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Single crystals of the layered perovskite GdBaCo2O5+x sGBCOd have been grown by the floating-zone
method, and their transport, magnetic, and structural properties have been studied in detail over a wide range
of oxygen contents 0øxø0.77. The obtained data are used to establish a rich phase diagram centered at the
“parent” compound GdBaCo2O5.5—an insulator with Co ions in the 3+ state. An attractive feature of
GdBaCo2O5+x is that it allows a precise andcontinuousdoping of CoO2 planes with either electrons or holes,
spanning a wide range from the charge-ordered insulator at 50% electron dopingsx=0d to the undoped band
insulatorsx=0.5d, and further towards the heavily hole-doped metallic state. This continuous doping is clearly
manifested in the behavior of thermoelectric power which exhibits a spectacular divergence with approaching
x=0.5, where it reaches large absolute valuess±800 mV/K d and abruptly changes its sign. At low tempera-
tures, the homogeneous distribution of doped carriers in GBCO becomes unstable, as is often the case with
strongly correlated systems, and both the magnetic and transport properties point to an intriguing nanoscopic
phase separation into two insulating phasessfor electron-doped regiond or an insulating and a metallic phase
sfor hole-doped regiond. We also find that throughout the composition range the magnetic behavior in GBCO
is governed by a delicate balance between ferromagneticsFMd and antiferromagneticsAFd interactions, which
can be easily affected by temperature, doping, or magnetic field, bringing about FM-AF transitions and a giant
magnetoresistancesMRd phenomenon. What distinguishes GBCO from the colossal-MR manganites is an
exceptionally strong uniaxial anisotropy of the Co spins, which dramatically simplifies the possible spin
arrangements. This spin anisotropy together with the possibility of continuous ambipolar doping turn
GdBaCo2O5+x into a model system for studying the competing magnetic interactions, nanoscopic phase sepa-
ration, and accompanying magnetoresistance phenomena.
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I. INTRODUCTION

Since the discovery of the high-Tc superconductivity
sHTSCd in cuprates and shortly after of the colossal magne-
toresistancesCMRd in manganites, a great deal of experi-
mental and theoretical efforts have been made to clarify the
nature of these phenomena. The research has soon revealed
that the unusual behavior of cuprates and manganites is not
limited to HTSC and CMR: These compounds based on
seemingly simple metal-oxygen planes turn out to possess
very rich phase diagrams, originating from strong electron
correlations and involving spin, charge, orbital, and lattice
degrees of freedom.1–3 In particular, the strong electron cor-
relations, which prevent the electrons in partially filled bands
from forming conventional itinerant Bloch states, make these
systems prone to nanoscopic phase separation and self-
organization of electrons into various superstructures. The
role of this electron self-organization still remains controver-
sial. It is often argued, for example, that the HTSC and CMR
would never be possible in a homogeneous system, and it is
the nanoscopic mixture of phases that stays behind these
novel phenomena.2,3

Ironically, the complexity of manganese and copper ox-
ides that brings about all the fascinating physics also makes
these compounds very difficult for understanding. The re-
search thus naturally expanded towards other transition-
metal oxides, both because the comparison of different sys-
tems could give a clue to the behavior of cuprates and

manganites, and because those less studied systems might be
interesting in their own right. Such exploration has indeed
been proven to be very fruitful, resulting, for instance, in the
discovery of unconventional superconductivity in a layered-
perovskite ruthenium oxide4 and recently in a layered cobalt
oxide.5 A study of nickel and cobalt oxides has also revealed
the spin/charge ordering phenomena6–9 and nanoscopic
phase separation10,11 closely resembling those in cuprates
and manganites; these observations confirm that the charge
ordering is indeed a generic feature of strongly correlated
electrons. By now, probably the most rich and intriguing be-
havior has been found in cobalt oxides, which ranges from
giant MRsRef. 12–17d and large thermoelectric power attrib-
uted to strong electron correlations18–21 to unconventional
superconductivity.5 Apparently, the cobalt oxides, which are
still much less studied than cuprates or manganites, are
meant to become the next primary field in investigations of
the strongly correlated electron systems.

Unlike cuprates and manganites, the layered cobalt oxides
have two substantially different crystallographic types: the
layered perovskites derived from square-lattice CoO2 planes,
similar to HTSC and CMR compounds, and compounds such
as NaxCoO2 derived fromtriangular-lattice CoO2 planes. In
both cases, the CoO2 planes can be doped with charge carri-
ers over a remarkably wide range so that the effective va-
lence of Co ions varies from Co2+ to Co4+.1 In other words,
the doping level ranges from one electron to one hole per Co
ion, if the Co3+ state with even number of electrons is taken
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as the “parent” state. Empirically, the square-lattice and
triangular-lattice systems behave quite differently. For ex-
ample, the square-lattice cobalt oxides, such as
La2−xSrxCoO4, Bi2Sr2CoO6+d, andRBaCo2O5+x swhereR is a
rare-earth elementd, are usually reported to be
nonmetallic,8,11–17,22–25with the exception of heavily hole-
doped cubic perovskites La1−xSrxCoO3.

10 In contrast, the
triangular-lattice cobaltites often appear to be fairly good
metals,18,26,27 with the hydrated NaxCoO2 being even a
superconductor.5 This difference in behavior may come in
part from a disparity in the doping level, given that the latter
compounds were usually studied in a more highly hole-
doped region. Nevertheless, the surprisingly robust nonme-
tallic state in the square-lattice cobalt oxides11,25 clearly
points to a more fundamental source, which is presumably a
very strong tendency to charge ordering. In the triangular-
lattice compounds such tendency might be considerably
weaker. Indeed, the charge ordering usually gains support
from the antiferromagneticsAFd exchange, while in a trian-
gular lattice the AF spin interactions should inevitably be
frustrated. Thus far, however, none of these systems has been
systematically investigated over the entire doping range to
reveal a coherent picture of doped cobalt-oxygen planes.

In this work, we undertake a systematic study of magnetic
and transport properties of a square-lattice cobalt oxide over
a wide doping range. For this purpose, we have selected the
RBaCo2O5+x compoundsswhereR is a rare-earth elementd,
which have already attracted a lot of attention owing to such
fascinating features as the spin-state and metal-insulator tran-
sitions, charge and orbital ordering phenomena, and giant
magnetoresistance sGMRd.8,9,12–17,22–24,28–30 The
RBaCo2O5+x compounds possess a layered crystal structure
which consists of square-lattice layersfCoO2g-fBaOg-
fCoO2g-fROxg stacked consecutively along thec axis
sFig. 1d—a so-called “112”-type structure.12 This structure is
derived from a simple cubic perovskiteR1−xBaxMO3 swhere
M is a transition metald, but in contrast to the latter, the
rare-earth and alkali-earth ions are located in their individual
layers instead of being randomly mixed.

What makesRBaCo2O5+x compounds particularly attrac-
tive for our study is a large variability of the oxygen content:

By changing the annealing conditions, one can modify the
oxygen concentration in the rare-earthsROxd planessFig. 1d
in a wide range 0øxø1 sx depends also on the size of the
R3+ iond.12,28 In turn, the oxygen content controls the nomi-
nal valence of Co ions, which varies from 2.5+ to 3.5+,
passing through 3+s“parent” stated at x=0.5. Ordinarily, ex-
perimental investigations of theT-x phase diagrams of solids
are very time consuming, because they require to grow many
single crystals of different compositions. In contrast, the
composition of already grownRBaCo2O5+x crystals can be
modified by annealing at various temperatures and oxygen
partial pressures, which may allow one to span the entire
phase diagram using one and the same single crystal. Fur-
thermore, by varying the oxygen content one can tune the
doping level very smoothly, which gives a great advantage in
studying the critical regions of the phase diagram.

Upon choosing a compound from theRBaCo2O5+x group,
one would prefer to have a nonmagneticR ion, such as Y, La,
or Lu, to avoid additional complication coming from the
rare-earth magnetism. Unfortunately, the growth of single
crystals with these nonmagnetic elements turns out to be
virtually impossible.31 Therefore, we have selected the
GdBaCo2O5+x compound: Gd3+, being a 4f7 ion with zero
orbital moment, is known to show rather simple magnetic
behavior in transition-metal compounds, making predomi-
nantly paramagnetic contribution, which can be easily sub-
tracted from the overall magnetization. Also, owing to the
intermediate size of Gd ion in the series of rare-earth ele-
ments, GdBaCo2O5+x allows a fairly wide range of available
oxygen concentration. Recently, we succeeded in growing
high-quality GdBaCo2O5+x single crystals using the floating-
zonesFZd technique, and studied the magnetic and transport
properties of the parentx=0.50 composition.17

Here, we present a systematic data on the evolution of
transport, magnetic, and thermoelectric properties of well-
characterized GdBaCo2O5+x single crystals over the entire
doping range available for this compound, namely,
0øxø0.77. This layered cobalt oxide turns out to be a re-
ally fascinating filling-control system which allows a con-
tinuous ambipolar doping: We have developed a technique
that provides an easy and precise tuning of the oxygen con-
tent in GdBaCo2O5+x single crystals and ceramics, and suc-
ceeded in doping the parent semiconductorsx=0.50d with
electronssx,0.50d or holessx.0.50d with steps that could
be as small as 0.001 per Co ionsDx,0.001d. As a result, we
could observe spectacular singularities in the transport prop-
erties upon approaching the undoped state, could compare
the motion of doped holes and electrons, and study the im-
pact of a small amount of doped carriers on the competition
between the ferromagnetic and antiferromagnetic spin order-
ing in this compound. Our study has revealed a rich phase
diagram for this layered cobalt oxide, which is found to in-
clude regions of an intriguing nanoscopic phase separation
over virtually the entire doping range.

This paper is organized as follows. In Sec. II, we describe
the growth of high-quality GdBaCo2O5+x single crystals by
the floating-zone technique, the method of modifying their
oxygen content, and the detwinning technique used to obtain
single-domain orthorhombic crystals. The details of mag-
netic and transport measurements are also presented in Sec.

FIG. 1. Schematic picture of theRBaCo2O5+x structure forx
=0.5. It is worth noting that the oxygen ions infROxg layers dem-
onstrate a strong tendency to ordering; forx=0.5, for example, they
form alternating filled and empty rows running along thea axis
sRef. 12, 23, and 28d.
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II. Section III starts with a brief summary of the crystal struc-
ture of GdBaCo2O5+x over the oxygen-concentration range
0øxø0.77, which is followed with the experimental results
on transport, thermoelectric, and magnetic properties of
GdBaCo2O5+x, studied in this wide range of oxygen concen-
trations. The obtained data are used to establish an empirical
phase diagram presented at the end of this section. The im-
plications of our observations are discussed in Sec. IV. Based
on the obtained experimental results, first we propose a mag-
netic and electronic structure of the parent GdBaCo2O5.50
compound, giving our explanation of its transport behavior
and the origin of GMR, then we discuss the effects of doping
in GdBaCo2O5+x, and, finally, suggest an overall electronic
phase diagram for this compound. Section V summarizes our
findings.

II. EXPERIMENTAL DETAILS

A. Growth of GdBaCo2O5+x crystals

We have grown high-quality GdBaCo2O5+x single crystals
by the floating-zone technique, using an infrared image fur-
nace with two halogen lamps and double ellipsoidal mirrors
sNEC Machinery SC E-15HDd. A polycrystalline feed rod
for the crystal growth was prepared by the solid-state reac-
tion of Gd2O3, BaCO3, and CoO dried powders: The mixture
was successively calcined at 850, 900, 950, and 1000 °C,
each time for 20 h, with careful regrinding after each sinter-
ing. Then the obtained homogeneous single-phase
GdBaCo2O5+x powder was isostatically pressedsat
,70 MPad to form a rod with typical dimensions of
7 mmf3100 mm. Finally, the feed rod was annealed at
1200 °C in air to make it dense and hard.

The crystal growth was performed in a flow of dried air, at
a constant rate of 0.5 mm/h. We found that such rather slow
growth rate was essential for obtaining the ordered “112”
crystal structure, and for reducing the number of domains in
the resulting crystalline rod; higher rates inevitably caused
multidomain crystal growth. Using optical microscopy and
Laue x-ray back-reflection control, we selected single-
domain parts of the grown crystal rod and cut them into
parallelepiped samples suitable for structural, transport and
magnetization measurements. All the samples’ faces were
carefully polished and adjusted to the crystallographic planes
with a 1° accuracy.

The homogeneity and stoichiometry of the obtained
GdBaCo2O5+x crystals were analyzed by the electron-probe
microanalysis sEPMAd and inductively coupled plasma
sICPd spectroscopy which confirmed that the actual cation
composition was uniform, corresponding to the nominal
1:1:2 ratio within the experimental accuracy. Another impor-
tant issue is whether Gd and Ba are well ordered in the
lattice; in fact, we found that large rare-earth ions, such as La
and Pr, easily mixed with Ba, resulting in a disordered cubic
phaseR0.5Ba0.5CoO3−d. In the case of GdBaCo2O5+x crystals,
however, the x-ray diffraction data demonstrate that Gd and
Ba are indeed well ordered into consecutives001d layers,
which results in the doubling of the unit cell along thec axis
sFig. 2d. Moreover, for the oxygen concentrationx<0.5, the
oxygen ions are found to form alternating filled and empty

chains running along thea axis; this brings about the dou-
bling of the unit cell along theb axis sFig. 2d. Apparently,
such long-range oxygen ordering would hardly be possible if
considerable amount of Ba were substituting Gd in GdOx
layers. Figure 2 shows also a typical x-ray rocking curve
s040d for GdBaCo2O5.5, which has a full-width-at-half-
maximum sFWHMd of less than 0.1°, indicating that our
crystals have few macroscopic defects. Additional evidence
for the macroscopic crystallographic perfection is the ease
with which the crystals could be cleaved, especially along
the h001j planes, exposing perfectly flat, shiny surfaces.

B. Tuning the oxygen content in GdBaCo2O5+x

1. Equilibrium oxygen concentration as a function
of temperature and oxygen partial pressure

Owing to the layered “112” crystal structure, the oxygen
content inRBaCo2O5+x can be varied within a wide range
0,x,1, where the oxygen vacancies are located predomi-
nantly in the rare-earthROx planes.15 The most convenient
way to modify the oxygen stoichiometry is the high-
temperature annealing, yet it requires a detailed knowledge
of how the equilibrium oxygen content depends on the tem-
perature and oxygen partial pressure. In addition, one needs
to know the kinetics of the oxygen exchange: The annealing
temperature should be carefully chosen so that the oxygen
exchange is quick enough for the equilibrium state to be
reached in a reasonable time, but still slow enough to avoid
unwanted oxygen absorption during the subsequent cooling
of the sample.

