PHYSICAL REVIEW B, VOLUME 64, 174401

Ferromagnetic and antiferromagnetic interactions in lanthanum cobalt oxide at low temperatures
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Systematic dc and ac magnetic susceptibility studies have been performed on single-phasgd@@isd
samples. Evidence is presented in support of the existence of ferroma@iélicFM2) and antiferromagnetic
(AFM) interactions at low temperatures. FM1 and FM2 are ferromagnetic interactions that occur at different
temperature regimes and their proposed origin is different. Specifically, FM1 interactions are observed at very
low temperaturesT< 10 K) and are attributed to superexchange interactions of the type@€d (where
s=iii or 3+). FM2 interactions are observed for 20 <100 K and are attributed to coupling of localized
moments on CU sites through RKKY interactions. The weak AFM interactions set ifi-a28 K are attrib-
uted to the strong electron correlations in the system. The existence of the weak AFM may constitute evidence
in support of the proposal that this system is a Mott-Hubbard insulator. The fact that the onset temperature of
AFM is different from that of the metal-to-insulator transition is attributed to the presence of magnetic
impurities (Cd"). The existence of CY is based on the results of iodometric titrations, and attributed to La
vacancies. A consistent qualitative explanation is provided for available magnetic and transport data.
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[. INTRODUCTION intermediate spin stafeln particular, the first spin transition
at ~90 K has been suggested to be from LS to IS and the
LaCoQ; is a strongly correlateg-type semiconductor and second, at 500 K, from IS to a mixed state of IS and HS.
exhibits a metal-to-insulator(M|) transition around T Recent polarized neutron scattering measurements on a
~500 K. 13 Moreover, it has interesting magnetic proper- LaCoGQ; ingot consisting of several large single crystdl6—
ties, one of which is its unusual, temperature-dependent00 K) have demonstrated that the paramagnetic scattering is
magnetic susceptibility(T).*~® alnl1?§)ls4t zerp_at 10 ngor the rel:glprocall Iattlce.po(ﬂt07, 0,
It is interesting to point out that nearly all dc susceptibility 0- " Additionally, ®Co and **a Knight shifts are tem-

H 20
measurements reported to date refer to an applied field gt€rature independent below 30 K. These results from

H=1 T/-°These measurements have revealed that the ma oth the neutron diffraction and NMR studies have been con-

netic susceptibility of LaCo@ exhibits a minimum at idered as strong evidence for the proposed nonmagnetic

N . . . ground state of LaCo9 However, we should point out that
35 K and rises drastically at lower temperatures. This bethere are other studies which conclude that the ground state

havior has been observed for all types of samples studied (tf magnetic: e.g., Heikest al. have interpreted their mag-
e

date, either polycrystalline powders or single crystals, an tic susceptibility and transport data by proposing a model
has been mainly attributed to the existence of paramagnetiGiih an IS state, witlS=1 as the ground state of LaCg®
impurities in the samples. The susceptibility increases qrotin et al. have performed band-structure calculations
abruptly above 35 K and exhibits a proad maximum a_rounchsing the local density approximatiofi.DA)+U method,
90 K. At higher temperatureg; exhibits a Curie-Weiss-like \hich is a generalization of the local density approximation,
behavior forT <400 K andT>600 K, while in the tempera- and have found that the IS configuration has a lower excita-
ture interval 406 T<600 K, x remains nearly constant.  tion energy than the HS configuratiéhThese LDA+U cal-
Early neutron diffraction studies on polycrystalline culations have also pointed out that the IS state should be
LaCoQ; samples have found no long-range magnetic ordemetallic in variance to transport measurements. In order to
down to 4 K;%"*?and inferred that the broad susceptibility explain the semiconducting nature of LaGo@ has been
peak at~90 K cannot represent the onset of antiferromagproposed that the IS state develops orbital ordering due to
netic (AFM) order. This peak has been instead attributed to @he strong Jahn-Teller nature of thégeé configuration
thermally activated spin transitidt®. Specifically, Raccah which leads to an energy gap of2 eV. It is, according to
and Goodenoudthave originally suggested that all trivalent these authors, the loss of orbital ordering that allows the
Co ions in LaCoQ are in the low-spin nonmagnetic ground proade, bands to cross the Fermi level and LaGa® be-
state (LS, Cb':t5,e,S=0), and that thermal population of come metallic at~500 K. Generalized-gradient-corrected,
the high-spin state (HS, €&:t3,e5,S=2) occurs with in-  density functional calculations using the supercell approach
creasing temperature. Several recent spectroscopic studigad the virtual crystal approximation have failed to predict a
have attempted to shed light on the puzzle of the 90 and 50Rarrow-band-gap semiconducting behavior for Lagoéhd
K transitions in LaCo@ without particular success since metallic behavior has been suggeste®armaet al. have
their conclusions are contradictory.'® Nevertheless, the proposed that, according to their band-structure calculations
majority of new studies point towards the scheme-tIS  using the local spin density approximatirSDA), LaCoG;
—(IS,HS) with rising temperaturglS is Cd" :tgge; ,S=1  shows a semimetallic nature with a direct gap of 0.044Y.
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is evident that, despite the numerous theoretical as well asuggested, which gives a qualitative explanation for the
experimental studies, the electronic structure of LagCstl available magnetic and transport data on Lag.oO
remains debatable.

