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Magnetic perovskites BiMnQ; and BiCrO; were synthesized under very
high pressures. There are phase transitions at 300°K and 410°K at atmos-
pheric pressure for BIMnO, and BiCrO, respectively, and the crystal distor-
tion of each phase was determined. BiMnO, s ferromagnetic below 103°K,
while BiCrO, is inferred to be antiferromagnetic below 123°K accompanied

with weak ferromagnetic motment.

BiCrO; has an abnormally large effec-

tive Bohr magneton number at room temperature phase, The distortion of
BiMnO; decreases slightly below the ferromagnetic Curie point,

§1. Introduction
There are several ions which have {(ns)® elec-

_ tronic configuration and which piay special roles

in crystal chemistry. They are Ti+, Pbr, B,
Intt, Sn%, Sbi+, Gati, Ge?r etc. These ions

favor special bonding types and special crystal

structures.” The simplests of these structures are
interpreted as the distorted structures of the com-
mon ones, and the distortion is such that these
ions’ sites lose the inversion symmetry (off-center
distortion). Theoretical bases of this argument
are presented in Appendix A. In perovskite type
oxides containing Pb*t aiso, this may seem to be
the case almost without exception, and aimost all
of these compounds exhibit ferro- or antiferro-
electricity. A similar situation might be expect-
ed also for Bi** perovskites. On the other hand,
Bi*+ is expected to substitute La*+ of the ordinary
LaMO; magnetic perovskites (M; trivalent magne-
tic ion) because of its valence and its ionic radius.
There is, however, only one such perovskite re-
ported /e, BiFeG,, and Bi** seems to prefer
other structures.®® The authors had an idea
that very high pressure synthesis may result in
perovskites; BiMO; in which M is not Fe. This
is because (1) high pressure may favor perovskite
structure which is more tightly packed than other
more covaient structures, or {2) high pressure may
make the ionic radius ratio of cation to anion

ref. 1}, and is based on a thesis presented to the Uni-

versity of Tokyo (1966) by one of the authors. (F.S.)
#*k  Present address: The Institute for Solid State

Physics, the University of Tokyo, Roppongi, Tokyo.

more favorable, since the effective ionic radius of
oxygen may decrease more thanr that of cations
under the high pressure. And actually the syn-
thesis of new compounds; BiMn(Q; and BiCrG,
was achieved using very high pressure firing.”
in the present research the crystal distortions and
magnetic properties of these compounds were
examined.

£2. Sample Preparation

The raw material powder was packed in a gra-
phite capsule which served as a heater. 1t was
set in a pyrophyllite {etrahedron and was pressed
to a definite pressure by a tetrahedral anvil type
apparatus. Then it was heated to a definite tem-
perature and was kept for 30 to 60 minutes and
then was quenched. The pressure was removed
after the quenching. A thermocouple was often
omitted because its protection ceramics had an
adverse effect of reacting with BiO,, though the
omission was not a small perturbation for a system
of such a low heat capacity. The temperature
difference between the central and the end part
of the sample space was estimated to be about
160°C. Perovskite phases were obtained for the
starting materials and firing conditions as listed
in Table . In BiMnOQ; in case (A) or (B), the
amount of perovskite phase decreased remarkably
if Bi;O; was deficient by a few percent. Below
500°C the materials were almost non-reactive.

Though the product was nearly of a single
phase, there were weak extra-phase lines which
could neither be eliminated nor be assigned, As
for BiMnOs,, saturation magnetization at 77°K.
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Table 1. Starting materials and firing conditions.

| Pressure and temperature |

Starting material

BiCrOy 35 ~ 55 kbar & Bla034Cr0
700~ §00°C

BiMnO, 35 ~55kbar | (A) Equimolar mixture of nitric acid solutions of Bi and
600~ 700°C of Mn was dried and fired in air at 606°C,

(B)

(€3

Mixture of « Bi;O; and § Mn,0s; The latter was
heat-treated in air at 700°C.

