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The crystal and magnetic structures of HoBaCo,05 5 have been studied by neutron powder diffraction in the
temperature range from 20 to 330 K. The crystal structure of HoBaCo,05 5 was found to be best described in
space group Pmma on a 2a,X2a,X2a, unit cell where a, refers to the lattice parameter of the cubic
perovskite unit cell. The a and b axes were found to decrease and increase abruptly within the temperature
range from 290 to 315 K as the temperature increases, and the unit-cell volume exhibits an excess thermal
expansion in the temperature range from 230 to 290 K. The anomalous changes in lattice parameters and
unit-cell volume were attributed to the metal-insulator transition and spin-state changes of the Co3* ions. The
magnetic structure of HoBaCo,0s 5 was shown to be antiferromagnetic with a 2a, X 2a,, X 4a, magnetic unit
cell containing four crystallographically independent Co ions, two octahedrally coordinated and two pyrami-
dally coordinated. The refined low temperature values of the magnetic moments of the Co ions indicated that

one set of octahedrally coordinated Co®*
coordinated Co®*
were found to be in the intermediate-spin states.

DOI: 10.1103/PhysRevB.77.024427

I. INTRODUCTION

Systems with strongly correlated electrons such as many
transition-metal oxides show coupling between charge, or-
bital, and spin degrees of freedom. The rare-earth cobaltites
RBaCo0,0s, s (R=Y or rare-earth element) are representatives
of such systems, and they have been the subject of intense
studies in recent years. The large allowed oxygen range (0
< §=<1) leads to several crystallographic structures, mixed-
valence states of the cobalt ions (oxidation states 2+, 3+, and
4+) as well as a complex interplay between charge, spin-
orbital, and lattice degrees of freedom. Magnetic ordering
accompanied by colossal magnetoresistance as well as metal-
insulator (MI) transitions have been observed in this family
of compounds.'> RBaCo,0s, s compounds with §<1 are
oxygen-deficient perovskites, and the wide allowed oxygen
range leads to several different crystallographic structures,
with either square pyramidal or octahedral (or both) coordi-
nation of cobalt.">* The basic RBaCo,05 structure corre-
sponds to a doubling of the primitive perovskite unit cell,
and it ois described as an a,Xa,X 2ap structure, where a,
~3.9 A refers to the lattice parameter of the primitive cubic
perovskite unit cell. RBaCo0,0s, 5 has for §=0 a layer struc-
ture in which oxygen is absent in the R layers and all cobalt
atoms are pyramidally coordinated. In the case of d=1 all
cobalt atoms are octahedrally coordinated and the layered
structure is not as evident as for 6=0. The layered structure
only results from a complete ordering of the R and Ba atoms
for compounds with é=1. Compounds with a large differ-
ence between R and Ba radii tend to be ordered and thereby
layered. The exact crystal structure of compounds with &
#0 and 1 is in many cases still not clearly established, and
especially for 6=0.5 conflicting results have been obtained.
The crystal structures the RBaCo,05 s compounds have been
described on a, X 2a, X 2a,, 2a,X2a,X2a,, and 2a,X2a,
X4a, unit cells W1th the Co3+ ions equally d1str1buted 1n
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ions were in the high-spin state while the other set of octahedrally
ions were in mixed intermediate- and low-spin states. The pyramidally coordinated Co** ions

PACS number(s): 75.25.+z

square pyramidal and octahedral coordination.!?>

The magnetic behavior of the RBaCo0,05, s compounds is
rather complex due to the fact that the Co ions can adapt
different spin states. Furthermore, charge-ordering processes
are possible for compounds with 0= 6<<0.5 and 0.5<d=<1.
Here we will be concerned with the magnetic structure of
compounds with formula RBaCo,0Os s which contains Co’*
ions only and therefore do not exhibit charge ordering. Co**
is a 3d° ion, and as a result of the competition between
intra-atomic exchange and the effect of the crystal field, it
can exist in the low-spin (LS) state (tzg o 5=0) and the
intermediate-spin (IS) state (tzge S=1) as well as the high-
spin (HS) state (t e , §=2).° The gaps between these states
are rather small and in the range 30—100 meV,”8 and
changes from the LS to the IS and HS states are therefore
possible as the temperature increases. The temperature-
induced spin-state changes may be accompanied by changes
in the magnetic structure as well as spin-state-ordering tran-
sitions which have been studied by neutron diffraction and
magnetization measurements.’!?