In a recent study, Tokurat al. have investigated the MI
transition of LaCoQ@ by optical conductivity and transport
measurement¥. They report that the MI transition is char- LaCoQ; powder samples were prepared by a coprecipita-
acterized by a large energy-scale change of the electroniion method, using La(N§)3-6H,0 and Co(NQ),-6H,0
structure and a steep increase of the carrier density due to tlas starting materials. The nitrates were first dissolved in wa-
closing of the charge gap. These features have been identer; coprecipitation of mixed lanthanum and cobalt hydrox-
fied as characteristic of the Mott transition in strongly corre-ides was achieved by adding aqueous NaOH solution as a
lated electron systems. precipitating agent keepingH~11. The precipitates were

Another challenging question evoked through numerougarefully washed, dried, and finally decomposed at 1073 K.
magnetic studies reported on LaCp® the existence of ei- T_he precursor powders obtained were subsequently heated in
ther long- or short-range magnetic ord®/2As has been @ at 1273 K for SQ h, and cooled down slowly to room
mentioned, early neutron diffraction studies down to 4 K!€mperature (1 K/min). _ ,
have excluded the possibility of long-range magnetic order, '€ Samples were characterized by x-ray powder diffrac-
The polarized neutron measurements by Aail., however, tion using a Siemens D 500-diffractometer with Ka ra-

have revealed that th@ dependence of the magnetic scatter-gil?gggcaen% rbgnd'fifr?]regrti'?l Oﬁggglv;iﬂfrft;xgyé;—h;ri?névri; nec;_
ing at 295 K exhibits a broad peak aroufid 0, 0, indicat- y Impurtty p P

ina a weak ferromaanetic correlation in the oxiddt has " of both techniques used. lodometric titrations were car-
9 9 ried out to determine the trivalent Co concetration: the

been suggested that this weak ferromagnet_ic corrglation IQamples were dissolved in a concentrated HCI solution and
LaCoG; is due to short-range ferromagnetic intéractions bethe cjorine produced was transferred via nitrogen gas into an

tween neighboring high-spin o ions. Menuyket al. have  4¢igified KI solution; the 4 generated was then titrated
observed a hysteresis in the magnetization of LaCall.9  4gainst a standard 0.105N solution of sodium thiosulphate.
K and suggested the existence of a small ferromagnetic comrhe jodometric titrations have shown that the concentration
ponent in this oxidé™ They proposed that the remanent mo- of the trivalent Co in the samples #100.9%.
ment in LaCoQ is due to isolated regions of a magnetic  The magnetic measurements were performed using a
phase dispersed in a nonmagnetic matrix and that the variamagLab Exa susceptometer by Oxford Instruments. The dc
tion in the size and number of these regions is the cause ghagnetization was measured in the temperature range 1.8
the discrepancies observed in the magnetic properties besT<300 K and at several magnetic fields up to 7 T. The
tween different LaCo@samples. real and imaginary components and x” of the ac suscep-