The material {A) was prefired in air at 800°C, then a-
Bi,0; was added more than compensating the sublima-

tion loss.

gav'e a quantitative measure of a fraction of
. perovskite phase. The temperature and atmos-
phere inhomogeneity seemed to give an adverse
effet. Higher temperature of firing, longer firing
- time, or repeated firing gave no improvement.
Actually the raw material (C) was the 1nOSL SuC-
cessful. -

As graphite gives a fairly reducing environ-
ment at higher temperatures, reduction took place
often. It isa problem how accurately the valence
of the magnetic ion in the produced perovskite is
trivalent, especially for BiMnOy. There was a
srall scattering of distortion which seemed t©
refiect the scattering of the degree of oxidation
(about 10% in terms of |bja—1] for both com-
pounds). As for BiMn0Q;, the distortion seemed
10 be larger for lower degree of oxidation and
hence for closer approach to the stoichiometry ™
In spite of the presence of such a scattering of
distortion, there was no detectable change in the
ferromagnetic Curie point. As the reproducibility
of the crystal distortion and the magnetic Curie
point was quite high for various preparation con-
ditions, and especially as the perovskite phase
was obtained from the raw material (B), Mn in
BiMnO, is probably very close to trivalent. AS
the produced perovskite phase is a high pressure
stable phase, it decomposes when it is heated in
an ordinary pressure, The upper limit of this
decomposition temperature was 300°C in vacuum
for BiMnOQ,, and 400°C in air for BiCrO,.

§3. Results of X Ray and Magnetic Measure-
ments

The products were examined with X ray dif

fractometer using Cu K, radiation and G. M.

#* On the contrary, as for BiCrQs, the distortion

seemed to be smaller for closer approach fo the sto- .

ichiometry.

Counter. At room temperature, both BiMnO;
and BiCrO, are pseudo-triclinic perovskites with
two equal angles and two equal edges, and no
superstructure line was ascertained. There is a
high temperature phase transion for each com-
pound, and the mode of distortion changes. in
each case, the transition is of the first order, and
especially in BiCrO; there is a thermal hysteresis,
and the associated two phase region is indicated
with the overlap of full lines in Fig. 1. The high

Fig. 1. Latiice parameters of BiCrQy vs. fempe-
rature.

temperature phase of BiMnO, is also pseudo-
trictinic, while that of BiCrQs; is pseudo-mono
clinic and the latter exhibits many superstruciure
lines. These super-structure tines were assigned
with an unit cell doubled along & direction, and
they were analysed assuming that they come from
the shifts of B+ to different directions. The ex-
iinction condition for odd % reflections is h-1=0,
which is consistent with the ion shift in [101] direc-
tion being uniform in each 4 planeand antiparallel
for adjacent b planes (Fig. 2). The analysis is given
“in Appendix B, and the assignments are given in
Tabie 1I. The lattice constants of each phase are
fisted in Table I and their temperature depend-
ences are given in Figs. 1and 3. Thedataare those
for the samples which seer to be the most close to
the stoichiometry. In each phase no appreciable
temperature dependence of the distortion was
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Fig. 2. (1) Doubled unitcell of high temperature
phase of BiCrQ,, :
{2) Shift of Bis+ in each b plane,

observed. The distortion of BiMnOs, however,
seems to decrease slightly below the ferromagnetic
Curie temperature.

The magnetic moment of BiCrQO; was measured
using an automatic magnetic balance. The mag-
netic flelds used were 9.5 kOe, 7.2 k0e, and 5.2
kQe. Above 123°K, the magnetization shows
paramagnetic field dependence, but below ihis
temperature, the magnetization was separated
into two terms: g=gy-bxH. The resuits are
shown in Fig. 4. The magnetic susceptibility
shows a thermal hysteresis associated with the
high temperature phase transition. The effective

Table II. Superstructure lines in high temperature phase of BiCrO;.

