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We have investigated the effect of the thermally induced spin-state transition on the electronic conduction
mechanism in the perovskite LaCeOThe magnetotransport properties of this material are greatly influenced
by this well studied spin-state transition. In fact, the excitation to a finite Co ion spin resultsherraal
activation of spin disorderThis spin disorder is induced by thermal population of the nonzero spin states of the
Co ions in zero magnetic field. The disorder is suppressed by a magnetic field leading to significant negative
magnetoresistance effects, which are in effect thermally excited. We suggest that this material is an ideal testing
ground for colossal magnetoresistive phenomena in a system where the complicating effects of lattice and
magnetic phase transitions are not present.
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LaCoQ; is unique amongst the seriesM#®; (whereM is This would appear unusual given that these perovskite mate-
a transition metalin that it undergoes spin-state transitions fials exhibit a strong interplay between the conduction
with increasing temperature, a property that has receivefnechanism and the I_ocallzed magnetic moments, and that the
considerable attention recentlyin essence this compound second apparent spin-state transition at 500 K is accompa-
lies in very close proximity to the situation where the crystal-nied by a MIT: In this work we show that the 80 K spin-
field energy and the Hund's rule exchange energy are iderfitate transition in fact has a large effect on the magnetotrans-
tical. In fact, the crystal-field energy dominates over thePOrt properties of LaCoQ The unusual spin-state transition
Hund's energy so marginally that thermal energies of thdeads to a situation where one can thermally excite spin (_jls—
order of a few meV can induce excitation across a uspinorder, which has a strong effect on the zero field resistivity.
gap.”! Specifically, the ground state has Coions in the This thermally excited spin 'dls'order co_ntrlbutlon is sup-
3d® configuration which form thes=015 e singlet state pressed by a strong magnetic field leading to con5|de_rable

A ; " negative magnetoresistan@dR) of the order of 10%. This

Due to the fact that the crystal-field energk.f) is only

. , is in effect “thermally excited” colossal MRCMR) type
marginally larger than the Hund's exchange enerbi.d,  penhayior, a phenomenon unique to this system. The impact

input of thermal energy tkgT) can lead to occupation of ¢ oy work is that it unveils a material for CMR-type studies
higher spin states. The Co ion transits to a finite spin state g{here the complicating effects of intertwined lattice and
around 90 K, resulting in a steep increase in the magnetigyagnetic transitiongas is often the case in manganife)
susceptibility~* and the onset of paramagnetiSti.The ex-  are not present.
act nature of the various Co ion states, and in fact the mag- polycrystals of LaCo@ were fabricated by the conven-
nitude of the spin, is a matter of some controverdyEarly  tional solid-state reaction method. “Four nines” powders of
reports suggested that the system undergoes a transition frq_r‘@tzo3 and CqO, (—80 mesh were ground together and
S=0 to S=2 (i.e., low spin to high spinat 90 K (Ref. §  reacted at 1000 °C for one week. The progress of the reaction
while other authors suggested that two spin-state transitiongas continually monitored by removing a small amount of
take place fron5=0 to S=1 (i.e., low spin to intermediate reaction product and performing x-ray diffractig®RD).
spin) at 90 K, followed by a further transition to the high The product was then reground, pressed at room temperature
spin state at 500 KRef. 3. An in-depth theoretical study under 50 kpsi into a disc, and then sintered at 1500 °C for 24
shed great light on the situation by showing that the intermeh. The final cooling step from 1500 °C to room temperature
diate spin-state model is favore®< 1,tggeé), while the took place over 8 h. The material was characterized by XRD,
magnetic anomaly at 500 Kand the coincident metal- iodometric titration, scanning electron microscopy, and elec-
insulator transitiodMIT )] could be explained by the melting tron microprobe analysis. The samples were found to be
of an orbitally ordered state. This was followed by a furthersingle-phase polycrystals with large grains of the order of 10
theoretical investigatid which also concluded that this um in size. Moreover, the compositional fluctuations were
compound is always in th&=1 intermediate spin state below the sensitivity limit of the electron microprobe analy-
above 80 K. Theoretically the spin gap is thought to be of thesis (6% in the La/Co ratip lodometric titration confirmed
order of 240 meV, while experimental analysis of the tem- that the oxygen stoichiometry was extremely close to the
perature dependence of susceptibility suggests values in tmminal LaCoQ composition, being LaCoQy. g gs-
range 25—35 me¥’ The experimentally observed crossover Magnetometry measurements were performed from 5 K
from S=0 to S=1 occurs at approximately 80 K8 while  up to 300 K in magnetic fields up to 5 T in a commercial
theory predicts 150 K,in reasonable agreement. superconducting quantum interference device system and
One of the most striking aspects of the behavior of thisfrom 400 K up to 800 K in a vibrating sample magnetometer.
material is that the spin-state transition-a80 K is thought = The magnetotransport measurements were made from 50 to
to have no effect on the transport properties of the matérial.700 K in magnetic fields up to 9 T using standard dc tech-

