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Magnetic ground state of LBaCo,05 5544 cobalt oxides
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The magnetic properties of LBaCo,0s,,, cobalt oxides with different types of oxygen ions ordering within
[LO,] layers are discussed. Symmetry arguments are used to analyze the models of the magnetic ground state
proposed for these compounds. By postulating the ordering between octahedraly coordinated cobalt ions in
different spin states the magnetic structures explaining a variety of observed experimental data and consisting

with the symmetry analysis are presented.
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The discovery of the giant magnetoresistance and metal-
insulator transition in LBaCo0,0s,,, (L=lanthanide or Y) co-
balt oxides stimulated their intensive investigations.'™* The
crystal structure of these compounds is closely related to the
YBaFeCuOs-type structure and represents a sequence of
[Co0,]-[Ba0]-[Co0,]-[LO, ] layers stacked along the [001]
axis. When the concentration of oxygen vacancies in the
[LO,] layers is maximum (y=0) all cobalt cations are lo-
cated within square pyramids with fivefold coordination. As
7y increases, extra oxygen ions occupy vacant sites in [LOV]
layers, thus providing an octahedral environment for a part
of the Co ions. Two types of superstructure, a, X 2a, X 2a,
(122) at y=0.50 [Fig. 1(a)] and 3a,X3a,X2a, (332) at y
=0.44 [Fig. 1(b)], may be formed due to ordering of the extra
oxygen; this corresponds to orthorhombic (Pmmm) and te-
tragonal (P4/mmm) symmetry of the crystal structure,
respectively.*=©

The magnetic behavior of LBaCo,0s,,, depends strongly
on oxygen content and to a much lesser degree on L type.* At
y=0 the compounds are antiferromagnets below 340 K.7:
The ions of both divalent and trivalent cobalt adopt the high-
spin state and form G-type spin-ordered configurations. In
the case of y=0.50 and y=0.44 the magnetic behavior is
more complex. At low temperatures, below T;~240 K, the
state is antiferromagnetic. Above 7; a spontaneous magneti-

a) b)

FIG. 1. Polyhedral representation of the crystal structure of
LBaCo,0s 5 with a, X 2a,X2a, (122) type of superstructure (a)
and LBaCo0,0s 44 with 3a, X 3a,, X 2a,, (332) type of superstructure

(b).
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PACS number(s): 75.25.+z, 75.50.Gg, 75.30.Cr, 61.66.Fn

zation appears. This phase transition is accompanied by a
jump of resistivity. Below T;, the state with spontaneous
magnetization can be induced by external magnetic fields,
which, in combination with the strong coupling between
magnetic and electrical properties, gives the giant magne-
toresistance phenomenon. Around 7-~290 K the spontane-
ous magnetization disappears. A further enhancement of tem-
perature results in one more magnetic phase transition
around 7y~340 K, at which an increase of the effective
paramagnetic moment occurs. In the temperature range 7T
<T<Ty, the inverse magnetic susceptibility obeys the
Curie-Weiss law with a positive paramagnetic Curie tem-
perature 6~ 280 K. Above Ty, the 6 becomes negative. For
the compounds with the 122 type of the crystal structure, the
phase transition at Ty, was reported to be accompanied by a
transformation to a metallic conductivity, whereas for the
compounds with the 332 structural type, the anomaly of the
magnetic susceptibility does not lead to a clear anomaly in
the electrical properties.”™> Measurements of the heat
capacity’ revealed a low-entropy change at T and much
higher one at Ty, which was interpreted as the establishment
of a short-range magnetic ordering at this temperature.

The magnetic ground state of LBaCo0,05 5/544 cobalt ox-
ides and the nature of the phase transformations are widely
discussed in the literature. In spite of the difference in the
crystal structures, the very similar magnetic properties of the
compounds with y=0.50 and y=0.44 allow us to assume that
the magnetic ground states of these structural types are very
similar too. Several models have been proposed but none of
them can explain all the observed experimental data. The
general problem is the nature of the spontaneous magnetiza-
tion within the temperature range 7;<7<<T and the strong
coupling between magnetic and electrical properties. One of
the first ideas was the model involving an antiferromagnetic
ordering with a small ferromagnetic component due to the
Dzyaloshinskii-Moriya-type interactions.>!®!! The value of
the spontaneous magnetization (o) obtained from magnetic
measurements of polycrystalline samples ~0.15uy per Co
ion>!? did not contradict this assumption. The powder neu-
tron diffraction spectra of NdBaCo,Os4; were also refined
assuming the G-type antiferromagnetic ordering within this
temperature range.'> However, a recent success in single-
crystal growth of these cobaltites'>!* clarified several impor-
tant moments. In particular, a strong magnetic anisotropy
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TABLE 1. Basis functions (S¥) of irreducible representations of the Pmma space group, entering the magnetic representation on 2e(1/4 0z;z~ +1/4) and 2f(1/41/2 z;z~ +1/4)