In order to establish such dependences, we have per-
formed special sets of annealings, systematically varying
temperature, oxygen partial pressurePO2

, and annealing
time, as exemplified by the data shown in Fig. 3. By mea-
suring the weight change of,1-g polycrystalline samples, as
well as large single crystals, with a 0.1-mg resolution, we
could evaluate the change in the oxygen contentDx with an

FIG. 2. sLeftd X-ray Bragg’s peaks for GdBaCo2O5+x sx=0.5d
crystals, which demonstrate the unit-cell doubling along theb and
the c axis seach peak has CuKa1 and CuKa2 contributions to the
diffraction patternd. For convenience, the peak intensity is multi-
plied by a factor indicated near each peak.sRightd X-ray s040d
rocking curve.
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accuracy better than 0.001. Although all the relative oxygen
variations are measured very accurately, there would still be
a large uncertainty in the absolute values ofx, unless we pin
this relative scale to the absolute oxygen content at least at
one point. Fortunately, in GdBaCo2O5+x there are two pecu-
liar oxygen concentrations that allow the absolutex scale to
be establish unambiguously. First, in GdBaCo2O5+x crystals,
similar to otherRBaCo2O5+x compounds with small rare-
earth ions,8,9,28 the oxygen content can be reduced down to
x=0 by annealing in vacuum, or inert atmosphere. One can
naturally expect thex=0 composition to be stable over rather
broad range of parameters, since in this phase all the weakly
bound oxygen is removed from GdOx layers, while the
strongly bound oxygen in BaO and CoO2 layers is still intact.
Indeed, we observed thatx saturates, approaching some low-
est level fsee Fig. 3sbdg as the oxygen partial pressure is
reduced and the annealing temperature is increased, and we
attributed this saturation value tox=0. Much more sensitive
calibration can be done at thex=0.5 point, which turns out to
be critical for GdBaCo2O5+x: Upon crossing this point, the
mixed valence composition of Co2+/Co3+ ions turns into the
Co3+/Co4+ one, and consequently the type of charge carriers
switches abruptly. As we will show below, several physical
properties of GdBaCo2O5+x exhibit a very sharp singularity
in their x dependences nearx=0.5, changing remarkably
with a minutesby merely 0.001d modification ofx. The cali-
brations that used thex=0 andx=0.5 points gave the same
results, which allows us to be confident in absolute values of
x in our samples.

Temperature dependences of the equilibrium oxygen con-
tentx in GdBaCo2O5+x for different oxygen partial pressures
are shown in Fig. 3sad, which demonstrates that a large varia-
tion of x can be achieved by relatively simple means: by
annealing in a flow of oxygen and argon mixed in different
proportions. Note that the shown data correspond to the equi-
librium state, and that all the changes in oxygen concentra-
tion are therefore completely reversible. Our measurements
have shown that the equilibriumx value at a given tempera-
ture is roughly proportional to the logarithm of the oxygen
partial pressure, as long asx is not too close to zerofFig.

3sbdg. Therefore, in order to obtain the lowest oxygen con-
centrationx=0 we annealed samples in a flow of argon or
helium, and used strongly dilutedsdown to 10 ppmd oxygen-
argon mixtures to access the low-x range, although precise
tuning ofx in this case becomes technically more difficult. In
the opposite limit, the samples with oxygen concentrations
up to x=0.77 were prepared by annealing in oxygen at high
pressuressup to 70 MPad.

2. Oxygen intercalation kinetics

As we have mentioned above, there is one more point to
be concerned about, upon choosing the proper annealing
conditions, in addition to the equilibriumx value: it is the
oxygen-intercalation kinetics. If the oxygen diffusion is too
slow, one will inevitably end up with a crystal having a large
composition gradient; if, in contrast, the oxygen uptake is too
fast, it will be difficult to preserve the achieved state even by
very fast cooling. By measuring how the sample’s mass
evolves with timet, we have determined the time depen-
dences of the average oxygen contentx̃std for different an-
nealing conditions, as shown in Fig. 4. Apparently, the
proper duration of the heat treatment necessary to obtain a
homogeneous oxygen distribution should be several times
longer than the characteristic timet of the oxygen exchange
process at a given temperature and an oxygen partial pres-
sure. We have found that for ceramic samples the kinetics of
oxygen intercalation in the entire studied ranges of tempera-
ture andPO2

follows a simple exponential law

x̃std = x` − fx` − x0ge−t/t, s1d

wherex0 and x` are the initial and the equilibrium oxygen
contents andt is a time constant that depends on temperature
and PO2

. Such simple exponential dependence can be natu-
rally attributed to the oxygen exchange limited by a surface
energy barrier. The time constantt turns out to be less than
3 h at temperatures down to 250 °Csat 1 bar oxygen pres-
sured, so that the equilibrium state in ceramic samples can be
easily achieved by one-day annealingfFig. 4sadg.

In the case of single crystals, however, the oxygen inter-
calation deviates from the simple exponential behavior, and
goes at a noticeably slower rate, as illustrated in Fig. 4sad.
We have found that for,500-mm-sized crystals, two days of
annealing at 250 °C is far from being enough to reach the
equilibrium oxygen concentrationfFig. 4sadg; such annealing
turns out to be insufficient even for,100 mm samples. This
difference in the kinetics of oxygen absorption is apparently
caused by an additional limitation imposed by the bulk oxy-
gen diffusion: While the crystal surface layer is readily filled
with oxygen, it takes much more time for oxygen to diffuse
towards the inner part of the crystal. For rectangular-shape
crystals the oxygen exchange kinetics has an analytical
solution,32,33 which depends on the surface exchange coeffi-
cient K, characterizing the oxygen exchange at the interface
between the gas and the solid, and the chemical diffusion
coefficientD, in addition to the sample size. These param-
eters can be extracted by fitting theoretical curves to experi-
mental data, as exemplified in Figs. 4sad and 4sbd. For ex-
ample, the data shown in Fig. 4sad provide the diffusion-

FIG. 3. The equilibrium oxygen concentrationxeq in
GdBaCo2O5+x. sad Temperature dependences ofxeq for several val-
ues of the oxygen partial pressure.sbd Dependences ofxeq on the
oxygen partial pressure at several temperatures.
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coefficient value ofD=3310−8 cm2/s at 250 °C.34 With
increasing temperature, the diffusion coefficient grows rap-
idly and so does the rate of the oxygen uptake, making it
possible to achieve a homogeneous oxygen distribution in
,1-mm-sized crystal already after several hours annealing at
400 °C fFig. 4sbdg. Note that the oxygen kinetics does not
show any detectable difference upon varying the sample size
along thec axis, implying an essentially 2D character of the
oxygen diffusion typical for layered oxides.35

We should note that the diffusion coefficient found in
GdBaCo2O5+x is remarkable in its own right, being unusually
large for such low temperatures; the oxygen diffusivity ap-
pears to be comparable with that in best superionic
conductors.34 One additional implication of the high oxygen
mobility, which is important to the present study, is that the
oxygen ions may be capable of rearranging even at room
temperature or below, and one should expect the oxygen to
form ordered superstructures or to participate in mesoscopic
phase separation.

After the homogeneous oxygen distribution in a crystal is
reached, an important issue to be concerned about is the
cooling procedure, which must be as fast as possible to avoid
any further oxygen uptake. To obtain the most homogeneous
samples we used the following rules upon selecting the an-
nealing conditions. The annealing temperature and the partial
oxygen pressure were selected so thatsid they provided the
required oxygen content in the crystal andsii d the annealing
time necessary to reach the equilibrium oxygen distribution
was in the range from several hours to several days. After the
annealing was completed, the samples were quickly
quenched to room temperature without changing the atmo-
sphere. Upon quenching, the crystal temperature dropped by
100–200 °C in several seconds, guaranteeing the blocking
of any further oxygen exchange. The huge difference in the
time scales—hours and days for modifying the oxygen con-
centration and seconds for quenching—ensured us that the
unwanted oxygen uptake could affect no more than a fraction
of percent of the crystal’s volume. An important point to be
specially emphasized is that the oxygen exchange at the in-
terface between the gas and the solid is strongly suppressed
at low oxygen partial pressures. As illustrated in Fig. 4scd, by

reducing the oxygen partial pressure one can arrange a slow
oxygen uptake in a ceramic sample even at 600 °C. This
feature turns out to be very useful in obtaining homogeneous
samples within the low oxygen concentration range.

C. Detwinning of crystals

The oxygen ordering is indeed observed in GdBaCo2O5+x
at x<0.5, where the oxygen ions in GdOx planes order into
alternating filled and empty chains, causing a tetragonal-to-
orthorhombicsT-Od transition and doubling of the unit cell
along theb axis sFig. 2d. Usually, thisT-O transition is ac-
companied by heavy twinning of crystals that mixes thea
and b orthorhombic axes; one therefore needs to perform a
detwinning procedure to get a single-domain orthorhombic
crystal for studying the in-plane anisotropy. To detwin crys-
tals, we slowly cooled them under a uniaxial pressure of
,0.15 GPa from 260 °C, using a polarized-light optical mi-
croscope to control the twin removing.36 We should note,
however, that the GdBaCo2O5+x crystals are very fragile, and
it was virtually impossible to complete the detwinning pro-
cedure without having them cleaved into two or more pieces.
These pieces were fairly well detwinnedsaccording to x-ray
measurements, the remaining fraction of misoriented do-
mains usually did not exceed 4–5 %d and suitable for mag-
netization measurements. Thus far, however, we have not
succeeded in detwinning the crystals with already prepared
electrical contactsssee belowd, which are necessary for trans-
port measurements.

D. Details of measurements

To characterize the physical properties of GdBaCo2O5+x,
we have carried out resistivity, magnetoresistancesMRd,
Hall, thermopower, and magnetization measurements within
the 2–400 K temperature range.

The in-planesrabd and out-of-planesrcd resistivity was
measured using a standard ac four-probe method. Good elec-
tric contacts were obtained by drawing with a gold paint on
polished crystal surfaces, and subsequent heat treatment. For
current contacts, the whole area of two opposing side faces

FIG. 4. Kinetics of the oxygen intercalation into GdBaCo2O5+x. sad Comparison of the oxygen uptake in a ceramic sampleswith an
average grain size of,10 mmd and a single crystalswith sizes in theab plane of 500mm3400 mmd measured in the oxygen flow at
250 °C. Solid lines are the result of simulation, see text.sbd The oxygen uptake in a single crystal with sizes in theab plane of
1000mm3600 mm measured in the oxygen flow at different temperaturesssolid lines are the result of simulationd. scd Dependence of the
oxygen-uptake kinetics in a ceramic samples at 600 °C on the oxygen partial pressure.

TRANSPORT AND MAGNETIC PROPERTIES OF… PHYSICAL REVIEW B 71, 134414s2005d

134414-5



was painted with gold to ensure a uniform current flow
through the sample. In turn, the voltage contacts were made
narrow s,50 mmd in order to minimize the uncertainty in
absolute values of the resistivity. It is important to note that
the gold contacts were preparedbeforeall the heat treatments
that were used to vary the oxygen content. After the required
oxygen concentration was set by annealing, thin gold wires
were attached to the contact pads using a room-temperature-
drying silver pastesDuPont 4922d, which electrically and
mechanically bound the wire to the sample. As the measure-
ments were completed, the wires were removed and the crys-
tal was reannealed to get the nextx value.

The MR measurements were done either by sweeping the
magnetic field between ±14 T at fixed temperatures stabi-
lized by a capacitance sensor with an accuracy of,1 mK,37

or by sweeping the temperature at a fixed magnetic field.
Both Drc/rc and Drab/rab have been measured forH iab
andH ic.

The Hall resistivity was measured using a standard six-
probe technique by sweeping the magnetic fieldH ic to both
plus and minus polarities at fixed temperatures; the electric
current was always along theab plane. After the symmetric
sMRd contribution coming from a slight misplacement of the
contacts was subtracted from the raw data, the Hall resistiv-
ity appeared to be perfectly linear in magnetic field for all
measured temperatures, implying that the anomalous Hall
effect was negligible.

In order to determine the thermoelectric powersSeebeck
coefficientd S, we generated a slowly oscillating thermal gra-
dient along the sampleswithin ,1 Kd, and measured an in-
duced periodic voltage. This allowed us to get rid of thermo-
electric contributions generated in the remaining circuit. A
chromel-constantan thermocouple employed for measuring
the thermal gradient was attached to the heat source and to
the heat sink, which were fixed to the sample by a silver
paste. To obtain the absolute value of the thermoelectric
power, a contribution from the gold wiress,2 mV/K d used
as output leads was subtracted. Thermopower measurements
were mostly performed on longs.2 mmd samples by apply-
ing a temperature gradient along thea or theb axis.

Magnetization measurements were carried out using a
SQUID magnetometer at fields up to 7 T applied along one
of the crystallographic axis. Measurement modes included
taking data upon heating the sample after it was cooled down
to 2 K in zero fieldsZFCd, upon cooling the sample in mag-
netic field from 400 KsFCd, and upon sweeping the field at
fixed temperatures. Throughout this paper, the magnetization
coming from Co ions is determined by subtracting the con-
tribution of Gd ions, assuming their ideal paramagneticsPMd
behavior with total spinS=7/2; thelatter is a good approxi-
mation since no ordering of Gd3+ moments in any of the
samples is detected down to 1.7 K.

III. RESULTS

A. Crystal structure

Figure 5 shows the evolution of the GdBaCo2O5+x crystal
structure as a function of the oxygen concentrationx. We can
clearly distinguish three different composition regions.

sid 0øx,0.45, the system keeps a macroscopically te-
tragonal structure, where the unit cell smoothly expands in
the c direction and shrinks in the in-plane directions with
increasingx.

sii d 0.45,x,0.60, the oxygen ions order into alternating
filled and empty chains running along thea axis, which re-
sults in the orthorhombic structure and in the doubling of the
unit cell along theb axis ssee Fig. 2d.

siii d x.0.60, the system evolves towards a macroscopi-
cally tetragonal symmetry, though in quite a complicated
way. For crystals located at the lower edge of this composi-
tion range, we observed at the same time the x-ray diffrac-
tion peaks corresponding to the orthorhombic structure with
the unit cell doubling, and those related to the tetragonal
structure. This two-phase state is clearly intrinsic and unre-
lated to a macroscopic oxygen-concentration gradient that
would emerge if crystals were improperly annealed. Indeed,
the signs of the two-phase state were reproducibly observed
only in a quite narrow range ofx and disappeared as the
oxygen content was further increased. At the highest
achieved oxygen concentration, we could distinguish only
the tetragonal, albeit somewhat broadened, diffraction peaks.

We should keep in mind, however, that this dividing is
based only on the macroscopic symmetry, and thus it should
not be taken too literally; the behavior of the local structure
may in fact be much more tricky. For example, it is quite
likely that oxygen ordering or mesoscopic phase separation
takes place at smallx values as well, but the ordered domains
are too small to be discernible by conventional x-ray diffrac-
tion. The same is also true for high oxygen contents where
one may expect fairly ordered phases atx<2/3,3/4, aswell
as various mesoscopic phase mixtures.

B. Resistivity

In perovskite compounds, the electron-band filling can be
modified by a partial substitution of cations with elements
having a different valence, as in the case of the La1−xSrxMO3
compoundssM is a transition metald, and by introducing cat-
ion or anion vacancies and interstitials as in V2−yO3,
LaTiO3+d, and YBa2Cu3O6+x.

1 At integer filling sinteger

FIG. 5. Room-temperature parameters of the GdBaCo2O5+x unit
cell as a function of the oxygen content.
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number of electrons per unit celld these compounds are usu-
ally band or Mott insulators, yet a metallic state often
emerges upon changing the filling level, that is, when elec-
tron or holes are doped into the parent insulator.

In GdBaCo2O5+x, it is obviously thex=0.5 composition
that is the parent compound, where all the Co ions are nomi-
nally in the 3+ state. The limiting phasesx=0 and x=1
should correspond to the 1:1 mixtures Co2+/Co3+ and
Co3+/Co4+, respectively, or in other words to the doping lev-
els of 0.5 electrons and 0.5 holes per Co ion. It would not be
surprising, therefore, if thex=0.5 composition were insulat-
ing, and a metallic behavior were emerging when the oxygen
content deviates fromx=0.5 towards lower or higher values.
The actual behavior of GdBaCo2O5+x, however, turns out to
be more complicated: In contrast to the naive expectations, it
never becomes a true metalsFig. 6d, even though we change
the doping level in a very broad range from 0.5 electrons per
Co sx=0d up to 0.27 holes per Cosx=0.77d.38 At low tem-
peratures, the in-plane resistivityrab exhibits an insulating
behavior throughout the whole accessible range ofx. More-
over, by looking at the low-temperature regionsT,150 Kd
in Fig. 6, one may easily find out that the resistivity even
increasesas the oxygen content is reduced below 0.5s“elec-
tron doping”d; clearly, the observed evolution differs remark-
ably from what one usually expects to see upon doping an
insulator.

