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Low-temperature behavior of YBaCo,0;55: Coexistence of two spin-state ordered phases
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The low temperature antiferromagnetic-antiferromagnetic phase transition in polycrystalline YBaCo,0s 5
cobaltite was studied by neutron powder diffraction. On the basis of symmetry arguments in combination with
Rietveld refinement, the coexistence of two phases with different type of spin-state ordering between the
diamagnetic (lggeg, S§=0) and paramagnetic (tégez, §=2) sixfold coordinated Co’* cations was revealed below
the transformation temperature, 7~ 195 K. One of the phases having Pmma (2a, X 2a, X 2a,) symmetry is
characteristic of the high-temperature (7>7;) homogeneous state, whilst another with Bmmm (2a,X 2a,
X 4a,) symmetry involves another type of spin-state ordered superstructure. The conjugated magnetic struc-
tures possess k=c"/2 and k=0 wave vectors, respectively. The structural changes are driven by competition

between the elastic and exchange energies.
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Temperature evolution of the magnetic ground state in
LBaCo,05 5 (L is lanthanide or Y) has attracted great atten-
tion in recent years, after discovering their complex behavior
related to a succession of the magnetic phase
transformations.'* These cobaltites possess also other im-
portant properties, particularly giant magnetoresistance'™
and high ionic/electronic conductivity.>® At temperatures
above Ty~ 340 K, LBaCo0,05 5 and their derivatives exhibit
a paramagnetic behavior with metallic-like character of the
conductivity. Below Ty, the conductivity decreases rapidly
along with substantial crystal structure modifications. In the
temperature range T (~290 K) <7< Ty, the magnetic sus-
ceptibility still obeys the Curie-Weiss law, but with a consid-
erably smaller effective paramagnetic moment. A long-range
magnetic ordering demonstrated by both magnetic
measurements'™ and neutron diffraction’!% occurs below
Tc. The latter results in onset of spontaneous magnetization,
which is however observed only in a narrow temperature
range and disappears at 7;~260 K.

This high temperature behavior is qualitatively similar for
all cobaltites with different L cations, where the crystal struc-
ture involves stripe-type ordering of oxygen ions in the
[LO,s] layers. The ordering results in an orthorhombic
Pmmm symmetry with the a, X 2a, X 2a,, unit cell (a, is the
parameter of the pseudocubic perovskite subcell), and pro-
vides an alternation of the (ac) plains containing Co** ions in
the octahedral and square-pyramidal coordination. However,
the low-temperature magnetic state is different for the cobal-
tites with relatively small (L=Tb, Dy, and Y) and large ( L
=Pr, Nd) lanthanide cations. In the former case, the antifer-
romagnetic structure is changed at 7; ~ 195 K.*!° When the
size of L cations is large, uniform magnetic ordering of the
cobalt sublattice is kept in the whole temperature range be-
low T7.”% The antiferromagnetic-antiferromagnetic phase
transition at 7; can only be identified explicitly by neutron
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diffraction; therefore, the low-temperature magnetic struc-
tures of the compounds based on the intermediate lan-
thanides (L=Sm, Eu, and Gd) having a large neutron absorp-
tion cross section cannot be unambiguously discussed at the
moment.

The present work is focused on the analysis of the phase
transition at 7; in YBaCo,0Os 5 cobaltite, which was recently
studied by neutron diffraction in the vicinity of
antiferromagnetic-ferromagnetic transition at 7,.'9 It has
been shown that the latter transformation relates to spin-state
ordering phenomenon in the octahedral sublattices of the par-
ent Pmmm structure.'” In the present study, the symmetry
arguments were combined with Rietveld analysis to show
that the low-temperature neutron diffraction data can be in-
terpreted in terms of two coexisting phases with different
types of spin-state ordering and distinct magnetic structures.

