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The magnetization, resistivity, and magnetoresistance(MR) of single crystals of GdBaCo2O5.5 and
EuBaCo2O5.5 are measured over a wide range of dc magnetic fields(up to 30 T) and temperature. In
LBaCo2O5.5 sL=Gd,Eud, the Co ions are trivalent and can exist in three spin states, namely, theS=0 low-spin
(LS) state, theS=1 intermediate-spin(IS) state, and theS=2 high-spin (HS) state. We confirm that
GdBaCo2O5.5 and EuBaCo2O5.5 have a metal-insulator transition accompanied by a spin-state transition at
TMI <365 and 335 K respectively. The data suggest an equal ratio of LSsS=0d and ISsS=1d Co3+ ions below
TMI, with no indication of additional spin state transitions. The low-field magnetization shows a transition to a
highly anisotropic ferromagnetic phase at 270 K, followed by another magnetic transition to an antiferromag-
netic phase at a slightly lower temperature. The magnetization data are suggestive of weak correlations be-
tween the Gd spins but no clear signature of ordering is seen forT.2 K. Significant anisotropy between the
a-b plane andc axis was observed in magnetic and magnetotransport properties for both compounds. For
GdBaCo2O5.5, the resistivity and MR data imply a strong correlation between the spin-order and charge
carriers. For EuBaCo2O5.5, the magnetic phase diagram is very similar to its Gd counterpart, but the low-T MR
with current flow in thea-b plane is positive rather than negative as for Gd. The magnitude and the hysteresis
of the MR for EuBaCo2O5.5 decrease with increasing temperature, and at higherT the MR changes sign and
becomes negative. The difference in the behavior of both compounds may arise from a small valence admix-
ture in the nonmagnetic Eu ions, i.e., a valence slightly less than 3+.
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I. INTRODUCTION

The existence of several possible spin states in a given
oxidation state makes the cobaltites a rich but also challeng-
ing system to study. Co3+ has three possible spin states: the
low-spin (LS) statest2g

6eg
0,S=0d, the intermediate-spin(IS)

statest2g
5eg

1,S=1d, and the high-spin(HS) statest2g
4eg

2,S
=2d which arise from the competition between crystal field
(CF), on-site Coulomb correlations, and the intra-atomic ex-
change energy.1 As the simplest representative of trivalent
perovskite cobalt oxides, LaCoO3 has been investigated ex-
tensively. These studies demonstrated the complex magne-
tism among the Co ions and the difficulty in determining the
spin state of Co3+, stimulating interest in searching for other
cobaltites.2–4 The LBaCo2O5+d sL=rare earthd series, in par-
ticular, displays a variety of interesting phenomena, includ-
ing metal-insulator transitions, spin state ordering, and a gi-
ant magnetoresistance, which depend on the valence and spin
states of the Co ions.5–14 The valence state of the Co ions is
determined by the oxygen contentd s0ødø1d, where all
the Co ions are expected to be trivalent whend=0.5. For the
cased=0.5, one half of the cobalt occupy octahedral sites
sCoO6d while the other half possess square pyramidal sym-
metry sCoO5d, forming alternating oxygen rich and oxygen
deficienta-c layers along theb axis (e.g., see the inset of
Fig.1 in Ref. 1). For 0.0,d,0.5 and 0.5,d,1.0, divalent

and tetravalent Co ions coexist with trivalent Co ions, re-
spectively. In the special cases ofd=0 andd=1, the cobalt
environment appears to be exclusively pyramidalsd=0d or
octahedralsd=1d.