Several studies of the magnetic structure of the
RBaCo0,0s, s compounds with 6= 0.5 have been performed
with diverging results. A neutron diffraction study of
NdBaCo,05 4; showed that the IS Co®* spins order in a
G-type antiferromagnetic structure at 275 K and a spin-state
ordering was found to take place at 230 K. In the spin-state-
ordered phase every second octahedral Co®* ion along the a
axis is in the diamagnetic LS state while the remaining Co’*
ions are in the IS state. The IS Co’" ions also form columns
along the ¢ axis. It was found that the spin-state-ordered
phase forms clusters with a correlation length of 350 A and
it coexists with the G-type antiferromagnetic phase.'® How-
ever, an additional study of NdBaCo,05 5 revealed no long-
range magnetic ordering, but weak diffuse scattering was
observed. The diffuse re_ﬂectionsr were indexed on the follow-
ing unit cells: a 2\52ap><2\s’2ap><2ap cell for 300=T
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=250 K and 212a, X 2\2a,X 4a, cell for T<200 K, but
the weakness of these reflections prevented further analysis.’
Soda et al. have performed a neutron single-crystal diffrac-
tion study of NdBaCo,0s 5, and it was found that this com-
pound orders antiferromagnetically with a noncollinear
G-type structure.!® Taskin et al. proposed a model for the
magnetic structure of GdBaCo,05 5 in which all octahedral
Co’* ions are in the LS state while the pyramidal Co** ions
are in the IS state.'> The pyramidal Co®* ions order ferro-
magnetically along [1,0,0], and the coupling between the fer-
romagnetically ordered planes is antiferromagnetical along
the [0,1,0] direction. The model was based upon a magneti-
zation measurement of a detwinned single crystal. The struc-
ture of TbBaCo,05, s with 6=0.5 has been studied by sev-
eral groups starting with the work by Moritomo et al.'* No
magnetic structure was determined at 50 K. Later, the mag-
netic structure of this compound was studied by Khalyavin et
al.® Their work showed that fast-cooled TbBaCo,0s , orders
antiferromagnetically in a canted G-type structure. It was
furthermore demonstrated that the magnetic-ordering process
depends on the degree of oxygen order and thereby on the
cooling rate of the samples during synthesis. Fast-cooled
samples were shown to develop a spontaneous magnetization
and to exhibit a ferromagnetic to antiferromagnetic transi-
tion. Recently, a detailed study of the spin-structure magnetic
phase transitions in TbBaCo,05 5 was performed by Plakhty
et al." Tt was found that TbBaCo,Os 5 orders ferrimagneti-
cally at 7=~290 K and this magnetic phase transforms to an
antiferromagnetic phase as 7=~255 K. A second antiferro-
magnetic phase was observed below 170 K. In the present
work, we present a neutron powder diffraction study of
the crystal structure of and the magnetic ordering in
HOBaC0205'5.

II. EXPERIMENTAL DETAILS

The HoBaCo,055 sample was prepared by solid-state
synthesis by mixing stoichiometric amounts of Ho,0s,
BaCOj, and Co30,. The mixture was heated to 1000 °C for
12 h in air several times with intermediate grinding steps and
finally to 1070 °C in O, flow for 12 h. The neutron diffrac-
tion data were collected on the DMC diffractometer at the
Swiss spallation neutron source SINQ using a wavelength of
2.5657 A. The sample was loaded into a helium-filled vana-
dium can mounted on a closed-cycle helium refrigerator, and
powder patterns were collected in the temperature range
from 20 to 330 K in the sequence 130, 230, 260, 290, 315,
330, 275, 240, and 20 K. Data analysis was performed by the
Rietveld method using the FULLPROOF program package,'®
with the use of its internal tables for neutron-scattering
lengths and magnetic form factors. The linear absorption co-
efficient was determined by a transmission measurement and
used in refinements.