The powder of YBaCo,05 5 used for neutron diffraction
and magnetization measurements was prepared by a conven-
tional solid-state reaction technique; detailed description of
the synthesis conditions and the oxygen stoichiometry deter-
mination by thermogravimetric analysis was published
elsewehere.'” The neutron diffraction experiments were car-
ried out in the Berlin Neutron Scattering Center (BENSC) at
the Hahn-Meitner-Institute. Two powder diffractometers
were used, namely, the fine-resolution powder diffractometer
(E9) and the high-intensity flat-cone and powder diffracto-
meter (E2). The former, with incident neutrons of wave-
length A=1.7974 A and resolution Ad/d~2X 1073, was
used for the crystal structure refinement. The second diffrac-
tometer (A=2.39 A), equipped with a position-sensitive de-
tector to provide high intensity, is efficient for the magnetic
structure investigations. The neutron diffraction patterns
were collected on heating after cooling the sample down to
10 K. The Rietveld refinement and group-theoretical calcu-
lations were performed using Fullprof suite'! and ISOT-
ROPY software,'? respectively.
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FIG. 1. Temperature dependence of zero field-cooling magneti-
zation registered on heating at =10 kOe. Inset shows the neutron
diffraction patterns recorded on the E2 diffractometer, in the para-
magnetic region and in the magnetically ordered state above and
below T;. The indexation is given for 2a, X 2a, X 4a,, unit cell.

Figure 1 displays the magnetization curve of YBaCo,0s 5
as a function of temperature. The data was obtained on heat-
ing at 10 kOe after cooling the sample in a zero field. Three
magnetic phase transformations at 7; ~ 195 K, 7;~260 K,
and T-~295 K can be clearly identified. The neutron dif-
fraction patterns recorded by the E2 diffractometer below
and above T along with the paramagnetic spectrum are pre-
sented in the inset. The patterns at 190 K and 250 K can both
be indexed in the 2a,X 2a, X 4a, magnetic unit cell.

The crystal and magnetic structures at 7=250 K were
successfully refined using the models shown in Figs. 2(a)
and 2(b), respectively.!® The crystal structure symmetry is
orthorhombic Pmma with 2a,X2a,X2a, unit cell. The
presence of glide plain perpendicular to the ¢ axis relates to
a chessboardlike electronic ordering between the diamag-
netic (tggeg) and paramagnetic (tggeﬁ) Co* ions in the octa-
hedral sublattice. The magnetic structure, with wave vector
k=c"/2, clearly  provides the  antiferromagnetic-
ferromagnetic phase transition mechanism at 7; and explains
well the metamagnetic behavior below this temperature.'?
However, such model does not allow a satisfactory refine-
ment of the magnetic intensity at low temperatures, 7<<7
[Fig. 3(a)]. .

Plakhty et al.® pointed out that the k=c /2 wave vector
forbids the presence of the magnetic reflections with /=2n.
Therefore, at 7; a structural phase transition doubling the ¢
parameter should be involved to resolve the contradiction; in
this case, k=0 and the /=2n reflections are allowed. These
authors’ proposed the highest Pcca subgroup of Pmma space
group with the modulation vector k=c"/2 for the low-
temperature phase. However, taking into account the Wyck-
off positions splitting and the distribution of nonequivalent
cobalt in the unit cell, this space group was found unlikely.'®
The observation of (k,0,l,+0,k,I; h/k, [=2n+1) reflections
in the recent low-temperature x-ray and neutron diffraction
experiments,'* where the twinned DyBaCo,Os 5 single crys-
tal was studied, also ruled out the Pcca symmetry. In the
present neutron powder diffraction experiment, detection of
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FIG. 2. Schematic representation of the crystal structures with
(a) Pmma (2a, X 2a, X 2a,) and (c) Bmmm (2a, X 2a,X 4a,) sym-
metry, and (b) and (d) the corresponding magnetic structures. Two
nonequivalent octahedral Co positions are shown by the light and
dark gray polyhedra, respectively. The diamagnetic cobalt ions in
the low-spin state are denoted by the gray circles.

these very weak superstructure reflections overlapping with
magnetic peaks was practically impossible. Consequently,
the methodology developed in Ref. 10 has been applied to
deduce the actual symmetry and magnetic structure at low
temperatures.

