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Transport and magnetic properties of GdBaCgOs,, Single crystals: A cobalt oxide
with square-lattice CoO, planes over a wide range of electron and hole doping
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Single crystals of the layered perovskite GdBaGg, (GBCO) 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 & x=<0.77. The obtained data are used to establish a rich phase diagram centered at the
“parent” compound GdBaG@ss—an insulator with Co ions in the 3+ state. An attractive feature of
GdBaCqgOs,, is that it allows a precise antbntinuousdoping of CoQ planes with either electrons or holes,
spanning a wide range from the charge-ordered insulator at 50% electron drpidgto the undoped band
insulator(x=0.5), 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 val(#800 «V/K) 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 pha€es electron-doped regigror an insulating and a metallic phase
(for hole-doped region We also find that throughout the composition range the magnetic behavior in GBCO
is governed by a delicate balance between ferromag(feitid and antiferromagneti¢AF) interactions, which
can be easily affected by temperature, doping, or magnetic field, bringing about FM-AF transitions and a giant
magnetoresistancéMR) 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
GdBaCgO:s,, into a model system for studying the competing magnetic interactions, nanoscopic phase sepa-
ration, and accompanying magnetoresistance phenomena.
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[. INTRODUCTION manganites, and because those less studied systems might be
interesting in their own right. Such exploration has indeed

Since the discovery of the highs superconductivity been proven to be very fruitful, resulting, for instance, in the
(HTSO) in cuprates and shortly after of the colossal magne-discovery of unconventional superconductivity in a layered-
toresistanceCMR) in manganites, a great deal of experi- perovskite ruthenium oxideand recently in a layered cobalt
mental and theoretical efforts have been made to clarify thexide® A study of nickel and cobalt oxides has also revealed
nature of these phenomena. The research has soon reveated spin/charge ordering phenomé&mfaand nanoscopic
that the unusual behavior of cuprates and manganites is nphase separatiéh!! closely resembling those in cuprates
limited to HTSC and CMR: These compounds based orand manganites; these observations confirm that the charge
seemingly simple metal-oxygen planes turn out to possessrdering is indeed a generic feature of strongly correlated
very rich phase diagrams, originating from strong electrorelectrons. By now, probably the most rich and intriguing be-
correlations and involving spin, charge, orbital, and latticehavior has been found in cobalt oxides, which ranges from
degrees of freedorT? In particular, the strong electron cor- giant MR (Ref. 12—17 and large thermoelectric power attrib-
relations, which prevent the electrons in partially filled bandsuted to strong electron correlatidfis®! to unconventional
from forming conventional itinerant Bloch states, make thesesuperconductivity. Apparently, the cobalt oxides, which are
systems prone to nanoscopic phase separation and sedftil much less studied than cuprates or manganites, are
organization of electrons into various superstructures. Theneant to become the next primary field in investigations of
role of this electron self-organization still remains controver-the strongly correlated electron systems.
sial. It is often argued, for example, that the HTSC and CMR  Unlike cuprates and manganites, the layered cobalt oxides
would never be possible in a homogeneous system, and it isave two substantially different crystallographic types: the
the nanoscopic mixture of phases that stays behind thedayered perovskites derived from square-lattice €planes,
novel phenomené? similar to HTSC and CMR compounds, and compounds such

Ironically, the complexity of manganese and copper ox-as NagCoGO, derived fromtriangular-lattice CoQ planes. In
ides that brings about all the fascinating physics also makelsoth cases, the Co(lanes can be doped with charge carri-
these compounds very difficult for understanding. The reers over a remarkably wide range so that the effective va-
search thus naturally expanded towards other transitionence of Co ions varies from €bto Cd**.1 In other words,
metal oxides, both because the comparison of different syshe doping level ranges from one electron to one hole per Co
tems could give a clue to the behavior of cuprates andon, if the CG* state with even number of electrons is taken
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By changing the annealing conditions, one can modify the
oxygen concentration in the rare-eatRO,) planes(Fig. 1)
in a wide range &x=<1 (x depends also on the size of the
R3*ion).1228|n turn, the oxygen content controls the nomi-
nal valence of Co ions, which varies from 2.5+ to 3.5+,
passing through 3+‘parent” stat¢ at x=0.5. Ordinarily, ex-
perimental investigations of thB-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 growRBaCqg0Os,, 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
FIG. 1. Schematic picture of thRBaCq0s,, structure forx  doping level very smoothly, which gives a great advantage in
=0.5. It is worth noting that the oxygen ions [[RO,] layers dem-  studying the critical regions of the phase diagram.

onstrate a strong tendency to ordering;xer0.5, for example, they Upon choosing a compound from tRBaCag,0Os,, group,
form alternating filled and empty rows running along theaxis  one would prefer to have a nonmagnéd®iton, such as 'Y, La,
(Ref. 12, 23, and 28 or Lu, to avoid additional complication coming from the

u , . ) rare-earth magnetism. Unfortunately, the growth of single
as the “parent” state. Empirically, the square-lattice andrystals with these nonmagnetic elements turns out to be
triangular-lattice systems behave quite differently. For eXvirtually impossible3! Therefore, we have selected the
ample, the §quare—|attice cobalt oxides, suph a%dBaCo0s,, compound: G#', being a 47 ion with zero
LaySKC0Q,, Bi;SpC00%.s andRBaCoOs.x (WhereRisa g pital moment, is known to show rather simple magnetic
rare-earth _elemelt are usually reported 1o be behavior in transition-metal compounds, making predomi-

1~8,11-17,22—-25 5 i i i -
ggng]deéﬂgi erovskit\glstthheS(reéconp:I%nIr?fcr:)?]?:/alllsyt htohlg nantly paramagnetic contribution, which can be easily sub-
P P =l i | tracted from the overall magnetization. Also, owing to the

::2?5?32%{2;“\?\,%0?32'“F@Zrg];teedn ﬁgg)ggzr tl;)eitrzz f::/r(layn gECI)Odintermediate size of Gd ion in the series of rare-earth ele-

superconductor.This difference in behavior may come in ments, GdBaCéD5+>.< allows a fairly wide range of a_vailable.
part from a disparity in the doping level, given that the latter®XY9€n concentration. Recently, we succeeded in growing
compounds were usually studied in a more highly hole-nigh-quality GdBaCgOs, single crystals using the floating-
doped region. Nevertheless, the surprisingly robust nonmezone(FZ) technique, and studied the magnetic and transport
tallic state in the square-latice cobalt oxi¥e® clearly ~ Properties of the parent=0.50 compositiort/
points to a more fundamental source, which is presumably a Here, we present a systematic data on the evolution of
very strong tendency to charge ordering. In the triangulartransport, magnetic, and thermoelectric properties of well-
lattice compounds such tendency might be considerablgharacterized GdBaG0s., single crystals over the entire
weaker. Indeed, the charge ordering usually gains supportoping range available for this compound, namely,
from the antiferromagneti¢AF) exchange, while in a trian- 0=<x=<0.77. This layered cobalt oxide turns out to be a re-
gular lattice the AF spin interactions should inevitably beally fascinating filling-control system which allows a con-
frustrated. Thus far, however, none of these systems has betnuous ambipolar doping: We have developed a technique
systematically investigated over the entire doping range téhat provides an easy and precise tuning of the oxygen con-
reveal a coherent picture of doped cobalt-oxygen planes. tent in GdBaCgOs., Single crystals and ceramics, and suc-
In this work, we undertake a systematic study of magneticeeded in doping the parent semicondudtor0.50 with
and transport properties of a square-lattice cobalt oxide oveglectrons(x<0.50 or holes(x>0.50 with steps that could
a wide doping range. For this purpose, we have selected thse as small as 0.001 per Co i6hx~ 0.001). As a result, we
RBaCq0s., compoundswhereR is a rare-earth element  could observe spectacular singularities in the transport prop-
which have already attracted a lot of attention owing to sucherties upon approaching the undoped state, could compare
fascinating features as the spin-state and metal-insulator traghe motion of doped holes and electrons, and study the im-
sitions, charge and orbital ordering phenomena, and giargact of a small amount of doped carriers on the competition
magnetoresistance  (GMR).8912-17.22-24.28-30  The  petween the ferromagnetic and antiferromagnetic spin order-
RBaCq0s., compounds possess a layered crystal structuréhg in this compound. Our study has revealed a rich phase
which consists of square-lattice layef€Co0,]-[BaO]-  diagram for this layered cobalt oxide, which is found to in-
[C00,]-[RO,] stacked consecutively along the axis clude regions of an intriguing nanoscopic phase separation
(Fig. )—a so-called “112"-type structuf@.This structure is  over virtually the entire doping range.
derived from a simple cubic perovski®y_,Ba,MO; (where This paper is organized as follows. In Sec. I, we describe
M is a transition met3J but in contrast to the latter, the the growth of high-quality GdBaG@s,, single crystals by
rare-earth and alkali-earth ions are located in their individuathe floating-zone technique, the method of modifying their
layers instead of being randomly mixed. oxygen content, and the detwinning technique used to obtain
What makesRBaCo,0s,,, compounds particularly attrac- single-domain orthorhombic crystals. The details of mag-
tive for our study is a large variability of the oxygen content: netic and transport measurements are also presented in Sec.
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Il. Section IlI starts with a brief summary of the crystal struc- [ "aais | 5

ture of GdBaCgOs,, over the oxygen-concentration range 8 |

0=<x=0.77, which is followed with the experimental results Jt J‘t " 040)
on transport, thermoelectric, and magnetic properties of | ., JI*°

GdBaCgOs.y, studied in this wide range of oxygen concen-

trations. The obtained data are used to establish an empirice g

phase diagram presented at the end of this section. The imE | ¢ ﬁ
x10

units)

=y

plications of our observations are discussed in Sec. IV. Base(-‘g LAzse
on the obtained experimental results, first we propose a magg — -
netic and electronic structure of the parent GdBa:G - g . 8
compound, giving our explanation of its transport behavior g s JIL (_’02 00 0.2
and the origin of GMR, then we discuss the effects of doping | _j= -2 qu; ) T A0 (deg) '
in GdBaCgOs,,, and, finally, suggest an overall electronic 11 12 23 34 35 46 47 48

phase diagram for this compound. Section V summarizes oul 26 (deg)

findings.
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FIG. 2. (Left) X-ray Bragg’'s peaks for GdBaG0Os., (x=0.5
crystals, which demonstrate the unit-cell doubling alonghtend
Il. EXPERIMENTAL DETAILS the ¢ axis (each peak has ®uwy; and CiKa, contributions to the
A. Growth of GdBaC0,0s,, crystals diffraction patterp. For convenience, the peak intensity is multi-

) . . plied by a factor indicated near each peéRight) X-ray (040
We have grown high-quality GdBa@0s. single crystals  rocking curve.

by the floating-zone technique, using an infrared image fur-
nace with two halogen lamps and double ellipsoidal mirrors_, _. : . .
(NEC Machinery SC E-15HD A polycrystalline feed rod chains running along the axis; this brings about the dou-
f . bling of the unit cell along théd axis (Fig. 2). Apparently,
or the crystal growth was prepared by the solid-state reac- . AT
tion of Gd,O5;, BaCO;, and CoO dried powders: The mixture such'long—range oxygen ordering would harQIy be p935|ble if
was successively calcined at 850, 900, 950, and 1000 ° onS|dere_1bIe amount of Ba were §ubstltutmg Gd. in GdO
each time for 20 h, with careful regrinding after each sinter- ayers. Figure 2 shows alsp a typical x-ray _rockmg curve
ing. Then the obtained homogeneous single-phaséod'o? for GdBaCqQOgs which has a full-width-at-half-
GdBaCqO powder was isostatically pressedat maximum (FWHM) of less than 0.1°, indicating that our
~70 MP3 5’?6 form a rod with typical dimensions of crystals have few macroscopic defects. Additional evidence

7 mmgx 100 mm. Finally, the feed rod was annealed atfor the macroscopic crystallographic perfection is the ease
1200 °C in air to .make ity,dense and hard with which the crystals could be cleaved, especially along

The crystal growth was performed in a flow of dried air, atthe {001} planes, exposing perfectly fiat, shiny surfaces.
a constant rate of 0.5 mm/h. We found that such rather slow
growth rate was essential for obtaining the ordered “112” B. Tuning the oxygen content in GdBaCgOs.
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- Owing to the layered “112” crystal structure, the oxygen
domain parts of the grown crystal rod and cut them intocontent inRBaCq0Os,, can be varied within a wide range
parallelepiped samples suitable for structural, transport an@<x<1, where the oxygen vacancies are located predomi-
magnetization measurements. All the samples’ faces wer@antly in the rare-eartfRO, planes!® The most convenient
carefully polished and adjusted to the crystallographic planeway to modify the oxygen stoichiometry is the high-
with a 1° accuracy. temperature annealing, yet it requires a detailed knowledge

The homogeneity and stoichiometry of the obtainedof how the equilibrium oxygen content depends on the tem-
GdBaCgOs,, crystals were analyzed by the electron-probeperature and oxygen partial pressure. In addition, one needs
microanalysis (EPMA) and inductively coupled plasma to know the kinetics of the oxygen exchange: The annealing
(ICP) spectroscopy which confirmed that the actual cationtemperature should be carefully chosen so that the oxygen
composition was uniform, corresponding to the nominalexchange is quick enough for the equilibrium state to be
1:1:2 ratio within the experimental accuracy. Another impor-reached in a reasonable time, but still slow enough to avoid
tant issue is whether Gd and Ba are well ordered in theinwanted oxygen absorption during the subsequent cooling
lattice; in fact, we found that large rare-earth ions, such as La&f the sample.
and Pr, easily mixed with Ba, resulting in a disordered cubic In order to establish such dependences, we have per-
phaseR, Ba, -Co0;_;. In the case of GdBaGOs., crystals, formed special sets of annealings, systematically varying
however, the x-ray diffraction data demonstrate that Gd antemperature, oxygen partial pressuRy, and annealing
Ba are indeed well ordered into consecuti@®l) layers, time, as exemplified by the data shown in Fig. 3. By mea-
which results in the doubling of the unit cell along thaxis  suring the weight change ef1-g polycrystalline samples, as
(Fig. 2). Moreover, for the oxygen concentratisr=0.5, the  well as large single crystals, with a Oulg resolution, we
oxygen ions are found to form alternating filled and emptycould evaluate the change in the oxygen contentvith an