=0.

positions, with k

irrep

3/40 -z 1/40z 3/40 -z 1140z 3140 -z 1/40z 3/40 -z 11407 3/40 -z 1140z 3140 -z
114112z 3/14-1/12-z 1/41/12z 3/4-1/2 -z 314 -112 -z 314 -1/2 -z 314 -1/2 -z

314 -1/2 -z

1140z
1141/2z

2e

1141727

1141727

114172z

4 numerates cobalt ions in the 2e/2f positions; the coordinates of the symmetry linked ions are presented too.
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was revealed, which is the reason for the small value of the
spontaneous magnetization obtained on polycrystalline
samples. The real value of o, coming from the magnetic
measurements on the single crystals, is ~1up per Co ion at
T=0 K. This fact argues for the model involving a 1:1 mix-
ture of the cobalt ions in the low-spin state and ferromagneti-
caly ordered cobalt ions in the intermediate-spin state. Be-
sides the exact value of the spontaneous magnetization, this
model gives a physically reasonable explanation of the meta-
magnetic behavior and the magnetotransport phenomenon as
well as agrees well with the positive value of .35 But this
model contradicts the neutron diffraction data.'” The aim of
the present work is to analyze the existent experimental data
to propose a model which is entirely consistent with them.

According to Fauth et al.'? the magnetic structure of
NdBaCo,05 47 above T; is characterized by the propagation
vector k=[1/2 0 0] applied to the a, X 2a, X 2a, crystal lat-
tice. The symmetry condition for a nonzero spontaneous
magnetic moment is k=0. To satisfy this condition the crystal
structure must be doubled along the a direction (2a,X 2a,
X 2a,, unit cell). This means that there are four nonequiva-
lent cobalt positions in LBaCo,05 5 oxides. In other words,
the crystal structure involves nonequivalent cobalt ions with
the same coordination. A similar conclusion was arrived at
by Itoh et al.'® and Kubo et al.'” based on NMR measure-
ments of **Co nuclei in YBaCo,05 s and EuBaCo,0s s, re-
spectively.

Very recently Chernenkov et al.'® have found weak super-
structure reflections doubling the a axis in GdBaCo,0s
single crystals. The systematic extinction of these reflections
points to the Pmma space group. Two possible reasons for
the a axis doubling have been proposed: orbital ordering
and/or ordering of the cobalt ions in different spin states. The
formation of the different superstructures at spin-state transi-
tions has been theoretically justified by Khomskii and Low.'?
Earlier, Fauth er al.'? introduced the spin-state-ordered phase
to interpret the low-temperature neutron diffraction data for
NdBaCo,0s5 4;. The basic assumption of the given work is
also the postulation of a long-range ordering between cobalt
ions with different 3d° electronic configurations.

It has been shown that the ground state of Co* ions in the
CoOs pyramidal coordination is the state with the high-spin
electronic configuration. This conclusion comes from neu-
tron diffraction data for the LBaCo,Os series”%2% and both
neutron  diffraction?’  and  soft x-ray  absorption
spectroscopy?” for Sr,CoO4Cl, as well as being confirmed by
LDA+U calculations.?>?3 Therefore, following these results
we should conclude that fivefold-coordinated cobalt ions in
LBaCo,055,544 perovskites adopt the high-spin state,
whereas the superstructure develops in the position contain-
ing only sixfold-coordinated cobalt.