The phase transition was suggested to originate from a
rearrangement in the 3d electronic subsystem of sixfold-
coordinated Co** ions, resulting in a new type of the spin-
state ordered superstructure.!® The appropriate space group
should hence correspond to one of the isotropy subgroups of
the parent Pmmm (a, X 2a, X 2a,) group, associated with the
U (a”/2+¢"/2) point. Two subgroups produced by the Uy
and U, irreducible representations split the 2g and 2r cobalt
positions of the parent group, allowing presence of non-
equivalent cobalt ions with the same coordination. In both
cases, the symmetry is orthorhombic Cmmm (or Bmmm in
nonstandard setting); the lattice vectors with respect to the
parent basis are

a;=2c,;b;=2a,,¢c;=b,
(or a;=2a,;b;=b,;c;=2c,
for the nonstandard setting),

where a, b, ¢, and a,, b, ¢, are the subgroup and parent-
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FIG. 3. Neutron powder diffraction data (E2 diffractometer, A=2.39 A) measured at 190 K and refined in different models.

group vectors, respectively. Hereafter, the nonstandard set-
ting is used as the Bmmm and Pmmm lattice vectors are
codirectional.

The location of nonequivalent cobalt sites is the same for
both structures (44, 4h for octahedral and 4g, 4g for pyrami-
dal); the difference relates to positions occupied by Y and Ba
as well as some oxygen positions. The crystal structure as-
sociated with the U7 irreducible representation is shown in
Fig. 2(c), where the nonequivalent cobalt sites with sixfold
coordination are presented by the dark and light polyhedra.
The Y and Ba cations are located in the 8m and 8n positions,
respectively. In case of the U, structure, the situation is in-
verse (8m for Ba and 8n for Y, correspondingly).

Following previous results,'? it seems quite logical to as-
sume that one of the octahedral positions is occupied by
diamagnetic low-spin cobalt ions, whereas cobalt in the other
sites adopts high-spin configuration. Taking into account the
negative exchange interactions between paramagnetic cobalt
ions as predicted by the Goodenough-Kanamory rules,' the
magnetic structure presented in Fig. 2(d) can be easily ob-
tained. The Pmma (2a,X2a,X2a,)— Bmmm (2a,X2a,
X 4a,) phase transition appears driven by the competition
between the elastic and exchange energy, as for the P4/nmm
(3y2a,Xx32a,%X2a,)—14/mmm (3 2a,X32a,X4a,)
transformation in YBaCo,0s 44.'® Namely, the sixfold coor-
dinated cobalt ions with nonzero magnetic moment in the
high-temperature Pmma polymorph are surrounded by four
diamagnetic and two paramagnetic neighbours, which is fa-
vorable with respect to the elastic energy; in the low tem-
perature Bmmm phase, these ions have three diamagnetic and
three paramagnetic neighbors, resulting in the exchange en-
ergy gain.

The model was preliminary tested to refine the magnetic
intensity below T;. However, this attempt failed [Fig. 3(b)].
The spin configuration presented in Fig. 2(d) provides mag-
netic contribution to the reflections with (h,k,l; h=2n, [
=2n+1) and (h,k,l; [=2n) whereas the magnetic structural
factor of the reflections with (h,k,I; h, k, [=2n+1) is zero.
All attempts to refine the magnetic structure by other models
assuming Bmmm symmetry with four independent cobalt po-
sitions, were also unsuccessful.

Comparison of the magnetic intensity, calculated for the
phase shown in Fig. 2(d), and experimental data makes it
possible to conclude that this contribution is superimposed

with that of the high-temperature phase. It clearly follows
from a comparison of Fig. 3(a) and Fig. 3(b). Indeed, refine-
ment of the low-temperature pattern using the two-phase
model was successful, suggesting that a certain fraction of
the Pmma polymorph exist below T [Fig. 3(c)]. Notice that
satisfactory results were even obtained when using only two
variable parameters; first for the magnetic moments of the
pyramidal sublattices and second for the magnetic moments
of the high-spin octahedral sublattices, assuming that the co-
balt cations with the same coordination have equivalent mo-
ments in both phases. The low-spin octahedral sublattices in
the phases were fixed to a zero magnetic moment. With these
constraints, the fractions of the Pmma and Bmmm phases at
T=190 K were found to be 45.8(5)% and 54.2(5)%, respec-
tively.