All recent neutron studies have been performed on ingotgpjlity were measured as a function of temperature I8
consisting of several large single crystals. However, such<300 K), dc magnetic field (&T<7 T), and frequency
studies are not ideal for exploring the whole reciprocal lattice 100< f<10* Hz). Data shown were collected on warming

and, therefore, it is possible that they have missed the exisfter zero-field coolingZFC) of the samples, unless other-
tence of short- or long-range magnetic order in LagdOis  jise indicated.

worth noting that an early low-temperature neutron diffrac-
tion study by Menuylet al. on powder samples revealed the
existence of three magnetic peaks at low angles that were not . RESULTS
identified!! Furthermore, there is no systematic study of ei-
ther the dc susceptibility dependence on the magnetic field or
the ac susceptibility dependence on temperature, magnetic The temperature dependence of the dc susceptikilioy
field, and frequency, which could elucidate the magnetid-aCoQ; at several magnetic fields, ranging from 0.04 to 7 T,
properties of LaCo@ especially at low temperaturest ( is depicted in Fig. 1. It is observed thg(T) shows a strong
<100 K).(We remind the reader that most of the reportedfield dependence fof <100 K which indicates the possible
magnetic data are taken ldt=1 T.) In addition, there is no existence of ferromagnetic interactions in LaGoO
complete study that addresses the question of the occurrence For H=0.04 T, xy shows a minimum Yp;,) at T,
of any type of magnetic order in LaCgGt low tempera- ~16 K. The position ofyn, shifts to higher temperatures
tures. Finally, there has not been given a definite explanatiowith increasing magnetic field and reaches35 K for H
for the reported ubiquitous upturn in the dc susceptibility at=1 T. For higher magnetic fields,,;, moves to lower tem-
very low temperaturesT(< 35 K). peratures and reaches30 K for H=7 T. At temperatures

In this paper, a systematic study of the low-temperaturéoelow T,i,, x increases abruptly with decreasing tempera-
magnetic properties of single-phase LaGg@wder samples ture forH=<1 T; however,y rises slightly forH=5 T, and
is presented. The origin and type of the earlier reported paraemains almost constant fét=7 T in accordance with the
magnetic impurities, as well as their correlation to the magKnight shift data of Ref. 20. It seems that at very low tem-
netic and transport properties of the system, are examinegeratures T<10 K) there exist ferromagnetic interactions in
Concrete evidence is provided that establishes ferromagneti@CoO; which are suppressed by the application of high
(FM) and AFM interactions in LaCof) A simple picture is  magnetic fields.

Il. EXPERIMENTAL PROCEDURE

A. dc magnetization

174401-2



FERROMAGNETIC AND ANTIFERROMAGNETC. . .. PHYSICAL REVIEW B 64 174401

0.013
o012 |
0011 |
0.010 |
0.000 |

0.12
0.10 |
0.08 F
0.06 |
0.04 h
0.02 F
0.00 Lo

0.008
0.007

Coercive field (T)

0.006 f
0.008 |
0.004 |
0.003 |

X (em® / mole)

015 B
010 E
0.05 E
0.00
-0.05
010 ET
-0.15

0.002
0.001 |- -

o_ooo‘-l-l.I.I.I.I.I-I-I.I-I-I-I.
0 10 20 30 40 50 60 70 &8 90 100 110 120 180

T(K)

T I BPEN EPE EI TR R BRI B
-05 -04 -03 -02 -01 00 01 02 03 04 0.5

FIG. 1. Temperature dependence of the magnetic susceptibility
for LaCoO; measured under ZFC conditions in several magnetic
fields (0.04&H<7 T). The inset shows the high-temperature ex-
pansion of the magnetic susceptibility curves fo+=0.1 and 7 T.