Although GdBaCo2O5+x never behaves as a normal metal,
the temperature dependence of its resistivity does not follow
that of a simple insulator or semiconductor either. As the
temperature increases above 200–250 K, the in-plane resis-
tivity rabsTd shows a gradual crossoversfor xø0.44d or a
sharp transition atT<360 K sfor x close to 0.5d into a metal-
like state, see inset of Fig. 6. This sharp “metal-insulator”
transition sMIT d at x<0.5 is similar to what has been re-
ported for air-sinteredRBaCo2O5+x ceramics.12–15 Although
the resistivityrab,400–600mV cm on the metal side of the
MIT is still relatively large, in transition-metal oxides such
resistivity values are actually more consistent with a metal-

lic, rather than a hopping transport.1 As can be seen in the
inset of Fig. 6, the metal-insulator transition is the sharpest
and takes place at the highest temperatureTMIT <364 K for
x=0.50, while any deviation from this stoichiometry blurs
the MIT and shifts it to lower temperatures. This is particu-
larly clear for high oxygen contents:TMIT is reduced to
,325 K for x=0.65, and no distinct transition can be found
for xù0.70. In addition to the MIT, a clear, albeit small, kink
is seen on thersTd curves in the temperature range
100–260 K, which is related to a magnetic transition as will
be discussed below.

To make it more transparent how the resistivity in
GdBaCo2O5+x evolves with oxygen content, in Fig. 7 we plot
rab at several temperatures as a function ofx. Regardless of
the temperature, thex dependence of resistivity splits into
roughly the same three composition regions as were ob-
served in the behavior of the crystal structuresFig. 5d. For
both low s0øx,0.45d and highsx.0.7d oxygen concentra-
tions, the resistivity appears to be almostx independent,
while in the region 0.45,xø0.7 it changes rather steeply,
by orders of magnitude. This steplike resistivity drop, taking
place upon going from “electron-doped” to “hole-doped”
compositions, tends to hide the singularity expected for the
parent compound. Only very detailed data collected with a
step of dxø0.01 make this singularity discernible on the
low-temperaturerab−x curves, where it is manifested as a
narrow peak in the vicinity ofx=0.50.

In fact, the most unusual and intriguing feature in Fig. 7 is
the asymmetry with respect to the oxygen concentration
x=0.50. The resistivity evolution atxù0.50 looks rather
conventional: Indeed, doping of,2.5% of holessx=0.525d,
which turns Co ions into a mixed 3+ /4+ valence state, dra-
matically improves the conductivity. As can be seen in Fig.
7, the in-plane resistivity at 100 K drops by more than two
orders of magnitude asx increases from<0.50 to 0.525, and
by three orders of magnitude more upon further increasingx.
In contrast, upon electron dopingsreducingx below 0.50d, an
initial decrease of the resistivity almost immediately turns
into a resistivity growth. Moreover, in a wide region
xø0.44 both the absolute value of the resistivity and its

FIG. 6. In-plane resistivityrabsTd of GdBaCo2O5+x crystals with
different oxygen concentrations. Inset: expanded view ofrabsTd in
the vicinity of the “metal-insulator” transition.

FIG. 7. Doping dependences ofrab in GdBaCo2O5+x at several
temperatures.
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temperature dependence are virtually independent of the
oxygen contentsFigs. 6 and 7d. Such insensitivity of the
conductivity to doping is very unusual, and may only be
possible if the electrons released upon removing the oxygen
do not participate in the charge transport. This clearly speaks
against the “rigid-band” picture, where electrons are ex-
pected to fill the lowest-energy unoccupied states. Appar-
ently, the electron doping is accompanied by developing of
microscopic insulating states or mesoscopic regions, where
the electrons are immediately trapped. At this point it is use-
ful to remind that the insulating nature of the limitingx=0
composition has been already understood as coming from the
charge ordering of electrons in CoO2 planes into a unidirec-
tional charge-density wave.8,9 It is therefore reasonable to
suggest that the robust insulating behavior observed in the
wide range 0øxø0.44 is also associated with some kind of
charge ordering among the doped electrons.

It is interesting to analyze the low-temperature behavior
of the resistivity, which can give information on the transport
mechanisms operating in the system. Data fitting has shown
that a crystal with the precisely tunedx=0.50 composition
exhibits a simple activation behaviorrab~expsD /Td with
D<70 meV fFig. 8sadg, which is well consistent with the
understanding of this composition as a parent insulator
snarrow-gap semiconductord. However, when the oxygen
content deviates somewhat fromx=0.50, the resistivity be-
havior almost immediately switches into the 3D variable-
range hoppingsVRHd mode,39 rab~expfsT0/Td1/4g, as shown
in Fig. 8sbd. This type of conduction is typical for disordered
systems where the charge carriers move by hopping between
localized electronic states. The formation of such localized
states may be rather simply conceived of in the following
way: Initially, at the oxygen composition ofx=0.50,
GdBaCo2O5+x possesses a well-ordered crystal structure,
where the oxygen ions form perfect filled and empty chains
alternating along theb axis sFig. 1d. When the oxygen con-

centration deviates fromx=0.50, this results either in vacan-
cies emerging in the filled chains, or in oxygen ions that go
into the empty chains. While these oxygen defects inevitably
generate electrons or holes in the CoO2 planes, they also
produce a poorly screened Coulomb potential that may well
localize the generated carriers, so that some of the adjacent
Co ions acquire the Co2+ or Co4+ state. Then the conductivity
occurs through hoppingstunnelingd motion of such localized
Co2+ or Co4+ states. As can be seen in Fig. 8sbd, the slope of
the resistivity curves monotonically decreases with increas-
ing x, implying that the localization length of holessCo4+

statesd is noticeably larger than that of electrons.
Upon further decreasing the oxygen content below

x<0.45, the temperature dependence of the resistivity be-
comes steeper than expected for the Mott’s VRH regime
rab~expfsT0/Td1/4g, and we find that it is better fitted by the
Efros-Shklovskii expression for the hopping conductivity40

rab~expfsT08 /Td1/2g, see Fig. 8scd. The latter behavior is usu-
ally observed when the Coulomb interaction starts to play a
key role in carriers hopping, bringing about a strong deple-
tion in the density of statessCoulomb gapd near the Fermi
energy. The data in Fig. 8 imply that the Coulomb-repulsion
effects in GdBaCo2O5+x gain strength as the oxygen content
is reduced below<0.45.

The unusual resistivity behavior at high oxygen concen-
trations sFig. 6d is also worth mentioning. For both the
x=0.65 andx=0.70 crystals,rab smoothly increases by 2–3
orders of magnitude upon decreasing temperature, and
reaches apparently nonmetallic values of the order of
1 V cm. Nevertheless, it becomes also clear from Fig. 6 that,
at least in the temperature range studied, the resistivity tends
to saturate at a finite value, instead of diverging atT=0; such
behavior would indicate a metallic ground state, if the resis-
tivity values were not that large. A possible solution of this
puzzle is an intrinsic mesoscopic phase separation, that
makes the carriers to move along filamentary conducting

FIG. 8. Low-temperature resistivity in GdBaCo2O5+x: sad activation behavior forx=0.50, sbd 3D variable-range hopping for
x=0.45–0.525, andscd Efros-Shklovskii behavior forx=0.165–0.440.
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paths.41 In this case, the zero-temperature conductivity, being
determined by the topology of the metallic phase, may be
arbitrary small and can easily violate the Mott limit39 that
sets the minimum metallic conductivity for homogeneous
systems. This picture is quite plausible, since, as we have
mentioned above, the crystal structure at these high oxygen
concentrations actually bears signs of phase separation.

Thus far we discussed the resistivity behavior along the
CoO2 planes, which is however not the full story, since one
might anticipate a strong electron-transport anisotropy to be
brought about by the layered crystal structure of
GdBaCo2O5+x. Indeed, many layered transition-metal oxides,
such as high-Tc cuprates,42 manganites,43 or even cobaltites
built from triangular-lattice CoO2 planes,18,26 exhibit huge
anisotropy values and contrasting temperature dependences
of the in-plane and out-of-plane resistivity. In the case of
GdBaCo2O5+x, where the GdOx layers with variable oxygen
content are located in between CoO2 the planessFig. 1d, it
would be natural to expect a kind of 3D-to-2D transition to
occur upon reducingx from 1 to 0, that is, as the oxygen ions
binding the CoO2 planes are removed. However, a compari-
son of the in-plane and out-of-plane resistivity in Fig. 9
shows that this is not really the case. The anisotropyrc/rab
indeed increases slightly as the oxygen concentration is re-
duced fromx<0.44 towards zerofFig. 9sbdg, but remains
rather moderate. In fact, a considerable anisotropy is ob-
served only at intermediate temperatures, while at both high
and low temperatures GdBaCo2O5+x tends to become virtu-
ally isotropic. It turns out therefore that the oxygen-depleted
GdOx layers do not constitute a serious obstacle for the
c-axis electron motion.

Somewhat different behavior of the parent GdBaCo2O5.50
compound provides a clue to understand the mechanism re-
sponsible for resistivity anisotropy. As can be seen in Figs.
9sad and 9sbd, the in-plane and out-of-plane resistivities
stay virtually indistinguishable from each other down to
T<260 K, where the FM-AF transition takes place.17 Upon
further decreasing the temperature, the curves sharply di-

verge andrc/rab grows from<1 at Tù260 K up to<22 at
100 K. This indicates that the charge motion in
GdBaCo2O5+x is very sensitive to the arrangement of Co
spins, and it is the peculiar spin ordering in this system that
is responsible for the appearance of conductivity anisotropy.

C. Thermoelectric power

Among the features that currently attract a lot of attention
to transition-metal oxides are their unusual and potentially
useful thermoelectric properties.18,19,44,45The peculiar ther-
moelectric behavior in TM oxides is often attributed to
strong electron correlations,20,21 though the picture still re-
mains far from being clear. In this respect, theRBaCo2O5+x
compounds, being capable of smoothly changing the doping
level in a very broad range, appear to provide a good testing
ground for studying the problem.

FIG. 9. The resistivity aniso-
tropy in GdBaCo2O5+x. sad Re-
sistivity of GdBaCo2O5.50 mea-
sured along thec axis and along
the ab plane.sbd The resistivity
anisotropy ratio rc/rab for x
=0.165–0.440 and 0.500.

FIG. 10. Thermoelectric power of GdBaCo2O5+x for different
oxygen concentrations plotted as a function of inverse temperature.
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The thermoelectric powerSsTd measured on both single-
crystal and ceramic GdBaCo2O5+x samples46 throughout the
available oxygen-concentration range is presented in Fig. 10.
Following the usual approach in analyzing the behavior of
semiconductors, we have plotted the data in the inverse-
temperature scale, since in semiconductors the thermoelec-
tric power is expected to be linear in 1/T with a slope re-
flecting the activation energy for charge carriersDs, SsTd
<A± skB/edsDs/kBTd. It becomes immediately clear from
Fig. 10 that the only composition that exhibits a conventional
semiconducting behavior isx=0.500, with the activation en-
ergy Ds<70 meV being in good agreement with that de-
duced from the resistivity data in Sec. III B. Just a subtle
deviation of the oxygen concentration fromx=0.500 sby
merely 0.001d qualitatively changes the thermoelectric be-
havior: S becomes almost temperature independent at
<100 K, indicating that the electron transport is no longer
governed by the band gap. It is worth noting that the resis-
tivity of GdBaCo2O5+x also switches its behavior from a
simple activation one into the variable-range hopping mode
upon deviation from the parent compositionsFig. 8d.

The salient feature in Fig. 10 is a very abrupt change in
sign of the low-temperature thermoelectric power upon
crossingx=0.500; Ss100 Kd jumps from <−700mV/K at
x=0.497 up to<+800mV/K at x=0.501. In fact, this sign
change unambiguously indicates that the type of change car-
riers sharply switches from electronssx,0.5d to holes
sx.0.5d without any messy intermediate state. It turns out to
be possible, therefore, to drive the doping level in
GdBaCo2O5+x continuously across the parent insulating state
sso that the Fermi level jumps across the gapd, which is re-
ally unusual among transition-metal oxides. The feature that
makes possible such continuous and smooth doping of
GdBaCo2O5+x is the metal-insulator transition atTMIT: At
temperatures where the oxygen concentration is modified,
the gap in the electronic band structure is closed and, there-
fore, the chemical potential changes gradually with the
changing of the carriers concentration.

The metal-insulator transition atTMIT <360 K has a spec-
tacular manifestation in the thermoelectric propertiessFigs.

10 and 11d, owing to the high sensitivity ofSsTd to details of
the electronic structure. As can be seen in Fig. 11, at high
temperaturesTù370 K, S is very smalls<−4 mV/K d, as is
usually the case with ordinary metals, and virtually indepen-
dent of temperature. Moreover, it does not change with dop-
ing either, implying that the Fermi level is positioned in the
middle of a wide conduction band. Upon cooling the sample
below 370 K, however, the thermoelectric power abruptly
increases, indicating that the conduction band splits and a
band gap opens near the Fermi level. Depending on the dop-
ing, the Fermi level gets trapped inside the newly created
valence or conduction band, determining which type of
carriers—electrons or holes—will prevail. Immediately after
the transition,S appears to be positive even in slightly
electron-doped samplessx,0.5d, indicating that while both
electrons and holes are contributing to charge transport at
these temperatures, the holes have considerably higher mo-
bility. At lower temperatures, carrier excitations over the gap
become suppressed, letting only one type of carriers survive;
consequently, atT,250–280 K the sign ofS is uniquely
determined by the doping levelsx,0.5 orx.0.5d.

One may wonder whether and how these two transport
properties—resistivity and thermoelectric power—correlate
in GdBaCo2O5+x. In conventional doped semiconductors, for
instance, such correlation is rather straightforward if one
type of carriers dominates. Namely, the resistivity and ther-
moelectric power are both governed by the activation energy
of carriers,r~expsD /kBTd and S<A± skB/edsD /kBTd, and
thus are related roughly asS<C± skB/edln r. This qualita-
tive relation implies that upon doping a semiconductor, its
thermoelectric power should decreasesin absolute valued by
roughly 200mV/K per order-of-magnitude reduction in re-
sistivity. In fact, this trend is not restricted to conventional
semiconductors, but holds also in many other nonmetallic
systems, including doped Mott insulators,47–49 though the
slope]S/]sln rd may differ fromkB/e<86.2mV/K.

If this S-vs- r correlation were also working in the case of
GdBaCo2O5+x, its thermoelectric power would show a step-
like decrease in magnitude upon increasingx, following the
asymmetric resistivity curvessln r vs xd shown in Fig. 7.

FIG. 11. Temperature dependences of the thermoelectric power
in GdBaCo2O5+x near the metal-insulator transition.

FIG. 12. Doping dependences of the thermoelectric power in
GdBaCo2O5+x at several temperatures.

