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Anisotropic magnetic, magnetoresistance, and electrotransport properties
of GdBaCo2O5.5 single crystals
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Single crystals of GdBaCo2O5.5 layered perovskites have been grown from a flux melt of Gd2O3-BaO-CoO
oxides. Magnetic data showed that the GdBaCo2O5.5 single crystals exhibit a magnetic phase transition from an
antiferromagnetic state to a ferromagnetic one with spontaneous magnetization around 0.41mB per Co ion at
Ti;160 K. Direction of spontaneous magnetic moment coincides with either thea or b axis. It is assumed that
Co31 ions adopt low- and intermediate-spin states in the ratio of 1:1. The giant magnetoresistance effect
connected closely with a spontaneous magnetization appearance shows a strong anisotropic that is behavior
consistent with the anisotropy of magnetic properties. On the basis of electrical resistivity data the quasi-two-
dimensional character of conductivity, above the metal-insulator transition temperatureTMI;370 K, was
assumed.

DOI: 10.1103/PhysRevB.67.214421 PACS number~s!: 75.50.Dd, 75.30.Gw, 75.30.Cr, 75.47.De
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Unusual magnetic and electrical properties have been
ported for oxygen-deficient orthocobaltites with a comm
chemical formula LnBaCo2O51d ~Ln represents
lanthanide!.1–4. These compounds have recently been synt
sized and have attracted considerable attention of many
vestigators. Its crystal structure is related closely
YBaFeCuO5-type structure and it represents a conseque
of @CoO2#-@BaO#-@CoO2#-@LnOd# layers stacked along thec
axis. In the case ofd50, all the cobalt ions are locate
within square pyramids with a fivefold coordination. Asd
increases an excess of oxygen ions occupies the@LnOd# lay-
ers, providing an octahedral environment for a part of
ions. At the highest limitd51, all the cobalt ions have a
octahedral environment. In thed50.5 case, oxygen ions an
oxygen vacancies are located in chains along thea axis
within @LnOd# layers. Thus, Co31 ions are present in both
CoO6-octahedral (Cooct) and CoO5-pyramidal (Copyr) coor-
dinations in an ordered manner. As a result of the orderin
consequent alternation of the planes formed by either Coct
or Copyr ions takes place along theb axis ~inset in Fig. 1!.
Depending on thed value an interesting variety of magnet
and structural phase transitions has been revealed tog
with charge and orbital ordering phenomena.5–7 In particular,
the LnBaCo2O5.5 perovskites have been found to exhib
first-order phase transitions from an antiferromagnetic s
to that with spontaneous magnetization atTi'250 K and
metal-insulator~MI ! ones at TMI'340 K.1–4 The nature of
these transitions is a matter of discussion now. The valu
spontaneous magnetization 0.18mB per cobalt ion, found in
ceramic samples is too low for parallel ordering of magne
moments of Co31 ions in the case of the intermediate-sp
~IS! (t2g

5 eg
1 S51) or high-spin~HS! (t2g

4 eg
2 S52) states.

Several models have been proposed to explain these
sitions, most of them being based on the idea of the s
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state transition of Co31 ions.8,9 Two nonequivalent cobal
positions in the LnBaCo2O5.5 lattice and three possible spi
states of Co31 ions @LS ~low spin! IS, and HS states# give a
wide field for speculations. The above-described crys
structure of LnBaCo2O5.5 layered perovskites presumes
strong anisotropy of physical properties. Therefore, the
vestigations performed on the high quality single cryst
will be able to represent useful information on the nature
the aforementioned transitions. The present paper is dev
to an investigation of growth conditions and anisotropy
physical properties of GdBaCo2O5.5 single crystals.

