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The magnetization, resistivity, and magnetoresistaf/d®) of single crystals of GdBaG@®ss and
EuBaCgOs 5 are measured over a wide range of dc magnetic fi¢lgs to 30 T) and temperature. In
LBaCoOs 5 (L=Gd, EY, the Co ions are trivalent and can exist in three spin states, namelg=théw-spin
(LS) state, theS=1 intermediate-spin(IS) state, and theS=2 high-spin (HS) state. We confirm that
GdBaCgOs 5 and EuBaCgOs 5 have a metal-insulator transition accompanied by a spin-state transition at
Twm =365 and 335 K respectively. The data suggest an equal ratio 68£8) and 1S(S=1) Co** ions below
Twi, 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 seef*d K. Significant anisotropy between the
a-b plane andc axis was observed in magnetic and magnetotransport properties for both compounds. For
GdBaCgOs 5, the resistivity and MR data imply a strong correlation between the spin-order and charge
carriers. For EuBaG®s 5, the magnetic phase diagram is very similar to its Gd counterpart, but thé 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 EuBaCgOs 5 decrease with increasing temperature, and at highttle 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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[. INTRODUCTION and tetravalent Co ions coexist with trivalent Co ions, re-
spectively. In the special cases &0 ands=1, the cobalt
The existence of several possible spin states in a giveanvironment appears to be exclusively pyramitiés0) or

oxidation state makes the cobaltites a rich but also challengsctahedral 6=1).
ing system to study. Co has three possible spin states: the A  metal-insulator  transition was observed in
low-spin (LS) state(t,,°e,%, S=0), the intermediate-spiiS) ~ GdBaCgOs s and ThBaCeOs s and an anomalous change of
state(t,y°e,, S=1), and the high-spirtHS) state(t,4*e,?,S  lattice constants has been reported at the metal-insulator tran-
=2) which arise from the competition between crystal field sition temperature indicating that the transition is structure
(CF), on-site Coulomb correlations, and the intra-atomic exJelated’-** Curie Weiss fits of the magnetic susceptibility for
change energy.As the simplest representative of trivalent GdBaCgOs s and ThBaCgO; 5 show a drastic change in the
perovskite cobalt oxides, LaCa(as been investigated ex- €ffective moment(uey) across Ty, suggesting that the
tensively. These studies demonstrated the complex magngletal-msulator transition is also associated with a spin-state

tism among the Co ions and the difficulty in determining thetransition:-"1® Similar results for NdBaCs s (Ref. 12
spin state of C¥, stimulating interest in searching for other suggest that this is a general trend in this cobaltite series. The

cobaltites? The LBaCo,Os. , (L =rare earth series, in par- ultrahigh resolution synchrotron diffraction data reported by

ticular, displays a variety of interesting phenomena includ_Fronteraet al.” show that the average GoO bond distance
» dispiay Y 9p ’ .within the octahedra increases substantially,gtupon heat-

ing metal-insulator transitions, spin state ordering, and a 9itng, while it decreases in the pyramids, implying that the

ant magnetoresistance, which depend on the valence and s in-state transition i.BaCo,0s - occurs in the octahedra.

states of the Co ions!* The valence state of the Co ions is This suggests that the Co ions in pyramids have(381)
determined by the oxygen contedt(0=é<1), where all  onq those in the octahedra have (S=0) below Ty,. It is

the Co ions are expected to be trivalent whisr0.5. For the  commonly observed in these systems that there is ferromag-
case6=0.5, one half of the cobalt occupy octahedral sitespetism(FM) in a narrow temperature region sandwiched be-
(CoQ,) while the other half possess square pyramidal symiween a high-temperature paramagnetic state and a low-
metry (CoGs), forming alternating oxygen rich and oxygen temperature antiferromagnetidFM) state.