Index : ogre{A) ‘ sl A) z Lot ® L I
110,011 3.469 3.473 2f2 w
111 2.610 2,611 41z W
130,031 2.151 2,146 2fe v
13 1.891 1.892 af2 vw
210,012 1.881 1.882 3 812 ‘ w
211,112 1.706 1.707 ' 1812 w
217,112 1.679 1.679 2f2 vy
230,032 1.551 1,553 8fz - v

« 5 1B
167252

Table IIT. Lattice parameters.

a=c=3933A BH=3.G89A
a=y=91°28"  5=90°3%

BiMnO; 0K

a—c=3969A& £=3.9234
a=r=%0427 5=89°3Y/

BiMnO; 540°K

a=c=3.906A b=3.870A

BiCrO, & 300°K
Lo a=y=90°3¥ 5=89°9

‘a=c=3878& B=T7.756A
5=-88°50/

BICrO; | 460°K

Fig. 3. Lattice parameters of BiMnO; vs. tempera-
ture. :

Bohr magneton number obiained from the slope
of 1/x—T curve is 3.8 for the high temperature

Bite 0y

p
- = A
H B Y

P

W Jay] o Ay T s

Fig. 4, Reciprocal of magnetic susceptibility and
spontaneous magnetic moment of BiCrO; vs.
temperature.

phase, while it is 4.7 for the low temperature
phase, and the latter value is abnormally larger
than the spin only value of Crf* (3.9). Weak
spontaneous moment arises below 123°K and it
increases abruptly below 93°K., This weak
moment neither depends on firing temperature,
nor on the purity, nor on the mixing ratio of the
raw materials, A magnetic cooling from room
temperature in about 9.5 kOe magnetic field did
not introduce any effect on these moments.

The magnetic data for BiMnQO;¥ are shown in
Fig. 5. As has been reported, BiMnO; shows fer-
romagnetism below about 103°K. Thesaturation
magnetigation value is obtained by the extrapola-
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tion of M vs. 1/H curve. Although the data were
taken for the sample which gave the largest
ferromagnetic moment, the vajue seems stightly
smaller than the theoretical vaiue of Mn®*; 4ps.
1i is noticed that no appreciable anomaly was ob-
served at the phase transition temperature.

/%
BiMACS, // iq/cc
o
Vx 14)\|C
Ms /./_ H
FB L o I
# #s o "{‘
24 = -~ i
0 s |
o o EG T s03 4 500 K

T

Fig. 5. Reciprocal of magnetic susceptibility and
saturation magnetizaiion of BiMnQO; vs. tempera-
ture.

§4. Discussion

4.1 Crystal distortion
From the comparison of unimolecuiar volumes
of various La and Bi perovskites (Table 1Y), it

Tabie1V. Thecomparison of unimolecular volumes
of Bi and La perovskites (A%)

L£a0T0;s 58.55 ©  BiCr0; (300°K)
L OBICTO; (460°K)

i 59.04
| 58.32

i

BiMnO; (300°K) | 61.77
BiMnO; (540°K) | 61,77

BiFeQ;

may be inferred that Bi** has a comparable lonic
radius as that of La*+ for 12 coordinated site.
(This is in contrast to the fact that La* has a
fairly larger ionic radius than that of Bi*~ for 8
coordinated site of the substituted YIG.») Thus
we may ascribe the large distortion of Bi** perovs-
kites rather to the effect of the special electronic
configuration of Bi*t than to the misfit of ionic
radius. Actuaily Bi**+ ion’s off-center distortion
was confirmed for the high temperature phase of
BiCr(;, and the pseudo-triclinic distortion, which
is rather rare arnong the various perovskite struc-
tures, was seen for other phases of the compounds.

The distortion of BiMnO; is more remarkable
than that of BiCr(;, and this is inferred to be due
to the existence of Jahn-Teller ion Mn®+. Many
experiments indicate that Mné+0s% octahedron
is ¢longated ‘along one of the three tetrad axes
giving rise to tetragonal distortion.”  In BiMnOs
(room temperature phase), disregarding the angle
distortion, the fact that the axial ratio bla>>1

Syowo and S, AXIMOTO (Vol. 25,
might be the direct consequence of the distortion
of Mn3+Og~ octahedron in contrast to the situation
realized in LaMnQs. The degree of distortion
(0.014 in terms of |/a—1]), however, is remak-
ably smaller than the ordinary value (which is
inferred to exceed 0.1.) As for the quantity
|bja—11*, this is determined by the ratio of the
first order term (potential energy of 4y electrony
and the second order term (interionic restoring
potential) of the dispiacement coordinates of Jahn-
Teller mode distortion in the energy expression.
In BiMnOy, it is reasonable to consider that the
second order term is especially large, because O*s
positions are strongly restricted by their covalent
bondings with Bi*t, and sirong restoring forces
act for Jakn-Teller mode displacement, and this
may lead to the fact [b/a—1| is abnormally small.
4.2 Magnetic properties of BiCrOs