1. Equilibrium oxygen concentration as a function
of temperature and oxygen partial pressure
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06 T 0.6 ey 3(b)]. Therefore, in order to obtain the lowest oxygen con-
@ (6) centrationx=0 we annealed samples in a flow of argon or
0.5 0.5} y helium, and used strongly dilutédown to 10 pproxygen-
3 argon mixtures to access the lowange, although precise
2 04 04r 7 tuning ofx in this case becomes technically more difficult. In
% o 03 400°C the opposite limit, the samples with oxygen concentrations
g : GdBaCo,0,., . 550°C up tox=0.77 were prepared by annealing in oxygen at high
8 02| ougen 0ab 700°C | pressuregup to 70 MPa.
@] pressure
o1l 4 ;.gagar g o4 | 2. Oxygen intercalation kinetics
O 0.01bar As we have mentioned above, there is one more point to
% 300 200 500 600 70 0-?0_5 ; 15_3 * 1(')_1 * e be concerned about, upon choosing the proper annealing
TCC) Oxygen pressure (bar) conditions, in addition to the equilibrium value: it is the

oxygen-intercalation kinetics. If the oxygen diffusion is too
FIG. 3. The equilibrium oxygen concentratioXe, in slow, one will inevitably end up with a crystal having a large
GdBaCgOs.,. (a) Temperature dependencesxgf for several val- ~ composition gradient; if, in contrast, the oxygen uptake is too
ues of the oxygen partial pressufe) Dependences afeq on the fast, it will be difficult to preserve the achieved state even by
oxygen partial pressure at several temperatures. very fast cooling. By measuring how the sample’s mass
) evolves with timet, we have determined the time depen-

accuracy better than 0.001. Although all the relative oXygenyences of the average oxygen confifi} for different an-

variations are measured very accurately, there would still bﬁealing conditions, as shown in Fig. 4. Apparently, the

a large uncertainty in the absolute valuescplinless we pin roper duration of the heat treatment necessary to obtain a

this relative scale to the absolute oxygen content at least at P ;
one point. Fortunately, in GdBa@®s., there are two pecu- omogeneous oxygen distribution should be several times

liar oxygen concentrations that allow the absolatecale to longer than the. characteristic timeof the oxygen exchange

be establish unambiguously. First, in GdBaOeg,, crystals process at a given temperature and an oxygen pa_rtlal_ pres-
similar to otherRBaCg,0 compbunds with gmall rare. Sure. We have found that for ceramic samples the kinetics of
earth ion<:928 the oxygerﬁ(:ontent can be reduced down to®*Y9€N intercalation in the entire studied ranges of tempera-

x=0 by annealing in vacuum, or inert atmosphere. One Caﬁure andPoz follows a simple exponential law
naturally expect th&=0 composition to be stable over rather (1) =%, = [%, — Xo)EV7, (1)
broad range of parameters, since in this phase all the weakly
bound oxygen is removed from GgQayers, while the Wherex, andx, are the initial and the equilibrium oxygen
strongly bound oxygen in BaO and Ce@yers is still intact. ~ contents and is a time constant that depends on temperature
Indeed, we observed thatsaturates, approaching some low- and Po,. Such simple exponential dependence can be natu-
est level[see Fig. 8)] as the oxygen partial pressure is rally attributed to the oxygen exchange limited by a surface
reduced and the annealing temperature is increased, and vweergy barrier. The time constanturns out to be less than
attributed this saturation value 1=0. Much more sensitive 3 h at temperatures down to 250 1&t 1 bar oxygen pres-
calibration can be done at the 0.5 point, which turns out to  sure, so that the equilibrium state in ceramic samples can be
be critical for GdBaCgOs,,: Upon crossing this point, the easily achieved by one-day annealifdg. 4(a)].
mixed valence composition of €& Ca** ions turns into the In the case of single crystals, however, the oxygen inter-
Cc**/Co** one, and consequently the type of charge carriersalation deviates from the simple exponential behavior, and
switches abruptly. As we will show below, several physicalgoes at a noticeably slower rate, as illustrated in Fig).4
properties of GdBaG®s,, exhibit a very sharp singularity We have found that for-500-um-sized crystals, two days of
in their x dependences near=0.5, changing remarkably annealing at 250 °C is far from being enough to reach the
with a minute(by merely 0.001 modification ofx. The cali-  equilibrium oxygen concentratidirig. 4@)]; such annealing
brations that used the=0 andx=0.5 points gave the same turns out to be insufficient even fer100 um samples. This
results, which allows us to be confident in absolute values oflifference in the kinetics of oxygen absorption is apparently
X in our samples. caused by an additional limitation imposed by the bulk oxy-
Temperature dependences of the equilibrium oxygen corgen diffusion: While the crystal surface layer is readily filled
tentx in GdBaCgO:s,, for different oxygen partial pressures with oxygen, it takes much more time for oxygen to diffuse
are shown in Fig. &), which demonstrates that a large varia- towards the inner part of the crystal. For rectangular-shape
tion of x can be achieved by relatively simple means: bycrystals the oxygen exchange kinetics has an analytical
annealing in a flow of oxygen and argon mixed in differentsolution®?33which depends on the surface exchange coeffi-
proportions. Note that the shown data correspond to the equéient K, characterizing the oxygen exchange at the interface
librium state, and that all the changes in oxygen concentrabetween the gas and the solid, and the chemical diffusion
tion are therefore completely reversible. Our measurementsoefficientD, in addition to the sample size. These param-
have shown that the equilibriumvalue at a given tempera- eters can be extracted by fitting theoretical curves to experi-
ture is roughly proportional to the logarithm of the oxygen mental data, as exemplified in Figsa#and 4b). For ex-
partial pressure, as long asis not too close to zergFig.  ample, the data shown in Fig(a} provide the diffusion-
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FIG. 4. Kinetics of the oxygen intercalation into GdBgQa,,. (2) Comparison of the oxygen uptake in a ceramic sanfpith an
average grain size of10 um) and a single crystalwith sizes in theab plane of 500um X 400 xm) measured in the oxygen flow at
250 °C. Solid lines are the result of simulation, see tékj. The oxygen uptake in a single crystal with sizes in #ie plane of
1000 um X 600 um measured in the oxygen flow at different temperat(setid lines are the result of simulatipric) Dependence of the
oxygen-uptake kinetics in a ceramic samples at 600 °C on the oxygen partial pressure.

coefficient value ofD=3x1078 cn?/s at 250 °C* With reducing the oxygen partial pressure one can arrange a slow
increasing temperature, the diffusion coefficient grows rapoxygen uptake in a ceramic sample even at 600 °C. This
idly and so does the rate of the oxygen uptake, making ifeature turns out to be very useful in obtaining homogeneous
possible to achieve a homogeneous oxygen distribution iBamples within the low oxygen concentration range.
~1-mm-sized crystal already after several hours annealing at
400 °C[Fig. 4(b)]. 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  The oxygen ordering is indeed observed in GdBAGQ,
oxygen diffusion typical for layered oxidé€8. at x=0.5, where the oxygen ions in Gd@lanes order into
We should note that the diffusion coefficient found in alternating filled and empty chains, causing a tetragonal-to-
GdBaCqgOs,, is remarkable in its own right, being unusually orthorhombic(T-O) transition and doubling of the unit cell
large for such low temperatures; the oxygen diffusivity ap-along theb axis (Fig. 2). Usually, thisT-O transition is ac-
pears to be comparable with that in best superionicompanied by heavy twinning of crystals that mixes the
conductors* One additional implication of the high oxygen andb orthorhombic axes; one therefore needs to perform a
mobility, which is important to the present study, is that thedetwinning procedure to get a single-domain orthorhombic
oxygen ions may be capable of rearranging even at roorgrystal for studying the in-plane anisotropy. To detwin crys-
temperature or below, and one should expect the oxygen tals, we slowly cooled them under a uniaxial pressure of
form ordered superstructures or to participate in mesoscopie-0.15 GPa from 260 °C, using a polarized-light optical mi-
phase separation. croscope to control the twin removif§.We should note,
After the homogeneous oxygen distribution in a crystal ishowever, that the GdBaG0s,, crystals are very fragile, and
reached, an important issue to be concerned about is thewas virtually impossible to complete the detwinning pro-
cooling procedure, which must be as fast as possible to avoidedure without having them cleaved into two or more pieces.
any further oxygen uptake. To obtain the most homogeneoushese pieces were fairly well detwinnéakccording to x-ray
samples we used the following rules upon selecting the armeasurements, the remaining fraction of misoriented do-
nealing conditions. The annealing temperature and the parti@hains usually did not exceed 4-5 %nd suitable for mag-
oxygen pressure were selected so tfiathey provided the netization measurements. Thus far, however, we have not
required oxygen content in the crystal afid the annealing succeeded in detwinning the crystals with already prepared
time necessary to reach the equilibrium oxygen distributiorelectrical contactésee below, which are necessary for trans-
was in the range from several hours to several days. After thport measurements.
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 To characterize the physical properties of GdBgQ:Q,,
of any further oxygen exchange. The huge difference in thave have carried out resistivity, magnetoresistafibtR),
time scales—hours and days for modifying the oxygen conHall, thermopower, and magnetization measurements within
centration and seconds for quenching—ensured us that tibe 2—400 K temperature range.
unwanted oxygen uptake could affect no more than a fraction The in-plane(p,,) and out-of-plane(p,) resistivity was
of percent of the crystal’s volume. An important point to be measured using a standard ac four-probe method. Good elec-
specially emphasized is that the oxygen exchange at the irtric contacts were obtained by drawing with a gold paint on
terface between the gas and the solid is strongly suppress@dlished crystal surfaces, and subsequent heat treatment. For
at low oxygen partial pressures. As illustrated in Fi@)4by  current contacts, the whole area of two opposing side faces

C. Detwinning of crystals

D. Details of measurements
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was painted with gold to ensure a uniform current flow
through the sample. In turn, the voltage contacts were made
narrow (~50 um) in order to minimize the uncertainty in
absolute values of the resistivity. It is important to note that
the gold contacts were prepareeforeall 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 paste(DuPont 4922, 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 nextalue.

The MR measurements were done either by sweeping the
magnetic field between £14 T at fixed temperatures stabi-

Cell parameters ()

PHYSICAL REVIEW B 71, 134414(2009
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or by sweeping the temperature at a fixed magnetic field. FIG.5. Room-temperature parameters of the GdB&gg unit
Both Ap./p. and Apap/ pan have been measured fétllab  cell as a function of the oxygen content.

andHIc.

The Hall resistivity was measured using a standard six- (i) 0<x<0.45, the system keeps a macroscopically te-
probe technique by sweeping the magnetic fleltt to both  tragonal structure, where the unit cell smoothly expands in
plus and minus polarities at fixed temperatures; the electri¢the ¢ direction and shrinks in the in-plane directions with
current was always along theb plane. After the symmetric  increasingx.

(MR) contribution coming from a slight misplacement of the  (ii) 0.45<x<0.60, the oxygen ions order into alternating
contacts was subtracted from the raw data, the Hall resistivfilled and empty chains running along theaxis, which re-

ity appeared to be perfectly linear in magnetic field for all sults in the orthorhombic structure and in the doubling of the
measured temperatures, implying that the anomalous Halinit cell along theb axis (see Fig. 2

effect was negligible. (iii) x>0.60, the system evolves towards a macroscopi-

In order to determine the thermoelectric pow8eebeck cally tetragonal symmetry, though in quite a complicated
coefficien) S, we generated a slowly oscillating thermal gra- way. For crystals located at the lower edge of this composi-
dient along the samplévithin ~1 K), and measured an in- tion range, we observed at the same time the x-ray diffrac-
duced periodic voltage. This allowed us to get rid of thermo-tion peaks corresponding to the orthorhombic structure with
electric contributions generated in the remaining circuit. Athe unit cell doubling, and those related to the tetragonal
chromel-constantan thermocouple employed for measuringtructure. This two-phase state is clearly intrinsic and unre-
the thermal gradient was attached to the heat source and kated to a macroscopic oxygen-concentration gradient that
the heat sink, which were fixed to the sample by a silveiwould emerge if crystals were improperly annealed. Indeed,
paste. To obtain the absolute value of the thermoelectrithe signs of the two-phase state were reproducibly observed
power, a contribution from the gold wirds-2 ©V/K) used  only in a quite narrow range of and disappeared as the
as output leads was subtracted. Thermopower measuremeiasygen content was further increased. At the highest
were mostly performed on lon@g>2 mm) samples by apply- achieved oxygen concentration, we could distinguish only
ing a temperature gradient along ther theb axis. the tetragonal, albeit somewhat broadened, diffraction peaks.

Magnetization measurements were carried out using a We should keep in mind, however, that this dividing is
SQUID magnetometer at fields up to 7 T applied along onébased only on the macroscopic symmetry, and thus it should
of the crystallographic axis. Measurement modes includedot be taken too literally; the behavior of the local structure
taking data upon heating the sample after it was cooled dowmay in fact be much more tricky. For example, it is quite
to 2 K in zero field(ZFC), upon cooling the sample in mag- likely that oxygen ordering or mesoscopic phase separation
netic field from 400 K(FC), and upon sweeping the field at takes place at smatlvalues as well, but the ordered domains
fixed temperatures. Throughout this paper, the magnetizatioare too small to be discernible by conventional x-ray diffrac-
coming from Co ions is determined by subtracting the contion. The same is also true for high oxygen contents where
tribution of Gd ions, assuming their ideal paramagnéRill) one may expect fairly ordered phasesat2/3,3/4, asvell
behavior with total spir6=7/2; thelatter is a good approxi- as various mesoscopic phase mixtures.
mation since no ordering of Gd moments in any of the

samples is detected down to 1.7 K. o
B. Resistivity

Ill. RESULTS 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 |2,MO4
compoundgM is a transition meta) and by introducing cat-
ion or anion vacancies and interstitials as in_)}Ds,

LaTiOs,s5 and YB3CuOg..! At integer filling (integer

A. Crystal structure

Figure 5 shows the evolution of the GdBa0g,, crystal
structure as a function of the oxygen concentratiowe can
clearly distinguish three different composition regions.
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FIG. 7. Doping dependences pf, in GdBaCgOs,, at several

FIG. 6. In-plane resistivity,(T) of GdBaCgOs., crystals with temperatures.

different oxygen concentrations. Inset: expanded vieys.gfT) in ) ) )
the vicinity of the “metal-insulator” transition. lic, rather than a hopping transpérf\s can be seen in the

inset of Fig. 6, the metal-insulator transition is the sharpest

number of electrons per unit cethese compounds are usu- and takes place at the highest temperafy;g ~ 364 K for
ally band or Mott insulators, yet a metallic state oftenx=0.50, while any deviation from this stoichiometry blurs
emerges upon changing the filling level, that is, when electhe MIT and shifts it to lower temperatures. This is particu-
tron or holes are doped into the parent insulator. larly clear for high oxygen contentsty,r is reduced to