deficienta-c layers along théb axis (e.g., see the inset of At least two different models have been proposed to ex-
Fig.1 in Ref. 3. For 0.0<6<0.5 and 0.5 6<1.0, divalent  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’ suggest that the ferromagnetism and FM GdBaCo,O,
— AFM transition could arise from the competition between
an inherent AFM superexchange interaction and a FM
double-exchange interaction due to carrier localizati@.
Roy et al. proposed two sublattices facilitating an in-plane
FM interaction and an interplane AFM interacti&hThis
second model was further elaborated independently by
Taskinet al'® and Khalyvinet al'* based on their magneti-
zation data measured on GdBgOg; single crystals. Our \
magnetization data suggest a two-sublattice model similar to ot I e . |
the latter with temperature-dependent interplane coupling, \ - " .
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which might be caused by a competition between an AFM " Hllc \
superexchange interaction and a FM double-exchange inter- 0 .' .' f o
action. In order to further investigate the nature of the mag- EuBaCo O . (b)
netism in this system, a detailed study of the magnetic an- 0.05 | 2 3 o ]
isotropy is required. When this study began, all the published H=1000G
studies used polycrystalline samples and the lack of single
crystal data made it impossible to probe the anisotropy via
magnetic and transport measurements for aBaCq0s 5
compound. We have produced single-crystal samples of
GdBaCgOs,; (in parallel with two other groupd!$ and
EuBaCqOs, s allowing a study of the anisotropy. Our results — FC HLlc : FC Hllc 7
indicate very large anisotropy in the magnetizatiwiiH) i S A }/

between the-b plane and axis. High-field isothermal mag- o1 - ZFC_"_'_J_-_C_...--"" '-..._.
netization measurements performed on single-crystal ZFC"W;_‘I“I‘I"':;““‘“f“”’-I' A e e o
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moment and lead to a spin model for the magnetically or-
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FIG. 1. (a) Field cooledM(T) curves of GdBaCgDs s at 1000 G
Il. EXPERIMENT forHL andlic. (b) Field cooled and zero field cooldd(T) curves
of EuBaCgOs 5 at 1000 G forH L andll c.
Crystals of GdBaCgDs, s and EuBaCgOs. ;s were grown

from a high-temperature flux melt using an Off- hotometenVSM) was used to measure isothermal magneti-
st0|ch|_ometr|c initial mixture of the co_rrespondlng oxides. ,otion up to 30 T in continuous magnetic fields at the
The mixtures were placed into A crucibles and heated 10 natignal High Magnetic Field Laboratory in Tallahassee,

1350 °C. After homogenization for &, the flux melt was  porqa  Resistivity and magnetoresistance were measured

slowly cooled to 1000 °C at the rate of 1 °Cand then qing 5 standard four-probe technique. Gold contacts were

cooled quickly to room temperature. The as-grown crystalgg itered onto the samples to minimize contact resistance,
have tetragonal crystal symmetigpace groufP4/mmm as  yhich was prohibitively high without the gold, especially at
determined by x-ray diffraction. The as-grown crystals werg,,,, temperatures.

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 . RESULTS

from tetragonal to orthorhombigpace groug®mmm). Due

to this transition, the resulting crystals display a twinned The magnetizatiotM(T) for GdBaCgOs s upon cooling
structure in which the andb axes are intermixed as deter- with H L ¢ increases rapidly at 270 K reaching a maximum
mined by Laue diffraction. Thermogravimetric analysis hasaround 250 K, as shown in Fig.(d. SubsequentlyM(T)
indicated that the mobile oxygen atoms located within thedrops abruptly, leveling off at 210 K. The sharp increase of
Gd-O plane, can be reversibly added and removed from th#I(T) at 270 K has been interpreted as the onset of ferromag-
system in the temperature range 400—600 K. Crystal phaseetic ordering with the subsequent sudden drop indicating a
purity and cation composition of the crystals were checkedM — AFM transition. A much smaller and broader peak ap-
by x-ray diffraction and x-ray fluorescent analysis. The oxy-pears near 150 K. That feature was also observed as a
gen content in the crystals was determined by iodometrichange of slope in the thermal expansion measurement re-
titration to be 5.47+0.02 for GdBaG0s, 5 Using iodomet- ported by Royet al. who interpreted it as a second-order
ric titration, we also determined=0.47+0.01 for the phase transition to a second magnetic statghin the IS
EuBaCgOs,; crystal after the same oxygenation procedurestate.’’ The Curie-like paramagnetit(T) for T<100 K
Magnetization data below 7 T were taken in a Quantum De¢low-temperature up tujnis attributed to the Gd spins. Our
sign SQUID magnetometer, while a vibrating sample mag-attempts to interpret this component Bf(T) as paramag-
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netic Gd spins were only partially successful, even when a GdBaCo,0,
simple antiferromagnetic correlation between Gd spins , , . — ,
(negative Weiss temperatgr@as included. Therefore, there 8 - Hlic =
must be a weak interaction between the Gd and Co spins. T=sk Hilc