At temperatures abovg,,;,, x increases with rising tem-
perature and exhibits a broad maximum,g,) between 50
and 100 K depending on the applied magnetic field. In par-
ticular, the position ofy,ax Shifts to higher temperatures
with increasing field. The strong field dependenceygf.x,
which is to our knowledge pointed out for the first time,
indicates that the increase jnis not only due to the earlier FIG. 3. (a) Magnetic field dependence of magnetization for
suggested thermally activated spin transition but also due tbaCoG; at 1.8, 10, and 25 Kb) Low-field expansion of thé (H)
other magnetic interactionside infra). hysteresis loops for 1.8 and 10 Kc) Temperature dependence of

Above 100 K,y follows a Curie-Weiss-like behavior and the coercive field; notice that the curve is not monotonic.
continues to exhibit a slight magnetic field dependefsez
the inset of Fig. 1 It is worth noting that theg " vs Tcurve,  at 1.8 K that clearly demonstrates the existence of ferromag-
shown in Fig. 2, is not linear. Both of these observations, i.e.netic correlations in LaCo The coercive field observed is
the offset observed betwegf(T) curves taken at different approximately 0.04 T. The nonsaturation of #Mé&H) curve
magnetic fields and the clear deviation from the ideal Curiethat is observed under the highest magnetic field applied
Weiss behavior, are in support of the polarized neutron dif{H=7 T) points out that no true long-range ferromagnetic
fraction measurements that have revealed the existence ofder exists in LaCo@ in accordance with the neutron dif-
ferromagnetic correlations in LaCg@t 295 K. fraction studies® The hysteresis itM (H) curves is clearly

Figure 3 shows magnetization versus dc magnetic fielsdbbserved up to 100 K, indicating that ferromagnetic interac-
curves at several temperatures. A hysteresis loop is observédns occur also at higher temperatures. Notice that the coer-
cive field is not a monotonic function of temperatysee
Fig. 3(c)] which suggests that different mechanisms are re-
sponsible for the ferromagnetic interactions observed at dif-
ferent temperature regimes.

Figure 4 shows the temperature dependence of zero-field-
cooled Mzrc) and field-cooled M c) dc magnetization
under the applied magnetic fields of 0.1, 1, and 7 T. There is
a distinct difference betwee ;(T) andMg(T) below a
certain characteristic temperaturg, , which decreases with
increasing applied field. It is, therefore, concluded that ther-
momagnetic irreversibility occurs in LaCgO
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The temperature dependences of the real and imaginary
components’ and y” of the linear ac magnetic susceptibil-

FIG. 2. Temperature dependence of the inverse magnetiffy are shown in Fig. 5 and Fig. 6, respectively, as a function
susceptibility y* for LaCoQ, in H=0.1 T. Notice that forT  of the dc magnetic field. The linear component was measured
>100 K the curve is not linear. with a driving ac field of amplitudél,=1 Oe oscillating at
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FIG. 6. Imaginary part of the linear ac magnetic susceptibility
x" as a function of temperature for LaCg@t several dc magnetic
fields. Data were taken with a driving field of amplitudé,
=1 Oe oscillating at a frequency of 1 kHz. The inset shows the
high-temperature expansion gf at Hy;.=0 and 5 T. Notice that
x"(T) is nonzero and has a positive slope.
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is gradually suppressed, and fbiy.=5 T both the broad
maximum and minimum iny’ disappear. In addition, the
FIG. 4. Temperature dependence of the ZFC and FC magnetl‘?pp“c"jltlon OfHgc=0.05T SUPresses the bro_ad humpdh
zation of LaCoQ in H=0.1 T with T;,, ~75 K (), H=1 T with and a peak at- 23 Kﬁqppe_ars instead. The dlsappe_arance of
T, ~24 K (b), andH=7 T with T,, ~15 K (c). The arrows indi- thg broad hump iy implies that the ferromagneyc corre-
cate the position of,;, . lations observed in LaCoQat T>50 K are easily sup-
pressed by applying small dc fields. On the contrary, the peak
at ~28 K persists up to the highebty, field applied even
(Ehough its intensity gradually decreases. It is therefore sug-
gested that the peak ig"” at ~28 K implies the onset of
AFM in LaCoG;. It is worth noting that atHy.=7 T the
peak at~28 K almost vanishes because the magnetic field
provides the system with energy close to the ordering tem-