In GdBaCqgOs,,, it is obviously thex=0.5 composition ~325 K for x=0.65, and no distinct transition can be found
that is the parent compound, where all the Co ions are nomifor x=0.70. In addition to the MIT, a clear, albeit small, kink
nally in the 3+ state. The limiting phases=0 andx=1 is seen on thep(T) curves in the temperature range
should correspond to the 1:1 mixtures Z4Co®" and  100-260 K, which is related to a magnetic transition as will
Co**/Co*, respectively, or in other words to the doping lev- be discussed below.
els of 0.5 electrons and 0.5 holes per Co ion. It would not be To make it more transparent how the resistivity in
surprising, therefore, if thg=0.5 composition were insulat- GdBaCgOs., evolves with oxygen content, in Fig. 7 we plot
ing, and a metallic behavior were emerging when the oxygemp,, at several temperatures as a functiorxoRegardless of
content deviates frore=0.5 towards lower or higher values. the temperature, the dependence of resistivity splits into
The actual behavior of GdBag0s.,, however, turns out to roughly the same three composition regions as were ob-
be more complicated: In contrast to the naive expectations, gerved in the behavior of the crystal structFég. 5. For
never becomes a true met#&lig. 6), even though we change both low(0<x<0.45 and high(x>0.7) oxygen concentra-
the doping level in a very broad range from 0.5 electrons pefions, the resistivity appears to be almostindependent,
Co (x=0) up to 0.27 holes per Cx=0.77.3 At low tem-  while in the region 0.45x=<0.7 it changes rather steeply,
peratures, the in-plane resistivipg, exhibits an insulating by orders of magnitude. This steplike resistivity drop, taking
behavior throughout the whole accessible rang&. dflore-  place upon going from “electron-doped” to “hole-doped”
over, by looking at the low-temperature regi6h<< 150 K) compositions, tends to hide the singularity expected for the
in Fig. 6, one may easily find out that the resistivity evenparent compound. Only very detailed data collected with a
increasesas the oxygen content is reduced below Oédec-  step of & =<0.01 make this singularity discernible on the
tron doping); clearly, the observed evolution differs remark- low-temperaturep,,—x curves, where it is manifested as a
ably from what one usually expects to see upon doping amarrow peak in the vicinity ok=0.50.
insulator. In fact, the most unusual and intriguing feature in Fig. 7 is

Although GdBaCgOs,, never behaves as a normal metal,the asymmetry with respect to the oxygen concentration
the temperature dependence of its resistivity does not follow=0.50. The resistivity evolution ax=0.50 looks rather
that of a simple insulator or semiconductor either. As theconventional: Indeed, doping 6f2.5% of holeg(x=0.525,
temperature increases above 200—-250 K, the in-plane resigich turns Co ions into a mixed 3+ /4+ valence state, dra-
tivity pan(T) shows a gradual crossovéior x<0.44) or a  matically improves the conductivity. As can be seen in Fig.
sharp transition af = 360 K (for x close to 0.5into a metal- 7, the in-plane resistivity at 100 K drops by more than two
like state, see inset of Fig. 6. This sharp “metal-insulator’orders of magnitude asincreases from=0.50 to 0.525, and
transition (MIT) at x=0.5 is similar to what has been re- by three orders of magnitude more upon further increasing
ported for air-sintered®RBaCg,Os,, ceramicst>~°Although  In contrast, upon electron dopirigeducingx below 0.50, an
the resistivityp,,~400—-600x() cm on the metal side of the initial decrease of the resistivity almost immediately turns
MIT is still relatively large, in transition-metal oxides such into a resistivity growth. Moreover, in a wide region
resistivity values are actually more consistent with a metalx=<0.44 both the absolute value of the resistivity and its
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FIG. 8. Low-temperature resistivity in GdBag®s,,: (a) activation behavior forx=0.50, (b) 3D variable-range hopping for
x=0.45-0.525, andc) Efros-Shklovskii behavior fok=0.165-0.440.

temperature dependence are virtually independent of theentration deviates from=0.50, this results either in vacan-
oxygen content(Figs. 6 and Y. Such insensitivity of the cies emerging in the filled chains, or in oxygen ions that go
conductivity to doping is very unusual, and may only beinto the empty chains. While these oxygen defects inevitably
possible if the electrons released upon removing the oxygegenerate electrons or holes in the Goglanes, they also
do not participate in the charge transport. This clearly speakgroduce a poorly screened Coulomb potential that may well
against the “rigid-band” picture, where electrons are exdocalize the generated carriers, so that some of the adjacent
pected to fill the lowest-energy unoccupied states. ApparCo ions acquire the 6 or Cd** state. Then the conductivity
ently, the electron doping is accompanied by developing obccurs through hoppingunneling motion of such localized
microscopic insulating states or mesoscopic regions, wher€o?* or Cd** states. As can be seen in Figbg the slope of
the electrons are immediately trapped. At this point it is usethe resistivity curves monotonically decreases with increas-
ful to remind that the insulating nature of the limitingeO  ing X, implying that the localization length of hold€a**
composition has been already understood as coming from thetate$ is noticeably larger than that of electrons.
charge ordering of electrons in Cg@lanes into a unidirec- Upon further decreasing the oxygen content below
tional charge-density wavie It is therefore reasonable to x=0.45, the temperature dependence of the resistivity be-
suggest that the robust insulating behavior observed in theomes steeper than expected for the Mott's VRH regime
wide range G=x<0.44 is also associated with some kind of p.,exf (To/T)4], and we find that it is better fitted by the
charge ordering among the doped electrons. Efros-Shklovskii expression for the hopping conductiffity

It is interesting to analyze the low-temperature behaviorp,,>exd (T,/T)¥?], see Fig. &). The latter behavior is usu-
of the resistivity, which can give information on the transportally observed when the Coulomb interaction starts to play a
mechanisms operating in the system. Data fitting has showkey role in carriers hopping, bringing about a strong deple-
that a crystal with the precisely tuned=0.50 composition tion in the density of state@oulomb gap near the Fermi
exhibits a simple activation behavigr,,<exp(A/T) with  energy. The data in Fig. 8 imply that the Coulomb-repulsion
A=~=70 meV [Fig. 8@)], which is well consistent with the effects in GdBaCgDs,, gain strength as the oxygen content
understanding of this composition as a parent insulatois reduced below=0.45.
(narrow-gap semiconductor However, when the oxygen The unusual resistivity behavior at high oxygen concen-
content deviates somewhat froxs0.50, the resistivity be- trations (Fig. 6) is also worth mentioning. For both the
havior almost immediately switches into the 3D variable-x=0.65 andx=0.70 crystalsp,, smoothly increases by 2—3
range hoppingVRH) mode?® p,,«exf (To/T)¥4], as shown orders of magnitude upon decreasing temperature, and
in Fig. 8(b). This type of conduction is typical for disordered reaches apparently nonmetallic values of the order of
systems where the charge carriers move by hopping betwedn() cm. Nevertheless, it becomes also clear from Fig. 6 that,
localized electronic states. The formation of such localizedat least in the temperature range studied, the resistivity tends
states may be rather simply conceived of in the followingto saturate at a finite value, instead of diverging a0; such
way: Initially, at the oxygen composition ok=0.50, behavior would indicate a metallic ground state, if the resis-
GdBaCgOs,, possesses a well-ordered crystal structurefivity values were not that large. A possible solution of this
where the oxygen ions form perfect filled and empty chainguzzle is an intrinsic mesoscopic phase separation, that
alternating along thé axis (Fig. 1). When the oxygen con- makes the carriers to move along filamentary conducting
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paths*! In this case, the zero-temperature conductivity, beingrerge andp./ p,, grows from=1 at T=260 K up to~22 at
determined by the topology of the metallic phase, may bel00 K. This indicates that the charge motion in
arbitrary small and can easily violate the Mott liffithat ~GdBaCqOx., is very sensitive to the arrangement of Co
sets the minimum metallic conductivity for homogeneousspins, and it is the peculiar spin ordering in this system that
systems. This picture is quite plausible, since, as we havg responsible for the appearance of conductivity anisotropy.
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 C. Thermoelectric power

Co0; planes, which is however not the full story, since one  Among the features that currently attract a lot of attention
might anticipate a strong electron-transport anisotropy to bg, (ransition-metal oxides are their unusual and potentially
brought about by the layered crystal structure ofsefyl thermoelectric propertiéd194445The peculiar ther-
GdBaCqOs.,. Indeed, many layered transition-metal oxides, moelectric behavior in TM oxides is often attributed to
such as highF; cuprates’? manganites; or even cobaltites  gyrong electron correlatior#82 though the picture still re-
built from triangular-lattice Co@ planes'®2¢ exhibit huge  ains far from being clear. In this respect, RBaCo,0x.,
anisotropy values and contrasting temperature dependencg§mpounds’ being capable of smoothly changing the doping

of the in-plane and out-of-plane resistivity. In the case Ofjgyg| in a very broad range, appear to provide a good testing
GdBaCgOs,,, Where the GdQlayers with variable oxygen ground for studying the problem.

content are located in between Cpte planegFig. 1), it
would be natural to expect a kind of 3D-to-2D transition to

. . - 370 250 150 100 K
occur upon reducing from 1 to 0, that is, as the oxygen ions 800 T T T
. . . | X =0. a
binding the CoQ@ planes are removed. However, a compari- I 5 DDDDDDED
. T . . : )
son of the in-plane and out-of-plane resistivity in Fig. 9 600 ‘ A .
I et ‘

shows that this is not really the case. The anisotrpgy,;,
indeed increases slightly as the oxygen concentration is re- I
duced fromx=0.44 towards zer¢Fig. 9b)], but remains 200
rather moderate. In fact, a considerable anisotropy is ob-

400

0.515
BKKKK KK X K % % % o

0.552
SYVYVVVV YV V V¥V Y

x

served only at intermediate temperatures, while at both high 5 0 XXXXXXE;Q;“‘:‘: ©
and low temperatures GdBag®s,, tends to become virtu- » 2001 040 f
ally isotropic. It turns out therefore that the oxygen-depleted I %92.0.0000 ©0 9
GdQ, layers do not constitute a serious obstacle for the -400 0s08ee.
c-axis electron motion. 3 ‘

Somewhat different behavior of the parent GdBsQ:;, -600 3 %%%%ggz&& .
compound provides a clue to understand the mechanism re- I T ‘° ?
sponsible for resistivity anisotropy. As can be seen in Figs. -800 3 4 5 & 7 8 9 10
9(@ and 9b), the in-plane and out-of-plane resistivities 10°/T (K
stay virtually indistinguishable from each other down to
T=260 K, where the FM-AF transition takes pladeJpon FIG. 10. Thermoelectric power of GdBagy,, for different

further decreasing the temperature, the curves sharply dixygen concentrations plotted as a function of inverse temperature.
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FIG. 12. Doping dependences of the thermoelectric power in

FIG. 11. Temperature dependences of the thermoelectric pow%dBvaO at several temperatures
5+x .

in GdBaCgOs,, near the metal-insulator transition.

The thermoelectric powe®(T) measured on both single- 10 and 11, owing to the high sensitivity o8(T) to details of -
crystal and ceramic GdBag®sx,, sample4s throughout the the electronic structure. As can be seen in Fig. 11, at high
available oxygen-concentration range is presented in Fig. 1demperature§ =370 K, Sis very small(=-4 uV/K), as is
Following the usual approach in analyzing the behavior ofusually the case with ordinary metals, and virtually indepen-
semiconductors, we have plotted the data in the inversedent of temperature. Moreover, it does not change with dop-
temperature scale, since in semiconductors the thermoeleiig either, implying that the Fermi level is positioned in the
tric power is expected to be linear in T Avith a slope re- middle of a wide conduction band. Upon cooling the sample
flecting the activation energy for charge carriexg S(T) below 370 K, however, the thermoelectric power abruptly
~Ax+(kg/e)(A/kgT). It becomes immediately clear from increases, indicating that the conduction band splits and a
Fig. 10 that the only composition that exhibits a conventionaband gap opens near the Fermi level. Depending on the dop-
semiconducting behavior }s=0.500, with the activation en- ing, the Fermi level gets trapped inside the newly created
ergy A;=70 meV being in good agreement with that de-valence or conduction band, determining which type of
duced from the resistivity data in Sec. lll B. Just a subtlecarriers—electrons or holes—will prevail. Inmediately after
deviation of the oxygen concentration fror=0.500 (by  the transition,S appears to be positive even in slightly
merely 0.00]1 qualitatively changes the thermoelectric be- electron-doped samplégg<0.5), indicating that while both
havior: S becomes almost temperature independent aglectrons and holes are contributing to charge transport at
~100 K, indicating that the electron transport is no longerthese temperatures, the holes have considerably higher mo-
governed by the band gap. It is worth noting that the resisbility. At lower temperatures, carrier excitations over the gap
tivity of GdBaCqg0Os,, also switches its behavior from a become suppressed, letting only one type of carriers survive;
simple activation one into the variable-range hopping modeonsequently, af <250-280 K the sign ofs is uniquely
upon deviation from the parent compositigfig. 8). determined by the doping levét<0.5 orx>0.5).

The salient feature in Fig. 10 is a very abrupt change in One may wonder whether and how these two transport
sign of the low-temperature thermoelectric power uponproperties—resistivity and thermoelectric power—correlate
crossingx=0.500; S(100 K) jumps from=-700uV/K at  in GdBaC@gOs.,. In conventional doped semiconductors, for
x=0.497 up to=+800 uV/K at x=0.501. In fact, this sign instance, such correlation is rather straightforward if one
change unambiguously indicates that the type of change catype of carriers dominates. Namely, the resistivity and ther-
riers sharply switches from electronx<0.5) to holes moelectric power are both governed by the activation energy
(x>0.5) without any messy intermediate state. It turns out toof carriers, p<exp(A/kgT) and S=Ax+(kg/e)(A/kgT), and
be possible, therefore, to drive the doping level inthus are related roughly &~ Cx(kg/€)In p. This qualita-
GdBaCgOs,, continuously across the parent insulating statetive relation implies that upon doping a semiconductor, its
(so that the Fermi level jumps across the )gaphich is re-  thermoelectric power should decredgeabsolute valueby
ally unusual among transition-metal oxides. The feature thatoughly 200uV/K per order-of-magnitude reduction in re-
makes possible such continuous and smooth doping dfistivity. In fact, this trend is not restricted to conventional
GdBaCqOs,, is the metal-insulator transition at,: At  semiconductors, but holds also in many other nonmetallic
temperatures where the oxygen concentration is modifiedsystems, including doped Mott insulatdfs;® though the
the gap in the electronic band structure is closed and, thereslopedS/ d(In p) may differ fromkg/e~86.2 uV/K.
fore, the chemical potential changes gradually with the If this Svs-p correlation were also working in the case of
changing of the carriers concentration. GdBaCgOs,,, its thermoelectric power would show a step-

The metal-insulator transition &, =360 K has a spec- like decrease in magnitude upon increaskydollowing the
tacular manifestation in the thermoelectric propertielgs. asymmetric resistivity curvefin p vs x) shown in Fig. 7.