III. RESULTS AND DISCUSSION

Inspection of the measured powder patterns showed that
magnetic ordering was present in patterns recorded for T
<265 K. Several trail refinements of structural models with
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different space groups were made to clarify the crystal struc-
ture of HoBaCo,05 5 above this temperature. The following
models with cells and space groups were tried: a,Xa,
X 2ap Pmmm, a,X Zap X 2ap Pmmm, Zap X Zap X Zap
Pmma, and 2ap><2ap><4ap Pcca. It was found that the
2a,X2a,X2a, Pmma and 2a,X2a,X4a, Pcca models
gave the best description of the powder patterns measured
above 265 K, and the quality of the fits was almost identical
for the two models. However, the very weak reflections al-
lowed in the Pcca model were not observed in the experi-
mental data and no indication of a doubling of the ¢ axis was
found. Pcca is a subgroup of Pmma and the Pcca model
contains 24 structural parameters while the Pmma model
contains just 17 structural parameters. The present data sets
were measured with a relatively long neutron wavelength
and therefore cover a fairly small q range (q,,,=3.74 A™").
It was therefore not possible through Rietveld refinement to
perform a reliable determination of the minor atomic dis-
placements which distinguishes the two space groups. The
final refinements of the crystal structure of HoBaCo,0s 5
were therefore made with the 2a, X 2a, X 2a, Pmma model
for 7> 265 K as this model has the smallest number of struc-
tural parameters. The observed and calculated powder pat-
terns at 330 K are shown in Fig. 1(a) and the structural pa-
rameters are given in Table I for 7>265 K. The crystal
structure at 330 K is shown in Fig. 2 while the lattice
parameters and the unit cell volume are plotted as a func-
tion of temperature in Fig. 3. The thermal expansion of
HoBaCo,0s5 5 is seen to be anisotropic as the b and ¢ axes
increase as a function of the temperature in the temperature
range from 20 to 290 K while the a axis exhibits a tendency
to negative thermal expansion. An abrupt change in the a and
b axes takes place between 290 and 315 K as the a and b
axes decrease and increase abruptly by —0.6 and +0.4%, re-
spectively, and a minor increase of —0.1% is observed for the
¢ axis. The temperature dependence of the unit-cell volume
is also anomalous as an excess thermal expansion is ob-
served in the temperature range from 230 to 290 K and a
decrease of —0.04% takes place between 290 and 315 K.
Unfortunately, the relatively low accuracy of the refined
oxygen positions makes it impossible to correlate the anoma-
lous changes in the lattice parameters with changes in the
coordination environment of the cobalt ions. The observed
type of anomalous changes of the lattice parameters and unit-
cell volumes has been observed in several L.nBaCo,0s s
compounds—e.g. for L=Gd and Tb—and it has been attrib-
uted to orbital ordering accompanied by a MI transition al-
though a completely coherent picture has not yet
emerged.'*!"18 A high-resolution x-ray powder diffraction
study of GdBaCo,05 5 showed that the unit-cell volume ex-
pands linearly up the MI transition where an excess expan-
sion of the volume was observed and the changes in the
lattice parameters a and b were qualitatively the same as
found in this study. The excess volume expansion was attrib-
uted to a change to higher-spin states of the Co®* ions in the
octahedral sites.'® Recently, HoBaCo,0s5 was studied by
high-resolution neutron powder diffraction and differential
scanning calorimetry (DSC) in the temperature range from
250 to 380 K. This study showed a drop of —0.15% of the
unit-cell volume at the MI transition at 305 K accompanied
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FIG. 1. Observed and calculated neutron powder diffraction pro-
files for HoBaCo,05 5 at 7=330 K (a) and 20 K (b). The difference
between observed and calculated intensities is shown below the
diffraction profiles in both plots. The positions of the Bragg peaks
are marked with vertical bars. The upper and lower rows represent
the HoBaCo,055 and Ho,O3 impurity phases, respectively. The
middle row of vertical bars in (b) represents the positions of the
magnetic Bragg peak.