In contrast,M(T) for Hllc is predominantly paramagnetic

except for a small feature near 250 K. TRKET) curves for 4l
H L c andHllc demonstrate the strong anisotropic magnetic
characteristics with the easy axis in tad plane. The small 3
increase near 250 K could arise from a small component of«_ ;
the magnetization in tha-b plane due to a slight misalign- = i
ment of the sample. The height of this peak near 250 K is= ;’
about 50 times larger fdd L c than forHIlc, which could be I
explained by an~2° misalignment between the axis and
the applied field. The Curie-Weiss tail due to the Gd ions for
T<100 K is somewhat weaker fdi| c than forH L c. Per-
haps a weaker Co-generated molecular field exists at the G
sites when the external field is applied parallel to ¢thaxis
(hard Co magnetization ayis

For comparison, we show in Fig.(d) the zero field H(T)
cooled(ZFC) and field cooled FC) M(T) for EuBaCgOs s,
Unlike for GdBaCgOs 5, a significant discrepancy exists be-  F|G. 2. Isothermal magnetization curves with hysteresis loops
tween the ZFC and F®(T) curves for EuBaCfs 5. As for  for GdBaCgOs s measured at 5 K foH L ¢ andHilc.
GdBaCgOs 5, a sharp peak appears M(T) at 210 K for
EuBaCq@Os s but its magnitude is an order of magnitude both parallel and perpgndjcular to .tbea.xis. Three features
smaller than for the Gd counterpart fer L c. The ratio of ~ Of theT=5.0 K magnetization data in Fig. 2 should be noted.
the peak height wittH L ¢ to that with Hilc is about 10, (1) The ap+p_roach_ to magnetic saturation, which is dominated
significantly smaller than the same ratio in GdBaOgs DY the Gd" ions, is more rapid foH L ¢ than forHilc, again
Therefore, it is difficult in this case to attribute the peakdémonstrating the magnetic anisotropy in these single crys-

alongc axis to a misalignment of the sample. In contrast to;als.l_(aAfiilcéiﬂduczdéra?cs)iai_on ahr'ilses in the'lmagtjnetiz_?tion
Gd™, the Ed* ions do not have a magnetic moment, so thea?prpearsc1‘(€;lrl-|||c uf)mto 36T (3)’ :|vyslteerggisswg\l/i?jrenrtagtgl(l)(\)/\?
data lack an upturn iM(T) at low temperature. However, a fields, is significant foH L ¢c and barely discernable fétllc.

small but significant feature can be observed below 45 K i h . : :
S . ; e hysteresis decreases with temperature, but persists up to
the Eu sample, which is barely discernable in the Gd Sampleabouty260 K. P P P

even if the Gd contribution is subtracted using a Curie law Assuming a Brillouin-like magnetization for the Gd ions
for free Gd* ions. The feature consists of an increase in theyt 5 K the Gd moments should be fully polarized by an
FC magnetization and a peak in the ZFC magnetization, obexternal field of 30 T. The relative flatness Mf(H) at high
served for bottH L c and forHlic. The difference between fields demonstrates that the moments of the Co ions are also
Mzrc andMgc could originate from a Eu-Co interaction aris- saturated. Within the experimental error of the VSM mea-
ing from a probable valence admixture in the Eu i@gwa-  surement, the saturation moment obtained from Nh@)
lence less than but close to B+ his interaction could result curve forH 1 c at 1.8 K(data not showis 0.88ug/Co. This

in a frustration of magnetic order. Our data suggest that AFMs consistent with a 50-50 % mixture of L&=0) and IS
long-range order coexist with spin-glass-type features iS=1) states(1ug/Co, assuming complete quenching of the
EuBaCqOs 5 below 45 K. Spin-glass-type features could, orbital angular momentum with the unpaired spins all
however, also arise due to inhomogeneous oxygenation. aligned.