The spontaneous magnetic moment which ap-
pears below 123°K is inferred to be parasitic
ferromagnetic moment, though 1fx--T anomaly
at this temperature is not of a typical form for the
parasitic ferromagaetism.®* Anomaly around
95°K might be due to the change of easy directiom
of magnetization.” We believe that 123°K is the
antiferromagnetic Neel temperature, and this is:
considerably lower than that of LaCrO; (300°K).

As for the parasitic ferromagnetism, if the

antiferromagnetic crystal has a symmetry element
Rt {R; time inversion, r; translation) the direc-
tion of magnetic moment can not be conserved
and parasitic ferromagnetism can not occur. it
would be the case for BiCrQs, if the compound
has a G type spin structure as LaCrO; has, and if
the erystal hasan unimolecular unit cell. Since it
is rather probable that BiCrO; has a G type spin
structure, the above argument leads to the con-
clusion that the unit cell of BiCrO; should be
farger than the unimolecular one. Superstructure:
tines, however, could not be discerned in our ex-
periments.

The large effective Bohr magneton number
observed in the low temperature phase will be
explained by a molecular field theory with tem-
perature dependent exchange parameters. Al
though we do not present the detailed mechanism

of this phenomenon, we are sure this fact is not.

due to the imperfection of the sample such as the

existence of a small amount of non reactive. .

Crgs.

# The clongated axis is denoted as b in the present:

case, while it is denoted as ¢ in the ordinary tetra--

gonal distortion,

4.3 Magnetic !
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and for superstructure lines (k=2r-+1), F=0 and
{Fi=14F|=4xfs|h+I}. This leads to the extinc-
tion condition for odd k; A+I=0. The corres-
pondence of the observed and the calculated
spacings 4 is shown in Table II. The observed
intensities are in reasonable agreement with the
calculated sum of the square of the scattering
amplitude for each set of diffraction lines.
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Magnetic Properties of Organic Stable Radicals. 1.
2,2,6,6-Tetramethyl-4-Hydroxypiperidine-1-Oxyl

Jun YaMmauvcwr, Teruaki Fumro, Eifi Anpo,

Hiroaki NisaicucH;:, and Yasue DeGueHT

Department of Chemistry, Faculty of Science, Kyaro University, Kyoto
(Received July 19, 1968)

The static magnetic susceptibility and the ESR absorption spectra of
2,2,6,6-tetramethyl-4-hydroxypiperidine-l-oxyl in the temperature range
from L.8°K to 300°K have been measured, This powder sample shows a
broad maximum in the susceptibility at the temperature 6.5°K. It has been
shown that the temperature dependence of the susceptibility is fitted better
by the one-dimensional Heissnberg model than the linear Ising model or a
singlet-triplet model. The Curie-Weissconstant and the exchange interaction
energy along the chain are estimated to be --6.0°K and —5.0°K, respectively.
The linewidth of the ESR absorption spectra increasss rapidly as decreasing

temperature below 6.5°K,

§1. Introduction

The properties of interacting clectron spins as
well as isolated ones in organic free radicals,
known as magnetic excitons, have been-the
subject of extensive experimental and theoretical
study. So far a broad maximum in the suscepti-
bility has been found in many organic free radicals
and radical salts and explained using a singlet-
triplet model as follows. This anomalous mag-
netic behavior arises from some form of strong

coupling between the unpaired electrons on adja-
cent molecules through exchange forces, each pair
forming a lower singlet state and an upper iriplet
state. Astemperature is lowered the singlet level
becomes increasingly populated as the expense of
triplet level so that the susceptibility decreases.

On the other hand, Edelstein has employed the .
linear Ising model to interpret the susceptibility of .

BDPA and PACY and obtained a fairly good
agreement. Recently some of the present authors
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