A metal-insulator transition was observed in
GdBaCo2O5.5 and TbBaCo2O5.5 and an anomalous change of
lattice constants has been reported at the metal-insulator tran-
sition temperature indicating that the transition is structure
related.7,15 Curie Weiss fits of the magnetic susceptibility for
GdBaCo2O5.5 and TbBaCo2O5.5 show a drastic change in the
effective momentsmeffd across TMI, suggesting that the
metal-insulator transition is also associated with a spin-state
transition.1,7,10 Similar results for NdBaCo2O5.5 (Ref. 12)
suggest that this is a general trend in this cobaltite series. The
ultrahigh resolution synchrotron diffraction data reported by
Fronteraet al.1 show that the average CouO bond distance
within the octahedra increases substantially atTMI upon heat-
ing, while it decreases in the pyramids, implying that the
spin-state transition inLBaCo2O5.5 occurs in the octahedra.
This suggests that the Co ions in pyramids have ISsS=1d
and those in the octahedra have LSsS=0d below TMI. It is
commonly observed in these systems that there is ferromag-
netism(FM) in a narrow temperature region sandwiched be-
tween a high-temperature paramagnetic state and a low-
temperature antiferromagnetic(AFM) state.

At least two different models have been proposed to ex-
plain the narrow temperature region of FM order and the
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subsequent FM→AFM transition upon cooling.(1) Mori-
tomo et al.7 suggest that the ferromagnetism and FM
→AFM transition could arise from the competition between
an inherent AFM superexchange interaction and a FM
double-exchange interaction due to carrier localization.(2)
Roy et al. proposed two sublattices facilitating an in-plane
FM interaction and an interplane AFM interaction.10 This
second model was further elaborated independently by
Taskinet al.13 and Khalyvinet al.14 based on their magneti-
zation data measured on GdBaCo2O5.5 single crystals. Our
magnetization data suggest a two-sublattice model similar to
the latter with temperature-dependent interplane coupling,
which might be caused by a competition between an AFM
superexchange interaction and a FM double-exchange inter-
action. In order to further investigate the nature of the mag-
netism in this system, a detailed study of the magnetic an-
isotropy is required. When this study began, all the published
studies used polycrystalline samples and the lack of single
crystal data made it impossible to probe the anisotropy via
magnetic and transport measurements for anyLBaCo2O5.5
compound. We have produced single-crystal samples of
GdBaCo2O5+d (in parallel with two other groups13,14) and
EuBaCo2O5+d allowing a study of the anisotropy. Our results
indicate very large anisotropy in the magnetizationMsHd
between thea-b plane andc axis. High-field isothermal mag-
netization measurements performed on single-crystal
GdBaCo2O5.5 enable accurate determination of the saturation
moment and lead to a spin model for the magnetically or-
dered Co3+ in the pyramidal sites.

II. EXPERIMENT

Crystals of GdBaCo2O5+d and EuBaCo2O5+d were grown
from a high-temperature flux melt using an off-
stoichiometric initial mixture of the corresponding oxides.
The mixtures were placed into Al2O3 crucibles and heated to
1350 °C. After homogenization for 2h, the flux melt was
slowly cooled to 1000 °C at the rate of 1 °C/h and then
cooled quickly to room temperature. The as-grown crystals
have tetragonal crystal symmetry(space groupP4/mmm) as
determined by x-ray diffraction. The as-grown crystals were
then annealed for several days at 600 °C in 3 bar extra oxy-
gen followed by cooling to room temperature at a rate of
10 °C/h. During the cooling, the crystal symmetry changes
from tetragonal to orthorhombic(space groupPmmm). Due
to this transition, the resulting crystals display a twinned
structure in which thea andb axes are intermixed as deter-
mined by Laue diffraction. Thermogravimetric analysis has
indicated that the mobile oxygen atoms located within the
Gd-O plane, can be reversibly added and removed from the
system in the temperature range 400–600 K. Crystal phase
purity and cation composition of the crystals were checked
by x-ray diffraction and x-ray fluorescent analysis. The oxy-
gen content in the crystals was determined by iodometric
titration to be 5.47±0.02 for GdBaCo2O5+d. Using iodomet-
ric titration, we also determinedd=0.47±0.01 for the
EuBaCo2O5+d crystal after the same oxygenation procedure.
Magnetization data below 7 T were taken in a Quantum De-
sign SQUID magnetometer, while a vibrating sample mag-

netometer(VSM) was used to measure isothermal magneti-
zation up to 30 T in continuous magnetic fields at the
National High Magnetic Field Laboratory in Tallahassee,
Florida. Resistivity and magnetoresistance were measured
using a standard four-probe technique. Gold contacts were
sputtered onto the samples to minimize contact resistance,
which was prohibitively high without the gold, especially at
low temperatures.