TASKIN, LAVROV, AND ANDO PHYSICAL REVIEW B 71, 134414s2005d

134414-10



However, Fig. 12, which presentsS at several temperatures
as a function of the oxygen concentration, makes it immedi-
ately clear that these expectations fail. Instead, the doping
dependence of thermoelectric power turns out to be fairly
symmetric with respect to the parentx=0.5 composition:
Ssxd exhibits a spectacular divergence with approaching
x=0.5, where it reaches large absolute values and changes its
sign upon crossing this peculiar doping level. It is worth
noting thatSsxd switches from being negativeselectronliked
to positive sholeliked within a very narrow but discernible
region aroundx=0.5 sits expanded view is given in Fig. 13d;
this slight thermally induced smearing gives evidence for a
continuous evolution in the CoO2-plane doping. When the
oxygen concentration deviates fromx=0.5, Ssxd smoothly
reduces its magnitude, eventually approaching a small con-
stant valuesFig. 12d. TheSsxd curves keep this singular and
fairly symmetric behavior regardless of temperature, except
for the high-temperature “metallic” regionsTù370 Kd,
where the thermoelectric power is small and virtually doping
independentsFig. 12d. In fact, the striking contrast in the
doping dependences of two transport properties—symmetric
Ssxd and asymmetricrsxd—is one of the most intriguing fea-
ture in the thermoelectric behavior of GdBaCo2O5+x.

The smooth evolution ofS with decreasing oxygen con-
tent belowx=0.5 shown in Fig. 12 breaks down, however,
upon approaching the limit ofx=0—another peculiar com-
position corresponding to the 50% electron doping. This
composition is known for the long-range charge ordering that
sets in below<210–220 K, as was observed in YBaCo2O5.0
and HoBaCo2O5.0.

8,9 A similar charge ordering presumably
takes place in GdBaCo2O5.0 as well, and it has a clear mani-
festation in the behavior of thermoelectric power, whose
magnitude quickly increases below 230–240 KsFig. 14d.
The long-range charge ordering at 50%-electron doping and
its impact on the charge transport, being interesting in their
own right, need a detailed study, which, however, goes be-
yond the scope of the present paper.

D. Magnetization

1. General features

Broadly speaking, it would be quite natural for cobalt
oxides to possess magnetic properties more complex than

those of isostructural compounds based on most other tran-
sition metals. The reason for this additional complexity is
that cobalt ions in a given valence state can have more than
one allowedspinstate; for example, Co3+ ions can acquire a
low-spin fsLSd: t2g

6 , eg
0; S=0g, intermediate-spinfsISd: t2g

5 , eg
1;

S=1g, or high-spinfsHSd: t2g
4 , eg

2; S=2g state.8–17,22–24,28–30

These states appear to be located quite close to each other in
energy, bringing about a possibility of the spin-state
transitions/crossovers upon changing temperature or lattice
deformation.

Keeping in mind a possibility of wide-range charge dop-
ing in GdBaCo2O5+x, which affects both the valence state of
Co ions and the magnetic interactions, structural ordering
phenomena, and a possible nanoscopic phase separation, in
addition to the spin-state degree of freedom, one might ex-
pect the magnetic phase diagram in this system to be ex-
tremely complicated or even messy. In reality, the magnetic
behavior of GdBaCo2O5+x turns out to be indeed rich, but
still following fairly simple empirical rules. As will be dis-
cussed below, the possible spin arrangements in
GdBaCo2O5+x appear to be dramatically simplified by an ex-
ceptionally strong spin anisotropy, which essentially pins the
spin orientation.17 This fortunate feature turns GBCO into a
good model system, yet it also emphasizes the necessity to
perform all the magnetic measurements on single crystals
only.

Figure 15 illustrates the method used to determine the
anisotropic magnetization contribution coming from the co-
balt ions. For every oxygen composition, we measured the
magnetizationMsTd of GdBaCo2O5+x crystals with the mag-
netic fieldH=0.01,0.1,1,7 T applied along or transverse to
the CoO2 planes. From the overall magnetization we then
subtracted an isotropic contribution of Gd3+ ions sshown by
dashed lines in Fig. 15d, assuming their ideal paramagnetic
behavior with spinS=7/2; thelatter appeared to be a good
approximation since we found no sign of Gd3+ spin ordering
down to T=1.7 K in any of the crystals. Hereafter, all the
magnetization data will be presented after subtracting the
contribution of Gd3+ ions.

When the magnetic field is applied along the CoO2 planes
sH iabd, their magnetization exhibits several doping-
dependent anomalies, which include a ferromagneticlike be-

FIG. 13. Thermoelectric power atT=150 K as a function of
doping in the vicinity ofx=0.5.

FIG. 14. Temperature dependences of the thermoelectric power
in GdBaCo2O5+x for x=0.
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havior at moderate temperaturessFig. 15d. In sharp contrast,
thec-axis magnetizationsH icd appears to be always smaller
and virtually featureless throughout the whole doping range,
except for a weak steplike feature associated with the metal-
insulator transition atT<360 K for x,0.5, which is ob-
served for any field orientation. This persistent anisotropy
clearly indicates that regardless of the oxygen content, the
cobalt spins in GdBaCo2O5+x are strongly confined to the
CoO2 planes. As can be seen in Fig. 15, even when cobalt
ions develop a fairly strong ferromagnetic moment along the
ab plane s,1mB per formula unit atT<200−260 Kd, the
7 T field appears to be far too weak to overcome the spin
anisotropy and to turn this ferromagnetic moment towards
the c axis. In the following, we will focus on the in-plane
magnetic behavior, since thec-axis magnetization is gov-
erned simply by a weak field-induced rotation of Co mo-
ments out of theab plane, that is, by a competition between
the Zeeman energy and a single-ion spin anisotropy.

Another general feature of the magnetization in
GdBaCo2O5+x is a pronounced thermo-magnetic irreversibil-
ity. Regardless of doping, the data taken upon cooling the
sample in magnetic fieldsFCd differed from those obtained
on heating after the sample was cooled in zero fieldsZFCd,
as illustrated in Fig. 16. As the magnetic field increases, the
ZFC curve approaches the FC one, yet the difference remains
well discernible even atH=7 T.

Quite often such magnetic irreversibility observed in
transition-metal oxides is attributed, sometimes without due
care, to the formation of a spin-glass state. It should be
noted, however, that the idea of a spin glass implies that no
long-rangesor intermediate-ranged order is developed in the
spin system.50 We have found that in the case of
GdBaCo2O5+x, the magnetic irreversibility shows uponly be-
low the onset of a ferromagneticlike behaviorsFig. 16d and
thus is most likely associated with a conventional ferromag-
netic domain structure or with a metamagnetic transition. It
should not be surprising also if the FM domain structure in

GBCO appears to be very robust: one may just imagine how
difficult it should be for a FM domain composed of Ising-
like spins17 to change the direction of magnetization. What-
ever the doping level in GdBaCo2O5+x was, we never ob-
served a conventional spin-glass behavior, and thus we
suggest that all magnetic irreversibilities in this system are
related to the spin rearrangement within a spin-ordered state.

2. Evolution with doping

At x=0.0, GdBaCo2O5+x exhibits an antiferromagnetic
behavior as was previously reported for otherRBaCo2O5.0
compounds studied by magnetization measurements and
neutron powder diffraction;8,9,28the latter identified aG-type
AF ordering for spins of the cobalt ionsflabeled as AFs1d
hereafterg. It becomes increasingly more difficult to deter-
mine the magnetization component coming from the Co ions
asx approaches zero, because the contribution from the Gd
ions becomes dominant in the temperature range of interest;
therefore, it is useful to look at theMsTd behavior of
YBaCo2O5+x—the only known isostructural compound with
nonmagnetic R ions31 sFig. 17d. The magnetization of
YBaCo2O5.0, being in rough agreement with the evaluated
contribution of cobalt ions to the magnetization of
GdBaCo2O5.0, is quite small and shows two anomalies at
<340−350 K and<220 K, which were attributed by Vogtet
al. to the onset of an AF spin order and a unidirectional
charge order, respectively.8 It is worth noting that the same
types of ordering at virtually the same temperatures were
also found in HoBaCo2O5.0 sRef. 9d and NdBaCo2O5.0
sRef. 51d, which gives evidence that this spin and charge
ordering is governed solely by the physics of CoO2 planes.

When the antiferromagnetic GdBaCo2O5.0 is doped with
oxygen, it immediately causes an increase of magnetization
at temperatures below<300–320 KfFig. 18sadg; this looks
similar to a new ferromagneticlike component emerging and
growing in a rough proportion to the oxygen concentration

FIG. 15. Raw magnetizationMsTd data obtained for
GdBaCo2O5+x single crystals withx=0.25sad andx=0.50sbd at the
magnetic fieldH=7 T applied parallel or perpendicular to thec
axis. Dashed lines show the Curie-Weiss contribution of Gd3+ ions
smeff=7.94mB; u=0 Kd.

FIG. 16. Irreversible behavior of the magnetization in
GdBaCo2O5+x with x=0.33sthe contribution of Gd3+ ions has been
subtractedd. Measurements were performed either on cooling the
crystal in magnetic fieldsFCd or on heating after the crystal was
cooled down to 2 K in zero magnetic fieldsZFCd. The magnetic
field H=0.01 Tsad or H=0.1 T sbd was applied along theab plane.
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up to x<0.3. To our surprise, the onset temperature of this
FM behavior remains constant, ignoring the growth of the
overall FM moment. Apparently, such behavior would cer-
tainly indicate a formation of a distinct chemical phase, if the
structural data did not demonstrate that all the crystals were
perfectly homogeneous on a macroscopic scalesdown to the
scale resolved by conventional x-ray techniqued.

One might speculate that the doped oxygen induces cant-
ing of antiferromagnetically ordered cobalt spins which then
mimic the ferromagnetic behavior, as happens in many other
canted antiferromagnets, such as La2CuO4,

52 where a slight
spin rotation brings about a weak ferromagnetism. However,
a rather large magnitude of FM moment, exceeding, for ex-
ample, in thex=0.33 sample,0.3mB/Co at H=7 T, is ap-
parently inconsistent with such weak spin canting.

The remaining possibility is that the ferromagnetic re-
sponse originates from nanoscopic FM droplets imbedded in

the AFs1d matrix; they may be associated with adjacent oxy-
gen clusters in GdOx planes or just with nanoscopic regions
of CoO2 planes enriched with charge carriers. These FM
clusters should be at least several unit cells in size to survive
thermal fluctuations and to produce more than just a para-
magnetic response, yet small enough to avoid being detected
as a macroscopic phase. Indeed, this hypothesis finds support
from the field dependences of the magnetization measured in
moderately doped GdBaCo2O5+x s0,x,0.3d, which exhibit
a curious combination of ferromagnetic featuresse.g., ther-
momagnetic irreversibilityd with superparamagnetic ones.
For example, in thex=0.165 crystal, theMsHd curves appear
to be almost perfectly linear, that is,M /H is independent of
H, without any sign of saturation up to 7 TfFig. 19sadg. In

FIG. 17. Magnetization of an YBaCo2O5+x ceramic measured at
H=0.1 T.

FIG. 18. Evolution of the magnetization behavior in GdBaCo2O5+x with doping sthe contribution of Gd3+ ions has been subtractedd.
Selected curves are shown for three distinct oxygen-concentration regions 0,x,0.45 sad, 0.45,x,0.55 sbd, andx.0.55 scd. The MsTd
data are taken on cooling in a magnetic field of 0.1 T applied along theab plane. The inset insbd shows an expanded view of the
metal-insulator transition being also a spin-state transition.

FIG. 19. M /H in GdBaCo2O5+x measured at several magnetic
fields in a range of 0.01–7 T for two oxygen concentrations
x=0.165 sad and x=0.330 sbd. The data are taken on cooling in a
magnetic field applied along theab plane.
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fact, this is a canonical behavior of a superparamagnet—a
paramagnetic system, where the role of individual spins is
played by the moments of FM clusters. A slow saturation
appears in theMsHd curves at higher oxygen concentrations
fas an example, Fig. 19sbd showsM /H data forx=0.330g,
indicating that FM domains grow and probably also start
interacting with each other.

Interestingly, the FM ordering introduced by oxygen
seems to be unstable at low temperatures and the magnetiza-
tion increase starting below 300–320 K smoothly gives way
to an AF-like behavior as the temperature is further reduced
fFigs. 18sad and 19sbdg. As can be seen in Fig. 19sbd, a strong
magnetic field can affect this FM-AF competition, suppress-
ing the low-temperature magnetization drop: atH=0.1 T,M
diminishes by more than five times with decreasing tempera-
ture from 200 to 100 K, while atH=7 T it remains almost
constant.

The sequence of magnetic transitions becomes most clear
in the oxygen-concentration range nearx<0.50fFig. 18sbdg.
For these compositions, a net ferromagnetic moment appears
in the cobalt sublattice below<300 K, and then suddenly
vanishes upon further decreasing temperaturesat <260 K for
x=0.500d, indicating successive PM-FM-AF transitions. The
FM state shows up only in a narrow temperature window,
which has the smallest width of less than 40 K for
x=0.500. Whenever the oxygen concentration deviates from
the parent compositionx=0.500, be it on the electron-doped
or the hole-doped side, the FM phase becomes more stable
and the FM-AF transition shifts to lower temperaturesfFig.
18sbdg. Also, the low-temperature magnetization in both
cases shows notably higher values, indicating a deviation
from a pure AF spin order that is realized in GdBaCo2O5.50.

Another important feature of the magnetization behavior
in the range of 0.45,x,0.55 is a steplike change of both
the magnetization and its slope atT<360 K finset in Fig.
18sbdg, exactly at the temperature of the metal-insulator tran-
sition observed in our resistivity and thermoelectric-power
measurementssFigs. 6 and 11d. This change takes place in
the paramagnetic region and is caused by the spin-state tran-
sition of Co3+ ions as has been concluded based on the
Curie-Weiss fitting of the PM susceptibility and structural
studies of GdBaCo2O5+x and isostructural
compounds.12,16,17,23,30Similar to the behavior observed in
resistivity sFig. 6d, any deviation in stoichiometry from
x=0.50 blurs the spin-state/metal-insulator transition and
shifts it towards lower temperaturesfinset in Fig. 18sbdg.

As the oxygen content in GdBaCo2O5+x exceeds<0.55,
its magnetic behavior notably changes. In this moderately
hole-doped region, only crystals withx<0.70 give an im-
pression of being homogeneousfFig. 18scdg. For this com-
position, the FM order develops at much lower temperatures
than forx,0.55, namely, below 150 K, suggesting a differ-
ent spin arrangement of Co3+ and Co4+ ions; the FM ordering
however is still followed by a sharp FM-AF transition at
,100 K fFig. 18scdg. For other oxygen concentrations, the
MsTd curves clearly demonstrate a superposition of two
magnetic phases, corresponding tox<0.5 andx<0.7 sFig.
20d. What distinguishes this composition region from the
electron-doped samplessx,0.45d is that here the phase
separationstaking place in macroscopically homogeneous

crystals53d is also well seen in the structural data, see Sec.
III A, which implies a fairly large size of magnetic and crys-
tallographic domains. Since the Coulomb interaction would
prevent a formation of large charged domains, the phase
separation should also involve a macroscopic redistribution
of oxygen ions over the crystal. One might further speculate
that the homogeneous state withx<0.7 corresponds to an
ordered “ortho-III” phase where two filled oxygen chains
in GdOx layers alter with one empty chain
sO–O–X–O–O–Xd, in contrast to thex=0.5 phase exhib-
iting a one-to-one alterationsO–X–O–Xd. It would be in-
teresting to search for the superlattice peaks corresponding to
this putative ortho-III structure using high-intensity x-ray
measurements. Given a very high oxygen mobility, the oxy-
gen ions could easily form ordered domains when crystals
were cooled down after annealing. More structural studies
are, however, necessary to build a conclusive picture.