by melting of the orbital order in the pyramids. No change of
symmetry was observed and the refinements of the crystal
structures were performed in space group Pmmm at all tem-
peratures. The DSC measurements indicated that the transi-
tion is of first-order type.'” The onset of the excess volume
expansion at 230 K, which is observed in this work, is rather
remarkable as it starts within the magnetically ordered phase.
It presumably originates from a change of spin state of the
Co ions as the ionic radius increases with increasing spin
multiplicity. The spin states of the four crystallographically
different Co ions are discussed below. In the case of
GdBaCo,0s5 5 the excess volume expansion starts at 350 K
and coincides with the MI transition while magnetic ordering
takes place at 250 K in this compound.'® The observed con-
traction of —0.1% of unit-cell volume is in agreement with
what is usually observed in manganites and cobaltates during
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TABLE I. Structural parameters for HoBaCo,05 5. Space group
Pmma (No. 51). Atomic positions: Ho 44 (0 y %) Ba 4g (0 y 0),
Co(1)2e (1/407z),Co(2) 2¢ (1/4 0 z), Co(3) 2f (1/4 % 7), Co(4) 2f
(174 1/2 2), 0(1) 2e (1/4 0 2), O(2) 2f (1/4 1/2 ), OB3) 2f (1/4
1/2 z), O4) 4i (x 0 z), O(5) 4j (x 1/2 z), O(6) 4k (1/4 y z), and
O(7) 4k (1/4 y 7). Lattice parameters a, b, and c. Weighted profile
values R

o
T (K) 275 290 315 330
Ho y 0273(1)  0271809) 0270(1)  0.2670(1)
Ba y 0250(2)  0251(2)  0250(2)  0.252(2)
Co(l) z 02884)  02684)  02933)  0.290(2)
Co(2) z 0.7304)  0.7204)  0.748(3)  0.745(3)
Co(3) z 0246(6)  0241(5)  0246(5)  0.248(5)
Co(d) =z 0.760(5)  0.756(6)  0.766(5)  0.767(5)
o(1) z =0012(6) =-0.003(6) —0.009(7) —0.007(6)
0(2) z 00128) -0011(8)  0.023(5)  0.022(5)
0(B3) z 04958)  0516(7)  0485(4)  0.487(5)
o4 x =0006(3) 00052 -0016(3) —0.015(3)
2 03112)  031002)  03132)  0312(1)
0(5) x 00332 00282  00123)  0.012(3)
2 0276(2)  0275(1)  0273(1)  0.272(1)
0(6) vy 0227(2)  0220(2)  0225(2)  0.225(2)
z  0287(3)  0.2853)  0.307(4)  0.305(4)
O(7) 'y 0250(2)  0257(1)  02472)  0.247(1)
2 0.7004)  0.697(3)  0.716(4)  0.714(4)
a (A) 7.7040(7)  7.7055(6)  7.6579(7)  7.6555(6)
b (A) 7.8170(7)  7.8179(7)  7.8525(7)  7.8563(7)
c (A) 7511(1)  7.511209)  7.522(1)  7.5238(9)
R 3.83 3.57 3.92 3.59

wp

transitions from the insulating to the metallic state, reflecting
the delocalization of charge carriers."”

Analysis of the powder patterns collected in the tempera-
ture range from 20 to 265 K showed that the magnetic re-
flections could be indexed on a 2a,X2a,X4a, magnetic
unit cell. Various antiferromagnetic models were tested, and
it was found that the “antiferromagnetic-phase-3” model for

c
a°°° .
b

FIG. 2. Structure of HoBaCo0,05 5 at 7=330 K. Co ions labeled
Co(1) and Co(2) are located in pyramidal coordination while Co(3)
and Co(4) are coordinated octahedrally.
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FIG. 3. Lattice parameters and unit cell volume plotted as a
function of the temperature. The lines are just guides to the eye. An
excess thermal expansion of the volume is observed in the tempera-
ture range from 230 to 290 K as explained in the text.