T(K)

a frequency of 1 kHz. FoH4.=0 (i.e., under experimental
conditions that reflect the true ground state of a magneti
system, an increase iry’ is observed at-90 K, indicating
the onset of a ferromagnetic phageM2). As the tempera-
ture is reducedy’ exhibits a broad peak at62 K and then
decreases abruptly, showing a minimum-&22 K. Morover, .
it is observed that” exhibits a broad hump at 50 K which perature(i.e., uH~30 K). , -

is most likely a consequence of superposition of several At lower temperaturesT(<15 K), x" exhibits a sudden

o . ! . _ increase, which indicates the existence of magnetic correla-
peaks. With increasing field the broad peakyinat ~62 K tions. Furthermorey’ exhibits a peak whose position shifts

to higher temperatures and whose amplitude is steadily sup-
pressed by the application of an external dc field. The above
behavior ofy,. is consistent with the existence of FM cor-
relations. However, as can be readily seen from Fig. 5, the
field dependence of,. in this temperature regime is differ-
ent from that forT>25 K, thus indicating that this type of
FM interactions(FM1) is different from the ones foiT

>25 K (FM2).

It is also interesting to notice that’ is nonzero and has a
positive slope fofT>100 K, which indicates that the system
possibly undergoes a magnetic transition at higher tempera-
tures (T>300 K). This observation is in accordance with our
dc susceptibility data which also indicate that ferromagnetic

g o oo 00 mtgracnons exist up to 300 Khe maximum .temperature at
which measurements were taken during this study
T(K) : .
In Fig. 7, the frequency dependence xf is shown for

FIG. 5. Real part of the linear ac magnetic susceptibjityas a ~ 333<f=<5000 Hz. It is observed that the broad peak at
function of temperature for LaCaoQat several dc magnetic fields. ~62 K is suppressed and shifts to higher temperatures with
Data were taken with a driving field of amplitudy,=1 Oe oscil-  increasing frequency, indicating the existence of relaxation
lating at a frequency of 1 kHz. phenomena in LaCoQ This frequency dependence in con-

Real ac molar susceptibility (cm®/mol)
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Therefore, we propose that LaC¢@as intrinsic structural
defects, i.e., La vacancies, which have thermodynamic origin
and their concentration depends on the preparation method.
Due to the existence of vacant trivalent lattice sites, charge
neutrality requires a number of Co atoms 1%) to appear
as Cd'. These CU ions are most likely randomly distrib-
uted in the lattice and constitute stalSle- 1/2 localized mo-
ments for the whole temperature range of interest. A similar
explanation has been proposed by Ritesl. (i.e., possible
existence of MA" sites dispersed in the latticen order to
explain their magnetic measurements on LaMAO

The existence of intrinsic vacant lattice sites, even in the
purest of samples, has been established in many materials.
For example, one of the oxygen sites is systematically vacant
in the chain layers of the highz superconductingHTS)

FIG._?. Frequgn_gy dependenceT of the real part of the linear agompound YBQ.CL@O7_5.28 Similarly, in the mercury-based
magnetic susceptibility’ as a function of temperature for LaCgO family of HTS compounds, defects in the mercury and oxy-

at several frequencies. Data were taken with a driving field of am

plitudeHy=1 Oe and zero dc magnetic field.

juction with the irreversibility ofyy. and the fact thaty’
exhibits a cusp af <15 K for Hy.<2 T (Fig. 5, which
shifts to lower temperatures with decreasing field, could b
taken as evidence for spin-glass behavior. However, it is wel
known that a spin-glass phase should also exhibit a peak i
the nonlinear susceptibility;. It is readily seen in Fig. 8
that the nonlinear susceptibility shows no peak below 15 K
Therefore, it is concluded that LaCg@s not a spin-glass

system.

IV. DISCUSSION

gen sublattices are believed to play a crucial role for the

superconducting behaviét.

It is worth noting that doping LaCoQwith divalent Sr
ions can also induce the presence of tetravalent Co ions.
There are important differences and similarities between the
wo systems. In the case of La-deficient LaGo@e hole
Hoping comes from oxygengorbitals whereas in the case
of SP* doping the holes stem from Cad3orbitals3® How-
ever, there exist remarkable similarities between the high-
temperature electronic structure of LaGpénd the metallic
compound Lg;Sr, :C00;.2

Optical conductivity measurements on LaGoRave re-
vealed a spectral change with increasing temperature that
cannot be accounted by band-gap closing as in a narrow-