There are several Eu-based intermetallic compounds ex- The hysteretic transition discussed above is attributed to
hibiting intermediate valence. A small valence admixture ofthe CG* spins and shows the strong anisotropy of the mag-
Ew* is also expected from the general trend of the latticenetization between a field applied in theb plane and along
parameters and the unit cell volume for the rare edrth the c axis. The broad transition in the hysteresis loop ob-
seriesLBaCq,Os, 5 [see Table | and Fig(g) of Ref. 6. As  served forH L c is probably the consequence of a spin flip
compared to the interpolation between the trivalent Sm andAFM — FM) and detwinning of magnetic domains in the
Gd compounds, the- and b-lattice parameters for Eu are -b plane due to the large magnetic field. In zero field, the
slightly larger, while thec-lattice parameter is somewhat crystal is twinned in the-b plane, and with increasing mag-
smaller. The volume of the unit cell of the Eu compound isnetic field in thea-b plane the anisotropy energy and the
slightly larger than the interpolation. A divalent admixture in magnetic energy compete, rotating the magnetic domains
the Eu compound is then plausible, since’Ebas a larger with spins initially perpendicular to the field towards the
ionic radius. Thef shell of E#* is isoelectronic to G and  field direction. Eventually, the magnetic energy outweighs
is magnetic. Hence, a small valence admixture would givahe anisotropy energy and all the magnetic domains become
rise to weak magnetic contributions arising from the Eu ionsaligned along the magnetic field.

The isothermal magnetization of GdBaf0g 5 was mea- The field at which the spin flip transition occurs decreases
sured at several temperatures in dc fields up to 30 T appliedith increasing temperature and approaches zero at 260 K.

10 20 30
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FIG. 3. (a) Isothermal magnetization curves of GdBaOgs measured at 170 K fdfd L c andHllc. Inset:M’(H)=M(H)-mH, where
the Gd contributiorm was obtained from the slope of a linear fit to thEH) data forH>3 T. (b) Isothermal magnetization curves of
GdBaCgOs 5 measured at 78 K foH L ¢, with the Gd contribution subtracte@sing the Brillouin functioip Inset: Linear plot of the
saturation moment v§2 for 78< T< 260 K. (c) Isothermal magnetization curves of EuBg08.5 measured at 5 K fdd L. c andHllc.