III. RESULTS

The magnetizationMsTd for GdBaCo2O5.5 upon cooling
with H'c increases rapidly at 270 K reaching a maximum
around 250 K, as shown in Fig. 1(a). Subsequently,MsTd
drops abruptly, leveling off at 210 K. The sharp increase of
MsTd at 270 K has been interpreted as the onset of ferromag-
netic ordering with the subsequent sudden drop indicating a
FM→AFM transition. A much smaller and broader peak ap-
pears near 150 K. That feature was also observed as a
change of slope in the thermal expansion measurement re-
ported by Royet al. who interpreted it as a second-order
phase transition to a second magnetic state(within the IS
state).10 The Curie-like paramagneticMsTd for T,100 K
(low-temperature up turn) is attributed to the Gd spins. Our
attempts to interpret this component ofMsTd as paramag-

FIG. 1. (a) Field cooledMsTd curves of GdBaCo2O5.5 at 1000 G
for H' andic. (b) Field cooled and zero field cooledMsTd curves
of EuBaCo2O5.5 at 1000 G forH' and i c.
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netic Gd spins were only partially successful, even when a
simple antiferromagnetic correlation between Gd spins
(negative Weiss temperature) was included. Therefore, there
must be a weak interaction between the Gd and Co spins.

In contrast,MsTd for H ic is predominantly paramagnetic
except for a small feature near 250 K. TheMsTd curves for
H'c andH ic demonstrate the strong anisotropic magnetic
characteristics with the easy axis in thea-b plane. The small
increase near 250 K could arise from a small component of
the magnetization in thea-b plane due to a slight misalign-
ment of the sample. The height of this peak near 250 K is
about 50 times larger forH'c than forH ic, which could be
explained by an,2° misalignment between thec axis and
the applied field. The Curie-Weiss tail due to the Gd ions for
T,100 K is somewhat weaker forH ic than forH'c. Per-
haps a weaker Co-generated molecular field exists at the Gd
sites when the external field is applied parallel to thec axis
(hard Co magnetization axis).

For comparison, we show in Fig. 1(b) the zero field
cooled(ZFC) and field cooled(FC) MsTd for EuBaCo2O5.5.
Unlike for GdBaCo2O5.5, a significant discrepancy exists be-
tween the ZFC and FCMsTd curves for EuBaCo2O5.5. As for
GdBaCo2O5.5, a sharp peak appears inMsTd at 210 K for
EuBaCo2O5.5, but its magnitude is an order of magnitude
smaller than for the Gd counterpart forH'c. The ratio of
the peak height withH'c to that with H ic is about 10,
significantly smaller than the same ratio in GdBaCo2O5.5.
Therefore, it is difficult in this case to attribute the peak
alongc axis to a misalignment of the sample. In contrast to
Gd3+, the Eu3+ ions do not have a magnetic moment, so the
data lack an upturn inMsTd at low temperature. However, a
small but significant feature can be observed below 45 K in
the Eu sample, which is barely discernable in the Gd sample,
even if the Gd contribution is subtracted using a Curie law
for free Gd3+ ions. The feature consists of an increase in the
FC magnetization and a peak in the ZFC magnetization, ob-
served for bothH'c and for H ic. The difference between
MZFC andMFC could originate from a Eu-Co interaction aris-
ing from a probable valence admixture in the Eu ions(va-
lence less than but close to 3+). This interaction could result
in a frustration of magnetic order. Our data suggest that AFM
long-range order coexist with spin-glass-type features in
EuBaCo2O5.5 below 45 K. Spin-glass-type features could,
however, also arise due to inhomogeneous oxygenation.