TbBaCo,0s s found by Plakhty er al.'> gave a satisfactory
description of the measured patterns. This model is derived
from a Pcca chemical structure by the use of representation
theory, and the propagation vector is k=0. The basis vectors
for the possible magnetic structures in space group Pcca
with k=0 have been calculated using the MODY program,?’
and they are listed in the Appendix. The model for magnetic
structure of TbBaCo,055 is collinear with magnetic mo-
ments parallel to the x axis. The model contains formally
four independent magnetic moments for the Co ions, but the
moments for the Co ions in pyramidal coordination were
constrained to have the same value while the moments of the
two octahedrally coordinated Co ions were refined indepen-
dently. The refinements of the chemical and magnetic struc-
ture of HoBaCo,055 below 265 K should in principle be
done with a Pcca model for the chemical structure. How-
ever, the limited q range of the present data sets prevents the
observation of a possible structural change from space group
Pmma to Pcca as dictated by the magnetic symmetry. The
determination of the space group of the magnetically ordered
RBaCo,05 5 compounds is difficult, and it has recently been
shown that DyBaCo,0s 5 in contrast to TbBaCo,05 5 does
not transform to a low-temperature phase with Pcca
symmetry.>! The Pmma space group was therefore retained
for the chemical structure of HoBaCo,05 5 for 7<265 K in
the present study. The atomic coordinates were fixed at the
values obtained at 275 K, and only lattice parameters and
thermal displacement parameters were refined for T
=265 K. This approximation to the chemical structure be-
low 265 K was made to reduce the number of refineable
structural parameters. The magnetic unit cell was constructed
by doubling of the chemical unit cell along the ¢ axis and
transforming the Co positions to the doubled unit cell and
magnetic moments parallel to the x axis were then assigned
to the individual Co atoms in the magnetic unit cell in accor-
dance with the model used for TbBaCo,0s5s. Trial refine-
ments showed that the magnetic moments of the Co atoms in
pyramidal coordination did not yield reasonable values when
refined independently, and they were therefore constrained to
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TABLE II. Moment values My for HoBaCo0,05 5 at 20 K. The
magnetic moments M; are directed along the x direction. M =M,
=1.7(1), M5=3.7(2), and M,=0.96(9) BM at 20 K. Values of the z
coordinates: zpy(1y=0.144(2) [Co(1)], zpy(2)=0.365(2) [Co(2)],
20¢(1)=0.123(3) [Co(3)], and zp.(2)=0.380(3) [Co(4)]. The coordi-
nates refer to a 2a, X 2a, X 2a,, magnetic unit cell witholattice pa-
rameters a=7.7163(8), b=7.7791(9), and c=14.983(2) A.

N X, ¥, 2 My
1 7 0 2py01) M,
2 7 02py0) -M,
3 10320 -M,
4 10320 M,
5 77 Z0c(1) Ms
6 17 20 -M,
7 32770 -M,
8 73 3-%0c) M;
9 70 3+ 2py(1) M,
10 i 0 %+1py(2) -M,
11 70 ~Zpyo) -M,
12 10~z M,
13 i3 3%2000) ~M;
14 77 2% My
15 7 20 M,
16 13 ~Z0c) —M;

have the same magnitude as also was done in the refinements
of the magnetic structure of TbBaCo,05 s.!> Weighted profile
values R,,, in the range 3.45-5.17 were obtained in refine-
ments for 7<265 K. Figure 1(b) shows the observed and
calculated neutron powder diffraction patterns of
HoBaCo0,05 5 at 20 K, and the refined values of the magnetic
moments at this temperature as well as the positions of the
corresponding Co** ions in the magnetic unit cell are given
in Table II. The magnetic structure at 7=20 K is shown in
Fig. 4. All moments are parallel to the [100] direction, but
the structure is rather complex as both ferromagnetic and
antiferromagnetic interactions between neighboring Co ions
are present in the structure. The coupling along the a axis is
antiferromagnetic while it is ferromagnetic and antiferro-
magnetic along the b axis for Co ions with z<% and z> %,
respectively. The Co ions bridged by the O(3) ions are
coupled ferromagnetically along the ¢ axis while the remain-
ing couplings along the ¢ axis are antiferromagnetic. The
spin structure of Co ions in pyramidal and octahedral coor-
dination belongs to the I'; and I'g irreducible representations,
respectively. I'; represents ferromagnetic ordering while I'g
represents antiferromagnetic ordering. The spins of Co(1)
[Py(1) site] and Co(2) [Py(2) site] (both belonging to I';) are
coupled antiferromagnetically as is also the case for the
Co(3) [Oc(1) site] and Co(4) [Oc(2) site] (both belonging to
I's). A ferromagnetic moment will develop along the x axis
when the magnitudes of the moments on Co(1) and Co(2) are
different. This is presumably what is observed near the or-
dering temperature although refinements of independent mo-
ments for the Py(1) and Py(2) sites were unsuccessful with
the present sets of data.
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FIG. 4. Magnetic structure of HoBaCo,0O55 at 7=20 K. Only
Co ions are shown for clarity. Small and large spheres represent Co
ions in octahedral and pyramidal coordination, respectively, while
the numbers refer to the positions given in Table II. The arrows
indicate the magnitude and direction of the magnetic moment on the
individual cobalt ions. The shown magnetic unit cell has been trans-
lated ‘1; along the a axis in relation to the coordinates given in Table
II for clarity.