In the beginning we will consider the compounds with the
122 crystal structure and then we will show that the obtained
results can be easy extrapolated on the 332 structural type.
The cobalt ions occupy four independent positions in the
Pmma  space group with 2a,X2a,X2a, unit cell:
Col-2e(1/40-z), Co2-2e(1/40z), Co3-2f(1/41/2-7),
and Co4 2f-(1/4 1/2 z); in all cases, z~ 1/4, which corre-
sponds to the chessboardlike ordering between cobalt ions in
different spin states. These positions are characterized by the
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FIG. 2. Schematic representation of the magnetic structure
above T; (a) and below T; (b) for LBaCo0,05 5 compounds with the
122 type of crystal structure. Cobalt ions in the low-spin state (Co3)
are denoted by gray circles

same transformational properties. One should note that the
directions of the basis vectors, for both the Pmmm (spin-
stated disordered phase) and the Pmma (spin-state ordered
phase) space groups, coincide. Therefore, when we use the
designations a, b, and ¢ for the crystallographic axes, we will
not refer to a certain space group (Pmmm or Pmma). Sup-
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pose Col, Co2 and Co3, Co4 are the square pyramidal and
octahedral positions, respectively. The formation of the su-
perstructure, in the planes containing octahedral-coordinated
cobalt (ac planes), means that the magnetic moments on the
Co3 and Co4 positions can be different, whereas on the Col
and Co2 they are equal. Since the magnetic state with spon-
taneous magnetization is of the main interest, we will start
our consideration from this magnetic phase.

In the case of the Pmma space group with 2a,X2a,
X 2a,, unit cell, the magnetic structure of LBaCo,0s5 5 oxides
above T; is described by the k=0; i.e., the obligatory condi-
tion for a nonzero spontaneous magnetic moment is satisfied.
From the eight one-dimensional irreducible representations
(irreps) of Pmma at k=0 only six enter the magnetic repre-
sentation D’,‘;O on the 2e and 2f positions:

D¥2e) =Di02f) =3+ T3+ 5+ 7+ 5+ 1. (1)
Each irrep (we use the Miller-Love notations®*) enters only
once, which means that there is only a set of linearly inde-
pendent basis functions. The calculated basis functions (S¥)
for these irreps are presented in Table I. The result shows
that the weak ferromagnetism is forbidden by the symmetry
at any antiferromagnetic configuration, which can be con-
structed using the basis functions from Table I. This conclu-
sion comes from the requirement that the ferromagnetic
component has to belong to the same irreducible representa-
tion of the symmetry group as the main antiferromagnetic
vector. Further, from the obtained result the symmetry objec-
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FIG. 3. Simulated neutron (A=4.2 A) diffraction spectra (solid line), involving both nuclear and magnetic scatterings, for LBaCo0,05 5
with different configurations of the magnetic moments of cobalt ions: (a) G-type, (b) shown in Fig. 2(a), (c) shown in Fig. 2(b), and (d) taken
from Ref. 12 for the spin-state-ordered phase. In all the cases a purely paramagnetic spectrum (open circles) is presented too. Insets in the
(a) and (b) panels show 011 reflection to demonstrate the presence of the magnetic contribution in the case of the spin configuration shown
in Fig. 2(a). The calculation of the nuclear scattering was performed in the Pmmm space group using the structural data from Ref. 26. [It was
neglected that the real symmetry is Pmma, because the reflections arising from the electronic ordering (spin-state ordering) are extremely
weak and can be apparently observed only in single crystals.] The simulation was performed with the aid of the FULLPROF program

(Ref. 29).
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FIG. 4. Schematic representation of the two neighbor (001)
planes, containing cobalt ions in different coordination, for com-
pounds with the 332 type of crystal structure. Cobalt ions in the
octahedral and pyramidal coordinations are presented by circles
(dark, in the low-spin state; open, in the high-spin state) and
squares, respectively. The positive (+) and negative (—) directions
of the magnetic moments on the paramagnetic ions are shown too.

tions against the high-temperature magnetic structure for
TbBaCo,0s5 s proposed by Soda et al.?> follow, because this
model involves the basis functions of more than a single
irrep. Sometimes, in the case of a negligible small magnetic
anisotropy in comparison with the exchange interactions, a
magnetic structure can be formed by the basis functions of
the different irreps of the given space group. However, these
irreps have to belong to a single exchange multiplet corre-
sponding to a single irreducible representation of the sym-
metry group of the exchange Hamiltonian. In the case of
LBaCo,0s s, (i) anisotropic interactions are very strong,'314
which should lead to an effective splitting of the exchange
multiplets, and (i) by considering the degenerated states,
with respect to the exchange energy, it is easy to show that
this argument cannot be applied for the magnetic structure
proposed in Ref. 25.