The conclusion that below 7 the high temperature poly-
morph (Pmma with the k=c"/2 magnetic wave vector) co-
exists with the new phase (Bmmm with k=0) is in concur-
rence with recent work by Chernenkov et al.'* The single-
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FIG. 4. Neutron powder diffraction data (E9 diffractomter, \
=1.7974 A) measured at 10 K. The solid line through the data is the
refinement of a model using space group Bmmm (2a, X 2a, X 4a,,).
The magnetic scattering was accounted by the two magnetic phases
which were modeled by the 2a, X 2a, X 4a,, magnetic unit cell us-
ing triclinic P-1 symmetry. It allowed these phases to be appropri-
ately scaled in respect of the single nuclear structure, whereas nec-
essary symmetry constraints were introduced through the codes of
the parameters.
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crystal neutron diffraction data'* on DyBaCo,0s 5 coincide g ° = aaq
with the single-phase model [Fig. 2(d)]; the authors observed ~ Z & 8 38
sets of the magnetic reflections with (h,k,l; h=2n, [=2n+1) =R X Ol- ===~~~ ===~=~=323
and (h,k,l; I=2n), whilst the reflections with (h,k,[; h, k, [ 3 £ cﬁ] @Q:Q:Q@:@Q@@@
=2n+1 were absent below 7;. This indicates that the single é ér"NX | MEITITITITaITAISAS
crystal does not undergo phase separation below 7; and has =2 s ceceeeeeeeeeaan
Bmmm symmetry, thus confirming the relevance of polycrys- % AL 2 <
tallinity and microstructural factors. It should be noted that 5 << dadgdd oS aT=2
the weak nuclear reflections (4,0,l+0,k,l; h/k, I1=2n+1) o ‘__5 v § § 'gr] E § g § § § E és -
observed by Chernenkov et al'* on the twinned —§& SocsgsocsssSssSsSSo
DyBaCo,0s5 5 single crystal by x-ray diffraction are consis- =9 § .
tent with the model proposed in this work, since Bmmm g Q:?\.o' £ o0
. . — = ~—
space group allows the presence of (1,0,/) reflections with = ™ ia. R A = a
h+1=2n. Moreover, since there is no group-subgroup rela- § §O<» dd 22882224
tionship between the Pmma and Bmmm space groups, the o0 %2 o !
corresponding phase transition should be of the first order, § I = S Q
again in agreement with the diffraction experiments.!# g3 = B 2 e e e =0
: . s . ddddadsadadsad
The crystal structure parameters were determined using Sod SoccoocSSSoSgS S
the pattern recorded in the high-resolution E9 instrument 5 I b ) o
(Fig. 4). The structural parameters were refined in a single g0 || & % § g/
phase structural model assuming either Pmma (Table I) or 2 X Q= Sl f e e .28
Bmmm (Table IT) symmetry. Unconstrained fitting in the two- &5 & .

. L o > A e N e e e e e e e s
phase (Pmma+Bmmm) model was unstable with slow struc- DS Fo=S=ZZZaddoonaan
ture solution oscillations during the least squares refinement. O"”i i i 2 %‘ 2 2 2 2 = % 22 S [c\s oo -~
This behavior is not unexpected for the particular case due to Ué\' ‘:“o < =%
negligibly small crystal structure modulations related to the — Z 3 — e

: : : : = & a o S =z <+ =
different phases, resulting in a strong correlatlion between > =& . SSeLEZssTeys
some of the refined parameters. A set of constraints allowed & £ nw 4833 FAFESE v
us to reach a convergence, however without a considerable Qw;0<€ o cocgsSgISsSSSSS
improvement of the refinement quality and the varied struc- e S P o
tural parameters were very close to those obtained in the §~¥§ § = =z
corresponding  single nuclear phase models. The § = - SIS " e
Pmma/ Bmmm phase ratios deduced from the constrained re- g5 &~ CooooooegoooeoC
finements of the E9 diffraction patterns obtained at different R=BIN v ~ a