We have grown the single crystals of GdBaCo2O51d from

FIG. 1. A primary crystallization field of the GdBaCo2O5.5

phase in the Gd2O3-BaO-CoO system. Inset shows a schematic r
resentation of the crystal structure of GdBaCo2O5.5.
©2003 The American Physical Society21-1
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a nonstoichiometric solution of starting oxides. The fl
method used here has been successfully applied previo
to grow single crystals of high-TC superconducting coppe
oxides such as YBa2Cu3O72g ~123!10 and
Nd22xCexCuO42g .11 A sufficiently low melting point
1100°C of the (BaO)12x-(CoO)x mixture near eutectic
point,12 which one can expect for the composition close
x50.660.05, allows one to use this mixture as a solvent
grow LnBaCo2O51d layered cobaltites. In our experiment
the following growth conditions were used. First, Gd2O3,
BaCO3, and CoO powders with a purity of 99.99 % we
mixed in an appropriate ratio. The corresponding mixtu
was placed into an Al2O3 crucible and heated up t
1300–1350 °C. After homogenization for 2 h the flux melt
was slowly cooled down to 1000 °C at the rate of 1 °C/h a
then the furnace was cooled to room temperature. In Fig
the primary crystallization range of GdBaCo2O51d ~112
phase! is presented on the GdO1.5-BaO-CoO Gibbs triangle
The highest quality crystals were grown in a case of a fl
melt containing a small amount of Gd2O3 solved in the BaO-
CoO mixture close to eutectic. The hypothetical composit
of the flux melt was estimated as GdBa6Co9Ox . It is worth
noting that at a lower Gd2O3 content there is a phase cry
tallized with the composition identified as GdBaCo4O7. To
our knowledge there was not any report an this kind of cob
oxides up to now. A calculation of the crystal structu
showed this compound to be isostructural to hexago
Ba2Er2Zn8O13 oxide with space groupP63mc. A detailed
description of the crystal structure and physical propertie
the family of LnBaCo4O7 compounds will be presented in
separate paper. Using the above-described method we
also grown LnBaCo2O51d single crystals on the basis o
other rare-earth elements Ln5Pr, Eu, Tb, and Dy. The pri-
mary crystallization field for the LnBaCo2O51d phase
strongly depends on rare-earth ions and it is necessar
provide additional investigations in order to constant corr
diagrams.

Crystal phase purity and cationic composition of obtain
crystals were checked by x-ray diffraction~XRD! and x-ray
fluorescent analysis, respectively. Oxygen content was de
mined by iodinemetric titration. For this procedure seve
crystals~total weight 150 mg! annealed together were use
The magnetization studies were performed by a superc
ducting quantum interference device magnetometer quan
design MPMS-5. The conventional four-probe method in
configuration was used to measure the crystal’s resisti
and its magnetic-field dependence.

Grown crystals had a rectangular shape with a w
developed (ab) plane. An average edge length of these cr
tals was of several millimeters~the largest size was 535
32 mm3). XRD data revealed that the as-grown cryst
had a tetragonal symmetry of crystal structure~space group
P4/mmm). Annealing for several days in oxygen flow
600 °C changed the symmetry from tetragonal to orthorho
bic ~space groupPmmm). As it was shown,4 orthorhombic
distortions in the LnBaCo2O51d perovskites are caused b
the oxygen ions ordering within the@LnOd# layers as a resul
of a doubling of the unit cell along theb axis ~inset in Fig.
21442
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1!. The stoichiometric phase with such a type of oxyg
ordering corresponds to oxygen content 5.5. An iodineme
titration of GdBaCo2O51d crystals after annealing gives a
oxygen contentd50.4660.03 close to the stoichiometri
one. The somewhat lower value of the oxygen index o
tained in our experiment in comparison with the ceram
samples (d50.53) ~Ref. 9! is probably caused by a muc
less diffusion coefficient of oxygen in the case of the sing
crystal sample.

In the single crystals of high TC cuprates
LnBa2Cu3O72g , the similar crystal structure transformatio
from tetragonal (P4/mmm) to orthorhombic (Pmmm) sym-
metry as oxygen content increases is known to be accom
nied with an appearance of a developed twinning structur13