There are several Eu-based intermetallic compounds ex-
hibiting intermediate valence. A small valence admixture of
Eu2+ is also expected from the general trend of the lattice
parameters and the unit cell volume for the rare earth(L)
seriesLBaCo2O5+d [see Table I and Fig.6(a) of Ref. 6]. As
compared to the interpolation between the trivalent Sm and
Gd compounds, thea- and b-lattice parameters for Eu are
slightly larger, while thec-lattice parameter is somewhat
smaller. The volume of the unit cell of the Eu compound is
slightly larger than the interpolation. A divalent admixture in
the Eu compound is then plausible, since Eu2+ has a larger
ionic radius. Thef shell of Eu2+ is isoelectronic to Gd3+ and
is magnetic. Hence, a small valence admixture would give
rise to weak magnetic contributions arising from the Eu ions.

The isothermal magnetization of GdBaCo2O5.5 was mea-
sured at several temperatures in dc fields up to 30 T applied

both parallel and perpendicular to thec axis. Three features
of theT=5.0 K magnetization data in Fig. 2 should be noted.
(1) The approach to magnetic saturation, which is dominated
by the Gd3+ ions, is more rapid forH'c than forH ic, again
demonstrating the magnetic anisotropy in these single crys-
tals.(2) A field-induced transition arises in the magnetization
for H'c at 5 K and 6–10 T, while no similar transition
appears forH ic up to 30 T.(3) Hysteresis, evident at low
fields, is significant forH'c and barely discernable forH ic.
The hysteresis decreases with temperature, but persists up to
about 260 K.

Assuming a Brillouin-like magnetization for the Gd ions
at 5 K, the Gd moments should be fully polarized by an
external field of 30 T. The relative flatness ofMsHd at high
fields demonstrates that the moments of the Co ions are also
saturated. Within the experimental error of the VSM mea-
surement, the saturation moment obtained from theMsHd
curve forH'c at 1.8 K(data not shown) is 0.88mB/Co. This
is consistent with a 50–50 % mixture of LSsS=0d and IS
sS=1d states(1mB/Co, assuming complete quenching of the
orbital angular momentum with the unpaired spins all
aligned).

The hysteretic transition discussed above is attributed to
the Co3+ spins and shows the strong anisotropy of the mag-
netization between a field applied in thea-b plane and along
the c axis. The broad transition in the hysteresis loop ob-
served forH'c is probably the consequence of a spin flip
sAFM→FMd and detwinning of magnetic domains in thea
-b plane due to the large magnetic field. In zero field, the
crystal is twinned in thea-b plane, and with increasing mag-
netic field in thea-b plane the anisotropy energy and the
magnetic energy compete, rotating the magnetic domains
with spins initially perpendicular to the field towards the
field direction. Eventually, the magnetic energy outweighs
the anisotropy energy and all the magnetic domains become
aligned along the magnetic field.

The field at which the spin flip transition occurs decreases
with increasing temperature and approaches zero at 260 K.

FIG. 2. Isothermal magnetization curves with hysteresis loops
for GdBaCo2O5.5 measured at 5 K forH'c andH ic.
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Above 78 K, there is no sign of detwinning the magnetiza-
tion of the GdBaCo2O5.5 crystal up to fields of 7 T. Some
representativeMsHd curves forH' and ic are displayed in
Fig. 3(a) for T=170 K, which also show how the Gd back-
ground can be subtracted out. After subtracting the linear
contribution (note that the Brillouin function is essentially
linear for high temperatures) to the magnetization due to
paramagnetic Gd,MsH'cd, appears to saturate at a rela-
tively low field sH,3 Td for 150,T,260 K [inset of Fig.
3(a)], while M sH icd exhibits linear behavior to 7 T[Fig.
3(a)], indicating that the field slightly tilts the moment away
from the a-b plane. In Fig. 3(b), we show a quite similar
behavior atT=78 K.