The result of the iodometric titrations, i.e., the concentra-Pand-gap semicondugtf)‘YThe deduced effective number of
tion of trivalent Co being over 100%, is usually attributed to Carriers,Ness, which is a measure of the increase of the

an excess of oxygen. However, there are experiméerdaal

kinetic energy of the electronic system, is found to be non-

theoreticad® studies, which indicate that the perovskite struc-Z€ro fOTT?Q K. Based on these observations itlzhas been
ture cannot accommodate oxygen atoms at interstisial sitesuggested? in accordance with other studi&$'? that

5
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LaCoQ; is most likely a Mott-Hubbard insulatdi.e., a band
metal which is insulating because of strong Coulomb inter-
actions. We suggest that LaCaQ featuring a metal-like
band structure, provides the holes doped in the system due to
La deficiency with bands that cross the Fermi surface; hence,
a small portion of these carriers can exhibit itinerant behav-
ior affecting the observed magnetic and transport properties
even at low temperatures.

In the temperature range 1.8—10 K, transport measure-
ments indicate that-electron correlations are dominant.
Therefore, we suggest that the observed ferromagnetic cor-
relations(FM1) are established due to superexchange inter-
actions between % and IS and HS states of trivalent Co
through the oxygen anions. This scheme has been suggested
by J. B. Goodenougf who has argued that ¢ocations
stabilize nearest-neighboring trivalent Co atoms in higher-
spin states, which couple to give ferromagnetism according

FIG. 8. Temperature dependence of the real part of the thirdlO CdY-0-Co (wheres=iii or 3+). Because of the depen-

harmonic nonlinear ac susceptibility for LaCp@ zero dc mag-
netic field. Data were taken with a driving field of amplituHig

=1 Oe oscillating at a frequency of 111 Hz.

dence of the ferromagnetic correlations on the concentration
of CdV, we expect the magnitude of spontaneous magneti-
zation to be strongly sample dependent. This could explain
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the discrepancy among reported magnetic susceptibility dataecause itinerant electrons are being exposed to the less-
for T<35 K. shielded cationic electrostatic potential of cobalt sites, thus
It is interesting to notice that in the study of Tokura further stabilizing the insulating phase.
et al,?* SP* doping greatly increases the susceptibility up- The stabilization of the insulating phase up to 400 K is
turn at low temperatures even at 2 parts per 1) Sr** clearly depicted in the resistivity data of Ref. 34. It is inter-
ions concentration, while the qualitative behavioryotioes  esting to notice the anomaly in the resistivity curve around
not change. At 5 ppfSrP*], the increase iny is much 300 K. This plateau in the resistivity still remains unex-
greater due to the enhancement of the ferromagnetic interaplained. In our picture it is identified as a high-temperature
tions that dominate in the low-temperature region. In view ofKondo-like effect. Specifically, we propose that the increase
the fact that St" doping leads to the appearence of Gohe  in the number of itinerant carriers with temperature results in
aforementioned lends further support to our picture. an enhancement of the effective scattering process by the
We suggest that a possible origin of AFM observed atmagnetic Ct sites, thus leading to higher resistivity. Resis-
~28 K is e, orbital ordering as has been discussed by Ko4ivity data on Lg_,SrCoGO; for x=0.002, 0.005, and 0.01
rotin et al2f The possible existence of AFM in LaCg@s  exhibit a more extended plate&lthus leading to further
reported to our knowledge for the first time. LaCplieing a  support to our proposal for increased magnetic scattering.
Mott-Hubard insulator is expected to exhibit an AFM transi-
tion. The concurrence of AFMTy) and the metal-to- V. CONCLUSIONS
insulator transition Ty,;) is expected in the case of a pure
sample. In case the sample contains magnetic impurities, 3s,
in our case (CY), Ty is expected to be lower with respect

to Ty, and even become zero at high concentrations of im- e ferromagnetidFM1, FM2) and antiferromagneticAFM)

purities. . . s . i
In the temperature range 10-100 K, a second ferroma interactions at low temperatures. Specifically, FM1 interac

. "~ i ions are observed at very low temperaturés<(L0 K) and
gftécztlr(agse'g%ns(igﬂi)e'zc;zse;/ec?s'it-:—:ne(E)frc;z(\j/eei‘?kec:;steriﬁgqre attributed to superexchange interactions of the type