FIG. 20. An example of the phase separation in a GdBaCo2O5+x

crystal withx=0.59, which is manifested in the magnetization be-
havior as the presence of two different magnetic phases typical for
neighboring compositions ofx<0.5 and x<0.7. Magnetization
data for crystals withx=0.500 andx=0.700 are also shown for
comparison.

FIG. 21. Magnetization of a detwinned GdBaCo2O5.50 crystal in
a linear sad and logarithmic scalesbd; measurements are done in
H=0.1 T applied along one of the crystal axessthe contribution of
Gd3+ ions has been subtractedd.
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3. DetwinnedGdBaCo2O5.50 crystals

As it becomes clear from the data presented above, the
magnetic properties of the parent GdBaCo2O5.50 composition
are most important for understanding the overall magnetic
behavior of GdBaCo2O5+x. Since the crystal structure at
x=0.50 is orthorhombicssee Sec. III Ad, we had to detwin
crystals in order to obtain single-domain samples for an ac-
curate and detailed study. The magnetization of a detwinned
GdBaCo2O5.50 single crystalsa fraction of misoriented do-
mains,4%d measured along thea, b, andc axes reveals a
remarkable anisotropy of the spin systemfFig. 21sadg: In the
FM state that shows up in a narrow temperature window
below 300 K, the net FM moment appears only along one of
the orthorhombic axes, namely, along thea axis. This behav-
ior suggests that the cobalt spins in GdBaCo2O5.50 are not
only strongly confined to the CoO2 planessSec. III D 1d, but
are also pinned to one of the in-plane directions; in other
words, the spins system appears to be Ising-like. Note that a
small magnetization along theb axis in Fig. 21 comes mostly
from residual misoriented domains.

The logarithmic plot in Fig. 21sbd provides additional de-
tails. As we have already discussed, thec-axis magnetization
in GdBaCo2O5.50 is almost featureless similar to all other
compositionssa small hump in the FM region is several hun-
dred times smaller than forH ia; moreover, it may come in
part from imperfect alignment of the crystal in the magneto-
meterd. The behavior of the in-plane magnetization is more
interesting: In the FM region,M is much larger forH ia than
for H ib, but the situation abruptly turns over as the crystal
enters the AF region. Given that the transverse susceptibility
of an antiferromagnet exceeds the longitudinal one, we can
conclude that the cobalt spins keep their spin easy axissiad
upon the FM-AF transition. In other words, the cobalt spins
are aligned along thea axis in the FM state and they keep
being aligned along thea axis in the AF state; what happens
upon the FM-AF transition is that the spins in one of sublat-
tices just flip by 180°.

The balance of FM and AF ordering in GdBaCo2O5.50
turns out to be quite delicate, so that it can be easily affected

by magnetic fields applied along the spin-easya axis, which
stabilize the FM state and shift the FM-AF transition to
lower temperaturessFig. 22d. We find that the magnetic field
H ia required to overcome the AF coupling grows roughly
linearly with cooling, from zero atT<260 K up to,20 T at
T=0. It is worth noting that the AF-FM transition remains
very sharp even in the temperature range close to 260 K,
where rather weak fieldss,1.5 T at 240 K, i.e.,mBH!kTd
are capable of recovering the FM orderfFigs. 22sad and
22scdg, which shows that thermal fluctuations are irrelevant
here. This behavior clearly indicates that the observed
AF-FM switching is a metamagnetic transition, that is, it
occurswithin the ordered spin state and is governed by the
relative reorientation of weakly-coupled spin sublattices.

Whatever the temperature, the 7-T fieldH ib or H ic ap-
pears to be too week to compete with the spin anisotropy; it
neither can turn the FM moment towards theb or c axis in
the FM region, nor can it induce the AF-FM transition at
Tø260 K. The only impact ofH ibc is therefore to cause a
partial tilting of the cobalt spins from their easya axis, thus

FIG. 22. sad a-axis magnetization of GdBaCo2O5.50 measured in different magnetic fields.sbd AF-FM phase boundary determined from
the MsTd andMsHd datasopen circlesd and magnetoresistance measurementsssolid circlesd. scd Isothermal magnetizationMsHd measured
upon increasing magnetic fieldH ia at several temperatures; the AF-FM transition exhibits a weak hysteresissnot shownd.

FIG. 23. Isothermal magnetization of GdBaCo2O5.50 for H ib.
Dashed lines indicate the experimental data, and symbols show
MsHd after subtracting the contribution from misoriented domains
s4% of the total amountd.
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giving linearMsHd curves in both FM and AF regionssFig.
23d. The spin anisotropy between thec axis and theab plane
is several times stronger than the in-plane anisotropy; conse-
quently, the slope of theMsHd curves forH ic is several
times smaller than that shown in Fig. 23.

It is interesting to examine the magnitude of the moment
that shows up in the FM state, which can be easily done
using theMsHd data in Fig. 22scd. The FM moment turns out
to exceed 0.6mB/Co atT=200 K, and a rough extrapolation
to T=0 suggests a saturated magnetic moment of<1mB/Co
sFig. 24d. It is worth noting thatpolycrystalline RBaCo2O5.5
samples were reported to demonstrate noticeably smaller FM
moments.13,16,28 This apparent discrepancy originates from
the Ising spin anisotropy that prevents moments from being
seen along theb and c axes; a detwinned single crystal is
clearly necessary to make the true FM moment of<1mB/Co
visible.

While this value is apparently too large to be accounted
for by any spin-canting picture, it agrees well with the ex-
pectation for a simple FM order, if the Co3+ ions in this
temperature range possess a 1:1 mixture of low-spinS=0
and intermediate-spinS=1 states. In fact, the same conclu-
sion on the spin states of Co3+ ions has been also reached
based on the Curie-Weiss fitting of the PM
susceptibility12,16,17 in the temperature range 300–360 K
sFigs. 18 and 22d, as well as based on the structural data.30

E. Magnetoresistance

In compounds with competing magnetic orders, a mag-
netic field that favors one kind of ordering often causes also
a large magnetoresistance; GdBaCo2O5+x is no exception.
The charge transport in this system turns out to be very sen-
sitive to both the FM and AF ordering, and magnetic fields
readily induce a giant magnetoresistance by affecting the
subtle AF-FM balance.16,17As an example, Fig. 25 shows the
c-axis resistivity of a twinned GdBaCo2O5.50 crystal mea-
sured atH=0 and 14 T. In zero field, the FM-AF transition
at <260 K brings about a steplike increase of the resistivity
rc fFig. 25sbdg; a similar, albeit smaller, step is observed in
rab as well. A 14-T field applied along theab plane shifts the
magnetic transition towards lower temperatures and wipes
out the resistivity increase, thus causing the resistivity to
drop by up to several times.

As can be seen in Fig. 25sad, rc grows roughly exponen-
tially upon cooling below,230 K regardless of the applied
field; the charge carriers, therefore, have different activation
energies in the FM and AF states, and the MR originates
from the reduction in this activation energy. As soon as the
magnetic field becomes insufficient to maintain the FM or-
der, the system switches into the AF statefat T=TNs14 Tdg,
and the resistivity jumps to its zero-field valuefFig. 25sadg.

Unfortunately, we did not succeed in detwinning the crys-
tals with already prepared electrical contacts, and thus the
measurements were carried out on twinned crystals, which
does not allow us to analyze the MR quantitatively. The role
of twins is less critical forrcsTd, since we find the ortho-
rhombic domains to always go through the whole crystal
from one face to another. Consequently, the measuring cur-
rent does not cross domain boundaries, and the observed
magnetoresistanceDrc/rc is just reduced from its true value
by some factor, since not all domains are affected by the
magnetic field. Upon measuringrab, however, the current
flowing in the ab plane has to pass through both kinds of
orthorhombic domains which form a striped structure. The
measuredDrab/rab thus depends not only on the ratio of
domains, but also on the yet unknown anisotropyra/rb.

In spite of this complication, the qualitative behavior of
the MR remains clear. AtT,TN<260 K, the in-plane mag-
netic field induces an abrupt decrease in bothrc andrab sFig.
26d, which occurs at exactly the same field as the AF-FM
transition in magnetization, leaving no doubts about its ori-
gin. At higher temperatures, the resistivity changes gradually,
again resembling the magnetization behavior in Fig. 22scd. In
the latter case, the MR seems to originate from the field-
induced stabilization of the FM order; the magnetic field

FIG. 24. Net magnetic moment along thea axis measured at
H=7 T ssolid squaresd, and the extrapolated FM moment atH=0
sopen squaresd. Dashed lines are a guide to the eye.

FIG. 25. sad Temperature dependence ofrc measured atH=0
and 14 T applied along theab plane. The dashed lines show simple
activation fitsrc~expsD /Td for both the AF and FM states, andTN

indicates the temperature of the FM-AF transition that is shifted to
lower temperatures by the applied field.sbd A linear-scale view of
the high temperature region, illustrating a steplike increase ofrc at
TN.
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suppresses critical FM fluctuations, thus facilitating the
charge motion.

The temperature dependences ofDrab/rab andDrc/rc in
Fig. 26sbd nicely illustrate the correlation of the MR with the
magnetic behavior. Upon cooling, we first observe a clear
peak at,278 K in the MR, which can be associated with the
FM transitionsthe peak position coincides with the peak in
dM /dT in Fig. 21d. Apparently, the FM fluctuations that are
strongest nearTC frustrate the charge motion, providing con-
tribution of about 20% to resistivity, and this contribution is
removed when a strong magnetic field is applied. It is worth
noting, that this negative MR peak nearTC closely resembles
the MR behavior of such ferromagnetic oxides as cubic
La0.5Ba0.5CoO3 sRef. 54d and La1−xSrxMnO3 sRef. 1d, where
the resistivity change is usually explained by the double-
exchange mechanism.55 Upon further cooling, the MR
abruptly increases atT=TN. The origin of this MR is obvi-
ous: Without field, the AF ordering enhances the resistivity,
while the applied magnetic field prevents establishing the AF
order. As can be seen in Fig. 26sbd, the c-axis MR quickly
gains strength with cooling. At 150 K,rc drops by three
times at 14 T, and the ratiorcs0,Td /rcsH ,Td would keep
growing to much larger values with lowering temperature if
fields exceedingHcsT=0d were applied.16 The in-plane MR
Drab/rab seems to be by several times smaller; the magni-
tude and the temperature dependence ofDrab/rab should,
however, be taken with a grain of salt, since, as we men-
tioned above, a detwinned crystal should be measured to
determine the true MR values.

The MR anisotropy with respect to the magnetic-field di-
rection can provide interesting information on the cobalt-spin
anisotropy. In general, when an Ising-like antiferromagnet is
subjected to an increasingly strong magnetic field, it eventu-
ally turns into a FM state, whatever the field direction is. If
the field is applied along the spin-easya axis, the spin-flip
transition is abrupt, while for the transverse direction, the
spins rotate gradually and much higher fields are required to
align them. In the latter case, the rotation angle is roughly
sina,gmBH /2Ja-c, whereJa-c is the spin anisotropy energy.

It is reasonable to expect that the MR in GdBaCo2O5+x, be-
ing roughly proportional to the magnetization, will change
with the field as~gmBH /2Ja-c, tending to reach its saturation
value atH,2Ja-c/gmB. Thus, the anisotropy of magnetore-
sistance in addition to that of magnetization may be used to
probe how strongly the spins are coupled with the crystal
lattice.

An experimental study of GdBaCo2O5.50 crystals reveals
that the MR anisotropy is surprisingly large and the 14-T
field H ic can do nothing comparable to the MR caused by a
much less fieldH iab sFig. 27d. Indeed, the MR is barely
seen forH ic, especiallyDrab/rab fFig. 27sbdg, which is as
small as 0.14% at 14 T, while for the in-plane field it readily
reaches a two orders of magnitude larger value. This indi-
cates that magnetic fields in the 100-T range would be nec-
essary to rotate the cobalt spins in GdBaCo2O5.50 from thea
to thec axis, overcoming the remarkable spin anisotropy. It
is worth noting, that such spin-anisotropy energy, roughly
estimated to be of the order of 10 meV/CosmBHd, is ex-
tremely large compared with any known magnetic
material56,57 and is close to the giant magnetic anisotropy

FIG. 26. Magnetoresistance of twinned GdBaCo2O5.5 crystals: field dependences ofDrc/rc sad and Drab/rab scd measured at several
temperatures forH iab. For clarity, in panelscd the hysteresis is shown only forT=120 K; for other temperatures, the data are given for
sweeping the field one-way from −14 to +14 T.sbd Temperature dependence ofDrc/rc andDrab/rab measured atH=14 T applied along
the ab plane.

FIG. 27. Dependence of the magnetoresistance on the field di-
rection Drc/rc sleftd and Drab/rab srightd measured atT=240 K
with the magnetic field applied along or transverse to theab plane.
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observed in nanoclusters.56 This huge spin anisotropy can
also account for a considerable anisotropy in susceptibility
xab/xc.1, that survives even in the paramagnetic state up to
400 K.

F. Phase diagram of GdBaCo2O5+x

An empirical phase diagram of GdBaCo2O5+x based on
the obtained structural, transport, and magnetic data is
sketched in Fig. 28 as a function of the oxygen concentra-
tion. At the lowest oxygen content,x=0, GdBaCo2O5+x is an
antiferromagnetic insulatorfAFIs1dg; its low-temperature
phase should most likely correspond to a charge-ordered
G-type antiferromagnet, by analogy with other isostructural
compounds studied using neutron diffraction.8,9,51

An increase in the oxygen contentx is found to immedi-
ately result in the formation of isolated ferromagnetic clus-
ters imbedded in the antiferromagneticfAFIs1dg matrix.
These clusters demonstrate a paramagnetic behavior above
TC=250–300 Ksmarked by open triangles in Fig. 28d, and a
curious combination of superparamagnetic and ferromag-
netic features belowTC; namely, the magnetization does not
saturate in magnetic fields up to 7 Tsas in canonical super-
paramagnetsd, yet the FM moments exhibit an extremely
strong coupling with the crystal lattice, which is manifested
in the magnetic anisotropy and thermo-magnetic irreversibil-
ity.

With further increasing oxygen content in GdBaCo2O5+x
sup to x=0.45d, the FM clusters smoothly grow in size,
reaching percolation, and develop at low temperatures an
intrinsic instability towards a new type of AF ordering
fAFIs2dg, which is the ground state of the parent
GdBaCo2O5.50 compound.17 The AFIs2d order emerges from
the FM order in clusters and differs essentially from the
AFIs1d state that is realized atx=0; for instance, the AFIs2d

ordering can be easily suppressed by a magnetic field, while
AFIs1d is quite robust. One can consider GdBaCo2O5+x over
a wide composition region of 0,x,0.45 as being com-
posed of nanoscopic phases mixed together: At high tem-
peratures, the system behaves as a paramagnetic insulator,
then, below TC, as a mixture of FM and AF insulating
phases, and finally at low temperatures, it evolves into a
mixture of two distinct AF phasesfAFIs1d and AFIs2dg. The
resistivity in this composition range shows a robust insulat-
ing behavior without any noticeable change with increasing
x. The room-temperature crystallographic structure retains a
macroscopically tetragonal symmetry with smoothly chang-
ing lattice parameters.