As shown in the inset of Fig. 3(b), the saturation moment
extracted from theMsH'cd curves between 78,T,260 K
fits well to a T3 dependence returning a moment of
0.49mB/Co when extrapolated toT=0 K. This corresponds
to only half of the value expected assuming half of the Co3+

ions are in the IS statesS=1d and the other half are in the LS
statesS=0d. Due to the extensive twinning in thea-b plane,
for H ia or H ib, half of the intermediate spins are parallel to

the applied field while the other half are perpendicular to it,
which then leads to an expected saturation moment of
0.5mB/Co as observed. If the field is applied along an arbi-
trary direction within thea-b plane, it may saturate the spins
along both thea andb axes leading to a resultant moment of
0.5–0.71mB/Co with the maximum corresponding to a 45°
angle between the field and thea or b axis. The extracted
saturation moment may not necessarily follow theT3 depen-
dence below 78 K. However, as a rough estimate it agrees
quite well with an equal ratio of LS and IS states and twin-
ning in thea-b plane. TheT3 dependence could arise from
spin waves with linear long wavelength dispersion due to the
coupling between the planes.

For comparison we present in Fig. 3(c) the MsHd for
EuBaCo2O5.5 at 5 K in dc fields up to 30 T applied both
parallel and perpendicular to thec axis. At low fields signifi-
cant hysteresis is observed forH'c, while the magnetiza-
tion for H ic exhibits a linear field dependence up to 30 T
with no sign of hysteresis, again demonstrating the signifi-
cant magnetic anisotropy in EuBaCo2O5.5 with the c axis
being the hard axis. Unlike GdBaCo2O5.5, the MsHd of
EuBaCo2O5.5 has no indication of saturation up to 30 T. The

FIG. 3. (a) Isothermal magnetization curves of GdBaCo2O5.5 measured at 170 K forH'c andH ic. Inset:M8sHd=MsHd−mH, where
the Gd contributionm was obtained from the slope of a linear fit to theMsHd data forH.3 T. (b) Isothermal magnetization curves of
GdBaCo2O5.5 measured at 78 K forH'c, with the Gd contribution subtracted(using the Brillouin function). Inset: Linear plot of the
saturation moment vsT3 for 78,T,260 K. (c) Isothermal magnetization curves of EuBaCo2O5.5 measured at 5 K forH'c andH ic.

ZHOU et al. PHYSICAL REVIEW B 70, 024425(2004)

024425-4



underlying linear magnetization is likely to arise from Co3+

ions and from the Eu ions, which have a slight valence ad-
mixture (thus also contributing to the magnetization). The
smaller moment of the Co3+ ions in EuBaCo2O5.5 as com-
pared to GdBaCo2O5.5 is also consistent with the magnetiza-
tion shown in Figs. 1(a) and 1(b).

The resistivity data for GdBaCo2O5.5 also show an impor-
tant anisotropy between thea-b plane andc axis as shown in
Fig. 4(a). In zero-magnetic field, thersTd in the a-b plane
breaks up into regions consistent with the magnetization data
for 110,T,294 K, implying strong coupling between the
spin-order and charge carriers[see Fig. 4(b)]. On the other
hand, the resistivity along thec axis stays virtually flat above
165 K and then rises abruptly when the temperature is fur-
ther decreased[see Fig. 4(a)]. The low-temperature resistiv-
ity data sT,110 Kd measured both in thea-b plane and
along thec axis fit well to the expression for the 3D variable-
range hopping(VRH) model,r=r0 expsT0/Td1/4, as shown

in Fig. 4(c). At low temperaturessT,110 Kd, the promotion
of d electrons into the conduction band is frozen out and
VRH of localized electrons is the only mechanism of con-
duction. The disorder or randomness of the potential that is
necessary for the VRH to occur is likely due to the defects
created by slight oxygen deficiency. When the temperature is
increased, thed electrons are thermally excited to the con-
duction band and eventually an exponential activation law
takes over. Since the magnetic ordering of the spins affects
the gap between the conduction band and valence band, it is
not surprising that thea-b plane resistivity breaks up into
regions consistent with the magnetization data for
110,T,294 K, where a simple activation is the dominant
mechanism of conduction[see Fig. 4(b)].