The twinning was found to affect strongly the anisotropy
electrical and magnetic properties, especially in the (ab)
plane. To observe the twin structure in the 123 crystals
polarization-optical method based on the effect of a lig
polarization change while reflecting from an anisotropic m
dium has been successfully applied.14 In Fig. 2, the
polarization-optical contrast is presented from twins of t
GdBaCo2O5.5 crystal in a normal-reflected light. For the ba
sic ~001! plane, one can clearly see the typical picture w
two systems of bright and dark stripes along@110# and@11̄0#
directions. The very similar polarization-optical contrast h
been observed for orthorhombic 123 crystals.14 In these crys-
tals, CuO chains appear as a result of an oxygen orde
along theb axis and directions ofa and b axes have been
found to differ by 90° in the neighboring twins. Taking int
account that the orthorhombic distortions of the crystal str
ture of LnBaCo2O5.5 perovskites are also caused by the ox
gen ordering along a certain direction~along thea axis!, one
can suggest the twin structure of both types of 112 and
crystals to be similar, too. In other words, the polarizatio
optical contrast in the GdBaCo2O5.5 crystals is connected
with a 90° turn of thea andb axes in the neighboring twins
However, it is necessary to carry out a further detailed inv
tigation of the twin structure in the LnBaCo2O5.5 crystals to
clarify its role in forming properties of these crystals as w
as to optimize conditions for the detwinning procedure.

FIG. 2. Image of twins in the GdBaCo2O5.5 single crystal ob-
tained in polarized microscope in the normal-reflection mode.
1-2
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ANISOTROPIC MAGNETIC, MAGNETORESISTANCE . . . PHYSICAL REVIEW B 67, 214421 ~2003!
According to our magnetic measurements, t
GdBaCo2O5.5 single crystals exhibit a strong anisotropic b
havior ~Fig. 3!. In magnetic fields perpendicular to the bas
(ab) plane (Hic axis!, the crystal behaves as an antiferr
magnet in the whole temperature range 4.2,T,300 K.
However, in the case ofH'c axis, the curves of magnetiza
tion temperature dependencesM ~T! have a character simila
to that of polycrystalline samples with transition to a sta
with spontaneous magnetization atTi5160 K. These results
point that an uncompensated magnetic moment lies in
(ab) plane. A rotation of the crystal in the magnetic fiel
H'c axis gives four equivalent maxima and four nonequiv
lent minima~inset in Fig. 3!. The minima alternate via ever
90°, whereas angles between maxima are different.

Taking into account the above-considered twin struct
of the crystal, the angle dependence of magnetization sh
in Fig. 3 can be explained by suggesting GdBaCo2O5.5 to be
a single-axis strong anisotropic magnet with easy magne
tion axis coinciding with either thea or b axis. In addition to
explaining the nonequivalent minima it is necessary to s
gest that the twins with different orientations of thea andb
axes occupy different volumes of the crystal~partial detwin-
ning!. In this case by attaching effective magnetic mome
of saturation to different types of the twins (MW min1 and
MW min2 ; Mmin1ÞMmin2) and excluding its rotation in the
magnetic field we can construct a vector diagram~Fig. 4,
inset of top panel! explaining the angle dependence of ma
netization. One can see from this diagram that there sho
be the following correlations betweenMmin1 , Mmin2 ,
Mmax, andw:

Mmax5AMmin1
2 1Mmin2

2 , w5tan21
Mmin1

Mmin2
. ~1!

Having determined from Fig. 4~top panel! the magneti-
zation of saturation at different orientations of th
GdBaCo2O5.5 crystal (Mmin150.18mB and Mmin250.23mB
per Co ion!, we can find from Eq.~1! thatMmax50.29mB per
Co ion andw540°. Comparison of these values with expe

FIG. 3. Temperature dependences of magnetization
GdBaCo2O5.5 single crystal at magnetic fields applied parallel a
perpendicular toc axis. Inset shows angle dependences of mag
tization in H'c geometry.
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mental dataw'40°610 ~inset in Fig. 3! and Mmax'0.29
60.01mB per Co ion~Fig. 4 top panel! gives a good agree
ment. It is obvious that if the easy magnetization axis do
not coincide with either thea or b axis the angle dependenc
shown in Fig. 3 would not change qualitatively but the co
relation betweenMmin1 , Mmin2 , Mmax, andw would have a
more complex character. On the basis of the obtained res
it is easy to account for the real value of spontaneous m
netization (MS) MS5Mmin11Mmin250.41mB per Co ion
for the single domain crystal without twinning. It is obviou
for polycrystalline samples of GdBaCo2O5.5 that the value of
spontaneous magnetization (M pol) can be written in the
same way as for a single-axis magnet with a random dis
bution of the magnetic moments within a half sphere of
dius MS :

M pol5E
0

p/2

MSsinw cosw]w5
MS

2
. ~2!