Let us construct the magnetic structure for LBaCo,0s 5
using the basis functions from Table I. The model should
satisfy the following requirements: (i) the basis functions for
the cobalt positions should belong to a single irrep, (ii) the
value of the spontaneous magnetization should equal 1up per
Co ion and the magnetic moment should be directed along
the a axis,'® and (iii) the sign of the exchange interactions
between nearest neighbors should satisfy the Goodenough-
Kanomory rules. These requirements unambiguously deter-
mine the model presented in Fig. 2(a). For the octahedral
coordination, the magnetic moments on the Co3 and Co4
positions are 0 and 4 ug, respectively, which gives o,=1up
per Co ion. The obtained magnetic structure can be presented
as a consequent alternation of the ferromagnetic and anifer-
romagnetic (ac) planes formed by sixfold- (Co4) and
fivefold- (Col and Co2) coordinated cobalt ions, respec-
tively.

A calculation of the magnetic intensity starting from the
obtained model gives a qualitatively good agreement with
the neutron diffraction data,'> where the G-type antiferro-
magnetic ordering was assumed. For the G-type spin-ordered
configuration the main magnetic intensity is concentrated in
the 111 (for 2a, X 2a,X2a, unit cell) reflection [Fig. 3(a)].
In the case of the model presented in Fig. 2(a), the magnetic
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intensity is also mainly concentrated in this reflection, but
there is also a ferromagnetic contribution to the nuclear re-
flections such as 010, 011, 002 and 012 [Fig. 3(b)]. Because
of the small value of the ferromagnetic component above T,
a careful analysis of the nuclear reflections is required for
this contribution to be detected.

From the obtained model it follows that each paramag-
netic cobalt ion, with octahedral coordination (Co4), is ex-
change coupled only with two magnetoactive (which mag-
netic moments #0) (Co2) ions, whereas any cobalt ion with
pyramidal coordination (Col or Co2) is coupled not less than
with three magnetoactive ions [Fig. 2(a)]. Therefore, one
should expect that the ferromagnetic (ac) planes, formed by
Co4 ions, become paramagnetic at lower temperature (7)
than the aniferromagnetic planes (double pyramidal chains),
formed by fivefold-coordinated cobalt (Ty). In the tempera-
ture range 7-<<T<Ty the magnetic susceptibility is mainly
caused by the paramagnetic contribution of the octahedral
(ac) planes. In addition, the antiferromagnetic exchange in-
teractions, between sixfold-coordinated Co4 ions and
fivefold-coordinated Co2 ions, are equivalent to an effective
positive exchange between Co4 ions within the octahedral
(ac) planes. This gives a positive value of 6. A disordering of
the pyramidal (ac) planes (chains) at Ty has to be accompa-
nied by an increase of the effective paramagnetic moment
and the change of the @ sign. Thus, the high-temperature
anomaly of the magnetic susceptibility can be explained
without involving a spin-state transition as well as this model
explains the results of the heat capacity measurements.’

The spin-state transition is actively involved to interpret
the anomaly of the magnetic susceptibility and the metal-
insulator transition in compounds with the 122 type of crys-
tal structure.?®?’ At the same time, in compounds with the
332 type of lattice, the analogous anomaly of the suscepti-
bility does not affect the electrical properties.*> In addition,
the recent resonant photoemission data on Gd- and Dy-based
single crystals did not confirm that the phase transition at Ty
is associated with a sudden low-spin—high-spin switch of
cobalt ions in the octahedral sites.?®

Now, let us consider the magnetic ground state below T.
According to neutron diffraction data'? the magnetic struc-
ture, below this temperature, is characterized by the propa-
gation vector k=[0 0 1/2]. In this case, the magnetic repre-
sentation on the 2e and 2f positions consists of the six one-
dimensional irreps too:

DE"2(26) = DOV (2f) = Zi+ 5 4 Zi+ L+ L5 + 2.
2)

The matrices of the Z; irreps are identical to the correspond-
ing matrices of the I'; irreps. Therefore, we can use the basis
functions from Table 1. However, in the case of &k
=[0 0 1/2] a magnetic unit cell is doubled along the ¢ axis.
This means that the nuclear translation along this axis be-
comes antitranslational. The most natural magnetic structure,
coming from the high-temperature one, is the model con-
structed on the basis functions of the Z3 irrep and shown in
Fig. 2(b). A comparison of the magnetic intensities, calcu-
lated starting from this model [Fig. 3(c)] and the model pro-
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TABLE II. Basis functions of irreducible representations of the P4mm space group, entering the magnetic representations on la/1b, 4d,
and 4e/4f positions, with k=0.