The region with the richest behavior 0.45øxø0.55 occu-
pies the center of the phase diagram around the “parent”
compositionx=0.50. In this doping range, the crystal struc-
ture is macroscopically orthorhombic up to rather high tem-
peratures due to the ordering of oxygen into alternating full
and empty chains that run along thea axissat T=260 °C, we
still observed a twin structure related to the oxygen order-
ingd. Owing to this structural order, the broad magnetic and
transport features emerging already atx=0.3−0.4 come in
focus here, and GdBaCo2O5+x demonstrates a series of sharp
phase transitions upon cooling: first, from a paramagnetic
metal sPMMd to a paramagnetic insulatorsPMId at TMIT
sopen squares in Fig. 28d, which is also accompanied with a
spin-state transition, then to a ferromagnetic insulatorsFMId
at TC, and, finally, to an antiferromagnetic insulatorfAFIs2dg
at TFM-AF sopen circlesd.

The “parent” composition GdBaCo2O5.50 is a metal at
high temperatures but turns into a semiconductor upon cool-
ing below the metal-insulator transition. In fact, thex=0.50
composition represents a kind of borderline that divides the
central region of the phase diagram into two roughly sym-
metric parts which correspond to electron-doped and hole-
doped semiconducting states belowTMIT. All transport prop-
erties show anomalies in their doping dependences at
x=0.50, indicating that the density of doped carries smoothly
goes to zero with approaching this point from either side. As
can be seen in Fig. 28, all the transition temperatures also
exhibit maximum values exactly atx=0.5. The only property
demonstrating a striking asymmetry with respect tox=0.5 is
the resistivity which is much smaller for the hole-doped side
sx.0.5d.

When the oxygen concentration exceedsx=0.55,
GdBaCo2O5+x develops a new phase possessing considerably
lower temperatures of the ferromagnetic transition
sTC,150 Kd and the FM-AF transitionsTFM-AFø100 Kd.
Until x reaches<0.7, this new phase is mixedson a mesos-
copic scaled with the x<0.5 phase, and only at
xù0.68−0.70 the system again recovers its homogeneity.
Surprisingly, in thex<0.7 region, the series of successive
PM-FM-AF transitions, albeit happening at reduced tempera-
tures, still remains remarkably similar to that atx<0.5, in
spite of very different transport properties and different spin
states of cobalt ions in these phases.

In general, GdBaCo2O5+x seems to have just a few stable
phases such asx=0, x<0.5, andx<0.7, while intermediate
compositions always tend to phase separate on a nanoscopic
or mesoscopic scale. Although the compositions with

FIG. 28. Phase diagram of GdBaCo2O5+x, including regions of a
paramagnetic metalsPMMd, paramagnetic insulatorsPMId, ferro-
magnetic metalsFMMd, ferromagnetic insulatorsFMId, and antifer-
romagnetic insulatorsAFId.
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x.0.77 are hard to achieve in GdBaCo2O5+x, we can ex-
trapolate the phase boundaries to higher doping, as shown in
Fig. 28, using an analogy with the cubic LaBaCoO3−d. Our
measurements have shown that the latter compound is a fer-
romagnet withTC<200 K sonly weakly dependent ondd
with no sign of reentrant AF behavior at low temperatures.

IV. DISCUSSION

It is natural to start discussing the GdBaCo2O5+x com-
pound beginning with the “parent”x=0.50 composition,
whose properties constitute a basis for understanding the
transport and magnetic behavior of this layered cobalt oxide
over the entire doping range.

A. Magnetic structure of GdBaCo2O5.50

By now, there have been several attempts to elucidate the
magnetically ordered states in isostructuralRBaCo2O5+x
sR=Y, Nd, Tb, Hod compounds using neutron scatteringsfor
GdBaCo2O5+x, such a study is precluded by a large absorp-
tion of neutrons by Gdd.8,9,51,58–61In the case of samples with
the lowest oxygen concentrationx=0, whose preparation is
quite straightforward, the neutron diffraction has indeed pro-
vided reproducible data on the charge and spin ordering, in
good agreement with the magnetization and transport
measurements.8,9,51 In contrast, much more complicated and
sample-dependent diffraction patterns were obtained for
compositions nearx<0.5, bringing about controversial mod-
els of the magnetic order in this region of the phase
diagram.58–61 This apparent controversy, however, is in fact
not very surprising given the remarkable sensitivity of the
magnetic and structural properties ofRBaCo2O5+x to even a
slight modification in the oxygen concentration, that was re-
vealed in the present study; note also a strong tendency to
phase separation, which should inevitably take place in all
the samples except for those located in a few narrow com-
position regionsssee Fig. 28d. As we have shown here, the
actual composition of so-called “as-grown” and “oxygen-
annealed” samples usually used in most of the previous stud-
ies may deviate a lot from the requiredx=0.50, and a rather
delicate technique should be developed to tune the oxygen
content precisely to this peculiar point.

To the best of our knowledge, none of the models, that
have been suggested for thex=0.50 composition based on
the neutron-scattering data, appears to be capable of explain-
ing the entire experimentally observed magnetic behavior.
For example, aG-type AF order was proposed by Fauthet
al.58 for temperatures where a rather large FM moment
shows up in our magnetization measurements. On the other
hand, the model suggested by Sodaet al.,59 being quite close
to that one reported recently by us,17 indeed captures such
gross features as the FM and AF states and a possibility of
easy and abrupt switching between these two; nevertheless, it
still implies a kind of spiral spin order for the AF state,
which is clearly inconsistent with the Ising-like magnetic
behavior observed in the magnetization of detwinned
crystals.17

In view of the above mentioned problems with direct
methods, we should try to reconstruct the magnetic structure

of GdBaCo2O5.50 relying mostly on the magnetization data
obtained on single crystals with precisely tuned stoichiom-
etry. Fortunately, this task is simplified by the discovered
strong uniaxial anisotropy of cobalt spins which dramatically
narrows down the range of possible spin arrangements. Let
us first summarize the robust facts established for
GdBaCo2O5.50 as follows.

sid The magnetic moments of Co3+ ions in GdBaCo2O5.50
exhibit an Ising-like behavior, being exceptionally strongly
confined to the CoO2 sabd planesswith the anisotropy energy
of the order of 10 meV per cobalt iond and to a lesser extend,
though still strongly, to the orthorhombica axis. Note also
that the confinement of cobalt spins to theab plane appears
to be a generic feature of GdBaCo2O5+x regardless of the
oxygen content and thus regardless of the valence and spin
states of cobalt ionssSec. III D 1d. One might wonder
whether there can be another interpretation of the observed
magnetic anisotropy: In magnetically ordered states, for ex-
ample, the magnetization may indeed be larger for a direc-
tion transverse to the spin-easy axis, which is usually the
case with antiferromagnets and canted antiferromagnets.
However, a possibility of the spin-easy axis to be parallel to
the c axis is immediately ruled out by a considerable aniso-
tropy xab.xc that survives up to high temperatures in the
paramagneticstate. In turn, by analyzing various canted AF
configurations within theab plane, regardless of whether
they are allowed by symmetry or not, we find that none of
them can account for the observed large FM moment, which
would require a large canting angle of cobalt spins, and at the
same time for a strong in-plane anisotropy, where the FM
moment appears only along thea axis sFig. 21d. For ex-
ample, the spin structure suggested in Ref. 59 with a canting
angle of,p /4 would inevitably result in a magnetic behav-
ior to be essentially isotropic within theab plane.

sii d The spontaneous FM state belowTC and the FM state
induced by a magnetic fieldH ia at T,TFM-AF represent the
same phase with a net FM moment smoothly growing upon
cooling, tending to<1mB/Co at T=0 sFig. 24d. After the
magnetic field stabilizes the FM order, no anomaly can be
seen in the magnetization or resistivity at the zero-field
FM-AF transition temperature.

siii d The FM-AF switching in GdBaCo2O5.50 is a meta-
magnetic transition: It is induced by a relative reorientation
of weakly coupled spin sublattices, while within each sublat-
tice the spins are kept ordered by a much stronger interac-
tion. This remarkable hierarchy of spin interactions follows
from the fact that the AF-FM transition remains sharp even
when it is induced by a very weak fieldmBH!kT sFig. 22d.

Based on the above listed observationssid–siii d, one can
quite easily sort out the spin structures that may be realized
in GdBaCo2O5.50. The pointsid indicates that the cobalt spins
in this compound should form a collinear structure aligned
along thea axis; this conclusion agrees with all the neutron-
scattering studies,8,9,51,58,60except for Ref. 59. However, if
we consider a uniform FM order atT,TC, the observed net
FM moment of<1mB/Co fseesii dg appears to be inconsis-
tent with the allowed spin states of Co3+ ions s0, 2, and 4mB
for LS, IS, and HS states, respectivelyd. Although the mag-
netic moments of Co3+ ions could be modified from their
spin-only values by the orbital moments, which at a first
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glance may resolve this contradiction, a homogeneous FM
state is also clearly inconsistent with the FM-AF switching
siii d. We thus inevitably arrive at a conclusion that the mag-
netic structure of GdBaCo2O5.50 should correspond to a fer-
rimagnet composed of two or more antiparallel FM sublat-
tices; note that one of the sublattices may carry zero moment
if it involves the LS cobalt ions. Apparently, the net FM
moment of<1mB/Co—a difference between the sublattice
moments—may be accounted for if the Co3+ ions constitut-
ing the two ferrimagnetic sublattices are either in the LS and
IS states, or in the IS and HS states. One can construct more
complex spin structures by increasing the number of mag-
netic sublattices; for instance, a zero-moment sublattice may
be composed of LS Co3+ ions, or antiferromagnetically or-
dered ISsHSd ions.

Now we can try to map the ferrimagnetic sublattices onto
the actual crystal structure, keeping in mind the following
important conditions. First, the ferrimagnetic sublattices
should be strongly coupled with each other, since, according
to Respaudet al., even a 35-T field fails to induce a
ferrimagnetic-ferromagnetic transition.16 Another explana-
tion for this robustness is that only one of the sublattices
actually possesses a nonzero FM moment; in that case, no
decoupling transition should be expected. The second point
is that in addition to strong FM bonds, each 3D ferrimagnetic
sublattice should also contain planes of very weak magnetic
coupling to allow for an easy folding of the magnetic unit
cell upon switching into the AF state. One can see in Fig. 1,
that the crystallographic planes responsible for weak mag-
netic coupling can naturally be the GdOx plane and/or anac
plane passing between the pyramidal and octahedral cobalt
ions. Apparently, such kind of effective decoupling of neigh-
boring Co3+ ions can hardly be possible unless either of the
two ac CoO2 planes—composed of cobalt ions in the pyra-
midal or octahedral environment—is essentially nonmag-
netic. Consequently, the otherhalf of cobalt ions should pro-
vide an average moment of<2mB/Co, which corresponds to
the IS state or an<1:1 ratio of LS and HS states. Note that
the existence of a nonmagnetic sublattice also gives the best
account for the high-field magnetization data of Respaudet
al.16

An important information on the magnetic states of Co3+

ions in GdBaCo2O5.50 has been also obtained from the Curie-

Weiss fitting of the PM susceptibility12,16,17 in the tempera-
ture range 300–360 KsFigs. 18 and 22d, which better agrees
with the presence of 50% of ions in the IS state, while the
same fitting aboveTMIT <360 K points to a 1:1 mixture of IS
and HS states. Although our magnetization experiments can
hardly distinguish which cobalt ions alter their spin state at
the spin-state transition atTMIT and whether the IS state is
realized in pyramidal or octahedral positions, a structural
analysis of the oxygen coordination by Fronteraet al. sug-
gests that it is the cobalt ions in octahedral positions that
participate in the spin-statesLS–HSd transition, while the
cobalt ions in pyramidal sites keep their IS state regardless of
temperature.30

We have eventually reached the most likely picture of the
magnetic ordering in GdBaCo2O5.50, which is illustrated in
Fig. 29. The alternating filled and empty oxygen chains
shown in Fig. 29sad create two types of structural environ-
ment, octahedral and pyramidal, for Co3+ ions; the former
favors the nonmagnetic LS ground state, while the latter
makes the IS state preferable. At high temperatures, the en-
tropy keeps the cobalt ions in octahedral positions in the HS
state, and the compound behaves as a paramagnet composed
of IS and HS Co3+ ions snot to mention Gd3+ ions which are
always paramagneticd. Upon cooling belowTMIT <360 K,
the octahedral cobalt ions cooperatively switch into the LS
state, and thus the CoO2 planes develop a spin-state order
consisting of alternating rows of Co3+ ions in the LS and IS
states. Consequently, the magnetic cobalt ions form two-leg
ladders extended along thea axis and separated from each
other by nonmagnetic CoO2 ac layers along theb axis and
by paramagnetic GdO0.5 layers along thec axis, as sketched
in Fig. 29sad.

Empirically, the spin interaction in ladders formed below
TMIT turns out to be ferromagnetic, and eventually the lad-
ders establish a FM order belowTC<280−300 K with spins
aligned strictly along thea axis fFig. 29sadg. Owing to the
reduced dimensionalitysquasi-1D/2Dd of the ladders, the FM
order develops quite gradually upon cooling, being subject to
strong thermal fluctuations. The strength of the FM interac-
tion in laddersJ/kB can be estimated from the Curie tem-
perature: The molecular-field theory for 3D systems62 would
give J/kB,150 K for TC,300 K; however, for the quasi-
1D/2D magnetic ordering,J should be roughly twice as large

FIG. 29. A sketch of the magnetic structure of GdBaCo2O5.50 in the FM statesad and possible AF statessbd–sdd; Ba and Gd ions are
omitted for clarity. At T,TMIT, the Co3+ ions in octahedral environment are considered to have a low-spinsS=0d state, while those in
pyramidal environment have an intermediatesS=1d statesthe spin direction is indicated by arrowsd.
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for the sameTC to be reached.63 It is worth noting that
GdBaCo2O5.50 is an insulator and thus such mechanism of
the FM ordering as the double exchange,55 which is common
in metallic oxides,1 is irrelevant here. In insulators, the mag-
netic ordering is known to be predominantly caused by the
superexchange interaction, whose sign for each pair of ions
can be estimated using Goodenough-Kanamori rules.64–67To
account for the FM spin order in ladders, we need to assume
some kind of orbital ordering among the IS Co ions.17 We
can even speculate that the superstructure reflections along
the a axis often observed in the neutron scattering are
brought about by such orbital ordering.

Whether a macroscopic magnetic moment will emerge or
not after the FM-ordered ladders are formed depends on their
relative orientation, which can be either ferromagnetic or an-
tiferromagnetic due to the Ising-like nature of the spins. In a
narrow temperature range belowTC, the weak effective in-
teraction between ladders turns out to be ferromagnetic and a
net FM moment shows up; upon further cooling below
TFM-AF, however, it gradually changes sign, resulting in the
AF ground state. The ladder stacking may become antiferro-
magnetic along theb axis fFig. 29sbdg, inducing doubling of
the magnetic unit cell along that axis, or along thec axis
fFig. 29scdg, or bothfFig. 29sddg.