At MS50.41mB per Co ion,M pol'0.2mB per Co ion,
which is in a good agreement with literature data. Thus, fr
obtained data we can conclude that the single-cry
GdBaCo2O5.5 shows a phase transition atTi from an antifer-
romagnetic state to that with spontaneous magnetiza
0.41mB per Co ion. Moreover, the spontaneous momen
directed along either thea or b axis.

f

-

FIG. 4. Magnetization of the GdBaCo2O5.5 single crystal vs
magnetic-field value at its different orientation in the (ab) plane
~top panel!. Isotherms of in-plane and out-of-plane magnetizati
~bottom panel!.
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Let us further consider field isotherms of th
GdBaCo2O5.5 single crystal registered at different directio
of the crystal~Fig. 4, bottom panel!. One can see the out-of
plane (Hic) and in-plane (H'c, linear part! susceptibility
values are very close in both temperature rangesT,Ti and
T.Ti . In addition, there is no anomaly in the curve of tem
perature dependence of out-of-plane magnetization for
GdBaCo2O5.5 crystal atTi ~Fig. 3!. In other words, the out-
of-plane susceptibility does not change at the temperatur
the phase transition. Qualitatively, the same results have b
obtained for the Eu-based crystal for which there is not pa
magnetic contribution of the rare-earth sublattice into m
netization~for Eu31 ions, J50). In addition, one can se
from Fig. 4 ~bottom panel! that the 50 kOe field is no
enough to overcome the magnetic anisotropy and direct
magnetic moment along the field even at high temperatu
Apparently, in this compound, energy of the magnetic anis
ropy is comparable or higher than the energy of the excha
interactions.

The magnitude of spontaneous magnetization (0.41mB per
Co atT5190 K) is too large for a weak ferromagnetic sta
which may appear as a result of canting due to
Dzialoshinsky-Moria exchange. Moreover, a coarse estim
of the spontaneous magnetization atT50 K obtained by ex-
trapolation of the high-temperature dependence of the m
netization gives the value;0.75mB per Co ion. Hence, we
assume that a part of Co31 ions adopts the low-spin state
Another part of ferromagnetically ordered Co31 ions is in
the intermediate-spin state. Having analyzed the inve
paramagnetic susceptibility in the temperature rangeTC,T
,TMI for a polycrystalline GdBaCo2O5.5 sample and ex-
cluded a paramagnetic contribution of the Gd sublatti
Respaudet al.15 obtained the value of effective paramagne
moment me f f(Co)5(1.960.1)mB per Co. As it was also
noted,15 this value ofme f f(Co) is well consistent with a mode
assuming a 50% mixture of LS Co (S50) and IS Co (S
51) ions. However, the value of spontaneous magnetiza
(50.45mB per Co atT54.2 K) obtained from high-field
measurements made the authors reject the idea of ferrom
netic ordering of cobalt ions adopting an intermediate-s
state because in this case the expected value of spontan
magnetization should be 1mB per Co. Taking into accoun
expression~2!, one can obtain from data of the work15 the
real value of spontaneous magnetization~5 0.9mB per Co at
T54.2 K). Thus, we can conclude that the model assum
a mixture of cobalt ions in the low-spin state and ferroma
netically ordered ones in the intermediate-spin state can
sonably explain the value of spontaneous magnetizatio
the GdBaCo2O5.5 perovskite.

Taking into consideration that there are two different p
sitions of the cobalt ions in the crystal structure
GdBaCo2O5.5, one can suggest that one of these position
occupied by the cobalt ions in the low-spin state, whereas
other one by cobalt ions in the intermediate-spin state.
the basis of the results obtained here, it is impossible to m
a choice between two probable situations. However, rec
ultrahigh-resolution synchrotron-diffraction data reported
Fronteraet al.9 for GdBaCo2O5.5 showed that the low-spin
electronic configuration is adopted by the cobalt ions w
21442
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octahedral coordination. Thus, we have the model wh
consequent alternation of the ferromagnetic and diamagn
layers takes place along theb axis. In this model, the ferro-
magnetic layers divided by the diamagnetic ones are cou
ferromagnetically and antiferromagnetically above and
low Ti , correspondingly. One can suggest that the coup
between ferromagnetic layers is much weaker as comp
with interactions within the layers, and the transition fro
the antiferromagnetic state to the ferromagnetic one can
easily induced by the external magnetic field or temperatu

The origin of the ferromagnetic ordering within layers c
be explained by the orbital ordering satisfying th
Goodenough-Kanomory rules for the positive superexcha
interactions. However, in the case of the model, where
romagnetic layers consist of the fivefold coordinated cob
ions (Copyr), the exchange mechanism connecting magn
moments of the ions located in separate double pyram
chains is not clearly described. In this case it is rather cor
to consider the double ferromagnetic chains than the fe
magnetic layers.