Above 78 K, there is no sign of detwinning the magnetiza-the applied field while the other half are perpendicular to it,
tion of the GdBaCgOs 5 crystal up to fields of 7 T. Some which then leads to an expected saturation moment of
representativév(H) curves forH L andlic are displayed in 0.5ug/Co as observed. If the field is applied along an arbi-
Fig. 3a) for T=170 K, which also show how the Gd back- trary direction within thea-b plane, it may saturate the spins
ground can be subtracted out. After subtracting the lineaflong both thea andb axes leading to a resultant moment of
contribution (note that the Brillouin function is essentially 0-5-0.7}s/Co with the maximum corresponding to a 45°
linear for high temperaturggo the magnetization due to @ngle between the field and tleeor b axis. The extracted
paramagnetic GdM(H L c), appears to saturate at a rela- saturation moment may not necessarily follovv_ ﬂf’”?edepen-
tively low field (H<3 T) for 150<T< 260 K [inset of Fig. 9ence below 78 K. However, as a rough estimate it agrees
. L ) . quite well with an equal ratio of LS and IS states and twin-
3@, yvh]le M (Hlic) exh|_b|ts Imear bghawor to 7 TFig. ning in thea-b plane. TheT® dependence could arise from
3(8)], indicating that the field slightly tilts the moment away gnin aves with linear long wavelength dispersion due to the
Lrorr]n the a—t_tF p;agnli. In Fig. 8), we show a quite similar coupling between the planes.
ehavior atl = - For comparison we present in Fi the M(H) for
As shown in the inset of Fig.(B), the saturation moment EuBaCQO5_5p at 5K in d% fields up tg(g% T app(lie)d both
extracted from thé(H L c) curves between #T<260 K parallel and perpendicular to tioeaxis. At low fields signifi-
fits well to a T® dependence returning a moment of cant hysteresis is observed fbirL ¢, while the magnetiza-
0.49ug/Co when extrapolated t6=0 K. This corresponds tion for Hllc exhibits a linear field dependence up to 30 T
to only half of the value expected assuming half of thé'Co with no sign of hysteresis, again demonstrating the signifi-
ions are in the IS statéS=1) and the other half are in the LS cant magnetic anisotropy in EuBag® s with the ¢ axis
state(S=0). Due to the extensive twinning in treb plane, being the hard axis. Unlike GdBag®dss the M(H) of
for Hlla or Hllb, half of the intermediate spins are parallel to EuBaCgOs 5 has no indication of saturation up to 30 T. The
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A1.0L Ilc i FIG. 5. Resistivity vsT for EuBaCgOs 5 measured in tha-b
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s 20 4 (Ilc) for EuBaC@Os s fit to the variable range hopping model for
£ 25 T 580K - 15 K<T<120 K.
3.0 | ¢ i
-::.z - o T =283 K - in Fig. 4(c). At low temperature$T <110 K), the promotion
200 T T SO T T e TR of d electron_s into the conductlon band is fro;en out and
-1 -
(b) AT (K VRH of Iocallz_ed electrons is the only mechamsm_ of con-
duction. The disorder or randomness of the potential that is
14 ; : ‘ ‘ ; necessary for the VRH to occur is likely due to the defects
12| GdBAGH.O, . ek g created by slight oxygen deficiency. When the temperature is
10 i increased, thel electrons are thermally excited to the con-
~ 8 Ilc \ . duction band and eventually an exponential activation law
:g‘— 6l 1 e 10K takes over. Since the magnetic ordering of the spins affects
A oo _ the gap between the conduction band and valence band, it is
2| ] not surprising that the-b plane resistivity breaks up into
o ] regions consistent with the magnetization data for
2 ‘ w T e 110<T<294 K, where a simple activation is the dominant
©) 030 035 040 :‘_4.34 ’ 055 0. mechanism of conductiofsee Fig. 4b)].

The resistivity of EuBaCgs s measured with current
FIG. 4. (a) Resistivity vsT for GdBaCgOs s measured in the 1OW in thea-b plane and along the axis is shown in Fig. 5.
a-b plane and along the axis. (b) In(p) vs 1/T for GdBaCgOss A su.bst_anual anisotropy is again present, but the behavior is
with current flow in thea-b plane and along the axis; simple  qualitatively different from the Gd counterpart. TheT) for

activation law fit of thea-b plane resistivity data for GdBa@0ss. | L C increases slowly with decreasing temperature uftil
(c) Low-temperature resistivity data for GdBagh 5 fit to the vari- =50 K and below thisT it begins to rise rapidly. Note that
able range hopping model. from 300 to 50 K, p(T) only increases by a factor of 6,

while it increases by about seven orders of magnitude from

underlying linear magnetization is likely to arise from®o 50 K down to 4 K. This demonstrates that different conduc-
ions and from the Eu ions, which have a slight valence adtion mechanisms are relevant for the temperature regions
mixture (thus also contributing to the magnetizatiofhe above and below 50 K. The resistivity datalc) for
smaller moment of the C6 ions in EuBaCgOs 5 as com-  EuBaCgOs s below 50 K can be fit with the 3D VRH model
pared to GdBaCss s is also consistent with the magnetiza- mentioned above. The resistivity along theaxis smoothly
tion shown in Figs. (&) and Ib). increases with decreasing temperature down to the loWwest