The resistivity of EuBaCo2O5.5 measured with current
flow in thea-b plane and along thec axis is shown in Fig. 5.
A substantial anisotropy is again present, but the behavior is
qualitatively different from the Gd counterpart. ThersTd for
I 'c increases slowly with decreasing temperature untilT
=50 K and below thisT it begins to rise rapidly. Note that
from 300 to 50 K,rsTd only increases by a factor of 6,
while it increases by about seven orders of magnitude from
50 K down to 4 K. This demonstrates that different conduc-
tion mechanisms are relevant for the temperature regions
above and below 50 K. The resistivity datasI 'cd for
EuBaCo2O5.5 below 50 K can be fit with the 3D VRH model
mentioned above. The resistivity along thec axis smoothly
increases with decreasing temperature down to the lowestT
measured. The data forT,120 K can again be fit to the
expression of the VRH model as shown in the inset of Fig. 5.

The transverse magnetoresistivity(I in the a-b plane and
'H), rsHd, for GdBaCo2O5.5 and EuBaCo2O5.5 was mea-
sured forHi and'c. For GdBaCo2O5.5 there is considerable
anisotropy in the isothermal magnetoresistance(MR) with
regard to the field direction. A hysteretic giant negative MR
takes place forH'c. The large decrease of the MR is cor-
related with the field induced transition in the magnetization.
The relative MR defined as MRs%d=1003 frsHd
−rs0dg /rs0d is shown in Fig. 6(a), and again demonstrates a
strong anisotropy of −93% forH'c and −22% forH ic at

FIG. 4. (a) Resistivity vsT for GdBaCo2O5.5 measured in the
a-b plane and along thec axis. (b) lnsrd vs 1/T for GdBaCo2O5.5

with current flow in thea-b plane and along thec axis; simple
activation law fit of thea-b plane resistivity data for GdBaCo2O5.5.
(c) Low-temperature resistivity data for GdBaCo2O5.5 fit to the vari-
able range hopping model.

FIG. 5. Resistivity vsT for EuBaCo2O5.5 measured in thea-b
plane and along thec axis. Inset: Low-temperature resistivity data
sI icd for EuBaCo2O5.5 fit to the variable range hopping model for
15 K,T,120 K.
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40 K and 17 T.11 The giant negative MR increases mono-
tonically with decreasing temperature and is most pro-
nounced in the VRH temperature rangesT,110 Kd. This
can be understood in terms of a shift in the mobility edge. In
the VRH temperature regime, all states with energy less than
the mobility edge are localized while states with higher en-
ergy are nonlocalized or extended. If the Fermi level is
moved across the mobility edge, a dramatic change in resis-
tivity is achieved.17 In zero field the Fermi energyEF lies
below the mobility edge leading to the observed VRH con-
duction. When a sufficiently large field is applied in theab
plane, the conduction band splits into two spin subbands
causing the mobility edge of each subband to shift up and
down, respectively. As a result, the mobility edge of one spin
subband may drop below the Fermi level leading to a drastic
increase in the conductivity.

As shown in Fig. 6(b), EuBaCo2O5.5 has positive MR, in
contrast to its Gd counterpart. At lowT, the MR is large and
hysteretic, which is consistent with the magnetization data.
With increasing temperature the MR is gradually reduced
and at 160 K the MR is already negative[see Fig. 6(c)].
Hence, the MR forI 'c, H'c, andH' I changes sign as a
function of temperature. The MR of EuBaCo2O5.5 for all T
strongly depends on the relative directions ofI, H, and the
crystalc axis, as shown in Fig. 6(c) for T=160 K. The dif-
ferences in the MR of GdBaCo2O5.5 and EuBaCo2O5.5 are
hard to understand in view of their similar crystal and mag-
netic structures. However, the key difference between the
two systems is that while the Gd ions are trivalent and have
a large magnetic moment, the nonmagnetic Eu ions probably
have a small valence admixture from the energetically
nearby Eu2+ configuration yielding an intermediate valence
slightly less than trivalent. Even a small admixture(e.g., 5 to
10 %) would change the charge distribution as well as induce
a weak magnetic polarizability at the Eu sites.