. . Perp ; P » NAEGV_0-Co (wheres=iii or 3+). FM2 interactions are ob-
cating the existence of domains of different siz&Ve pro- served for 2&cT< 100 K and are attributed to counling of
pose that the few existing itinerant carriers, which exist, . . . piing

v o ) localized moments on CHsites through RKKY interactions.

couple to C' sites ferromagnetically through short-range The weak AFM interactions set in @t~28 K are attributed
RKKY interactions. The proposed picture of domains Ofto orbital ordering in the system. The existence of the weak
variable size, within which C8 couples ferromagnetically 9 y '

through RKKY interactions, is consistent with the fact thatAF'vI may constitute the evidence In support of the proposal
. that this system is a Mott-Hubbard insulator. The fact that the
ZFC and FC measurements result in a strong thermomag-

o o Bnset temperature of AFM is different from that of the Mi
netic irreversibility. transition is attributed to the presence of magnetic impurities
The magnetic susceptibility curve up to 100 K, therefore b 9 P

y IV . .
is the superposition of four different contributions: FM1 for .(CO ). The_eX|_stence of C8 is _based on the result_s of
T<10 K, AFM for T<30 K, FM2 for 20<T<100 K, and iodometric titrations and are attributed to La vacancies. A

the last one coming from thermally activated spin transitionscons'Stent qualitative explanation is provided for available

) magnetic and transport data.
(1.8<T<100K). In a dc field of 7 T the FM .and AFM When it comes to the LaCaoystem it becomes apparent
components are nearly suppressed. Thus, the increase in t{he

susceptibility, observed from 30 K on, could be attributed to. at there are many pomphcated Issues to conS|d9r regarding
f interesting behavior. In-depth structural analysis and fur-

spin transitions to higher states. However, the Zeeman effe . : ;
constitutes a strong perturbation in the system, rendering L‘%er theoretical and experimental work are needed in order to

unable to conclude on a specific spin state. efine all possible parameters that give rise to so many fas-

Above 100 K thermal effects oppose electron correIationsC"ﬂ'a'"m‘:J effects.

more effectively. Thus, one should expect significant changes
towards metallic behavior in the temperature regime 100—
400 K. However, increasing temperature yields a large popu- We are grateful to Dr. V. Perdikatsis for his collaboration
lation of thermally excited C8 to higher-spin state¥ The  on the structural characterization of our samples by x-ray
odd number of electrons ig, orbitals gives rise to the Jahn- diffraction and differential optical reflectivity and to Profes-
Teller (JT) effect?>*3The JT effect breaks th®, symmetry  sor N. Papanicolaou and Dr. G. Varelogiannis for stimulating
of cobalt cations, leading them into[@,, symmetry. This discussions. J.A. gratefully acknowledges financial support
lowering of the symmetry due to the JT effect is significant,from PENED99 through Contract No. 99ED-186.

We have presented a systematic magnetic study of
Co0;. Here ac and dc magnetic susceptibility measure-
ments provide strong experimental evidence for the existence

ACKNOWLEDGMENTS

IR. R. Heikes, R. C. Miller, and R. Mazelsky, Physigamster- mun. 44, 1213(1982.

dam 30, 1600(1964. 4G. H. Jonker and J. H. Van Santen, Phygiamsterdam 19, 120
2V, G. Bhide, D. S. Rajoria, G. R. Rao, and C. N. Rao, Phys. Rev. (1953.

B 6, 1021(1972. 5C. S. Naiman, R. Gilmore, B. DiBartolo, A. Linz, and R. Santoro,

3G. Thornton, B. C. Tofield, and D. E. Williams, Solid State Com-  J. Appl. Phys36, 1044(1965.