The resistivity data for GdBaG0s 5 also show an impor- measured. The data fof<120 K can again be fit to the
tant anisotropy between tleeb plane anct axis as shown in  expression of the VRH model as shown in the inset of Fig. 5.
Fig. 4(@). In zero-magnetic field, the(T) in the a-b plane The transverse magnetoresistivityin the a-b plane and
breaks up into regions consistent with the magnetization data. H), p(H), for GdBaCgOs s and EuBaCg¢Os 5 was mea-
for 110<T<294 K, implying strong coupling between the sured forH|l and Lc. For GdBaCgOs 5 there is considerable
spin-order and charge carriefsee Fig. 4b)]. On the other anisotropy in the isothermal magnetoresistaedr) with
hand, the resistivity along theaxis stays virtually flat above regard to the field direction. A hysteretic giant negative MR
165 K and then rises abruptly when the temperature is furtakes place foH L c. The large decrease of the MR is cor-
ther decreasefkee Fig. 4a)]. The low-temperature resistiv- related with the field induced transition in the magnetization.
ity data (T<<110 K) measured both in tha-b plane and The relatve MR defined as MR%)=100X [p(H)
along thec axis fit well to the expression for the 3D variable- —p(0)]/p(0) is shown in Fig. 6a), and again demonstrates a
range hoppindVRH) model, p=p, exp(To/T)Y4, as shown strong anisotropy of —93% fa L ¢ and —22% forH|lc at
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FIG. 6. (a) MR(%) vs H for GdBaCgOs 5 at 40 K forH Lc,
Hllc, and(b) MR(%) vs H for EuBaCgOs 5 at 40, 78, and 120 K
for H L ¢ (the arrows indicate the direction of field sweefc)
MR(%) vs H at 160 K for EuBaCgOs 5 for various directions of

andH with respect to the axis.
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40 K and 17 T!! The giant negative MR increases mono-
tonically with decreasing temperature and is most pro-
nounced in the VRH temperature rangB< 110 K). 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'’ In zero field the Fermi energig lies
below the mobility edge leading to the observed VRH con-
duction. When a sufficiently large field is applied in thk
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. €b), EuBaCgOs 5 has positive MR, in
contrast to its Gd counterpart. At low 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 negatiysee Fig. €c)].
Hence, the MR foll L ¢, H L ¢, andH 1L | changes sign as a
function of temperature. The MR of EuBag®; s for all T
strongly depends on the relative directionslpH, and the
crystalc axis, as shown in Fig.(6) for T=160 K. The dif-
ferences in the MR of GdBaG0s 5 and EuBaCgOs 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 E@* configuration yielding an intermediate valence
slightly less than trivalent. Even a small admixtgeeg., 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
dominatesM(T) 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 temperatudeassociated with the fer-
romagnetic correlations between Co sites in the paramag-
netic region(280<T< 360 K) between the metal-insulator
transition and the FM ordered state is above 200 K. To de-
termine the effective moment of the CaSP, and @, it is
necessary to subtract the Gd contribution from the magnetic
susceptibility. After subtracting the Gd contributions, a
Curie-Weiss fit of y(T) for 280<T<350 K yields ©
=265 K andﬂgf?=2.1,uB/Co, which is close to the expected
value of 2ug/Co for an equal ratio of L$S=0) and IS(S
=1) Co* ions based on the formula(uS9)?=0.5
X [uGALS)JP+0.5% [uG1S) 2.

The extrapolated saturation moment of Qu4®Co shown
in the inset of Fig. &) also supports a mixture of an equal
number of IS and LS sites, assuming twinning within the
a-b plane. The isothermal magnetizationTat 1.8 K up to
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30 T yields a saturation moment of 08§ Co, also suggest- state(50% of the total Co ionsalign along the field direction

ing a 1:1 ratio of LS:IS in a sample with detwinned magneticregardless of their initial orientations. This is consistent with
domains due to the high magnetic field. Therefore, our magthe saturation moment obtained from our isothermal magne-
netization data are compatible with an equal ratio of LS andization measurement &t=1.8 K to 30 T. The above argu-

IS below Ty, ~365 K, which remains unchanged at lower ments are independent of the assignment of IS and LS to
temperatures. There is no indication of a spin state transitiogpecific C3* environments, and are still valid if we assign IS

below Ty, in agreement with the ultrahigh resolution syn- 5 the C3* ions in the octahedral environment and LS to the
chrotron x-ray powder diffractioiSXRPD data for 10 K pyramidal sites.