The magnitudes of the three different Co magnetic mo-
ments are plotted as a function of temperature in Fig. 5. The
maximum spin-only values which can be observed by neu-
tron powder diffraction from Co®* ions in the HS and IS
states are 4up and 2up, respectively. Therefore, the large
difference in the magnitude of the observed magnetic mo-
ments for the four crystallographically different Co®* ions at
low temperature indicates that they are found in different
spin states. The observed moments at low temperature shown
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FIG. 5. Magnetic moments for Co®* ions in octahedral and py-
ramidal sites plotted as a function of temperature. The solid lines
are just guides to the eye.
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in Fig. 5 and Table II are in reasonable agreement with the
theoretically expected values for the HS states for ions in the
Oc(1) site and with the value for the IS states for ions in the
Py(1) and Py(2) sites. In contrast, the observed values for the
Oc(2) sites are just 48% of the theoretical value for the IS
state which makes the assignment of a spin state to the ions
in this site difficult. The temperature dependence of the mag-
netic moment on the Oc(2) site suggests that it is occupied
by Co?* ions in the LS (S=0) and IS states with the IS state
becoming increasingly occupied as the temperature in-
creases.

The magnitude of the moment on the Oc(1) site decreases
clearly with increasing temperature reflecting an increasing
disorder in the magnetic lattice while the magnitudes of the
moments on the Oc(2), Py(1), and Py(2) sites show much
less pronounced temperature dependence. The fact that the
Co ions on the Oc(1) sites are in the HS state is surprising as
the crystal field of an octahedral site should be stronger than
the corresponding field of a pyramidal site which therefore
should favor a lower-spin state of the octahedral site. The
assignment of a spin state to a given site is made difficult by
the fact that energy differences between different spin states
are comparable to thermal energies and excitations from,
e.g., the LS to IS state occur at higher temperatures. It is
therefore likely that the Oc(2), Py(1), and Py(2) sites contain
Co** ion in both LS to IS states with a ratio changing ac-
cording to temperature.

The magnetic structure found for HoBaCo0,0s5 5 in this
work is considerably more complex than the magnetic struc-
ture of HoBaCo,05.2>?> The magnetic structure of
HoBaCo,05 was found to be a simple G-type structure in
which the Co ions are antiferromagnetically coupled with
their six nearest Co neighbors along the three crystallo-
graphic axes. The critical temperature for magnetic ordering
was found to be 340 K, and a charge-ordering transition dur-
ing which the Co* and Co?* ions order along the a axis
takes place at 210 K. The Co®* and Co?* ions were both
found to be in the HS state, and the G-type magnetic struc-
ture of HoBaCo,Os is fully supported by the Goodenough-
Kanamori (GK) rules for superexchange magnetism.?*?> The
complex magnetic structure of HoBaCo,0s 5 contains both
positive and negative exchange interactions between nearest
neighbors. The signs of the superexchange interactions and
thereby the magnetic structure are hardly predictable by us-
ing the GK rules and reasonable assumptions about orbital
occupancies. Recently, the magnetic structure of YBaCo,0s s
has been studied by Khalyavin et al.?® The crystal structure
was refined in space group Pmma for 7> 190 K, and a spin-
state-ordered magnetic phase was observed in the tempera-
ture range from 190 to 265 K. The magnetic phase contains
octahedrally coordinated Co* ions in the LS and HS states,
forming chessboardlike spin-state-ordered (ac) planes, while
the pyramidally coordinated Co®* ions adopt the HS state.
The magnetic structure of YBaCo,0s5 5 observed in the tem-
perature range from 190 to 265 K has several similarities in
common with the magnetic structure of HoBaCo,0s5 ob-
served in this study as well as with the “antiferromagnetic-
phase-3” model for TbBaCo,0s5."> However, the Co** ions
located in the Oc(2) sites were not found to be in the LS state
as observed in the case of YBaCo,0s55. The observed mag-
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netic moments on the Oc(2) site might be induced by a small
degree of imperfect oxygen ordering in the [HoO, 5] layer,
which gives raise to misplaced pyramids, as suggested by
Frontera et al. in their study of PrBaCo,05s.%