. . . @K PR
temperatures within the 10 K<7<190 K interval were al- g " ey =
ONH o~ = NN =N N =N
ways very close to 1:1. RS daddaddodddo A
. . = — . e eleoleoeReE =R = (= el ool
The nuclear scattering of the E2 patterns was modeled in O I
two-phase structural model with fixed atomic structural pa- E . 3 g aa
rameters. The pattern obtained at 10 K and refined by the fg 5% S K g
two-phase model with the constrained magnetic moments of & g Cf Ol-="—=~—~~"~=~=—=—==323
the pyramidal and octahedral cobalt sublattices as described £ *§ S g SSZScSSddacedaae
above is shown in Fig. 5. The phase fractions were found to ETQ m|®NKBXRHXSH— 0= A S
. . Q0 > = S OO OO OO O O AN~
be very close to those obtained at 7=190 K being 43.9(5)% 2 ov'
for Pmma phase and 56.1(5) for Bmmm phase. The obtained & £ > .
magnetic moments are 3.2(1) and 2.4(1) up for the octahe- = T:) ) dadoasaas=s
dral and pyramidal cobalt ions, respectively (they were con- £sa v 223228z a3TeR
. . 5 =< AN A AAD N ADA T 0N
strained to be equal in both phases). The former value unam- Z S 3 SeccocSgsesSSsSS
biguously indicates the high-spin electronic configuration, voE R N
whereas the latter may also be interpreted as intermediate - g 5ol e c= ==
spin-state with additional orbital contribution. However, tak- I g A =T § E § £
. . . . o — v v N N
ing into account the spectroscopic data and theoretical argu- ks Qi Scococcoocscooo
ments given in Refs. 16 and 17 and the negative exchange z 3 e _ .
interactions with octahedral cobalt, the electronic configura- g f: ?[:D % %
tion of the fivefold coordinated Co** ions should also be g § T = $§88883848888848
Finally, one should consider alternative scenario of the Bt ™
I . . . . o
phase transition at 7, which also involves a reorganization R g Q g S NI AN SS SIS
of electronic subsystem of the fivefold-coordinated cobalt 23 é N
ions. Although the high-spin electronic configuration of Co** = ER § £ 3838 —
. . = o~ = S 00 0 =A< v \O I~ >
was found to be the ground state in the square pyramidal S o K< >>mOOUOUUOO0OO0OO0OO0O00OO0

064419-4



LOW-TEMPERATURE BEHAVIOR OF YBaCo,0s ...

5 S
ko PN
2 M
3 %)
)
™
g
S Na
5 .=
=\ .
AN
S iz
h__l.
R
£ o e
e,o/Rw
mA,m. N
E N
o Il —
H o
oo ™
S
2 o
IS
8 Qe
S N~
SRS
Sen
s
S ~ \O
£ 3
B\)4
I~
ey\__
‘hL&c,
g <
GRS
(=l
ﬁcc”
L~
roA./.
v
v~ T
O«
NS D
OM .
mmoooA
Boa
o~
T
5o
S Lo
Lot TS
7 ~
2
m(\a
5% -
WIK
g2
oy
o I N
2 P
=
.SKZ,
R
T
S & ¢
S
A
£ ., ®©
S &1
0 8 =
[ RS =
= 3K
o= .
S &)
225
=D
==
02 g
o<
mﬁ__
2,
8 =
< .
Q
£ 5
o —_
sge
© 3%
g 3
lmﬂ
me”.
- 5 <
WP__
n g
= O s
S <
=B~
.mnz
g 5=
pCO
%)
o =~
1T7
g .~
S £
= 0
< -z
RIS
= g<
Ld/n%\
=
Bn9
< £S
HER
o~
=

10 K

75 K

190 K

T

Occup.

B

Occup.

B

Occup.

B

X

Atom Wyck

) —~
T £
[e]
—_
oooS LE=Z=a
AmAmAmAD axT8~
SO NN O N A 0O O\ —
w cnonalal wvonwnv <t <t
AN—=C—O 1 "NYL—oaAN
SO O
—
o~ —~ —_~—
= — (o Ko\l
A — —
[eNe)t S on
o~ <t <t <t
AN NN nn nAaan
[eleoleololeolololololeolololoNo o)
— —_—
on [e\Ksp)
) Q)
O o
v <t O <t
S Sk
00_00000000000000

-
=]
~——— —~
22222 LLmoa
AN SR8~
SN enen NAAN — L
o adaa wvnn Sty
2 PR D LI D DR IR
SO OSTSTSST D
—
~—~ —~—
S — o —
n o2
S ®© =
N < @
AN i N NAdn
SOOI O
—~ —~—
o SN
= A
= S
v <t Novel
ars aA
0400000000440000
—~
AN
o
O —
o
e e o — O O