i 15
=<T=400 K, showing no structural change beldyy,. The inverse susceptibility of EuBag®s above T,

Magnetization, as a bulk probe, does not provide a microbreaks into two distinct paramagnetic regions T,

scopic picture that enables determination of the spin states . . :
for the pyramidal and octahedral sites. Combining our result 335 K (data not showp suggesting a possible spin state

. Transition associated with a metal insulator transition. A simi-
with the SXRPD data reported by Fronteztal,! we pro- : S ;
pose a two sublattice model, where the*Cions at the oc- lar Curie-Weiss fit to the(T) data for 245< T<325 K gives

tahedral sitegCoQ) are in a LS(S=0) state and the G @ ferromagnetic Curie-Weiss temperatuée=222 K, and
ions at the pyramidal site€C00) are in the 1S(S=1) state, Heﬁ:2.4&LB/Co, which is significantly larger than the (_effec-
thus leading to alternating planes of I1S3dons separated 1€ moment expected for EuBagids s (2us/Co) if all its
by nonmagnetic planes of LS €oions. The IS sites form EU ions were trivalent. This difference between the experi-
two-leg ladders with rungs made of two Co®quare pyra- Mmental and calculated values suggests the existence of some
mids bridged by an apical oxygen. These ladders order feialence admixture in the Eu ionsffective valence less than
romagnetically within the planes while adjacent sets of o0 3+), which we believe is also the cause of the positive MR
planes weakly couple to each other with the sign of couplingand frustrated long range magnetic ordering on the Co sub-
depending on the temperature. This model is consistent witlattice with spin-glass-like behavior at low temperatures. The
the magnetization study on detwinned GdBaQg; crystals  x(T) data for 346<T<380 K also appear to be Curie-
by Taskinet al,'® although it does not require an Ising-like Weiss-like and indicate a largerss compared to the para-
spin anisotropy in the interactions. Below magnetic region below,,,. However, the small temperature
Ty (~260 K),1013.14the interplane coupling is antiferromag- range(~40 K) makes it impossible to reasonably accurately
netic leading to an overall AFM, which could be attributed to determine the effective moment of EuBa0g 5 aboveTy,

the superexchange between the*Cmoments mediated by through a Curie-Weiss fit.

two oxygen sites and one LS €adon for each such pair of

*+iong13.16 - i i i
IS Cc** ions: A secopd mter_actlon competing ywth the V. CONCLUSIONS
superexchange for dominance is needed to explain the tem-
perature or field induced AFM:FM transition. We believe Our results suggest an equal number of LS and 18" Co

this competing interaction is a thermally activated doublespins states at least in GdBaf0 5 for temperatures below
exchange. With increasing temperature, the numbed of Ty,. The IS Co sites ferromagnetically order within planes of
electrons excited to the conduction band increases, so th&oGO; square pyramids, while the LS Co ions correspond to
more electrons participate in the double-exchange via hopthe octahedral sites. The CgQarticipate in the interplane
ping in the conduction band. Thus with increasifigthe  coupling between adjacent Ce®lanes. This coupling is
double-exchange interaction is enhanced and can lead to tieeakly ferromagnetic abovg, and antiferromagnetic below
interplane AFM— FM transition. A magnetic field can also Ty. A moderate magnetic fielg<3 T) is sufficient to induce
boost the double-exchange mediated by the conduction barath AFM— FM transition for 156<T<260 K. The differ-
by reducing the gap between the conduction and valencences in the magnetic and transport properties of
bands and aligning the spins. Indeed, a moderate magnetdBaCgO; 5 and EuBaCgOs 5 are possibly due to a small
field (<3 T) is able to induce an AFM to FM transition, valence admixture in the nonmagnetic Eu ions, which can
indicating that the AFM interplane ordering beld@y is rela-  play a significant role in the local distribution of the elec-
tively weak and sensitive to the magnetic field. Simple ther4rons.
mal activation dependences were also found in the resistivity
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