Quite naturally, the interladder coupling across nonmag-
netic layers is weak, and switching from the ground-state AF
order to the field-induced FM one can be induced by a fairly

weak magnetic fieldHc that depends on temperature. To un-
derstand the role of temperature, one should consider the
thermally excited states: upon heating, a certain amount of
LS Co3+ ions in octahedral positions become Co2+, Co4+, or
change their spin state. Whatever the case, each excited ion
acquires a nonzero spin, providing an additional bridge be-
tween spin-ordered FM ladders. In this respect, it is worth
noting that the AF ordering can be suppressed not only by
magnetic fields or thermal excitations, but also by changing
the oxygen stoichiometry: any deviation fromx=0.5 also
introduces Co2+ or Co4+ ions and shifts the AF-FM phase
transition to lower temperaturefsee Figs. 18sbd and 28g. We
can conclude that the GdBaCo2O5.50 compound with pre-
cisely tuned stoichiometry represents a very interesting mag-
netic system of weakly interacting FM ladders with Ising-
like moments.

B. Electronic structure of GdBaCo2O5.50

As follows from the magnetic and structural data of
GdBaCo2O5.50 discussed above, the metal-insulator transi-
tion at TMIT <360 K is accompanied with a change in the
spin-state of Co3+ ions: Upon heating acrossTMIT, the Co3+

ions in octahedral positions switch their spin state from the
LS to HS state, while those in pyramidal positions keep their
IS state at all temperatures. Figure 30sad shows the electronic
energy levels of Co3+ ions for the relevant states, namely, the
LS and HS states in octahedral environment, and the IS state
in pyramidal environment. This level structure is evaluated
in the framework of the ionic model that takes into account
the crystal-fieldsCFd energy splittings10Dqd and on-site
electrons interactionssthe intra-atomic exchange energyJH
and the Coulomb repulsion energiesU andU8, defined fol-
lowing Kanamori66,68d.

In the octahedral environmentsOh symmetryd, the crystal
field splits the 3d electron energy levels of a Co3+ ion into
threet2g orbitals sdxy, dxz, anddyz with DE=−4Dqd and two
eg orbitals sdx2−y2 and d3z2−r2 with DE= +6Dqd. When such
cobalt ion acquires the LS state, all its six valence electrons
occupy the degeneratet2g orbitalssthreedxy,xz,yz

a spin-up and
three dxy,xz,yz

b spin-downd. Every electron therefore has
the same energy, and the total electron energy per Co3+

ion, which takes into account the on-site interactions
and the crystal field splitting, can be expressed asEoct

LS

=E0−24Dq−6JH+3U+12U8, where E0 is a reference en-
ergy.

In order to bring the Co3+ ion into the IS state, one elec-
tron should go from at2g orbital to a higher-locatedeg one,
for example, fromdxy

b to d3z2−r2
a . This leads to an additional

splitting of the one-electron energy levels that removes the
initial degeneracy oft2g orbitals: the intra-atomic exchange
is modified, causing every spin-up electron to lower its
energy by JH, while every spin-down electron increases
the energy byJH. In addition, the Coulomb matrix element
U between thedxy

a and dxy
b orbitals is replaced withU8

between thedxy
a and d3z2−r2

a orbitals. Consequently, the
total electron energy for the IS state becomesEoct

IS

=E0−14Dq−7JH+2U+13U8. Finally, in the case of the Co3+

HS state in the octahedral environment, one more electron is

FIG. 30. Schematic representation of the electronic structure of
GdBaCo2O5.50. sad Electronic levels of a Co3+ ion in the LS state
soctahedral environmentd, IS statespyramidal environmentd, and
HS statesoctahedral environmentd. The electronic band structure of
CoO2 planes below the metal-insulator/spin-state transition origi-
nates from a superposition of the LSsoct.d and ISspyr.d statessbd,
while above the transition it originates from ISspyr.d and HSsoct.d
statesscd.
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transferred from thet2g to eg shell ffrom dxz
b to dx2−y2

a in Fig.
30sadg, causing a further splitting of the energy levels. The
total electron energy for the HS state can be written asEoct

HS

=E0−4Dq−10JH+U+14U8.
The energy levels of cobalt ions in the pyramidal environ-

mentsC4v symmetryd differ from the previous cases because
the crystal field causes a different energy splitting:
+9.14Dq sdx2−y2d, +0.86Dq sd3z2−r2d, −0.86Dq sdxyd, and
−4.57Dq sdxz anddyzd for a square pyramid.69 Consequently,
the total electron energy for the IS state, for instance, be-
comesEpyr

IS =E0−18.28Dq−7JH+2U+13U8.
In order to evaluate which spin states of Co3+ ions should

be preferable, we need to compare their relative energies.
Given that the difference between the intraorbital and inter-
orbital Coulomb matrix elements isU−U8=2JH, only two
parametersJH and Dq appear to determine the one-electron
energy levels of localized Co3+ states in the framework of the
ionic model. Quite reasonable parameters for Co3+ ions are
JH,0.5 eV andDq,0.25 eV.69 Following this approach,
one can easily find out that the IS state in octahedrons is
completely unstable with respect to either the LS or HS state,
while either of the latter states may win, depending on the
parameters. However, for the pyramidal positions, the IS
state appears to be stable in a very broad range ofJH /Dq
sfrom 0.57 to 2.74d, as has been concluded by Pouchardet
al.68

It is worth noting also that the result of this spin-state
competition, that is, which one of the spin states closely
located in energy will win, may well depend on temperature.
For example, the nonmagnetic LS state in octahedral posi-
tions experimentally appears to be the ground state, and
therefore it dominates at low temperatures. However, the
spin-orbital degeneracy of the HS state is much larger,20 and
thus with increasing temperature, the HS state should sooner
or later take over the LS state because of the entropy terms
associated with the spin-orbital degeneracy; this mechanism
is likely staying behind the spin-state transition observed at
TMIT <360 K.

Another important issue is the energy-level position of
occupiedeg orbitals. As shown in Fig. 30sad, for IS Co3+ ions
located in the pyramidal surrounding, the energy ofd3z2−r2

occupied orbital is very close to the energy ofdxy, dxz, and
dyz orbitals, mainly due to the strong splitting ofd3z2−r2 and
dx2−y2 levels by the crystal field of theC4v symmetry. In
contrast, for cobalt ions in the octahedral environment, the
energy ofd3z2−r2 and dx2−y2 occupied orbitals appears to be
much higher even in the HS state.

Quite naturally, the qualitative features of these simple
ionic model may be expected to be reproduced in the band
structure. In the framework of a more sophisticated ligand-
field sLFd approach, the overlap of cobalt 3d, 4s, 4p and
oxygen 2d orbitals leads to the formation of bonding, anti-
bonding, and nonbonding molecular orbitalssMOd, which
are broadened in a solid into energy bands. The bonding
molecular orbital, being predominantly composed of thes
and p “atomic orbitals” sAOd, creates a wide valence band
findicated as VB in Figs. 30sbd and 30scdg similar to ordinary
band insulatorsssemiconductorsd. In turn, the antibonding
molecular orbital, being also predominantly composed ofs

andp AO of cobalt and oxygen ions, creates a wide conduc-
tion bandsindicated as CBd.

The interaction of cobaltd orbitals with oxygenp orbitals
has a different character. In a CoO6 octahedron, the cobaltt2g
orbitals should be nonbonding, because there is no linear
combination of oxygen orbitals of the same symmetry for
them to interact. As a result, a rather narrowp* band occu-
pied by almost localized electrons appears at the top of the
valence band. On the other hand, the cobalteg orbitals inter-
act with a linear combination of oxygen orbitals of theeg
symmetry, increasing the energy of the antibondings* band.
A center of thes*segd band is located by 10Dq higher than
the center of thep*st2gd bandsthe same energy splitting as in
the CF theoryd. Note that in the LS state, thes* band is
empty.

The on-site electron interactions as well as distortions of
the CoO6 octahedron, with the CoO5 pyramid being the ul-
timate case, shift the energy bands in the same way as in the
case of discrete levels. For IS Co3+ ions in the pyramidal
environment, thes* band occupied by electrons with the
prevailing spin projection is separated from the conduction
band and shifted down to the top of the valence bandfas
shown in Fig. 30sbdg. On the other hand, in the case of the
HS state in octahedral environment, the occupieds* band is
situated higher in energy and is twice as largefFig. 30scdg.

Figure 30sbd presents a simplified electronic structure
originating from a 1:1 mixture of the electronic states of
CoO6 octahedrons and CoO5 pyramids with the Co3+ ions
being in the LS and IS states, respectively. We expect this
state to be realized in GdBaCo2O5.50 below the metal-

FIG. 31. Temperature dependences of the in-plane resistivitysad,
Hall coefficientsbd, effective mobilitymeff=RH /r scd, and thermo-
electric powersdd in GdBaCo2O5.50 crystals. The dashed lines are
results of simulation.
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insulator transition. The high-temperature electronic struc-
ture corresponding to HS Co3+ ions in octahedral environ-
ment and IS ions in pyramidal surrounding is depicted in Fig.
30scd. One can see that the most prominent difference be-
tween these two pictures is a band gap in the first case, while
the occupieds* band overlaps with the conduction band in
the latter one. Whether the energy gap emerges or not is
determined mainly by the position of thes* bands as well as
by their widths. The electronic structure of GdBaCo2O5.50
discussed here offers a natural, though much simplified, ex-
planation of the metal-insulator transition that is observed to
coincide with the spin-state one atTMIT <360 K.

C. Transport properties of GdBaCo2O5.50

Having obtained a qualitative picture of the electronic
structure for the parent compound GdBaCo2O5.50, we can
now review its transport properties. The temperature depen-
dences of the resistivityrsTd, Hall coefficient RHsTd, and
thermoelectric powerSsTd of GdBaCo2O5.50 are summarized
in Fig. 31 together with an “effective” mobility of carriers
defined asmeff=RH /r. The latter would correspond to a true
Hall mobility mH, if only one type of charge carriers were
present in the system.

Apparently, all the transport properties presented in Fig.
31 behave quite coherently. At low temperatures, bothrsTd
andRHsTd grow exponentially upon cooling with an activa-
tion energy D<70 meV. An activation character of the
charge transport with the same energy gap can be also in-
ferred from the thermoelectric powerSsTd which is linear in
1/T. On the other hand, when the temperature increases
above the metal-insulator transition at<360 K, all these
physical quantitiesr, RH, and S, acquire small and almost
temperature-independent valuesrab<rc<600 mV cm, RH
< +1.8310−5 cm3/C, and S<−4 mV/K. This small Hall
coefficient would correspond to an unrealistically high den-
sity of carriers of<20 holes per Co ion, if one assumes only
one type of carriers to participate in the charge transport;
correspondingly, the apparent mobilitymeff becomes unreal-
istically small aboveTMIT fFig. 31scdg. One can naturally
conclude, therefore, that the Hall signal is strongly reduced
at high temperatures because both electrons and holes move
almost equally and their contributions toRH, being very
close in magnitude but opposite in sign, almost cancel each
other. The metallic charge transport provided by both elec-
trons and holes is presumably responsible for the small value
of the Seebeck coefficient as well. Note that the sign ofS at
high temperatures is opposite to that of the Hall resistivity,
which can easily happen when different types of charge car-
riers are providing delicately balanced contributions: The
holes’ contribution toRH is a bit larger than the electrons’
one, while inS the balance appears to be opposite.

One more interesting feature in Figs. 31sbd and 31sdd is
that bothRH andS change their sign from negative to posi-
tive at T<200 K, long before approaching the metal-
insulator transition. This sign change indicates that the elec-
trons and holes in GdBaCo2O5.50 keep providing comparable
contributions to the conductivity down to quite low tempera-
tures, and thus keep competing for the dominating role in the

Hall response and thermoelectric power. On one hand, this is
not surprising, given that the neutrality condition in a non-
doped semiconductor requires the number of electrons to
match the number of holesn=p. On the other hand, however,
the switch in sign ofRH andS would imply that the relative
mobilities of electrons and holes should quickly change, with
their ratio mn/mp being @1 at low temperatures but
mn/mp!1 at high temperatures.

One possibility is that such asymmetric mobility evolu-
tion actually takes place, though we cannot point to any ob-
vious reason for that. Another possibility to be considered is
that the mobility ratio is essentially temperature independent,
but instead there are more than two types of carriers in the
system. Namely, there may be two distinct types of holessthe
total number of holesp=p1+p2=nd with very different mo-
bilities mp1!mn!mp2 and different activation energies.
Whenever the temperature is modified, the relative shares of
the two kinds of holes should change, and their average mo-
bility should change accordingly, mimicking a gradual mo-
bility evolution.

In order to understand where the different types of carries
may be coming from, we can refer to the qualitative elec-
tronic structure of GdBaCo2O5.50 sketched in Fig. 30sbd. The
bands nearest to the Fermi level are the conduction band and
a narrow band composed of occupiedp* and s* cobalt d
bands, withEF being located exactly in the center of the
band gap atT=0. Apparently, at the lowest temperatures,
only excitations from the top of thed band to the bottom of
the conduction band may take place, and thus the carriers in
these bands should govern the transport properties. It is rea-
sonable to expect the mobility of holes in the narrowd band
composed of almost localized statessmp1d to be much lower
than that of electrons in the conduction bandsmnd, though the
latter is not very high either, since the conduction band also
includess* cobalt statessunoccupiedd. Under these condi-
tions, the electrons thermally activated into the conduction
band should make a predominant contribution to the low-
temperature charge transport, providing a simple activation
behavior for the resistivity and the Hall coefficient,
r<enmn and RH<−1/en. The thermoelectric power for
electrons in the conduction bandSn should follow a conven-
tional law

Sn = −
kB

e
FEC − EF

kBT
+ Sr +

5

2
DG , s2d

where the energyEC corresponds to the conduction-band
bottom, andr is determined by the scattering mechanism
sthrough the energy dependence of the relaxation time
t,Erd. Note that a similar expression is valid for the ther-
moelectric power of holesSp as well, but their low mobility
does not allow them to compete with electrons at low tem-
peratures, because the total thermoelectric power for the two-
carrier system is calculated, in the simplest model, as

Stot =
snSn + spSp

sn + sp
, s3d

where conductivity of electronssn sas well as holesspd is
directly proportional to their mobility.
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Upon increasing temperature, a wider energy range of
electronic states becomes available for thermal excitation,
and at some point, a number of electrons excited from the
valenceband to the conduction band should become consid-
erable. While the behavior of electrons in the conduction
band is the same regardless of where they are activated from,
the holes generated in the valence band clearly differ from
those in thed band, because the valence band is much wider
than thed band and the mobility is expected to be larger in
the wider band. As soon as the valence-band holes join the
transport, the share of holes in the conductivity, Hall coeffi-
cient, and thermoelectric power quickly increases, and at
some temperature, it exceeds the contribution of electrons
owing to the high mobilitymp2

@mn; as a result,RHsTd and
SsTd change their sign from negative to positive.

To illustrate the latter picture, in Fig. 31 we show results
of a simulationsdashed linesd for rsTd, RHsTd, meffsTd, and
SsTd obtained for the three-band model, where the mobility
ratios were taken asmp1

:mn:mp2
=0.1:1:7. One can seethat

even such very simplified model provides a reasonable de-
scription for all the measured transport properties on the in-
sulator side of the metal-insulator transition. We can con-
clude, therefore, that the electronic structure of
GdBaCo2O5.50 proposed in Sec. IV B gives a consistent ex-
planation not only for the metal-insulator transition, originat-
ing from the spin-state transition, but also can account for the
behavior of resistivity, Hall coefficient, and thermoelectric
power as well.