134414-10



TRANSPORT AND MAGNETIC PROPERTIES QF PHYSICAL REVIEW B 71, 134414(2005

" 1Oo'l""l""l""l""
600}
a0l T=150K .
200}
& v
< X 100
z 0 el
e 7}
w
200 -200
-400}
_300 1 1 1 1
-600 200 250 300 350 400
048 049 050 051 052 T (K)

X

FIG. 14. Temperature dependences of the thermoelectric power
FIG. 13. Thermoelectric power at=150 K as a function of i, GdBaCgOs,, for x=0.
doping in the vicinity ofx=0.5.
However, Fig. 12, which presen&at several temperatures thqse of isostructural compounds baseq - on most othgr trgn-
' Ce i_smon metals. The reason for this additional complexity is

as a function of the oxygen concentration, makes it inmed at cobalt ions in a given valence state can have more than
ately clear that these expectations fail. Instead, the dopin ; 9 ) )
ne allowedspin state; for example, Cé ions can acquire a

dependence of thermoelectric power turns out to be fairl ) ) ; .
syrFTJ1metric with respect to thepparem:O.S composition: 1OW-SPIN[(LS): tﬁg: € S:O]A|ntezrmedlate—spléﬁ(lﬁ)z:ztgg,zgé;go
S(x) exhibits a spectacular divergence with approaching>=1l: or h|gh—sp|n[g(HS): tZFv e S=2] stater/ 4472 ,
x=0.5, where it reaches large absolute values and changes ft§€se states appear to be located quite close to each other in
sign upon crossing this peculiar doping level. It is worth €nergy, bringing about a possibility of the spin-state
noting thatS(x) switches from being negativelectronlike  transitions/crossovers upon changing temperature or lattice
to positive (holelike) within a very narrow but discernible deformation.
region arounck=0.5 (its expanded view is given in Fig. 1,3 Keeping in mind a possibility of wide-range charge dop-
this slight thermally induced smearing gives evidence for dng in GdBaCgOs,,, which affects both the valence state of
continuous evolution in the Co&plane doping. When the Co ions and the magnetic interactions, structural ordering
oxygen concentration deviates frorx0.5, S(x) smoothly  phenomena, and a possible nanoscopic phase separation, in
reduces its magnitude, eventually approaching a small coraddition to the spin-state degree of freedom, one might ex-
stant valug(Fig. 12. The S(x) curves keep this singular and pect the magnetic phase diagram in this system to be ex-
fairly symmetric behavior regardless of temperature, exceptremely complicated or even messy. In reality, the magnetic
for the high-temperature “metallic” regiofT=370 K),  behavior of GdBaCsDs,, turns out to be indeed rich, but
where the thermoelectric power is small and virtually dopingstill following fairly simple empirical rules. As will be dis-
independentFig. 12. In fact, the striking contrast in the cussed below, the possible spin arrangements in
doping dependences of two transport properties—symmetricdBaCgOs,, appear to be dramatically simplified by an ex-
S(x) and asymmetrig(x)—is one of the most intriguing fea- ceptionally strong spin anisotropy, which essentially pins the
ture in the thermoelectric behavior of GdBa/Ca,. spin orientatior?’ This fortunate feature turns GBCO into a
The smooth evolution o6 with decreasing oxygen con- good model system, yet it also emphasizes the necessity to
tent belowx=0.5 shown in Fig. 12 breaks down, however, perform all the magnetic measurements on single crystals
upon approaching the limit af=0—another peculiar com- only.
position corresponding to the 50% electron doping. This  Figyre 15 jllustrates the method used to determine the
composition is known for the long-range charge ordering thap istropic magnetization contribution coming from the co-
sets In be'o‘“’“”g’;zzq K.’ as was observe.d N YBaBo  pat jons. For every oxygen composition, we measured the
and HOBaCgOs o™~ A similar charge or_dermg presumably magnetizatiorM(T) of GdBaCqgOs,, crystals with the mag-
takes_plaqe n GdBaQ@ﬁ-O as well, and it ha}s a clear mani- e fieldH=0.01,0.11,7 Tapplied along or transverse to
festat!on In the behawor of thermoelectric power, Whosethe CoQ planes. From the overall magnetization we then
magnitude quickly Increases below 230-240(Kig. 1_4)' ubtracted an isotropic contribution of &dons (shown by
The long-range charge ordering at 50%-electron doping an ashed lines in Fig. 25assuming their ideal paramagnetic

its impact on the charg_e transport, b(_eing interesting in thGibehavior with spinS=7/2; thelatter appeared to be a good
own right, need a detailed study, which, however, goes be:SIpproximation since we found no sign of Bapin ordering

yond the scope of the present paper. down to T=1.7 K in any of the crystals. Hereafter, all the

D. Magnetization magnetization data will be presented after subtracting the
contribution of Gd* ions.
1. General features When the magnetic field is applied along the Gqilanes

Broadly speaking, it would be quite natural for cobalt (Hllab), their magnetization exhibits several doping-
oxides to possess magnetic properties more complex thatependent anomalies, which include a ferromagneticlike be-
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GdBaCgOs,, with x=0.33(the contribution of G& ions has been
subtractefl Measurements were performed either on cooling the
crystal in magnetic fieldFC) or on heating after the crystal was
cooled down to 2 K in zero magnetic fieldFC). The magnetic
field H=0.01 T(a) or H=0.1 T (b) was applied along thab plane.

FIG. 15. Raw magnetizationM(T) data obtained for
GdBaCgO:s,, single crystals with«=0.25(a) andx=0.50(b) at the
magnetic fieldH=7 T applied parallel or perpendicular to tlee
axis. Dashed lines show the Curie-Weiss contribution of‘Gohs
(eft=7-94ug; 6=0 K).

havior at moderate temperatur@sg. 15. In sharp contrast, GBCO appears to be very robust: one may just imagine how
the c-axis magnetizatioiiH lc) appears to be always smaller gjfficult it should be for a FM domain composed of Ising-
and virtually featureless throughout the whole doping rangejike spind” to change the direction of magnetization. What-
except for a weak steplike feature associated with the metakyer the doping level in GdBaG0s.,, was, we never ob-
insulator transition aff =360 K for x~0.5, which is ob-  gerved a conventional spin-glass behavior, and thus we
served for any field orientation. This persistent anisotropyggqest that all magnetic irreversibilities in this system are

clearly indicates that regardless of the oxygen content th?el ; Py ;
S . ' ated to the spin rearrangement within a spin-ordered state.
cobalt spins in GdBaG®Os,, are strongly confined to the P g P

CoG0, planes. As can be seen in Fig. 15, even when cobalt
ions develop a fairly strong ferromagnetic moment along the
ab plane (~1ug per formula unit atT=200-260 K, the At x=0.0, GdBaCgOs,, exhibits an antiferromagnetic
7 T field appears to be far too weak to overcome the spibehavior as was previously reported for otiRBaCoqOs o
anisotropy and to turn this ferromagnetic moment towardsompounds studied by magnetization measurements and
the ¢ axis. In the following, we will focus on the in-plane neutron powder diffractiofi®-?®the latter identified &-type
magnetic behavior, since theaxis magnetization is gov- AF ordering for spins of the cobalt iorf$abeled as AFL)
erned simply by a weak field-induced rotation of Co mo-hereafte}. It becomes increasingly more difficult to deter-
ments out of theab plane, that is, by a competition between mine the magnetization component coming from the Co ions
the Zeeman energy and a single-ion spin anisotropy. asx approaches zero, because the contribution from the Gd
Another general feature of the magnetization inions becomes dominant in the temperature range of interest;
GdBaCqOs,, is a pronounced thermo-magnetic irreversibil- therefore, it is useful to look at th&(T) behavior of
ity. Regardless of doping, the data taken upon cooling th&/BaCo,0s,,—the only known isostructural compound with
sample in magnetic fieldFC) differed from those obtained nonmagneticR ions’® (Fig. 17). The magnetization of
on heating after the sample was cooled in zero figlEC), YBaCo,0O5 o, being in rough agreement with the evaluated
as illustrated in Fig. 16. As the magnetic field increases, theontribution of cobalt ions to the magnetization of
ZFC curve approaches the FC one, yet the difference remainddBaCgOs g, is quite small and shows two anomalies at
well discernible even at=7 T. ~340-350 K and=220 K, which were attributed by Vogtt
Quite often such magnetic irreversibility observed inal. to the onset of an AF spin order and a unidirectional
transition-metal oxides is attributed, sometimes without dueharge order, respectiveéhit is worth noting that the same
care, to the formation of a spin-glass state. It should beypes of ordering at virtually the same temperatures were
noted, however, that the idea of a spin glass implies that nalso found in HoBaCgs, (Ref. 9 and NdBaCgOs,
long-range(or intermediate-rangeorder is developed in the (Ref. 51, which gives evidence that this spin and charge
spin systent® We have found that in the case of ordering is governed solely by the physics of Gg@anes.
GdBaCgOs,,, the magnetic irreversibility shows umly be- When the antiferromagnetic GdBag®; , is doped with
low the onset of a ferromagneticlike behaviftig. 16 and  oxygen, it immediately causes an increase of magnetization
thus is most likely associated with a conventional ferromag-at temperatures below300—320 K[Fig. 184a)]; this looks
netic domain structure or with a metamagnetic transition. Isimilar to a new ferromagneticlike component emerging and
should not be surprising also if the FM domain structure ingrowing in a rough proportion to the oxygen concentration

2. Evolution with doping
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FIG. 17. Magnetization of an YBaG0s., ceramic measured at

H=01T. FIG. 19. M/H in GdBaCgOs,, measured at several magnetic

fields in a range of 0.01-7 T for two oxygen concentrations
up tox=~0.3. To our surprise, the onset temperature of thigt=0.165(a) andx=0.330(b). The data are taken on cooling in a
FM behavior remains constant, ignoring the growth of themagnetic field applied along treb plane.
overall FM moment. Apparently, such behavior would cer-
tainly indicate a formation of a distinct chemical phase, if thethe AR1) matrix; they may be associated with adjacent oxy-
structural data did not demonstrate that all the crystals wergen clusters in GdOplanes or just with nanoscopic regions
perfectly homogeneous on a macroscopic s¢@evn to the of CoO, planes enriched with charge carriers. These FM
scale resolved by conventional x-ray technigue clusters should be at least several unit cells in size to survive
One might speculate that the doped oxygen induces canthermal fluctuations and to produce more than just a para-
ing of antiferromagnetically ordered cobalt spins which thenmagnetic response, yet small enough to avoid being detected
mimic the ferromagnetic behavior, as happens in many othes @ macroscopic phase. Indeed, this hypothesis finds support
canted antiferromagnets, such as@a0,,>? where a slight from the field dependences of the magnetization measured in
spin rotation brings about a weak ferromagnetism. Howevermoderately doped GdBa@0s., (0<<x<0.3), which exhibit
a rather large magnitude of FM moment, exceeding, for exa curious combination of ferromagnetic featutesy., ther-
ample, in thex=0.33 sample~0.3ug/Co atH=7 T, is ap- momagnetic irreversibility with superparamagnetic ones.
parently inconsistent with such weak spin canting. For example, in th&=0.165 crystal, th&1(H) curves appear
The remaining possibility is that the ferromagnetic re-to be almost perfectly linear, that is]/H is independent of
sponse originates from nanoscopic FM droplets imbedded ikl, without any sign of saturation up to 7[Fig. 19a@)]. In
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FIG. 18. Evolution of the magnetization behavior in GdBaQg, with doping (the contribution of G& ions has been subtracied

Selected curves are shown for three distinct oxygen-concentration regiors:0.45 (a), 0.45<x<0.55 (b), andx>0.55(c). The M(T)

data are taken on cooling in a magnetic field of 0.1 T applied alongathelane. The inset inb) shows an expanded view of the
metal-insulator transition being also a spin-state transition.
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fact, this is a canonical behavior of a superparamagnet—e P ' ' ' ' '
paramagnetic system, where the role of individual spins is I ,’\ H=01T
! \ : —e—0.500 4

L]
\ ‘ —0—0.590 ]
: 0¥ —=—0.700 1
H 190 § ]
1
[}

played by the moments of FM clusters. A slow saturation 15" L
appears in théM(H) curves at higher oxygen concentrations :
[as an example, Fig. 19 showsM/H data forx=0.330,
indicating that FM domains grow and probably also startg
interacting with each other. ~
Interestingly, the FM ordering introduced by oxygen 2 10*
seems to be unstable at low temperatures and the magnetiz=
tion increase starting below 300—320 K smoothly gives way
to an AF-like behavior as the temperature is further reduced
[Figs. 18a) and 19b)]. As can be seen in Fig. 119, a strong .
magnetic field can affect this FM-AF competition, suppress- 10" ¢
ing the low-temperature magnetization dropHst0.1 T,M s s .
diminishes by more than five times with decreasing tempera- 100 200 300 400
ture from 200 to 100 K, while aH=7 T it remains almost T(K)
constant. S
The sequence of magnetic transitions becomes most clear FIG. 2.0' A_n example. of _the phgse separation in & Gc_i@@_@g
in the oxygen-concentration range naar 0.50[Fig. 18b)]. crystal withx=0.59, which is manifested in the magnetization be-
Eoiggesgbg?tmsej%slgltggz’serl]oe\:;ggg?agannil(t;hrggn;ﬁgtdzﬁﬁleanelghboring compqsitions ok=0.5 and x=0.7. Magnetization
. . ’ data for crystals wittkx=0.500 andx=0.700 are also shown for
vanishes upon further decreasing temperatare-260 K for comparison
x=0.500, indicating successive PM-FM-AF transitions. The '
FM state shows up only in a narrow temperature window,

W_hiCh has the smallest width of less _than 40 K forcrystal§3) is also well seen in the structural data, see Sec.
x=0.500. Whenever the oxygen concentration deviates from, A, which implies a fairly large size of magnetic and crys-

the parent compositior=0.500, be it on the electron-doped (5)15graphic domains. Since the Coulomb interaction would
or the hole-doped side, the FM phase becomes more sta event a formation of large charged domains, the phase

and the ITM—AI;tralnsition shifts to lower temperatufesgy. , separation should also involve a macroscopic redistribution
18(b)]. Also, the low-temperature magnetization in both ¢ oyvgen ions over the crystal. One might further speculate

cases shows notably higher values, indicating a deviatiog,: the homogeneous state with=0.7 corresponds to an

from a pure AF spin order that is realized in GdBaOgso  ordered “ortho-IiI” phase where two filled oxygen chains

Another important feature of the magnetization behavior;\ GdO, layers alter with one empty chain

in the range of 0.45:x<0.55 is a steplike change of both (O—0-X—0—0—-X, in contrast to thex=0.5 phase exhib-

the magnetization and its slope &t=360 K [inset in Fig. iting a one-to-one alteratiofO—X—0-X). It would be in-

1.8.(b)]’ exactly at_the temperature of the metal-msulgtor tran'teresting to search for the superlattice peaks corresponding to
sition observed in our resistivity and thermoelectric-power,

. . . 'this putative ortho-lll structure using high-intensity x-ray
measurementéF;gs. 6. and DL. This change takes_ place in measurements. Given a very high oxygen mobility, the oxy-
the paramagnetic region and is caused by the spin-state tra%-

gvior as the presence of two different magnetic phases typical for

sition of CG* ions as has been concluded based on th en ions could easily form ordered domains when crystals

: O S ere cooled down after annealing. More structural studies
;mdgieézve|sso1;|tt|ng g;égecg)l;/lﬂsusczatéblhty iigcsithLL:S:zua[al are, however, necessary to build a conclusive picture.
compoundg216:17.23.30Similar to the behavior observed in
resistivity (Fig. 6), any deviation in stoichiometry from
x=0.50 blurs the spin-state/metal-insulator transition and
shifts it towards lower temperatur@isset in Fig. 18b)].