1a(00z)
16(1/21/2 z)4d(x x 2)
Wyckoff z~-1/4;z x~1/6 z~-1/4; x~1/6 z~1/4 4e(x0z)—x~1/3 z~-1/4; x~1/3 z~1/4
position ~1/4 x~1/3 z~=1/4;x~1/3 z~1/4 4f(x1/22)—x~116 z~—1/4; x~1/6 z~1/4
i@ 1 1 2 3 4 1 2 3 4
00z x0z -x0z Oxz 0-xz
1/21/2z XXz -X —XZ -XXZ X=Xz x1/2z —x—=1/2z -=1/2xz 1/2 —xz
Irrep. ry
sk 1 i 1 i 0 0 i 1
k — — —
A 1 1 1 1 1 1 0 0
sk 0 0 0 0 0 0 0 0
Irrep. r,
n® 1
k — — _
Sxk 1 1 1 1 0 0 1 1
Sy 1 1 1 1 1 1 0 0
sk 0 0 0 0 0 0 0 0
Trrep. r,
n 2
sk 0 0 0 0
sk 0 0 0 0
k — —
SZ 1 1 1 1
Trrep. s
n 1
sk 1 i i 1 1 i 0 0
k — — _
Sy 1 1 1 1 0 0 1 1
sk 0 0 0 0 0 0 0
Irrep. s
n 2
sk 0 0 0 0
sk 0 0 0 0
T =~ =z
S, 1 1 1 1
Irrep. r,
n 1
sk 0 0 0 0 0 0 0 0 0
s\ 0 0 0 0 0 0 0 0 0
sk 1 1 1 1 1 1 1 1 1
n 2
k — — —
Sxk 1 1 1 1 1 1 0 0
Sy 1 1 1 1 0 0 1 1
st 0 0 0 0 0 0 0 0
Trrep. I
n 1
e 12 12 12 12 12 12 12
sk 01 11 11 11 11 00 00 ol ol
k — — — — — — —
S, 10 11 11 11 11 10 10 00 00
sk 00 00 00 00 00 00 00
n 2
k — — — — — —
S 11 11 11 11 01 01 00 00
st 11 11 11 11 00 00 10 10
sk 00 00 00 00 00 00 00 00
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TABLE II. (Continued.)

1a(00z)

16(1/21/22)4d(x x 2)
Wyckoff z~=1/4;z7 x~1/6 z~-1/4;x~1/6 z~1/4 4e(x0z)—x~1/3 z~=1/4;x~1/3 z~1/4
position ~1/4 x~1/3 z~-1/4;x~1/3 z~1/4 4f(x1/22)—x~1/6 z~=1/4; x~1/6 z~1/4
i@ 1 1 2 3 4 1 2 3 4

00z x0z -x0z Oxz 0-xz

1/21/2z XXz -X —XZ -XXxZ X=Xz x1/2z -x-=1/2z -1/2xz 1/2 —=xz
n 3
Sxk 00 00 00 00 00 00 00 00
Syk 00 00 00 00 00 00 00 00
st 17 1 11 T 01 01 10 10

% numerates cobalt ions in the la/1b, 4d, and 4e/4f positions; the coordinates of the symmetry linked ions are presented too.

b

¢j numerates sets of basis functions for many-dimensional irreps.

posed in Ref. 12 for the spin-state-ordered phase [Fig. 3(d)],
revealed their identity (at the same values of the magnetic
moments on paramagnetic cobalt ions). This means that a
refinement of the neutron diffraction spectra in the model
shown in Fig. 2(b) will give also good agreement with the
experimental data. This can be considered as an experimental
confirmation of the magnetic structures proposed here.

