and peritectoid phase forma-
tion/decomposition and solid solution formation take place with respect to the composi-
tion of excess oxygen atoms in LayNiOyys systems. These will be generally found in many
other nonstoichiometric crystalline systems. In relation to this, how the low-temperature
structures are stabilized at discrete compositions of excess oxygen atoms in LasNiOys
system has not been clarified yet completely. The clarification gives an interesting subject
in the future work. Second, LayNiO4 5 and Lap,CuQyys systems show different behaviors.
The coupling between the positional ordering of excess oxygen atoms and the lattice defor-
mation of NiQ, planes in LagNiOyys system seems to be stronger than the corresponding
coupling interaction in La;CuQOyys system: In the former system, the ordering and the de-
formation take place simultaneously in one phase transition, while in the latter system the
two proceed rather separately through different phase transitions. This was interpreted
as duc to the difference that the NiOg octahedron is rather tight in the bonding and the
apical oxygen of CuOg octahedron is rather loosely bonded. Such a difference in the coor-
dination bonds of M Qg octahedea between copper and some other transition-metal ions

has been reported in many fields of inorganic chemistry. The difference in the coupling
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would be one consequent of the aspect appearing in the present systems. In relation tq
this, some potential reasonings werc raised for the observation that the temperature of
the long-range ordering of excess oxygen atoms is higher by over 100 K in La,CuQ, +5
than that in L.azNiO4ys with same § & 0.06. The determination of which reasoning is
adequate to the evaluation is desired in future. Third, interesting features are found in
the magnetic properties. One is that strong coupling exists between the ordering of excess
oxygen atom positions and the ordering of magnetic spins on NiO, planes in LayNiO, 4
crystal: The magnetic phase transition takes place only under the ordered arrangement
of excess oxygen atoms. This is quite interesting in the respect that the holes introduced
into the NiO, planes are coupled in their positions to the excess oxygen atoms in the
crystal and therefore under the ordered arrangement of excess oxygen atoms the spins on
nickel ions could form the {wo and partially three dimensional extension as a region with-
out hole. This mecans that the holes in La;NiOyys crystal are localized, as is consistent
with the fact that the crystal is semiconductor or insulator. Another feature is that the
antiferromagnetig phase transition in La,CuQy crystal disappears and instead supercon-
ducting phase transition appears with rather small amount of d, and on the other hand
the antiferromagnetic phase transition in La;NiOy crystal remains through the § range
measured in the present study. In reality, the antiferromagnetic ordering in LayNiO,
has been observed in the low-temperature phase with ordered arrangement of excess oxy-
gen atoms. These would be interpreted, as well, based on the aspect that the holes are
apt to be rather fixed on some local sites in LayNiOyys while rather itinerant over CuQy
planes in La,CuQ,,s. Fourth, it is noted that there exists naturally a strong correlation
between the manner of lattice deformation and the properties of superconducting phase
transition in LayCuOyys. The clarification is also a subject in the future, without detailed
informations about the manner of lattice deformation at present.

The expression of the relaxation times proposed for the diffusion process of excess
oxygen atoms is noticed. According to this expression, long-distant diffusion process such
as phase separation and short-distant one such as the order-disorder process in homoge-

neous systems are discriminated, as an example, from the temperature range in which the
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enthalpy relaxation phenomenon due to glass transition is observed calorimetrically: The
former process displays the relaxation phenomenon in a rather wide range while the latter
in a narrow range, and the average step number, in the order of magnitude, proceeding
really in the diffusion can be estimated from the analysis of the range observed. The idea
of the expression would be applicable even in making insight into the relaxation processes
in supercooled liquids and glasses in the future.

This study is the first which has disclosed the dynamic propertics of excess oxygen
atoms in the present systems. Glass transition phenomena due to the freezing-in of the
rearrangement motion of the oxygen atoms were observed in LagNiOygys, LagNipOrys and
La,CuQgys crystals. Especially the phenomenon was observed over the wide temperature
range 150-250 K in LasNiOsps system. This result provides the first evidence for the
fact that the excess oxygen atoms freeze in below the glass transition temperature and
that the phase separation takes place with respect to excess oxygen atom composition in
LayNiOg4ys system.

Since the discovery of superconductivity in (La, Ba),CuOy crystal, many Cu-based
superconductors have been synthesized so far. Most of the crystals show oxygen nonsto-
ichiometry. It has been reported in YBayCuzOgys crystal that the excess oxygen atoms
are arranged in the disordered way in the small ¢ region and in the ordered way in the
large § region.®? What long-range ordered structures are formed in the arrangement of
the excess oxygen atoms is attractive in the comparison with those realized in LagNiQOgys
crystal. In view of the present results, the dynamic properties and ordering processes of
excess oxygen atoms and phase relation of these crystals are also intriguing in relation to

the nature of superconductivity.
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