174401-6



FERROMAGNETIC AND ANTIFERROMAGNETC. . .. PHYSICAL REVIEW B 64 174401

6p. M. Raccah and J. B. Goodenough, Phys. R&%, 932(1967). Khomskii, and G. A. Sawatzky, Phys. Rev.58, 5309(1996.
M. A. Senaris-Rodriguez and J. B. Goodenough, J. Solid Staté?P, A. Ravindran, P. A. Korzhavyi, H. Fjellvag, and A. Kjekshus,
Chem.117, 224(1995. Phys. Rev. B60, 16 423(1999.
8S. Yamaguchi, Y. Okimoto, and Y. Tokura, Phys. Rev.5B,  23p. D. Sarma, N. Shanthi, S. R. Barman, N. Hamada, H. Sawada,
R8666(1997. and K. Terakura, Phys. Rev. Left5, 1126(1995.
9T. Saitoh, T. Mizokawa, A. Fujimori, M. Abbate, Y. Takeda, and 24y Tokura, Y. Okimoto, S. Yamaguchi, H. Taniguchi, T. Kimura,
LM Takano, Phys. Rev. BS5, 4257(1997. and H. Takagi, Phys. Rev. B8, R1699(1998.
W. C. Koehler and E. O. Wollan, J. Phys. Chem. Solsl00 25 ¢ Toffield and W. C. Scott, J. Solid State Chet®, 183

1IN. Menyuk, K. Dwight, and P. M. Raccah, J. Phys. Chem. Solidsgs ;
28, 549(1967.

2G. Thornton, B. C. Tofield, and A. W. Hewat, J. Solid State Chem.
61, 301(1986.

13K. Asai, P. Gehring, H. Chou, and G. Shirane, Phys. Re40B 127
10982(1989. ,, el

14K. Asai, O. Yokokura, N. Nishimori, H. Chou, J. M. Tranquada, C. thtgr, M. R. lbarra, J. M..De Teresa, P. A. Algarabel, C.
G. Shirane, S. Higuchi, Y. Okajima, and K. Kohn, Phys. Rev. B Marquina, J. Blasco, J. Garcia, S. Oseroff, and S-W. Cheong,

. B. Goodenough and J. M. Longo, Magnetic Properties of
Perovskite and Perovskite Related Compouedited by K. H.
Hellwege and A. M. Hellwege, in Landolt-Bostein, New Se-
ries, Group lll, Vol. 4a(Springer-Verlag, New York, 1970p.

50, 3025(1994). Phys. Rev. B56, 8902 (1997).
15, Chainani, M. Mathew, and D. D. Sarma, Phys. Rev4& 28C. P. Poole, Jr., H. A. Farach, and R. J. CreswiBkperconduc-
9976(1992. tivity (Academic Press, San Diego, 199p. 186.

16M.Abbate’ J. C. Fugg|e’A FuJ|m0r|’ L. H. TJeng, C.T. Chen, R. 29N. H. Hur, N. H. Kim, S. H. Kim, Y. K. Park, and J. C. Park,
Potze, G. A. Sawatzky, H. Eisaki, and S. Uchida, Phys. Rev. B Physica C231, 227 (1994.

47,16 124(1993. 30F, Munakata, H. Takahashi, Y. Akimune, Y. Shichi, M. Tanimura,
7M. Abbate, R. Potze, G. A. Sawatzky, and A. Fujimori, Phys. Rev. Y. Inoue, Rittaporn Itti, and Yasumasa Koyama, Phys. Rev. B
B 49, 7210(1994. 56, 979 (1997.

185, R. Barman and D. D. Sarma, Phys. Rev® 13 979(1994.  31J. B. Goodenough, J. Phys. Chem. Soki£87 (1958.
19K Asai, A. Yoneda, O. Yokokura, J. M. Tranquada, G. Shirane,®?A. Singh and P. Sen, Phys. Rev.53, 10 598(1998.

and K. Kohn, J. Phys. Soc. Jp&6, 290 (1998. 33D, Louca, J. L. Sarrao, J. D. Thompson, H. Roder, and G. H.
20M. Itoh, M. Sugahara, I. Natori, and K. Motoya, J. Phys. Soc. Jpn.  Kwei, Phys. Rev. B50, 10 378(1999.

64, 3967(1999. 343, Yamaguchi, Y. Okimoto, H. Taniguchi, and Y. Tokura, Phys.
2IM. A. Korotin, S. Yu. Ezhov, I. V. Solovyev, V. |. Anisimoyv, D. I. Rev. B53, R2926(1996.

174401-7