IV. DISCUSSION

Below 100 K, the paramagnetic contribution from Gd
dominatesMsTd and our analysis suggests weak antiferro-
magnetic correlations between Gd sites corresponding to a
paramagnetic Weiss temperature of a few K. In addition,
there is a weak interaction between Gd and Co ions. How-
ever, the Curie-Weiss temperatureQ associated with the fer-
romagnetic correlations between Co sites in the paramag-
netic regions280,T,360 Kd between the metal-insulator
transition and the FM ordered state is above 200 K. To de-
termine the effective moment of the Co,meff

Co, and Q, it is
necessary to subtract the Gd contribution from the magnetic
susceptibility. After subtracting the Gd contributions, a
Curie-Weiss fit of xsTd for 280,T,350 K yields Q
=265 K andmeff

Co=2.1mB/Co, which is close to the expected
value of 2mB/Co for an equal ratio of LSsS=0d and ISsS
=1d Co3+ ions based on the formulasmeff

Cod2=0.5
3 fmeff

CosLSdg2+0.53 fmeff
CosISdg2.

The extrapolated saturation moment of 0.49mB/Co shown
in the inset of Fig. 3(b) also supports a mixture of an equal
number of IS and LS sites, assuming twinning within the
a-b plane. The isothermal magnetization atT=1.8 K up to

FIG. 6. (a) MR(%) vs H for GdBaCo2O5.5 at 40 K for H'c,
H ic, and (b) MR(%) vs H for EuBaCo2O5.5 at 40, 78, and 120 K
for H'c (the arrows indicate the direction of field sweep). (c)
MR(%) vs H at 160 K for EuBaCo2O5.5 for various directions ofI
andH with respect to thec axis.
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30 T yields a saturation moment of 0.88mB/Co, also suggest-
ing a 1:1 ratio of LS:IS in a sample with detwinned magnetic
domains due to the high magnetic field. Therefore, our mag-
netization data are compatible with an equal ratio of LS and
IS below TMI ,365 K, which remains unchanged at lower
temperatures. There is no indication of a spin state transition
below TMI, in agreement with the ultrahigh resolution syn-
chrotron x-ray powder diffraction(SXRPD) data for 10 K
øTø400 K, showing no structural change belowTMI.

15

Magnetization, as a bulk probe, does not provide a micro-
scopic picture that enables determination of the spin states
for the pyramidal and octahedral sites. Combining our results
with the SXRPD data reported by Fronteraet al.,1 we pro-
pose a two sublattice model, where the Co3+ ions at the oc-
tahedral sitessCoO6d are in a LSsS=0d state and the Co3+