As the oxygen content in GdBag0s,, exceeds=0.55,
its magnetic behavior notably changes. In this moderately
hole-doped region, only crystals witk=0.70 give an im-
pression of being homogeneoliEig. 18c)]. For this com-
position, the FM order develops at much lower temperatures 0.1}
than forx<0.55, namely, below 150 K, suggesting a differ-
ent spin arrangement of €oand Cd* ions; the FM ordering
however is still followed by a sharp FM-AF transition at 0.0 bd
~100 K [Fig. 18c)]. For other oxygen concentrations, the
M(T) curves clearly demonstrate a superposition of two
magnetic phases, correspondingxts 0.5 andx~ 0.7 (Fig. FIG. 21. Magnetization of a detwinned GdBayg s, crystal in
20). What distinguishes this composition region from thea linear(a) and logarithmic scaléb); measurements are done in
electron-doped sample&x<<0.45 is that here the phase H=0.1 T applied along one of the crystal ax@se contribution of
separation(taking place in macroscopically homogeneousGd®** ions has been subtracted

M (u/ Co)
o
N

M (u/ Co)

150 200 250 300 350 400
T(K)
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FIG. 22. (a) a-axis magnetization of GdBaG05 5o measured in different magnetic fields) AF-FM phase boundary determined from
the M(T) andM(H) data(open circleg and magnetoresistance measuremésutid circles. (c) Isothermal magnetizatiokl(H) measured
upon increasing magnetic fieldlla at several temperatures; the AF-FM transition exhibits a weak hystéregishown.

3. DetwinnedGdBaCo,05 5 crystals by magnetic fields applied along the spin-easgxis, which

As it becomes clear from the data presented above, thelabilize the FM state and shift the FM-AF transition to
magnetic properties of the parent GdBaOgs,composition ~ lower temperaturegFig. 22. We find that the magnetic field
are most important for understanding the overall magneti¢!lla required to overcome the AF coupling grows roughly
behavior of GdBaCsDs,,. Since the crystal structure at linearly with cooling, from zero atf =260 K up to~20 T at
x=0.50 is orthorhombidsee Sec. Ill A, we had to detwin T=0. It is worth noting that the AF-FM transition remains
crystals in order to obtain single-domain samples for an acvery sharp even in the temperature range close to 260 K,
curate and detailed study. The magnetization of a detwinne@here rather weak fields~1.5 T at 240 K, i.e.ugH <KT)
GdBaCqOs 5, single crystal(a fraction of misoriented do- are capable of recovering the FM ordgfigs. 22a) and
mains ~4%) measured along the, b, andc axes reveals a 22(c)], which shows that thermal fluctuations are irrelevant
remarkable anisotropy of the spin systffig. 21(a)]: In the here. This behavior clearly indicates that the observed
FM state that shows up in a narrow temperature windowAF-FM switching is a metamagnetic transition, that is, it
below 300 K, the net FM moment appears only along one oPccurswithin the ordered spin state and is governed by the
the orthorhombic axes, namely, along thaxis. This behav- relative reorientation of weakly-coupled spin sublattices.
ior suggests that the cobalt spins in GdBaQgs, are not Whatever the temperature, the 7-T fi¢dd b or Hilc ap-
only strongly confined to the Coplanes(Sec. Il D 1), but ~ Pears to be too week to compete with the spin anisotropy; it
are also pinned to one of the in-plane directions; in othefeither can turn the FM moment towards ther ¢ axis in
words, the spins system appears to be Ising-like. Note that @€ FM region, nor can it induce the AF-FM transition at
small magnetization along theaxis in Fig. 21 comes mostly T=260 K. The only impact of lbc is therefore to cause a

from residual misoriented domains. partial tilting of the cobalt spins from their eaayaxis, thus
The logarithmic plot in Fig. 2(b) provides additional de- I .

tails. As we have already discussed, thaxis magnetization 041 .

in GdBaCagOs 54 is almost featureless similar to all other | Hilb

compositionga small hump in the FM region is several hun-
dred times smaller than fdtl la; moreover, it may come in
part from imperfect alignment of the crystal in the magneto-
mete). The behavior of the in-plane magnetization is more
interesting: In the FM regioriM is much larger foH lla than
for Hllb, 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 @ajs
upon the FM-AF transition. In other words, the cobalt spins
are aligned along tha axis in the FM state and they keep
being aligned along tha axis in the AF state; what happens
upon the FM-AF transition is that the spins in one of sublat- F|G. 23. Isothermal magnetization of GdBaQyg s, for Hlb.
tices just flip by 180°. Dashed lines indicate the experimental data, and symbols show
The balance of FM and AF ordering in GdBa@8s9  M(H) after subtracting the contribution from misoriented domains
turns out to be quite delicate, so that it can be easily affectet#% of the total amount
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' ' ' While this value is apparently too large to be accounted
S~ ] for by any spin-canting picture, it agrees well with the ex-
085 ™=~ 1 pectation for a simple FM order, if the €oions in this
\\::\ temperature range possess a 1:1 mixture of low-§30
g 0.6 1:%- . and intermediate-spiB=1 states. In fact, the same conclu-
) | ] sion on the spin states of €oions has been also reached
2 o4l om based on the Curie-Weiss fiting of the PM
= \t‘l\ | susceptibility>1%17 in the temperature range 300—360 K
o2l v (Figs. 18 and 2R as well as based on the structural d&ta.
0.0 : L l' E. Magnetoresistance
0 100 200 300

T (K) In compounds with competing magnetic orders, a mag-
netic field that favors one kind of ordering often causes also
FIG. 24. Net magnetic moment along theaxis measured at a large magnetoresistance; GdBaOg, is no exception.
H=7 T (solid squares and the extrapolated FM momenttdt=0  The charge transport in this system turns out to be very sen-
(open squargs Dashed lines are a guide to the eye. sitive to both the FM and AF ordering, and magnetic fields
readily induce a giant magnetoresistance by affecting the
giving linearM(H) curves in both FM and AF region&ig.  subtle AF-FM balancé®!’As an example, Fig. 25 shows the
23). The spin anisotropy between thewxis and theab plane  c-axis resistivity of a twinned GdBaG0s s, crystal mea-
is several times stronger than the in-plane anisotropy; conseured atH=0 and 14 T. In zero field, the FM-AF transition
quently, the slope of théa(H) curves forHlic is several at=~260 K brings about a steplike increase of the resistivity
times smaller than that shown in Fig. 23. pc [Fig. 259b)]; a similar, albeit smaller, step is observed in
It is interesting to examine the magnitude of the momentp,, as well. A 14-T field applied along theeb plane shifts the
that shows up in the FM state, which can be easily dongnagnetic transition towards lower temperatures and wipes
using theM(H) data in Fig. 22c). The FM moment turns out out the resistivity increase, thus causing the resistivity to
to exceed 0.Gg/Co atT=200 K, and a rough extrapolation drop by up to several times.
to T=0 suggests a saturated magnetic momernt bfig/ Co As can be seen in Fig. 28, p. grows roughly exponen-
(Fig. 24). It is worth noting thafpolycrystalline BaCg0Oss tially upon cooling below~230 K regardless of the applied
samples were reported to demonstrate noticeably smaller Field; the charge carriers, therefore, have different activation
moments:316-28 This apparent discrepancy originates fromenergies in the FM and AF states, and the MR originates
the Ising spin anisotropy that prevents moments from beindgrom the reduction in this activation energy. As soon as the
seen along thd and c axes; a detwinned single crystal is magnetic field becomes insufficient to maintain the FM or-
clearly necessary to make the true FM momentdfug/Co  der, the system switches into the AF stpaeT=Ty(14 T)],
visible. and the resistivity jumps to its zero-field valligig. 25a)].
Unfortunately, we did not succeed in detwinning the crys-

5 T (K ; tals with already prepared electrical contacts, and thus the
100399--90- 40 100 3T measurements were carried out on twinned crystals, which
F(a) E (o) does not allow us to analyze the MR quantitatively. The role

of twins is less critical forp.(T), since we find the ortho-

rhombic domains to always go through the whole crystal

J 2 . from one face to another. Consequently, the measuring cur-

H=‘)) rent does not cross domain boundaries, and the observed

e : magnetoresistanap,/ p. is just reduced from its true value

by some factor, since not all domains are affected by the

E 1k 7 magnetic field. Upon measuringy, however, the current

N flowing in the ab plane has to pass through both kinds of

‘ orthorhombic domains which form a striped structure. The

measuredAp,,/ pap thus depends not only on the ratio of

T ob— v . domains, but also on the yet unknown anisotrag¥p,,.

10 0/T7(1?K)9 10 180 200 2T20(K?40 26 In spite of_this complication, the qualitat'ive behavior of

the MR remains clear. AT <Ty=260 K, the in-plane mag-

FIG. 25. (a) Temperature dependence af measured aH=0  Ne€tiC fle_ld induces an abrupt decrease in mtbndpab (Fig.
and 14 T applied along theb plane. The dashed lines show simple 26), Which occurs at exactly the same field as the AF-FM
activation fitsp,exp(A/T) for both the AF and FM states, arfg, transition in magnetization, leaving no doubts about its ori-
indicates the temperature of the FM-AF transition that is shifted todin. At higher temperatures, the resistivity changes gradually,
lower temperatures by the applied fielt) A linear-scale view of —again resembling the magnetization behavior in FigcR2n
the high temperature region, illustrating a steplike increase. @t~ the latter case, the MR seems to originate from the field-
Tn- induced stabilization of the FM order; the magnetic field

10}

p, (Q cm)
p, (€2 cm)

0.1
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FIG. 26. Magnetoresistance of twinned GdBaCgs crystals: field dependences ap./p. (@) and Ap,,/ pap (€) measured at several
temperatures foH [lab. For clarity, in panelc) the hysteresis is shown only f@r=120 K; for other temperatures, the data are given for

sweeping the field one-way from -14 to +14 (b) Temperature dependence &p./p. and App/ pop Mmeasured ati=14 T applied along
the ab plane.

suppresses critical FM fluctuations, thus facilitating thelt is reasonable to expect that the MR in GdBaQg,, be-
charge motion. ing roughly proportional to the magnetization, will change
The temperature dependencesAgf,,/ p., andAp./p: in  with the field asxgugH/2J,., tending to reach its saturation
Fig. 26b) nicely illustrate the correlation of the MR with the value atH~2J,../gug. Thus, the anisotropy of magnetore-
magnetic behavior. Upon cooling, we first observe a cleasistance in addition to that of magnetization may be used to
peak at~278 K in the MR, which can be associated with the probe how strongly the spins are coupled with the crystal
FM transition(the peak position coincides with the peak in lattice.
dM/dT in Fig. 21). Apparently, the FM fluctuations that are ~ An experimental study of GdBaG0s 5, crystals reveals
strongest near frustrate the charge motion, providing con- that the MR anisotropy is surprisingly large and the 14-T
tribution of about 20% to resistivity, and this contribution is field H|c can do nothing comparable to the MR caused by a
removed when a strong magnetic field is applied. It is worthmuch less fieldH lab (Fig. 27). Indeed, the MR is barely
noting, that this negative MR peak nelt closely resembles seen forH ¢, especiallyAp,y/ pap [Fig. 27b)], which is as
the MR behavior of such ferromagnetic oxides as cubicsmall as 0.14% at 14 T, while for the in-plane field it readily
Lay sBay sCo0; (Ref. 54 and La_,Sr,MnO; (Ref. 1), where  reaches a two orders of magnitude larger value. This indi-
the resistivity change is usually explained by the double-cates that magnetic fields in the 100-T range would be nec-
exchange mechanisPA. Upon further cooling, the MR essary to rotate the cobalt spins in GdBaQgs, from thea
abruptly increases ai=Ty. The origin of this MR is obvi- to thec axis, overcoming the remarkable spin anisotropy. It
ous: Without field, the AF ordering enhances the resistivityjs worth noting, that such spin-anisotropy energy, roughly
while the applied magnetic field prevents establishing the AFestimated to be of the order of 10 meV/CagH), is ex-
order. As can be seen in Fig. @8, the c-axis MR quickly  tremely large compared with any known magnetic
gains strength with cooling. At 150 Kp, drops by three materiat®5” and is close to the giant magnetic anisotropy
times at 14 T, and the ratip.(0,T)/p.(H,T) would keep

growing to much larger values with lowering temperature if OF J 0

fields exceedindH,(T=0) were applied® The in-plane MR 5 '_(a)/ ] (b)/ {j}

Apap/ pay S€EMS t0 be by several times smaller; the magni- 1 Hile 1 20 i ]

tude and the temperature dependenceApf,/p,, should, I i & -4t Hle ! .

however, be taken with a grain of salt, since, as we men-g -15[ 1 = |

tioned above, a detwinned crystal should be measured t(‘;o og [ T=240K i 3; i [ ]

determine the true MR values. = o5l 1 & 8lHja il
The MR anisotropy with respect to the magnetic-field di- < [ Hllab s ]

rection can provide interesting information on the cobalt-spin ~ -30 1 10 i \ I T

anisotropy. In general, when an Ising-like antiferromagnetis 35| t 4 12l 3 4

subjected to an increasingly strong magnetic field, it eventu- 40 /’ \\ -

ally turns into a FM state, whatever the field direction is. If 105 0 5 10 S 0 5 10

the field is applied along the spin-eaayaxis, the spin-flip H (T) H (T)

transition is abrupt, while for the transverse direction, the

spins rotate gradually and much higher fields are required to FIG. 27. Dependence of the magnetoresistance on the field di-
align them. In the latter case, the rotation angle is roughlyrection Ap./p. (left) and Ap,,/ pap (right) measured af =240 K
sina~gugH/2J,., whereJ,_. is the spin anisotropy energy. with the magnetic field applied along or transverse toghelane.
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Felyps o [ ordering can be easily suppressed by a magnetic field, while

— p-type

200k totragonal<——7— = orthorhomb. — = tetragonal | AFI(1) is quite robust. One can consider GdBaOg,, over
PMM a wide composition region of €x<0.45 as being com-
d:lll:th | posed of nanoscopic phases mixed together: At _high tem-
PMI M ‘\\ peratures, the system behaves as a paramagnetic insulator,

300 b \\\\ then, belowT¢, as a mixture of FM and AF insulating

M EMm \ phases, and finally at low temperatures, it evolves into a

< | - \ | mixture of two distinct AF phasgsAFI(1) and AFK2)]. The
\ PMM resistivity in this composition range shows a robust insulat-
4 ing behavior without any noticeable change with increasing
\ i X. The room-temperature crystallographic structure retains a
\_V,V—" ; macroscopically tetragonal symmetry with smoothly chang-

ing lattice parameters.