Let us consider electrical and magnetoresistance pro
ties of the GdBaCo2O5.5 crystals. From a previous study o
ceramic samples the phase transition into the state with s
taneous magnetization is known to be accompanied wit
resistivity jump. The resistivity of the highest quality ce
ramic samples sharply decreases almost by a factor of
Ti . Application of an external magnetic field shifts th
phase-transition temperature and the jump of resistivity t
low-temperature area, which leads to the giant negative m
netoresistance effect1–4 (;15% atH510 kOe). According
to magnetotransport measurements of the GdBaCo2O5.5 crys-
tal, ~Fig. 5! the anomaly of resistivity associated with a spo
taneous magnetization appearance is the most develope
the curve of the resistivity temperature dependence re
tered alongc axis @out-of-plane resistivityrout(T)]. Maxi-
mal magnetoresistance effect (;5% atH510 kOe) has also
been observed along this direction~inset in Fig. 5!. However,
as one should expect from magnetic data the magnetor
tance shows a strong anisotropic behavior~inset in Fig. 5!.

FIG. 5. Temperature dependences of in-plane and out-of-p
resistivity of GdBaCo2O5.5 single crystal. Inset shows out-of-plan
magnetoresistance~MR! at different orientations of the crystal an
magnetic fieldH510 kOe.
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Magnetic field influences considerably the resistivity only
it is applied parallel to (ab) plane. Magnetic field applied
along thec axis does not change the magnetic state of
crystal and, consequently, its resistivity. It should be no
that the smaller value of magnetoresistance in our crysta
comparison with the ceramic samples is apparently c
nected with the diffusion phase transition to the ferrom
netic state. Such a behavior may be caused by nonunif
distribution of oxygen in the crystal and to obtain the we
defined phase-transition additional investigations directe
optimization of the annealing conditions are needed.

In the high-temperature paramagnetic area atTMI
;370 K, the pronounced metal-insulator transition is o
served in the curve ofrout(T) ~Fig. 5!. In the temperature
dependences of resistivity registered by in-plane geom
@r in1(T) andr in2(T)—current direction along two differen
edges of the crystal# the phase transitions at bothTi andTMI
are less pronounced. Authors of most papers devoted t
investigation of the MI transition in the LnBaCo2O5.5 com-
pounds conclude that the transition is induced by the cha
of spin state of Co31 ions. The sharp increase of the effecti
paramagnetic moment atTMI ~Refs. 4,8 and 9! is a satisfac-
tory argument in favor of this assumption. From crys
structure data obtained for Gd~Tb!BaCo2O5.5 perovskites,8,9

thec/2 parameter of the unit cell is known to be less than
a andb/2 ones. It means a strongerd-p hybridization in the
Cooct planes between 3d orbitals of cobalt and 2p orbitals of
oxygen in this direction and, consequently, a wider ba

*Corresponding author. Fax:~375-0172! 84-08-88. Electronic ad-
dress: khalyav@ifttp.bas-net.by
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width. Thus, apparently, the conductivity along thec axis is
maximal in the LnBaCo2O5.5 crystals. It was surprising to
reveal an anisotropy of resistivity within the (ab) plane,
which is apparently connected with a nonuniform defect d
tribution along thea andb directions due to strains caused b
a growth rate anisotropy. This fact leads in turn to a par
detwinning of the crystal. From consideration of th
LnBaCo2O5.5 crystal structure~inset in Fig. 1! a strong an-
isotropy of the resistivity in the (ab) plane is expected for a
crystal without twins. Unfortunately an in-depth analysis
the in-plane resistivity is complicated because of the tw
structure. However, the fact is that the in-plane resistivity
much higher than the out-of-plane one aboveTMI as well as
the (ab) anisotropy of resistivity may be caused by one
the directionsa or b remaining insulator atT.TMI . Taking
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