ions at the pyramidal sitessCoO5d are in the ISsS=1d state,
thus leading to alternating planes of IS Co3+ ions separated
by nonmagnetic planes of LS Co3+ ions. The IS sites form
two-leg ladders with rungs made of two CoO5 square pyra-
mids bridged by an apical oxygen. These ladders order fer-
romagnetically within the planes while adjacent sets of CoO5
planes weakly couple to each other with the sign of coupling
depending on the temperature. This model is consistent with
the magnetization study on detwinned GdBaCo2O5.5 crystals
by Taskinet al.,13 although it does not require an Ising-like
spin anisotropy in the interactions. Below
TN s,260 Kd,10,13,14the interplane coupling is antiferromag-
netic leading to an overall AFM, which could be attributed to
the superexchange between the Co3+ moments mediated by
two oxygen sites and one LS Co3+ ion for each such pair of
IS Co3+ ions.13,16 A second interaction competing with the
superexchange for dominance is needed to explain the tem-
perature or field induced AFM→FM transition. We believe
this competing interaction is a thermally activated double
exchange. With increasing temperature, the number ofd
electrons excited to the conduction band increases, so that
more electrons participate in the double-exchange via hop-
ping in the conduction band. Thus with increasingT the
double-exchange interaction is enhanced and can lead to the
interplane AFM→FM transition. A magnetic field can also
boost the double-exchange mediated by the conduction band
by reducing the gap between the conduction and valence
bands and aligning the spins. Indeed, a moderate magnetic
field s,3 Td is able to induce an AFM to FM transition,
indicating that the AFM interplane ordering belowTN is rela-
tively weak and sensitive to the magnetic field. Simple ther-
mal activation dependences were also found in the resistivity
above 110 K.

In a crystal with twinning in thea-b plane, this model
predicts a saturation moment of 0.5mB/Co when extrapolated
to T=0 K. We assume that due to twinning 50% of Co spins
in the IS state are ordered along the field direction and 50%
are ordered perpendicular to this direction. This requires a
field induced AFM→FM (spin-flip) transition belowTN,
which aligns spins in the domains with order along the field
direction, in good agreement with our experimental result of
0.49mB/Co. The same model also predicts a saturation mo-
ment of 1mB/Co in a field high enough to induce an AFM
→FM transition and overcome the anisotropy energy be-
tween thea andb axes so that all the Co moments in the IS

state(50% of the total Co ions) align along the field direction
regardless of their initial orientations. This is consistent with
the saturation moment obtained from our isothermal magne-
tization measurement atT=1.8 K to 30 T. The above argu-
ments are independent of the assignment of IS and LS to
specific Co3+ environments, and are still valid if we assign IS
to the Co3+ ions in the octahedral environment and LS to the
pyramidal sites.

The inverse susceptibility of EuBaCo2O5.5 above Tc
breaks into two distinct paramagnetic regions atTMI
<335 K (data not shown), suggesting a possible spin state
transition associated with a metal insulator transition. A simi-
lar Curie-Weiss fit to thexsTd data for 245,T,325 K gives
a ferromagnetic Curie-Weiss temperatureQ=222 K, and
meff=2.42mB/Co, which is significantly larger than the effec-
tive moment expected for EuBaCo2O5.5 s2mB/Cod if all its
Eu ions were trivalent. This difference between the experi-
mental and calculated values suggests the existence of some
valence admixture in the Eu ions(effective valence less than
3+), which we believe is also the cause of the positive MR
and frustrated long range magnetic ordering on the Co sub-
lattice with spin-glass-like behavior at low temperatures. The
xsTd data for 340,T,380 K also appear to be Curie-
Weiss-like and indicate a largermeff compared to the para-
magnetic region belowTMI. However, the small temperature
ranges,40 Kd makes it impossible to reasonably accurately
determine the effective moment of EuBaCo2O5.5 aboveTMI
through a Curie-Weiss fit.

V. CONCLUSIONS

Our results suggest an equal number of LS and IS Co3+

spins states at least in GdBaCo2O5.5 for temperatures below
TMI. The IS Co sites ferromagnetically order within planes of
CoO5 square pyramids, while the LS Co ions correspond to
the octahedral sites. The CoO6 participate in the interplane
coupling between adjacent CoO5 planes. This coupling is
weakly ferromagnetic aboveTN and antiferromagnetic below
TN. A moderate magnetic fields,3 Td is sufficient to induce
an AFM→FM transition for 150,T,260 K. The differ-
ences in the magnetic and transport properties of
GdBaCo2O5.5 and EuBaCo2O5.5 are possibly due to a small
valence admixture in the nonmagnetic Eu ions, which can
play a significant role in the local distribution of the elec-
trons.
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