IV. CONCLUSION

The chemical structure of HoBaCo,0s5 5 in the paramag-
netic phase above 265 K has been refined in space group
Pmma using a 2a, X 2a,, X 2a,, unit cell. It was found that the
a and b axes decrease and increase abruptly between 290 and
315 K which presumably is due to the melting of orbital
order which accompanies the MI transition. Furthermore, an
excess thermal expansion was observed in the temperature
range from 230 to 290 K followed by a minor drop in the
unit cell volume between 290 and 315 K. The excess volume
expansion is most likely due to a change in spin state of the
Co ions while the drop in the unit-cell volume is due to
delocalization of electrons associated with the transition
from the insulating to the metallic state. In contrast to
TbBaCo,05 5, which undergoes a Pmmm to Pmma transition
at the magnetic transition,'> no indication of structural phase
transitions was found within the investigated temperature
range. The magnetic structure of HoBaCo,05 s was shown to
be antiferromagnetic with a 2a,X2a, X 4a, magnetic unit
cell containing four crystallographically independent Co
ions. The structure is relatively complex as it contains both
ferromagnetic and antiferromagnetic interactions. The Co
ions in octahedral Oc(1) sites were found to be in the HS
state while the Co ion in the octahedral Oc(2) sites was
found to be in a mixed LS and IS state. The Co ions in the
two crystallographically different pyramidally sites were
constrained to have the same magnetic moment, and the re-
fined low temperature value of this moment indicates that
these ions are in the IS state.
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APPENDIX

The basis functions of the irreducible group representa-
tions (IR) for the 4d (1/4 0 z) and 4e (1/4 1/2 z) positions
in space group Pcca with k=0 were calculated using the
MODY program.?? Eight one-dimensional irreducible repre-
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sentations I'; enter the reducible (12 X 12)-dimensional mag-
netic representation:

=T +T+2+ 2T+ s+ Tg+2I'; + 217,
4d(i 0 z) position,

r, T, T, T, I, T, I, T

1 0O 0 01 0 1 O O O 1 0 1
Z 0z

o o1 0o 1 0 O O 1 0 1 O

1 1.0 0 0 01 1 O0O0UO O

0O 0 0-1 0-1 00 O 1 0 1
- 0=<--z

o 01 o1 0 0O 0O -10-10

-1 -1 0 0 0 01 1 0 O O O
3 o 0 01 0 -1 0 0 01 0 -1
Z 0-z

o 01 0 -1 0 0O O 1 0-120

1 -1t 0o 0 0 01 -1 00 O O
1 O 0 0o-1 01 0 0 0 1 0 -1
Z 0 —-+z

o 01 0 -1 0 0 0-101 O

-1 1. 0 0 0 01 -1 00 0 O

46(3115 z) position,

r,r,r, I, TIsIsI, Ty

11 0001 0100010 1
42°
001 0100010 1 0
1 100 0011000 0
11100 0-10-100 0-10 1
422°°¢
001 0 1 000 1 010
1-10 0 0 01 10 0 0 0
3] 0001 0-1020201 0 -1
- < —Z
42
001 0-1020201 010
1 =100 0 0 11020200
111,00 0-10 1000 1 0 -
4227

)
)
|
—
)
—
)

0 0 0 I -1 0 O

(e
(e}
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