D. The origin of giant magnetoresistance

At this point, it is interesting to consider the mechanism
responsible for the giant magnetoresistance observed in
GdBaCo2O5+x and other isostructural compounds. Although
the MR behavior in GdBaCo2O5+x bears some resemblance
to that in manganitessin particular, the MR in both systems
is related to the AF-FM transitiond, there are several dissimi-
lar features pointing to different MR mechanisms. Most im-
portant is that GdBaCo2O5+x, in contrast to manganites, re-
mains to be an insulator even in the FM state, indicating that
neither the double-exchange mechanism1,2,55 nor percolation
through some metallic phase is relevant here;2 the MR does
not seem to originate from the “spin-valve” effects, i.e., from
a tunneling between two spin-polarized metallic regions, ei-
ther. Our analysis of the resistivity in the AF and FM states
sFig. 25d has shown that the activation energy for carriers
diminishes considerably upon the AF-FM transition, and it is
mainly a change in the density of carriers, rather than in their
mobility, that affects the resistivity.

By examining the crystal and magnetic structure of
GdBaCo2O5.50 sFig. 29d, one can easily find out that the
charge transport, at least along thec axis, should be gov-
erned by nominally nonmagnetic CoO2 layers, which go
along theac plane and are composed of cobalt ions with
octahedral oxygen environment. It appears, therefore, that
the charge-carrier doping of these octahedral CoO2 planes is
to a large extent determined by the relative orientation of the
magnetic moments in neighboring FM ladders. To distin-
guish this intriguing MR scheme from other MR mecha-

nisms, in a recent paper17 we have coined a term “magnetic
field-effect transistor,” based on a hypothetic structure where
the charge-carrier injection into a 2D semiconducting chan-
nel is controlled not by an electric field, but by a magnetic
state of neighboring “ligands.”

One might wonder how the reorientation of very weakly
coupled FM ladders may affect the charge transport, bringing
about a giant MR, particularly in the nominally nonmagnetic
CoO2 ac layers. Qualitatively, the MR mechanism appears to
be quite simple: GdBaCo2O5.50 is a narrow-gap insulator,
where the carrier generation goes through formation of
electron-hole pairs, i.e., through formation of inevitably
magnetic Co2+ and Co4+ states, whose energy must depend
on the surrounding magnetic order.17 In other words, the en-
ergy gap that opens at the Fermi level due to the crystal-field
splitting and on-site interactions must be further modified by
the spin-dependent exchange interactions with neighboring
Co ions. As we already know, the carriers generated by ther-
mal excitations or doping always favor the FM coupling be-
tween ladderssFig. 28d; thus, the FM arrangement of ladders
should, in turn, also make the carrier generation easier. One
can conceive this interrelation in a way that the energy for
generating carriers in the AF state also includes a penalty
that should be paid upon frustrating the relative order of the
antiferromagnetically coupled ladders. When a magnetic
field aligns the FM ladders, this penalty is removed, which
lowers the barrier for carrier generation. One can expect the
reduction of the insulating gap upon the field-induced
AF-FM transition to be of the same order as the interatomic
exchange energyJ,25 meV, which is indeed observed ex-
perimentallysFig. 25d.

Lastly, an interesting point to be emphasized in the MR
behavior is a strong amplification effect, whereby an appar-
ently small energy of the magnetic fieldgmBH /kB,1 K be-
comes capable of changing the carriers’ activation energy by
several hundreds K. This gives one more evidence for the
cooperative nature of the observed MR.

E. Evolution of physical properties of GdBaCo2O5+x

with oxygen content

The main motif governing the behavior of the
GdBaCo2O5+x compound is obviously a competition of vari-

FIG. 32. A sketch of the nanoscopic-phase-separated state in
GdBaCo2O5+x at oxygen concentrationsx,0.1–0.2. Upon oxygen
doping, nanoscopic droplets of the orbital-ordered FMsOO-FMd
phase emerge in the matrix of the charge-ordered antiferromagnet
sCO-AFd. As x increases, these droplets grow and should reach
percolation atx<0.25, when a half of the AF phase is switched into
the FM one. Note that even in small droplets, the FM moments
should be aligned along one of the in-plane tetragonal axis because
of the strong spin-orbit coupling.
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ous kinds of ordering, involving charge, spin, orbital, and
structural degrees of freedom. While for several particular
compositionssx<0,0.5,0.7, etc.d, this ordering competition
is won by certain homogeneous states, the majority of the
phase diagram appears to be occupied by mixtures of various
ordered phasessFig. 28d.

In the end-pointx=0 compound, which corresponds to the
50% electron doping, the Co2+ and Co3+ ions order into al-
ternating lines running along thea axis, where each cobalt
spin is aligned antiferromagnetically to six nearest neighbors
to form a G-type AF structure.8,9 This means that in
GdBaCo2O5.00 all the nearest-neighbor superexchange inter-
actions, be they between the Co2+ ions or Co3+ ions, are
antiferromagnetic. Under such conditions, one would expect
the charge doping, which converts some Co2+ ions into Co3+

ones, to cause no considerable effect on the magnetic behav-
ior; this should certainly be the case if just the size of AF-
ordered spins is modified. In reality, however, the oxygen
doping immediately brings in some sort of ferromagnetism.
Since GdBaCo2O5+x retains its insulating behavior all the
way up tox,0.5, one has to invoke a qualitative change in
the orbital order to account for the emerging FM behavior.
Apparently, the orbital order that underlies the AF spin or-
dering in GdBaCo2O5.00 is stable only for the particular uni-
directional charge order which is realized at the 50% electron
doping. When the holes are introduced upon oxygen doping,
they immediately frustrate the pattern of the charge and or-
bital order in CoO2 planes. In fact, this doping-induced frus-
tration offers a clue to the origin of nanoscopic phase sepa-
ration, whose spectacular manifestations appear in the
magnetic behavior: To avoid frustration, the charge-ordered
AF matrix expel the doped holes, which are then segregated
in small droplets of a new FM phase, as sketched in Fig. 32;
the evidence for this phase segregation is found in the mag-
netization data, as we discussed in Sec. III D.

An electronic phase separation, arising from the tendency
of an ordered state to avoid frustration, is quite common for
strongly correlated systems. Usually, the frustration is in-
duced by the charge carrier motion over an AF insulating
background; the system, therefore, tends to segregate the
mobile carriers into metallic regions with a modified mag-
netic order.2,3 What is peculiar in GdBaCo2O5.00 is that the
AF and FM phases here are both insulating; in this case, they
differ only in the charge and orbital order. Presumably, these
phases correspond to the charge-ordered insulators50% elec-
tron dopingd and the undoped band insulatorszero dopingd.

An interesting issue is whether the oxygen ions participate
in the phase separation or it is mostly an electronic phenom-
enon. Based on the very small size of the FM-phase
droplets—they are not detected by the x-ray scatteringsSec.
III A d, and exhibit just a superparamagnetic behavior at mod-
erate oxygen doping—we can conclude that the oxygen ions
are not involved in the large-scale redistribution. Though the
negatively charged oxygen ions may rearrange locally, being
dragged by the Coulomb interaction with the doped carriers,
this motion is apparently insufficient to cause the domains to
grow. Consequently, the observed nanoscopic phase separa-
tion at x,0.5 is most likely governed by the electronic in-
teractions in the CoO2 planes and thus may be a generic
feature of layered cobalt oxides.

The phase-separated state depicted in Fig. 32 gives a con-
sistent explanation for the magnetic and transport properties
of GdBaCo2O5+x in the electron-doped regions0,x,0.5d.
As long as the FM droplets are small and located far apart,
they exhibit a superparamagnetic behavior with thermomag-
netic irreversibility features originating from the strong spin-
orbit coupling. With increasing oxygen content, the FM
droplets grow until they achieve a percolation within the
CoO2 planes atx<0.25; from that point, the initial AF phase
is kept in inclusions embedded in the FM matrix. Eventually,
the system becomes homogeneous again as the composition
approaches that of the undoped parent insulatorx=0.50.
Given that both the FM and AF phases are insulators, it is not
surprising that the conductivity of crystals is virtually inde-
pendent on doping in the entire electron-doped region, and
that it goes through variable-range hoping of localized carri-
ers.

While in the electron-doped region, GdBaCo2O5+x tends
to phase separate into two insulating components, namely,
the undoped and 50%-electron doped phases, the hole doping
sx.0.5d also quickly destabilizes the homogeneous parent
state. However, the phase separation in the hole-doped re-
gion bears several important differences from the behavior of
electron-doped crystals. First, the scale of resulting domains
is much larger, implying that the oxygen ions are involved in
the macroscopicsor mesoscopicd rearrangement process and
redistribute over the crystal together with the doped carriers;
otherwise, the long-range Coulomb interactions would pre-
vent the formation of such a macroscopically inhomoge-
neous state. Second, the nearest stable phase is located at a
considerably lower doping level of,18–20 % of holessx
<0.68–0.70d. And finally, the most important is that the
stable hole-doped phase appears to bemetallic, in contrast to
insulating electron-doped compositions. The latter explains
the remarkable asymmetry in the doping dependence of the
conductivity in Fig. 7.

Now, we can only speculate on the nature of the metallic
hole-doped phase, since a detailed information on the crystal
structure of GdBaCo2O5+x at x<0.68–0.70 is still lacking.
Apparently, that phase should be well structurally ordered,
since one can hardly imagine so sharp a FM-AF transition, as
shown in Fig. 18scd, to take place in a system with a signifi-
cant disorder. Therefore, some sort of oxygen ordering is
expected to occur in GdOx layers, similar to the formation of
perfect oxygen chains in the parent compound withx=0.50;
one can immediately find out that the composition
x<0.68–070 best fits the “ortho-III” superstructure where
two filled oxygen chains in GdOx layers alternate with one
empty chain.

If the ortho-III structure is actually realized in
GdBaCo2O5+x with x,0.7, and the FM-AF transition has the
same purely magnetic origin as in the parent compound with
x=0.50, one inevitably arrives at the conclusion that some
kind of weakly coupled FM ladders or layers are formed in
the x,0.7 phase as well. One can further speculate that the
double octahedral CoO2 ac layers are still nonmagnetic in
this ortho-III phase, and the FM ladders are just located far-
ther apart. The main difference with the parentx=0.50 com-
position is that forx,0.7, about 20% of cobalt ions should
acquire the Co4+ state. If all the holes are gathered in the FM
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layers, where they can readily move, those layers would pos-
sess a quarter-filled metallic band. Note that on the macro-
scopic scale, the conductivity would exhibit a true metallic
behavior only if the crystal has a perfectly ordered oxygen
subsystem; otherwise, the metallic ladders/layers would be
always interrupted by nonconducting regions. In the latter
case, a variable-range hopping between metallic fragments
should be expected.70 The measured resistivity ofx=0.70
crystals indeed exhibits an unusual behavior, tending to satu-
rate at low temperatures at finite but surprisingly large values
sFig. 6d.

While the suggested very speculative picture of the me-
tallic x,0.7 phase can easily account for the observed mag-
netic and transport properties, more work is obviously nec-
essary to clarify whether it has anything to do with the actual
microscopic state. In any case, this intriguing phase with
self-organized metallic paths bears a clear resemblance to the
stripe structures in high-Tc cuprates,3 and the phase-
separated conducting phases in manganites,2 and thus its
study may help in understanding the unusual transport in
other oxides as well.

V. SUMMARY

In order to gain insight into the general behavior of
square-lattice layered cobalt oxides, we have performed a
systematic study of the transport, magnetic, and thermoelec-
tric properties of GdBaCo2O5+x single crystals over a wide
range of oxygen content 0øxø0.77. The high-quality crys-
tals were grown by the floating-zone method and their oxy-
gen content was precisely tuned to required values by suc-
cessive annealing treatments so that the entire phase diagram
could be spanned; particularly, in the critical regions of the
diagram, the composition was modified with steps as small
asDx=0.001–0.01.

The “parent” compound GdBaCo2O5.50—the composition
with all cobalt ions in the Co3+ state—is shown to be a metal
at high temperatures, but it switches into a band insulatorsa
narrow-gap semiconductord below the metal-insulator transi-
tion atTMIT <360 K, which is manifested in steplike anoma-
lies in all the measured propertiesrsTd, SsTd, RHsTd, and
MsTd. The gap opening at the Fermi level is associated with
a cooperative spin-state transition, which seems to involve a
half of the cobalt ions, while the other half keeps its spin
state unchanged. Two nonequivalent cobalt positions are cre-
ated by the oxygen ions which order in GdO0.5 layers into
alternating filled and empty rows running along thea axis.
Consequently, the CoO2 planes also develop a spin-state or-
der consisting of alternating rows of Co3+ ions in theS=1
and S=0 states. The overall magnetic structure of
GdBaCo2O5.50 below TMIT may be conceived of as a set of
magnetic “two-leg ladders,” which are composed ofS=1
Co3+ ions and are separated from each other by nonmagnetic
layers. Upon cooling belowTC<300 K, these ladders de-
velop a ferromagnetic order; however, whether a macro-
scopic magnetic moment will emerge or not after the FM
ladders are formed depends on interladder coupling. Accord-
ing to the magnetization measurements performed on de-
twinned single crystals, the cobalt spins exhibit a remarkably

strong Ising-like anisotropy, being aligned along the oxygen-
chain direction; thus the FM ladders in GdBaCo2O5.50 can
only form a relative ferromagnetic or antiferromagnetic ar-
rangement. Owing to the very weak strength of this coupling
between ladder, their relative magnetic order can be easily
altered by temperature, doping, or magnetic fields, bringing
about FM↔AF transitions and a giant magnetoresistance.

A study of GdBaCo2O5+x crystals with the oxygen content
deviating fromx=0.50 has revealed that this layered com-
pound is a unique filling-control system that allows a con-
tinuous ambipolar doping of the CoO2 planes, that is, the
doping level can be continuously driven across the parent
insulating state. This continuous doping is manifested in
spectacular singularities of the transport properties as the
system approaches the undoped state: the thermoelectric
power, for instance, tends to diverge atx=0.50, and abruptly
changes its sign upon crossing this peculiar point.

As soon as the CoO2 planes are doped with more than a
few percent of charge carriers, be they electrons or holes,
their homogeneous state is found to become unstable, and
the system exhibits a very strong tendency to separation into
several peculiar ordered phases. The resulting nanoscopic or
mesoscopic phase mixture is clearly manifested in the trans-
port and magnetic properties of the crystals. For the entire
electron-doped regionsx,0.5d, GdBaCo2O5+x tends to
phase separate into two insulating components, the undoped
phase and the charge-ordered AF insulator with 50% electron
doping. As a result, the conduction in GdBaCo2O5+x crystals
is almost doping independent in the entire range
0øxø0.45, and goes through a variable range hopping of
electrons. In the hole-doped region, the CoO2 planes also
expel the doped carriers, protecting the undoped domains,
but the second phase generated upon the phase separation
turns out to bemetallic, in contrast to the electron-doped
crystals. Consequently, the GdBaCo2O5+x crystals gradually
evolve towards a metallic state with hole doping, and thus
the doping dependence of the conductivity exhibits a remark-
able asymmetry with respect to whether the CoO2 planes are
doped with electrons or holes.

Although a conclusive picture of the metallic hole-doped
phase has not been established yet, such metallic state self-
organized within the electronically inhomogeneous system
bears a clear resemblance to the behavior of CMR mangan-
ites and high-Tc cuprates, and thus its study may offer a clue
to understanding the unusual charge transport in transition-
metal oxides.

To conclude, the GdBaCo2O5+x compound has proved to
be an interesting system with a very rich phase diagram
originating from the competition of various spin-charge-
orbital ordered phases. What turns it into a model system and
makes it particularly interesting for a detailed study is the
possibility of continuous ambipolar doping of CoO2 planes
and the exceptionally strong cobalt-spin anisotropy, which
dramatically narrows down the range of possible spin ar-
rangements.
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