The region with the richest behavior 04%=0.55 occu-
pies the center of the phase diagram around the “parent”
R compositionx=0.50. In this doping range, the crystal struc-
Rk R NN AR N ture is macroscopically orthorhombic up to rather high tem-
00 01 02 03 04 05 06 07 o8 o9 10  peratures due to the ordering of oxygen into alternating full

X and empty chains that run along thexis(at T=260 °C, we
still observed a twin structure related to the oxygen order-

FIG. 28. Phase diagram of GdBaf,,, including regions ofa  ing). Owing to this structural order, the broad magnetic and
paramagnetic metaPMM), paramagnetic insulatdiPMI), ferro-  transport features emerging alreadyxat0.3—-0.4 come in
magnetic metalFMM), ferromagnetic insulatoi=MI), and antifer-  focus here, and GdBa@0s,, demonstrates a series of sharp
romagnetic insulatofAFl). phase transitions upon cooling: first, from a paramagnetic

metal (PMM) to a paramagnetic insulatqPMI) at Tyt
observed in nanocluste?$.This huge spin anisotropy can (open squares in Fig. 28which is also accompanied with a
also account for a considerable anisotropy in susceptibilitppin-state transition, then to a ferromagnetic insul&dil)
Xan! x> 1, that survives even in the paramagnetic state up t@t Tc, and, finally, to an antiferromagnetic insulaféd=1(2)]
400 K. at Tey.ar (Open circles

The “parent” composition GdBaGOs s, is a metal at
high temperatures but turns into a semiconductor upon cool-
ing below the metal-insulator transition. In fact, tke0.50

An empirical phase diagram of GdBag,, based on composition represents a kind of borderline that divides the
the obtained structural, transport, and magnetic data isentral region of the phase diagram into two roughly sym-
sketched in Fig. 28 as a function of the oxygen concentrametric parts which correspond to electron-doped and hole-
tion. At the lowest oxygen content=0, GdBaCgOs,, is an  doped semiconducting states beldyy. All transport prop-
antiferromagnetic insulatofAFI(1)]; its low-temperature erties show anomalies in their doping dependences at
phase should most likely correspond to a charge-ordered=0.50, indicating that the density of doped carries smoothly
G-type antiferromagnet, by analogy with other isostructuralgoes to zero with approaching this point from either side. As
compounds studied using neutron diffractfot! can be seen in Fig. 28, all the transition temperatures also

An increase in the oxygen contextis found to immedi-  exhibit maximum values exactly at0.5. The only property
ately result in the formation of isolated ferromagnetic clus-demonstrating a striking asymmetry with respeck+®.5 is
ters imbedded in the antiferromagnefi@FI(1)] matrix.  the resistivity which is much smaller for the hole-doped side
These clusters demonstrate a paramagnetic behavior abo®e>0.5).

Tc=250-300 K(marked by open triangles in Fig. R&@nd a When the oxygen concentration exceeds=0.55,
curious combination of superparamagnetic and ferromag&dBaCagOs,, develops a new phase possessing considerably
netic features below¢; namely, the magnetization does not lower temperatures of the ferromagnetic transition
saturate in magnetic fields up to 7(&s in canonical super- (Tc<150 K) and the FM-AF transitionTgy.ar <100 K).
paramagnejs yet the FM moments exhibit an extremely Until x reaches=0.7, this new phase is mixddn a mesos-
strong coupling with the crystal lattice, which is manifestedcopic scal¢ with the x=0.5 phase, and only at

in the magnetic anisotropy and thermo-magnetic irreversibilx=0.68—-0.70 the system again recovers its homogeneity.
ity. Surprisingly, in thex=0.7 region, the series of successive

With further increasing oxygen content in GdBgQOg,, = PM-FM-AF transitions, albeit happening at reduced tempera-
(up to x=0.49, the FM clusters smoothly grow in size, tures, still remains remarkably similar to thata 0.5, in
reaching percolation, and develop at low temperatures agpite of very different transport properties and different spin
intrinsic instability towards a new type of AF ordering states of cobalt ions in these phases.

[AFI(2)], which is the ground state of the parent In general, GdBaC®s,, seems to have just a few stable
GdBaCqgOs 5o compound:’ The AFI(2) order emerges from phases such as=0, x=0.5, andx~0.7, while intermediate

the FM order in clusters and differs essentially from thecompositions always tend to phase separate on a nanoscopic
AFI(1) state that is realized a=0; for instance, the AFR)  or mesoscopic scale. Although the compositions with
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100 |-
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i
i
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F. Phase diagram of GdBaCgOs.y
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x>0.77 are hard to achieve in GdBafli,,, we can ex- of GdBaCgOs g, relying mostly on the magnetization data
trapolate the phase boundaries to higher doping, as shown @btained on single crystals with precisely tuned stoichiom-
Fig. 28, using an analogy with the cubic LaBaGa® Our  etry. Fortunately, this task is simplified by the discovered
measurements have shown that the latter compound is a festrong uniaxial anisotropy of cobalt spins which dramatically
romagnet withTc=200 K (only weakly dependent o) narrows down the range of possible spin arrangements. Let

with no sign of reentrant AF behavior at low temperatures. US _first summarize the robust facts established for
GdBaCaqO;s 54 as follows.

(i) The magnetic moments of €bions in GdBaCegOs s
exhibit an Ising-like behavior, being exceptionally strongly
It is natural to start discussing the GdBaQg,, com-  confined to the Co@(ab) planes(with the anisotropy energy
pound beginning with the “parentk=0.50 composition, Of the order of 10 meV per cobalt ipand to a lesser extend,

whose properties constitute a basis for understanding th&ough still strongly, to the orthorhombi axis. Note also

transport and magnetic behavior of this layered cobalt oxidéhat the confinement of cobalt spins to thle plane appears
over the entire doping range. to be a generic feature of GdBagn,, regardless of the

oxygen content and thus regardless of the valence and spin
states of cobalt iongSec. 1D 1). One might wonder
whether there can be another interpretation of the observed

By now, there have been several attempts to elucidate theagnetic anisotropy: In magnetically ordered states, for ex-
magnetically ordered states in isostructuRRBaCaoOs,, ample, the magnetization may indeed be larger for a direc-
(R=Y, Nd, Th, Ho compounds using neutron scatterifigr = tion transverse to the spin-easy axis, which is usually the
GdBaCgOs,,, such a study is precluded by a large absorpcase with antiferromagnets and canted antiferromagnets.
tion of neutrons by Gf:51.58-61n the case of samples with However, a possibility of the spin-easy axis to be parallel to
the lowest oxygen concentratioex 0, whose preparation is the ¢ axis is immediately ruled out by a considerable aniso-
quite straightforward, the neutron diffraction has indeed protropy x.p> x. that survives up to high temperatures in the
vided reproducible data on the charge and spin ordering, iparamagneticstate. In turn, by analyzing various canted AF
good agreement with the magnetization and transportonfigurations within theab plane, regardless of whether
measurements?5%In contrast, much more complicated and they are allowed by symmetry or not, we find that none of
sample-dependent diffraction patterns were obtained fothem can account for the observed large FM moment, which
compositions neax= 0.5, bringing about controversial mod- would require a large canting angle of cobalt spins, and at the
els of the magnetic order in this region of the phasesame time for a strong in-plane anisotropy, where the FM
diagram?8-61 This apparent controversy, however, is in factmoment appears only along tlee axis (Fig. 21). For ex-
not very surprising given the remarkable sensitivity of theample, the spin structure suggested in Ref. 59 with a canting
magnetic and structural propertiesRBaCq0s,, to even a  angle of~7/4 would inevitably result in a magnetic behav-
slight modification in the oxygen concentration, that was re-or to be essentially isotropic within theb plane.
vealed in the present study; note also a strong tendency to (ii) The spontaneous FM state beldw and the FM state
phase separation, which should inevitably take place in alinduced by a magnetic field la at T< Tgy.ar represent the
the samples except for those located in a few narrow comsame phase with a net FM moment smoothly growing upon
position regiongsee Fig. 28 As we have shown here, the cooling, tending to=~1ug/Co at T=0 (Fig. 24). After the
actual composition of so-called “as-grown” and “oxygen- magnetic field stabilizes the FM order, no anomaly can be
annealed” samples usually used in most of the previous stugeen in the magnetization or resistivity at the zero-field
ies may deviate a lot from the requiree 0.50, and a rather FM-AF transition temperature.
delicate technique should be developed to tune the oxygen (iii) The FM-AF switching in GdBaC®s 5, is a meta-
content precisely to this peculiar point. magnetic transition: It is induced by a relative reorientation

To the best of our knowledge, none of the models, thabf weakly coupled spin sublattices, while within each sublat-
have been suggested for tke0.50 composition based on tice the spins are kept ordered by a much stronger interac-
the neutron-scattering data, appears to be capable of explaitien. This remarkable hierarchy of spin interactions follows
ing the entire experimentally observed magnetic behaviorfrom the fact that the AF-FM transition remains sharp even
For example, &G-type AF order was proposed by Fawth when it is induced by a very weak fiejdsH <kT (Fig. 22).
al.58 for temperatures where a rather large FM moment Based on the above listed observatigis(iii), one can
shows up in our magnetization measurements. On the otheuite easily sort out the spin structures that may be realized
hand, the model suggested by Sadal.> being quite close in GdBaCgOs 5, The point(i) indicates that the cobalt spins
to that one reported recently by tfsindeed captures such in this compound should form a collinear structure aligned
gross features as the FM and AF states and a possibility aflong thea axis; this conclusion agrees with all the neutron-
easy and abrupt switching between these two; nevertheless sitattering studie%?51:58.60except for Ref. 59. However, if
still implies a kind of spiral spin order for the AF state, we consider a uniform FM order at<T, the observed net
which is clearly inconsistent with the Ising-like magnetic FM moment of=1ug/Co [see(ii)] appears to be inconsis-
behavior observed in the magnetization of detwinnedent with the allowed spin states of &dons (0, 2, and 4ug
crystalst’ for LS, IS, and HS states, respectivelplthough the mag-

In view of the above mentioned problems with direct netic moments of C8 ions could be modified from their
methods, we should try to reconstruct the magnetic structurspin-only values by the orbital moments, which at a first

IV. DISCUSSION

A. Magnetic structure of GdBaCo,05 5
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FIG. 29. A sketch of the magnetic structure of GdBaQgs, in the FM state(a) and possible AF state$®)—(d); Ba and Gd ions are
omitted for clarity. AtT<T,1, the C3* ions in octahedral environment are considered to have a low{§si0) state, while those in
pyramidal environment have an intermedigBs 1) state(the spin direction is indicated by arrows

glance may resolve this contradiction, a homogeneous FM\Veiss fitting of the PM susceptibility:117in the tempera-
state is also clearly inconsistent with the FM-AF switchingture range 300—360 KFigs. 18 and 2R which better agrees
(iif). We thus inevitably arrive at a conclusion that the mag-with the presence of 50% of ions in the IS state, while the
netic structure of GdBaGOs 5o should correspond to a fer- same fitting abové ), = 360 K points to a 1:1 mixture of IS
rimagnet composed of two or more antiparallel FM sublat-and HS states. Although our magnetization experiments can
tices; note that one of the sublattices may carry zero momertardly distinguish which cobalt ions alter their spin state at
if it involves the LS cobalt ions. Apparently, the net FM the spin-state transition at,r and whether the IS state is
moment of=1ug/Co—a difference between the sublattice realized in pyramidal or octahedral positions, a structural
moments—may be accounted for if the ¥dons constitut-  analysis of the oxygen coordination by Frontetaal. sug-
ing the two ferrimagnetic sublattices are either in the LS andjests that it is the cobalt ions in octahedral positions that
IS states, or in the IS and HS states. One can construct moparticipate in the spin-statd. S—HS transition, while the
complex spin structures by increasing the number of mageobalt ions in pyramidal sites keep their IS state regardless of
netic sublattices; for instance, a zero-moment sublattice matemperaturé®
be composed of LS Cb ions, or antiferromagnetically or- We have eventually reached the most likely picture of the
dered ISHS) ions. magnetic ordering in GdBaGOs 5, which is illustrated in

Now we can try to map the ferrimagnetic sublattices ontoFig. 29. The alternating filled and empty oxygen chains
the actual crystal structure, keeping in mind the followingshown in Fig. 28a) create two types of structural environ-
important conditions. First, the ferrimagnetic sublatticesment, octahedral and pyramidal, for €dons; the former
should be strongly coupled with each other, since, accordinfavors the nonmagnetic LS ground state, while the latter
to Respaudet al, even a 35-T field fails to induce a makes the IS state preferable. At high temperatures, the en-
ferrimagnetic-ferromagnetic transitidh. Another explana- tropy keeps the cobalt ions in octahedral positions in the HS
tion for this robustness is that only one of the sublatticesstate, and the compound behaves as a paramagnet composed
actually possesses a nonzero FM moment; in that case, raf IS and HS C&" ions (not to mention Gé&" ions which are
decoupling transition should be expected. The second poirdlways paramagnedic Upon cooling belowT,, =360 K,
is that in addition to strong FM bonds, each 3D ferrimagneticthe octahedral cobalt ions cooperatively switch into the LS
sublattice should also contain planes of very weak magnetistate, and thus the Co(planes develop a spin-state order
coupling to allow for an easy folding of the magnetic unit consisting of alternating rows of €bions in the LS and IS
cell upon switching into the AF state. One can see in Fig. 1states. Consequently, the magnetic cobalt ions form two-leg
that the crystallographic planes responsible for weak magladders extended along tleeaxis and separated from each
netic coupling can naturally be the Gd@lane and/or amc  other by nonmagnetic Cofac layers along thé axis and
plane passing between the pyramidal and octahedral cobdly paramagnetic Gdg} layers along the axis, as sketched
ions. Apparently, such kind of effective decoupling of neigh-in Fig. 29a).
boring C&* ions can hardly be possible unless either of the Empirically, the spin interaction in ladders formed below
two ac CoO, planes—composed of cobalt ions in the pyra- Ty, turns out to be ferromagnetic, and eventually the lad-
midal or octahedral environment—is essentially nonmagders establish a FM order belol =~ 280-300 K with spins
netic. Consequently, the othkalf of cobalt ions should pro- aligned strictly along the axis [Fig. 29a)]. Owing to the
vide an average moment ef2ug/ Co, which corresponds to reduced dimensionalityquasi-1D/2D of the ladders, the FM
the IS state or ar=1:1 ratio of LS and HS states. Note that order develops quite gradually upon cooling, being subject to
the existence of a nonmagnetic sublattice also gives the bestrong thermal fluctuations. The strength of the FM interac-
account for the high-field magnetization data of Respatud tion in laddersJ/kg can be estimated from the Curie tem-
al.16 perature: The molecular-field theory for 3D systéfnsgould

An important information on the magnetic states ofCo give J/kg~ 150 K for Tc~ 300 K; however, for the quasi-
ions in GdBaCgOs 5o has been also obtained from the Curie- 1D/2D magnetic ordering] should be roughly twice as large
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(a) LS (oct.) 1S (pyr.) HS (oct.) weak magnetic fieldd, that depends on temperature. To un-
--------------- N derstand the role of temperature, one should consider the
- _iazz.r% iyt thermally excited states: upon heating, a certain amount of
g N Pl LS Cc* ions in octahedral positions become?GaCd*, or
Ay p2 -+ change their spin state. Whatever the case, each excited ion
45 acquires a nonzero spin, providing an additional bridge be-
:_'_"du 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 fror¥0.5 also
introduces C&" or Cd"* ions and shifts the AF-FM phase
transition to lower temperatufeee Figs. 1&) and 2§. We
can conclude that the GdBag®; 5, compound with pre-
cisely tuned stoichiometry represents a very interesting mag-
netic system of weakly interacting FM ladders with Ising-
Er like moments.

dp
nyz |4
PRI PP 1 dY

B. Electronic structure of GdBaCo,05 5

As follows from the magnetic and structural data of
GdBaCgOs 5 discussed above, the metal-insulator transi-
) Ny(E) NgE) NofE) tion at Tyt =360 K is accompanied with a change in the

N
—_—— —_— spin-state of C#" ions: Upon heating acrosg,r, the Co*

) _ _ ions in octahedral positions switch their spin state from the

FIG. 30. Schematic representation of the electronic structure of g 1o HS state. while those in pyramidal positions keep their

gl

GdBaCgOs 5, (a) Electronic levels of a CY ion in the LS state
(octahedral environmentIS state (pyramidal environment and
HS state(octahedral environmentThe electronic band structure of
Co0, planes below the metal-insulator/spin-state transition origi-
nates from a superposition of the I(8ct) and IS(pyr.) states(b),
while above the transition it originates from (8yr.) and HS(oct.)
states(c).