From Fig. 2(b) it clearly follows that the metamagnetic
transition from the antiferromagnetic state into the state with
spontaneous magnetization can be most easily induced by a
magnetic field applied along the a direction, which is really
observed in the experiment.'>'% Further, it is necessary to
note that in spite of the strong difference in the models, the
arguments, given by Taskin et al.'> to explain the thermal-
induced transition from the antiferromagnetic to the ferro-
magnetic state and the strong correlation between electrical
and magnetic properties, are entirely valid in our case. The
magnetic structure shown in Fig. 2(b) suggests positive ex-
change interactions between fivefold-coordinated cobalt ions
divided by [TbO, 5] layers. Apparently, these interactions are
caused by a complex indirect superechange involving more
than one oxygen ion and they are much weaker than the
usual 180° exchange interactions. At increasing temperature
short-time excitations of cobalt ions from the diamagnetic
(Co®* low-spin electronic configuration) state to the para-
magnetic (Co®* high-spin electronic configuration or
Co?*/Co™) one occur more often. The excited ions antifer-
romagnetically interact with the nearest neighbors, giving
rise to magnetic frustrations. The transition to the state with
spontaneous magnetization allows one to avoid the frustra-
tions, because in this state all the nearest neighbors of the
exited ion have an antiparallel spin (antiparallel to the spin of
the excited ion). Moreover, the activation energy for the car-
rier generation, via the exited paramagnetic states, should be
lower in the phase without frustrations—i.e., with the spin
configuration shown in Fig. 2(a). This is the reason why the
phase transition to the state with spontaneous magnetization
is accompanied by a jump of the resistivity.

n numerates sets of basis functions for irreps entering several times the magnetic representation.

Let us show now that the obtained models can be easy
extrapolated to LBaCo,05 44 compounds with the 332 type of
crystal structure. Since in this crystal structure each cobalt
ion with octahedral coordination has also four sixfold-
coordinated nearest neighbors [Fig. 1(b)], it is quite logical
to assume that a gain of elastic energy is enough for the
ordering of cobalt ions in different spin states to be realized
too. To avoid a cooperative character of the distortions in the
(001) planes, containing cobalt ions in different spin states
(due to a difference in the ionic radii of cobalt ions in the
high- and low-spin states), the ordering should be like that
shown in Fig. 4. In this case, the crystal structure is rde-
scribed by the P4mm space group with the 3\5'2ap>< 31\2a,
X 2a,, unit cell. The ferrimagnetic structure originating from
the G-type antiferromagnetic one (Fig. 4) is also character-
ized by the propagation vector k=0 (obligatory condition for
a nonzero spontaneous moment) and can provide all the fea-
tures of the magnetic behavior described above for the com-
pounds with the 122 type of crystal structure.

To confirm that the proposed magnetic structure is consis-
tent with the symmetry, the content of the magnetic repre-
sentations on the la, 1b, 4d, 4e, and 4f cobalt positions in
the P4mm space group has been found:

D¥%(1a) = DEO(1b) =T, + Ts,

D]:nzo(4d) = F] + 2F2 + F3 + 2F4 + 3F5,

D¥4e) =D0(4f) =T | + T+ 2l + 2T, + 315, (3)
The corresponding basis functions are presented in Table II.
From the result it follows that the magnetic structure, shown
in Fig. 4, can be constructed using the basis functions of the
single I'4(n=1) irreducible representation of the P4mm space
group, which is consistent with the symmetry requirement.
However, it should be noted that since cobalt ions occupy
positions with different transformational properties in the
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P4mm space group, the requirement of a single irrep media-
tion for the entire magnetic structure is not rigid.

By analogy with LBaCo,0s s, the low-temperature (below
T;) antiferromagnetic structure for LBaCo0,05 44 can be ob-
tained by doubling the magnetic unit cell along the [001]
direction.

In conclusion, symmetry considerations and analysis of
the previously reported magnetic, mgnetotransport, and neu-
tron diffraction data allowed us to conclude that the

PHYSICAL REVIEW B 72, 134408 (2005)

LBaCo,0s5 55 44 cobalt oxides demonstrate an exotic type of
electronic ordering, involving a translational symmetry
distribution of sixfold-coordinated cobalt ions in low- and
high-spin states. The proposed magnetic structures are
consistent with the symmetry constraints and resolve
contradictions between the results of the magnetic
measurements and neutron diffraction experiments as well as
give a clear picture of the magnetic behavior of these com-
pounds.
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