0163-1829/2002/622)/2204074)/$20.00 65 220407-1 ©2002 The American Physical Society



RAPID COMMUNICATIONS

SUZANNE R. ENGLISH, J. WU, AND C. LEIGHTON PHYSICAL REVIEW B55 220407R)
80 K 80 K
20 - i

1 16 1
12 i
1 2
E c 1
5 -
1 4 §
4 ] E, =146 meV
1 0.004 0.008 0.012 0.016 0.020
TIK™]

FIG. 2. Temperature dependence of the zero magnetic field re-
sistivity plotted as Ing) vs T~ L. The temperature range is from 300
K to 50 K. The resistivity became unmeasurably large below 50 K.
The activation energies extracted from a “force fit" tp
=po expE/ksT), Eq and E;, are 38 meV and 146 meV, respec-
tively.

tivity, which is also consistent with previous work, shows
semiconducting behavior 85— 0 K, along with a broad de-
crease at-500 K, coincident with the magnetic anomafy.
The overall semiconducting behavior is consistent with the
prior classification of this material as a narrow band-gap
. . . T semiconductor. The most interesting aspect of the data,
0 100 200 300 400 500 600 700 800 which is only accessible in this work due to the extension of
T [K] the measured temperature range below 100 K, is the small
anomaly in the slope of the resistivity curve near 80 K. This

FIG. 1. Temperature dependence(af the magnetic suscepti- 1S far more clearly observed in a p)(vs 17T plot (Fig. 2
bility and (b) the electrical resistivity of LaCoQ The resistivity ~Where it is revealed as a distinct change in transport proper-
data were taken in zero magnetic field while the susceptibility datdies at 80 K. This is rather close to the spin-state transition
shown here were taken in 50 kOe. Note that the magnetization wa&€mperature and is in excellent agreement with the peak in
linear in magnetic field in the whole temperature region studied. Athe susceptibility in Fig. (). Force fitting to simple acti-
small low-temperature “Curie tail” has been subtracted from thevated behavior in the two regions givés =146 meV at
susceptibility data. The dotted line denotes the 80 K spin-state trarhigh temperatures artel,= 38 meV below 80 K. It is impor-
sition. tant to note that the limited temperature raigfjem 80 to 50
K) makes any attempt to determine the exact functional form

niques in a van der Pauw configuration. Below room tem- p(T) ambiguous. Hence it does not seem possible to de-

perature we used In metal as a contact material while above "* . .
rmine whether variable range hopping laws would better

room temperature we used a high-temperature silver Ioadeté? ;
epoxy. The contacts were Ohmic, and of negligible resistanc escrlb_e the low-temperature data. : .
in comparison to the sample, down to 50(Kare was taken The |_nterplay .bet\./veen the condychon mechanism apd bl
to ensure that the effects of sample self-heating were neglffagnetic behavior is further elucidated by the behavior of
gible. This was done by measuring repeatedl curves at (e magnetoresistance as shown in Fig. 3. The 90 kOe MR
low T, measuring with various current levels and workingldefined as(p(H) —p(H=0))/p(H=0)] starts from a posi-
only in the Ohmic regime. The dissipated power was welltive value (~2.5% at the lowest temperatures measured,
below safe levels for Hetemperature$.During magnetic ~ Crosses over to negative values with increasing temperature
field sweeps at temperatures of the order of 100 K the temand reaches a pe#ék 8%) at 80 K. Note again that this is the
perature stability was around 3 mK. same temperature as the peak in the magnetic susceptibility
Figure 1 summarizes the temperature dependence of ttend the same temperature as the crossover in activation en-
susceptibility and resistivity in LaCoQ As observed previ- ergies in zero magnetic field. Isothermal magnetic field
ously, the susceptibility is very low at low temperatures andsweeps are shown in Fig. 4 in the temperature region of
shows two clear anomalies with increasing temperat@ée  interest around 80 K, along with a representative magnetiza-
K and 500 K.1~® The origin of these two anomalies was tion vs field curve at 100 K. Note that the negative MR
discussed above although it is clear from many previousffects do not saturate up to 90 kOe, consistent with the lack
works that the sharp increase in susceptibility at 80 K is theof saturation of the sample magnetization in this temperature
transition fromS=0 to S=1.1"8 The behavior of the resis- range. In fact, the magnetometry data show no sign of satu-
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FIG. 3. Temperature dependence of the 90 kOe magnetoresis- F|G, 5. Orientation dependence of the 50 K positive magnetore-
tance. These data were obtained from two temperature sweeps—O0Bgtance effect. The two data sets shown are for the field perpen-
in 90 kOe and one in zero field. dicular to the current direction and for the field parallel to the cur-