IS state at all temperatures. Figurg@Ghows the electronic
energy levels of CY 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-field(CF) energy splitting(10D,) and on-site
electrons interactionghe intra-atomic exchange energdy
and the Coulomb repulsion energigsandU’, defined fol-
lowing Kanamor§®69,

In the octahedral environme(®;, symmetry, the crystal

for the sameTc to be reache® It is worth noting that
GdBaCqgOs 5 is an insulator and thus such mechanism of

the FM ordering as the double exchar’r’é.whlch IS common -~ ge|q splits the 8 electron energy levels of a €bion into
in metallic oxides!, is irrelevant here. In insulators, the mag- threet,, orbitals (d.., d.,, andd,, with AE=-4D,) and two
netic ordering is known to be predominantly caused by the orbiztgals (dhey2 axry{d (jX;;z_rz wi)t/?] AE=+6Dy). \7Vhen such

superechange ierecion whose san o cach pai of 0 e e 3 s, ll 1 s vlece lons
9 noug : gccupy the degeneratg, orbitals(threed;“y'Xzyz spin-up and
account for the FM spin order in ladders, we need to assumg. 48 in-d | heref h
kind of orbital orderi h 4 ree dg ., spin-down. Every electron therefore has
some kind of orbital ordering among the IS Co iohdVe "
: the same energy, and the total electron energy pet' Co
can even speculate that the superstructure reflections alo

. : . r|]<§ln which takes into account the on-site interactions
the a axis often observed in the neutron scattering are

brought about by such orbital ordering. End_the ciystal field spl:ttlng, can be expressed ==
Whether a macroscopic magnetic moment will emerge ogrEo 24Dq~6Jy+3U+12J", where B, is a reference en-
not after the FM-ordered ladders are formed depends on their In. order to bring the C¥ ion into the IS state, one elec-
relative orientation, which can be either ferromagnetic or an- . . '
. . L ' tron should go from d,, orbital to a higher-located, one,
tiferromagnetic due to the Ising-like nature of the spins. In af B 3 o . 9"
narrow temperature range beldi, the weak effective in- 0" €xample, fromd to d;._». This leads to an additional
teraction between ladders turns out to be ferromagnetic and$pitting of the one-electron energy levels that removes the
net FM moment shows up; upon further cooling below!n't'al d_e_generacy_otzg orbitals: _the intra-atomic exchang_e
Tewae, hOwever, it gradually changes sign, resulting in thelS modified, causing every spin-up electron to_ lower its
AF ground state. The ladder stacking may become antiferrg€rgy by Ju, while every spin-down electron increases
magnetic along the axis[Fig. 29b)], inducing doubling of the energy bydy. In addition, thg Coglomb matrix e]ement
the magnetic unit cell along that axis, or along thexis U between thedy and df orbitals is replaced withl’
[Fig. 29¢)], or both[Fig. 29d)]. between thed, and d3._,. orbitals. Consequently, the
Quite naturally, the interladder coupling across nonmagiotal electron energy for the IS state becomligsCt
netic layers is weak, and switching from the ground-state AF=Ey—14D,~7J,+2U+13U’. Finally, in the case of the Co
order to the field-induced FM one can be induced by a fairlyHS state in the octahedral environment, one more electron is
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transferred from the,, to e, shell[from df, to dj;_ in Fig. , R,>0 Ry<0
30(a)], causing a further splitting of the energy levels. The 10? 102} ) 7]
total electron energy for the HS state can be WritterE{éc% i ETET
=Eg—4D4— 100y +U+14U". = 10° G 1q° F):(

The energy levels of cobalt ions in the pyramidal environ- & o
ment(C,, symmetry differ from the previous cases because < 10° S . ol ]
the crystal field causes a different energy splitting: B = 0%a ;
+9.1D, (dz-y2), +0.8@ (dsz2-2), —0.8 (d,), and 10218 £ .o ’
-4.5M, (dy, andd,,) for a square pyramiff Consequently, N: 10 -
the totalselectron energy for the IS state, for instance, be- 19" 3 5"¢1575 18 3 6 9 12
comesE; =E,-18.28,-7J,+2U+13U’. 3 3

In orcférr tooevaluate?/vhic?w spin states of*Cns should 10°/T(K 10°/T(K)
be preferable, we need to compare their relative energies  1g' —. : : 100
Given that the difference between the intraorbital and inter- (%?ectmns.. "holes”
orbital Coulomb matrix elements ig-U’=2J,,, only two —~ 10° A ] 0
parametersly and D, appear to determine the one-electron = iy - -100 ¢
energy levels of localized Gbstates in the framework of the & \ 0. <,
ionic model. Quite reasonable parameters fofdons are S 10} Voo N 0r
J4~0.5 eV andDy~0.25 eV®® Following this approach, 5 ‘l, 2-300t
one can easily find out that the IS state in octahedrons i 107} ) e -400 |
completely unstable with respect to either the LS or HS state, ""
while either of the latter states may win, depending on the ~ 10° 100 200 300 -500
parameters. However, for the pyramidal positions, the IS T (K)

state appears to be stable in a very broad rangé, 6D,
(frggn 0.57 to 2.74, as has been concluded by Pouchetd FIG. 31. Temperature dependences of the in-plane resistajity
al. ) ) ) ) Hall coefficient(b), effective mobility ues=Ry/p (c), and thermo-
It is worth noting also that the result of this spin-state gjectric power(d) in GdBaCgOs 5, crystals. The dashed lines are
competition, that is, which one of the spin states closelytesults of simulation.
located in energy will win, may well depend on temperature.
For example, the nonmagnetic LS state in octahedral posandp AO of cobalt and oxygen ions, creates a wide conduc-
tions experimentally appears to be the ground state, antgion band(indicated as CR
therefore it dominates at low temperatures. However, the The interaction of cobali orbitals with oxygerp orbitals
spin-orbital degeneracy of the HS state is much laf§jand  has a different character. In a Cg@ctahedron, the cobatity
thus with increasing temperature, the HS state should soonerbitals should be nonbonding, because there is no linear
or later take over the LS state because of the entropy termsmbination of oxygen orbitals of the same symmetry for
associated with the spin-orbital degeneracy; this mechanisttinem to interact. As a result, a rather narrewband occu-
is likely staying behind the spin-state transition observed apied by almost localized electrons appears at the top of the
TwiT =360 K. valence band. On the other hand, the cobaltrbitals inter-
Another important issue is the energy-level position ofact with a linear combination of oxygen orbitals of tag
occupiede, orbitals. As shown in Fig. 3@), for IS Co*ions  symmetry, increasing the energy of the antibondingand.
located in the pyramidal surrounding, the energydgt_= A center of theo” (e,) band is located by 1D, higher than
occupied orbital is very close to the energydy, d,,, and  the center of ther*(tzg) band(the same energy splitting as in
dy, orbitals, mainly due to the strong splitting df2_2 and  the CF theory. Note that in the LS state, the’ band is
de-y2 levels by the crystal field of th€,, symmetry. In empty.
contrast, for cobalt ions in the octahedral environment, the The on-site electron interactions as well as distortions of
energy ofds;»_2 andd,2_2 occupied orbitals appears to be the CoQ octahedron, with the CaQpyramid being the ul-
much higher even in the HS state. timate case, shift the energy bands in the same way as in the
Quite naturally, the qualitative features of these simplecase of discrete levels. For IS €dons in the pyramidal
ionic model may be expected to be reproduced in the bandnvironment, thes™ band occupied by electrons with the
structure. In the framework of a more sophisticated ligandprevailing spin projection is separated from the conduction
field (LF) approach, the overlap of cobalt,34s, 4p and band and shifted down to the top of the valence bpasl
oxygen 21 orbitals leads to the formation of bonding, anti- shown in Fig. 3(b)]. On the other hand, in the case of the
bonding, and nonbonding molecular orbitdO), which ~ HS state in octahedral environment, the occugiedand is
are broadened in a solid into energy bands. The bondingituated higher in energy and is twice as lafgay. 30c)].
molecular orbital, being predominantly composed of the Figure 3@b) presents a simplified electronic structure
and p “atomic orbitals” (AO), creates a wide valence band originating from a 1:1 mixture of the electronic states of
[indicated as VB in Figs. 38) and 3@c)] similar to ordinary  CoQ; octahedrons and CeQpyramids with the C¥' ions
band insulatorgsemiconductops In turn, the antibonding being in the LS and IS states, respectively. We expect this
molecular orbital, being also predominantly composed of state to be realized in GdBagds g, below the metal-
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insulator transition. The high-temperature electronic strucHall response and thermoelectric power. On one hand, this is
ture corresponding to HS Gbions in octahedral environ- not surprising, given that the neutrality condition in a non-
ment and IS ions in pyramidal surrounding is depicted in Figdoped semiconductor requires the number of electrons to
30(c). One can see that the most prominent difference bematch the number of holes=p. On the other hand, however,
tween these two pictures is a band gap in the first case, whilde switch in sign oRy andS would imply that the relative
the occupieds” band overlaps with the conduction band in mobilities of electrons and holes should quickly change, with
the latter one. Whether the energy gap emerges or not iheir ratio u,/u, being >1 at low temperatures but
determined mainly by the position of tleé bands as well as Mnl mp<<1 at high temperatures.
by their widths. The electronic structure of GdBagOgs, One possibility is that such asymmetric mobility evolu-
discussed here offers a natural, though much simplified, extion actually takes place, though we cannot point to any ob-
planation of the metal-insulator transition that is observed twious reason for that. Another possibility to be considered is
coincide with the spin-state one &, = 360 K. 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 hiiles
total number of holep=p,+p,=n) with very different mo-
Having obtained a qualitative picture of the electronicbilities wy<u,<u,, and different activation energies.
structure for the parent compound GdBaOgs, we can  Whenever the temperature is modified, the relative shares of
now review its transport properties. The temperature deperthe two kinds of holes should change, and their average mo-
dences of the resistivity(T), Hall coefficientRy(T), and  bility should change accordingly, mimicking a gradual mo-
thermoelectric poweS(T) of GdBaCqgOs s are summarized bility evolution.
in Fig. 31 together with an “effective” mobility of carriers In order to understand where the different types of carries
defined asues=Ry/p. The latter would correspond to a true may be coming from, we can refer to the qualitative elec-
Hall mobility uy, if only one type of charge carriers were tronic structure of GdBaG@s 5o sketched in Fig. 3®). The
present in the system. bands nearest to the Fermi level are the conduction band and
Apparently, all the transport properties presented in Figa narrow band composed of occupied and o™ cobaltd
31 behave quite coherently. At low temperatures, hsfh bands, withEg being located exactly in the center of the
and Ry(T) grow exponentially upon cooling with an activa- band gap aff=0. Apparently, at the lowest temperatures,
tion energy A=70 meV. An activation character of the Only excitations from the tOp of theé band to the bottom of
charge transport with the same energy gap can be also ifit€ conduction band may take place, and thus the carriers in
ferred from the thermoelectric pow&T) which is linear in ~ these bands should govern the transport properties. It is rea-
1/T. On the other hand, when the temperature increasezonable to expect the mobility of holes in the nardwand
above the metal-insulator transition at360 K, all these COMPposed of aimost localized statgsgy) to be much lower
physical quantitiep, Ry, and S, acquire small and almost than that of electrons in the conduction bdpg)), though the
temperature-independent valugg,= p.~ 600 u{) cm, Ry latter is not very high either, since the conduction band also
~+1.8X10°° cm?/C, and S=-4 uV/K. This small Hall includeso” cobalt stategunoccupiedl Under these condi-
coefficient would correspond to an unrealistically high den-tions, the electrons thermally activated into the conduction
sity of carriers of=~20 holes per Co ion, if one assumes only band should make a predominant contribution to the low-
one type of carriers to participate in the charge transporttemperature charge transport, providing a simple activation
correspondingly, the apparent mobili becomes unreal- behavior for the resistivity and the Hall coefficient,
istically small aboveTy,r [Fig. 31(c)]. One can naturally p=~€nu, and Ry=-1/en The thermoelectric power for
conclude, therefore, that the Hall signal is strongly reduceclectrons in the conduction baigj should follow a conven-
at high temperatures because both electrons and holes motienal law

C. Transport properties of GdBaCo,0s5 59

almost equally and their contributions ®,, being very wlE-—E 5
close in magnitude but opposite in sign, almost cancel each S =- _B{M + (r + _ﬂ (2)
other. The metallic charge transport provided by both elec- el kT 2

trons and holes is presumably responsible for the small Valu\?/here the energyEc corresponds to the conduction-band

OT the Seebeck coe_fficient as well. Note that the sigﬁs_at_ .. bottom, andr is determined by the scattering mechanism
high temperatures is opposite to that of the Hall reS'St'V'ty'(through the energy dependence of the relaxation time
which can easily happen when different types of charge car-

. o . oY 7~E"). Note that a similar expression is valid for the ther-
riers are providing delicately balanced contributions: Themoelectric power of holes, as well, but their low mobility

holes’ contribution toRy is a bit larger than the electrons’ does not allow them to compete with electrons at low tem-

om(a), while mSt?e batl_ancfe atppea}rs ;9 beBoppodsnae. Qi peratures, because the total thermoelectric power for the two-
NE more Interesting feature in igs. (BlLan . 1d) is . carrier system is calculated, in the simplest model, as
that bothR,, and S change their sign from negative to posi-

tive at T=200 K, long before approaching the metal- .S+ o
insulator transition. This sign change indicates that the elec- Sot = Tih* %%
trons and holes in GdBaG0s 5o keep providing comparable
contributions to the conductivity down to quite low tempera-where conductivity of electrons;, (as well as holesr,) is
tures, and thus keep competing for the dominating role in thelirectly proportional to their mobility.