)
-
S
—~—— PR
222> VO o
T 0 = — S RS ANAMITN
ST nAa—3S3S L
w) o\ Ke\Na\Ne\| wmoownunuyn
N o=y nn YO —=OAA
CodoScocoocTSTSISII
—_—
£ aa
S g
— 00 SO
o~ < 5 <
Al nn  nn nddn
o000 O
— —~—
< NN
N AL
I S3
v \O
A A
SgocococoooosIoooo
S S 00wSTIAT OO O &
BOFTFTITTANN N 0000 <+
—_ o =
- o Q9
y—
ROV LVOOOOOOO000O

#1a and le oxygen positions of the parent Pmmm space group are split in the Bmmm subgroup in to 2a, 2b and 2d, 2c, respectively, resulting in their low statistic weight and consequently

large standard deviations for variable parameters related to these positions.
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FIG. 5. Neutron powder diffraction data (E2 diffractomter, \
=2.39 A) measured at 10 K. The solid line represents the refine-
ment of the two-phase model described in the text. Inset shows an
expanded portion in the 20 range 10-45°. R, (pmma)=4-43%,
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coordination, the phase transition may involve charge dispro-
portionation. In other words, if the average oxidation states
of the pyramidal and octahedral sublattices are different,
charge ordering below 7; may also change the symmetry and
magnetic structure. As the refinement of magnetic structure
using a single-phase model with four independent cobalt po-
sitions was unsuccessful for both Pmma (2a,X2a,*2a,)
and Bmmm (2a,X2a,X4a,) space groups, one possible
situation may appear when 2r (octahedral) and 2¢ (pyrami-
dal) positions in the parent Pmmm (a, X 2a, X 2a,) group are
split by irreducible representations associated with different
k points. In order to obtain appropriate subgroups with the
2a, X 2a, X 4a, unit cell dimension, combinations of the ir-
reducible representations splitting the 2r and 2g positions
and associated with the X(k=a"/2), Z(k=c"/2), and U(k
=a"/2+¢"/2) points should be analyzed. Consequently, the
coupled subgroups produced by the reducible representations
X;9Z], X, ®7Z;, X, ® U7, and X, ® U, were calculated. In
all cases, the resultant symmetry is Pmma (2a, X 2a, X 4a,)

P = Q p o 9
Co P Co OOLJ \\'10
(] [ 2 (1] (] [ 2% (1]
Cog| PIEN Coz, gC%
) Osa X ( od OeaX (
g Co; \Oo-‘ Co7
() [ 0 () [ 0
C d C
02 Co Cof| Co
< = D C = D
a a
y=05 y=0

FIG. 6. Distribution of nonequivalent octahedral and pyramidal
cobalt in the 2a, X 2a, X 4a,, supercell for the Pmma isotropy sub-
group produced by X, ® U reducible representation.
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with eight independent cobalt positions in the unit cell (Fig.
6). The magnetic structure refinement was then attempted
using a single-phase model involving eight independent co-
balt spins. However, although the number of variables was
large enough, no satisfactory solution was found.

In conclusion, polycrystalline YBaCo,Oj5 5 exhibits struc-
tural changes at 7;~ 195 K. Above this temperature, the
crystal structure is orthorhombic Pmma (2a,X2a,X2a,)
with chessboardlike spin-state ordering between the low- and
high-spin Co’* cations in the octahedral sublattice. This type
of superstructure is favorable in terms of the elastic energy;
the magnetic structure wave vector is k=c /2. Below T}, the
Pmma phase coexists with another orthorhombic Bmmm
(2a,x2a,x 4a,) phase, where the type of spin-state order-

PHYSICAL REVIEW B 77, 064419 (2008)

ing between the diamagnetic and paramagnetic octahedrally
coordinated Co** ions is different. The phase ratio, close to
1:1 at T=190 K, was found essentially temperature-
independent. The different type of electronic ordering leads
to a change in the magnetic structure. The conjugated spin-
ordered configuration has the wave vector k=0 and is favor-
able with respect to the exchange energy.

The neutron diffraction experiment at BENSC was sup-
ported by the European Commission under the 6th Frame-
work Programme through the Key Action: Strengthening the
European Research Area, Research Infrastructures, Contract
No. RII3-CT-2003-505925 (NMI3).
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