, 3

ontop

134414-23



TASKIN, LAVROV, AND ANDO PHYSICAL REVIEW B 71, 134414(2009

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 fron
the holes generated in the valence band clearly differ from
those in thed band, because the valence band is much wider FIG. 32. A sketch of the nanoscopic-phase-separated state in
than thed band and the mobility is expected to be larger in GdBaCgOs,, at oxygen concentrations~0.1—-0.2. Upon oxygen
the wider band. As soon as the valence-band holes join théoping, nanoscopic droplets of the orbital-ordered FMD-FM)
transport, the share of holes in the conductivity, Hall coeffi-phase emerge in the matrix of the charge-ordered antiferromagnet
cient, and thermoelectric power quickly increases, and atCO-AF). As x increases, these droplets grow and should reach
some temperature, it exceeds the contribution of electrongercolation ak~0.25, when a half of the AF phase is switched into
owing to the high mobility,up2> U, @s a resultRy(T) and  the FM one. Note that even in small droplets, the FM moments
S(T) change their sign from negative to positive. should be allgngd alopg one pf the in-plane tetragonal axis because

To illustrate the latter picture, in Fig. 31 we show results®f the strong spin-orbit coupling.
of a simulation(dashed linegsfor p(T), Ry(T), wex(T), and
S(T) obtained for the three-band model, where the mobilitynisms, in a recent papérwe have coined a term “magnetic
ratios were taken agy : un: up,=0.1:1:7. One can setbat field-effect transistor,” based on a hypothetic structure where
even such very simplified model provides a reasonable dgh® charge-carrier injection into a 2D semiconducting chan-
scription for all the measured transport properties on the inP€! iS controlled not by an electric field, but by a magnetic

sulator side of the metal-insulator transition. We can conStaté of neighboring “ligands.” , ,
clude, therefore, that the electronic structure of ©One might wonder how the reorientation of very weakly

GdBaCgOs 5, proposed in Sec. IV B gives a consistent ex- coupled F_M ladders may affec? the chargg transport, bringi'ng
planation not only for the metal-insulator transition, originat-2P0ut & giant MR, particularly in the nominally nonmagnetic
ing from the spin-state transition, but also can account for th&0Cz aclayers. Qualitatively, the MR mechanism appears to

behavior of resistivity, Hall coefficient, and thermoelectric P& quite simple: GdBaGOs 5, is a narrow-gap insulator,
power as well. where the carrier generation goes through formation of

electron-hole pairs, i.e., through formation of inevitably
o . ' magnetic C&* and Cd* states, whose energy must depend
D. The origin of giant magnetoresistance on the surrounding magnetic ordénn other words, the en-

At this point, it is interesting to consider the mechanism€rgdy gap that opens at the Fermi level due to the crystal-field
responsible for the giant magnetoresistance observed #pPlitting and on-site interactions must be further modified by
GdBaCgOx,, and other isostructural compounds. Althoughthe spin-dependent exchange interactions with neighboring
the MR behavior in GdBaG®s., bears some resemblance Co ions. As_, we already know, the carriers generated.by ther-
to that in manganiteén particular, the MR in both systems Mal excitations or doping always favor the FM coupling be-
is related to the AF-FM transitionthere are several dissimi- tween laddergFig. 28; thus, the FM arrangement of ladders
lar features pointing to different MR mechanisms. Most im-Should, in turn, also make the carrier generation easier. One
portant is that GdBaG®x,,, in contrast to manganites, re- Can conceive this interrelation in a way that the energy for
mains to be an insulator even in the FM state, indicating tha@enerating carriers in the AF state also includes a penalty
neither the double-exchange mechariiéff nor percolation that should be paid upon frustrating the relative order of the
through some metallic phase is relevant Hetiee MR does ~antiferromagnetically coupled ladders. When a magnetic
not seem to originate from the “spin-valve” effects, i.e., fromfield aligns the FM ladders, this penalty is removed, which
a tunneling between two spin-polarized metallic regions, eilowers the barrier for carrier generation. One can expect the
ther. Our analysis of the resistivity in the AF and FM states'eduction of the insulating gap upon the field-induced
(Fig. 25 has shown that the activation energy for carriersAF-FM transition to be of the same order as the interatomic
diminishes considerably upon the AF-FM transition, and it iseXxchange energy~25 meV, which is indeed observed ex-

mainly a change in the density of carriers, rather than in theiPerimentally(Fig. 25. _ S
mobility, that affects the resistivity. Lastly, an interesting point to be emphasized in the MR

By examining the crystal and magnetic structure ofPehavioris a strong amplification effect, whereby an appar-
GdBaCgOs 5, (Fig. 29, one can easily find out that the €ntly small energy of the magnetic fiegfligH/ks~1 K be-
charge transport, at least along theaxis, should be gov- Ccomes capable of changing the carriers’ activation energy by
erned by nominally nonmagnetic CeQayers, which go several hundreds K. This gives one more evidence for the
along theac plane and are composed of cobalt ions with cooperative nature of the observed MR.
octahedral oxygen environment. It appears, therefore, that
the charge-carrier doping of these octahedral £planes is
to a large extent determined by the relative orientation of the
magnetic moments in neighboring FM ladders. To distin- The main motif governing the behavior of the
guish this intriguing MR scheme from other MR mecha- GdBaCgOs,, compound is obviously a competition of vari-

E. Evolution of physical properties of GdBaCgOs.y
with oxygen content
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ous kinds of ordering, involving charge, spin, orbital, and The phase-separated state depicted in Fig. 32 gives a con-
structural degrees of freedom. While for several particulasistent explanation for the magnetic and transport properties
compositiongx=0,0.5,0.7, etg, this ordering competition of GdBaCgO:s,, in the electron-doped regiof® <x<0.5).
is won by certain homogeneous states, the majority of thés long as the FM droplets are small and located far apart,
phase diagram appears to be occupied by mixtures of varioukey exhibit a superparamagnetic behavior with thermomag-
ordered phase@ig. 28. netic irreversibility features originating from the strong spin-
In the end-poink=0 compound, which corresponds to the orbit coupling. With increasing oxygen content, the FM
50% electron doping, the €band C&* ions order into al- droplets grow until they achieve a percolation within the
ternating lines running along thee axis, where each cobalt CoGO, planes ak=0.25; from that point, the initial AF phase
spin is aligned antiferromagnetically to six nearest neighborss kept in inclusions embedded in the FM matrix. Eventually,
to form a G-type AF structuré® This means that in the system becomes homogeneous again as the composition
GdBaCgOs o all the nearest-neighbor superexchange interapproaches that of the undoped parent insulate.50.
actions, be they between the Tdons or CS* ions, are  Given that both the FM and AF phases are insulators, it is not
antiferromagnetic. Under such conditions, one would expecsurprising that the conductivity of crystals is virtually inde-
the charge doping, which converts som&Cons into C8*  pendent on doping in the entire electron-doped region, and
ones, to cause no considerable effect on the magnetic behathat it goes through variable-range hoping of localized carri-
ior; this should certainly be the case if just the size of AF-ers.
ordered spins is modified. In reality, however, the oxygen While in the electron-doped region, GdBaf0g,, tends
doping immediately brings in some sort of ferromagnetismto phase separate into two insulating components, namely,
Since GdBaCsDs., retains its insulating behavior all the the undoped and 50%-electron doped phases, the hole doping
way up tox~0.5, one has to invoke a qualitative change in(x>0.5 also quickly destabilizes the homogeneous parent
the orbital order to account for the emerging FM behavior.state. However, the phase separation in the hole-doped re-
Apparently, the orbital order that underlies the AF spin or-gion bears several important differences from the behavior of
dering in GdBaCgOs ( is stable only for the particular uni- electron-doped crystals. First, the scale of resulting domains
directional charge order which is realized at the 50% electrofis much larger, implying that the oxygen ions are involved in
doping. When the holes are introduced upon oxygen dopinghe macroscopi¢or mesoscopicrearrangement process and
they immediately frustrate the pattern of the charge and orredistribute over the crystal together with the doped carriers;
bital order in CoQ planes. In fact, this doping-induced frus- otherwise, the long-range Coulomb interactions would pre-
tration offers a clue to the origin of nanoscopic phase sepavent the formation of such a macroscopically inhomoge-
ration, whose spectacular manifestations appear in theeous state. Second, the nearest stable phase is located at a
magnetic behavior: To avoid frustration, the charge-ordereg¢onsiderably lower doping level of 18—20 % of holegx
AF matrix expel the doped holes, which are then segregatest0.68—0.70. And finally, the most important is that the
in small droplets of a new FM phase, as sketched in Fig. 32stable hole-doped phase appears tonetallic in contrast to
the evidence for this phase segregation is found in the madnsulating electron-doped compositions. The latter explains
netization data, as we discussed in Sec. Il D. the remarkable asymmetry in the doping dependence of the
An electronic phase separation, arising from the tendencgonductivity in Fig. 7.
of an ordered state to avoid frustration, is quite common for Now, we can only speculate on the nature of the metallic
strongly correlated systems. Usually, the frustration is in-hole-doped phase, since a detailed information on the crystal
duced by the charge carrier motion over an AF insulatingstructure of GdBaCgDs,, at x=0.68—0.70 is still lacking.
background; the system, therefore, tends to segregate thgpparently, that phase should be well structurally ordered,
mobile carriers into metallic regions with a modified mag- since one can hardly imagine so sharp a FM-AF transition, as
netic orde’® What is peculiar in GdBaG®s o is that the  shown in Fig. 18c), to take place in a system with a signifi-
AF and FM phases here are both insulating; in this case, theyant disorder. Therefore, some sort of oxygen ordering is
differ only in the charge and orbital order. Presumably, thesexpected to occur in GdQayers, similar to the formation of
phases correspond to the charge-ordered insula@86 elec-  perfect oxygen chains in the parent compound wit0.50;
tron doping and the undoped band insulat@ero doping. one can immediately find out that the composition
An interesting issue is whether the oxygen ions participatex=0.68—070 best fits the “ortho-III" superstructure where
in the phase separation or it is mostly an electronic phenomiwo filled oxygen chains in GdQlayers alternate with one
enon. Based on the very small size of the FM-phaseempty chain.
droplets—they are not detected by the x-ray scatte(8er. If the ortho-lll structure is actually realized in
[l A), and exhibit just a superparamagnetic behavior at modédBaCgOs,, with x~ 0.7, and the FM-AF transition has the
erate oxygen doping—we can conclude that the oxygen ionsame purely magnetic origin as in the parent compound with
are not involved in the large-scale redistribution. Though thex=0.50, one inevitably arrives at the conclusion that some
negatively charged oxygen ions may rearrange locally, beingind of weakly coupled FM ladders or layers are formed in
dragged by the Coulomb interaction with the doped carriersthe x~ 0.7 phase as well. One can further speculate that the
this motion is apparently insufficient to cause the domains talouble octahedral CoQac layers are still nonmagnetic in
grow. Consequently, the observed nanoscopic phase sepathis ortho-lll phase, and the FM ladders are just located far-
tion atx<<0.5 is most likely governed by the electronic in- ther apart. The main difference with the pargnt0.50 com-
teractions in the Co@planes and thus may be a generic position is that forx~ 0.7, about 20% of cobalt ions should
feature of layered cobalt oxides. acquire the Ct' state. If all the holes are gathered in the FM
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layers, where they can readily move, those layers would posstrong Ising-like anisotropy, being aligned along the oxygen-
sess a quarter-filled metallic band. Note that on the macroehain direction; thus the FM ladders in GdBgQOg s, can
scopic scale, the conductivity would exhibit a true metalliconly form a relative ferromagnetic or antiferromagnetic ar-
behavior only if the crystal has a perfectly ordered oxygerrangement. Owing to the very weak strength of this coupling
subsystem; otherwise, the metallic ladders/layers would bbetween ladder, their relative magnetic order can be easily
always interrupted by nonconducting regions. In the latteraltered by temperature, doping, or magnetic fields, bringing
case, a variable-range hopping between metallic fragmentbout FM— AF transitions and a giant magnetoresistance.
should be expected. The measured resistivity af=0.70 A study of GdBaCgOs,, crystals with the oxygen content
crystals indeed exhibits an unusual behavior, tending to satwdeviating fromx=0.50 has revealed that this layered com-
rate at low temperatures at finite but surprisingly large valuepound is a unique filling-control system that allows a con-
(Fig. 6). tinuous ambipolar doping of the Cg(lanes, that is, the
While the suggested very speculative picture of the medoping level can be continuously driven across the parent
tallic x~0.7 phase can easily account for the observed magnsulating state. This continuous doping is manifested in
netic and transport properties, more work is obviously necspectacular singularities of the transport properties as the
essary to clarify whether it has anything to do with the actuakystem approaches the undoped state: the thermoelectric
microscopic state. In any case, this intriguing phase wittpower, for instance, tends to divergexat0.50, and abruptly
self-organized metallic paths bears a clear resemblance to tlethanges its sign upon crossing this peculiar point.
stripe structures in higf; cuprates, and the phase- As soon as the Co{planes are doped with more than a
separated conducting phases in mangasitasd thus its few percent of charge carriers, be they electrons or holes,
study may help in understanding the unusual transport itheir homogeneous state is found to become unstable, and
other oxides as well. 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
In order to gain insight into the general behavior of electron-doped region(x<0.5, GdBaCgOs,, tends to
square-lattice layered cobalt oxides, we have performed phase separate into two insulating components, the undoped
systematic study of the transport, magnetic, and thermoeleghase and the charge-ordered AF insulator with 50% electron
tric properties of GdBaC®s,, single crystals over a wide doping. As a result, the conduction in GdBgOg. crystals
range of oxygen contentfx=0.77. The high-quality crys- is almost doping independent in the entire range
tals were grown by the floating-zone method and their oxy0=<x=0.45, and goes through a variable range hopping of
gen content was precisely tuned to required values by su@lectrons. In the hole-doped region, the Go@anes also
cessive annealing treatments so that the entire phase diagraxpel the doped carriers, protecting the undoped domains,
could be spanned; particularly, in the critical regions of thebut the second phase generated upon the phase separation
diagram, the composition was modified with steps as smallurns out to bemetallic in contrast to the electron-doped
asAx=0.001-0.01. crystals. Consequently, the GdBa0g., crystals gradually
The “parent” compound GdBaG0s s;—the composition evolve towards a metallic state with hole doping, and thus
with all cobalt ions in the C¥ state—is shown to be a metal the doping dependence of the conductivity exhibits a remark-
at high temperatures, but it switches into a band insul@or able asymmetry with respect to whether the Gplanes are
narrow-gap semiconductobelow the metal-insulator transi- doped with electrons or holes.
tion at Ty, r =360 K, which is manifested in steplike anoma-  Although a conclusive picture of the metallic hole-doped
lies in all the measured propertiggT), S(T), Ry(T), and  phase has not been established yet, such metallic state self-
M(T). The gap opening at the Fermi level is associated witPrganized within the electronically inhomogeneous system
a cooperative spin-state transition, which seems to involve Bears a clear resemblance to the behavior of CMR mangan-
half of the cobalt ions, while the other half keeps its spinites and high¥. cuprates, and thus its study may offer a clue
state unchanged. Two nonequivalent cobalt positions are cré0 understanding the unusual charge transport in transition-
ated by the oxygen ions which order in Gglayers into ~Mmetal oxides.
alternating filled and empty rows running along thexis. To conclude, the GdBaGOs., compound has proved to
Consequently, the Coplanes also develop a spin-state or-be an interesting system with a very rich phase diagram
der consisting of alternating rows of &oions in theS=1  originating from the competition of various spin-charge-
and S=0 states. The overall magnetic structure oforbital ordered phases. What turns it into a model system and
GdBaCgOs 5, below Ty, may be conceived of as a set of makes it particularly interesting for a detailed study is the
magnetic “two-leg ladders,” which are composed $f1  possibility of continuous ambipolar doping of Ce@lanes
Co** ions and are separated from each other by nonmagnet®nd the exceptionally strong cobalt-spin anisotropy, which
layers. Upon cooling belowlc~300 K, these ladders de- dramatically narrows down the range of possible spin ar-
velop a ferromagnetic order; however, whether a macrofangements.
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- We thank S. Komiya and K. Segawa for invaluable tech-
twinned single crystals, the cobalt spins exhibit a remarkablyical assistance.
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