rent direction. The current is in the sample plane. Note that the data

ration, and simple paramagnetism in the whole temperaturare plotted as [w/p(H=0)] vs H? to allow a comparison to the
range below 300 K* theory for magnetoresistance in the hopping regime.

The low-temperatureT(~50 K) positive MR effects and the fact that diamagnetic wave function shrinkage, which

the higher-temperature>80 K) negative MR effects are fur- d th lap bet iahbori it di
ther contrasted by their angular magnetic field dependencie educes the overlap between neignboring sites and increases
e resistivity, has no effect when the direction in which the

The negative MR effects are isotropic with respect to the . : . .
verlap is reduced is perpendicular to the measuring current.

angle between the current and the applied magnetic field, . . )
while the low-temperature positive MR is very sensitive to t. is therefore clear that, although op(T) data are insuffi-

whether the magnetic field is applied in the sample plan _|entr:o dl_scer_n _b((ejtwedenhvarloys formé; of_hopplngh Co_nduc-
(and therefore parallel to the magnetic field directionper- I|on, opping Is indeed t ehacnve con UCt'Or} mechanism at
pendicular to the plane. This is illustrated in Fig. 5, which ow temperatulres. Note .t at a crossover from a nearest
shows Ifip/p(H=0)] vs H? in these two geometries. The MR neighbor hc_)pplng MR regime to spin dependent MR effects
is found to obey an expl?) dependencdas expected for on decreasmgtgmpergturg is to be exp_ected gnd has been
phonon assisted nearest neighbor, or variable rang ,bserved previously in diluted magnetic semiconductbrs,

hopping®® with the magnetic field perpendicular to the cur- ut we have observed a crossover to spin dependent MR

rent, but disappears when the current is applied parallel t&v'th Increasingtemperature.

the magnetic field vector, a clear signature of an orbital MRmeIcr:]hzl:\:zmaar\{tx\:a eso?r??srt\./a ?eatgztslir:i(gncreamnggr:;ucrznv‘ilﬁféﬁ ?s
effect. This behavior is well known as an *acid test” for P P

hopping conduction as the conventional nhonmagnetic Wavgccompanled by thg o.nset Of.a Iarge negative MR effect. Th's
function shrinkage leads to a positive MR when the field jshegative MR effect is isotropic, in contrast o the sm_all posi-
perpendicular to the sample plane but has no effect on th ve MR effects observedﬂ at low tem_p?ratgr_es which were
conduction when the field is applied in plane. This is due tg emor]strateq to be- of “nonmagnetic” origin. Moreover,
these isotropic negative MR effects show no saturation up to
90 kOe, consistent with the lack of saturation of the magne-
e 50K tization, which is the expected behavior in a weakly interact-
ing paramagnetic system at these temperatures. Our explana-
tion for this set of phenomena is simple. We explicitly
assume that the observation of a distinct change in conduc-
tion mechanism and a distinct change in MR behavior at a
temperature very close to the spin-state transition tempera-
20/100 K S ] ture is not coincidental. In essence, we are observing a ther-
mally excited spin disorder contribution to the resistivity of
LaCoQ;. As the temperature is increased frdm0 K and
gt —e— 80 K| approaches 80 K an increasing fraction of the Co ions are
H [kOe] . excited into theS=1 state which results in the steady in-
0 20 40 60 80 100 120 crease of the susceptibility. In zero magnetic field these spins
H [kOe] are randomly aligned and the system has zero magnetization.
This situation results in a spin disorder contribution to the
FIG. 4. Isothermal magnetoresistance vs magnetic field curvegesistivity. However, when a magnetic field is applied the Co
from 50 K to 80 K. The inset shows the field dependence of thespins are aligned and the spin disorder contribution is sup-
magnetization at 100 K up to 50 kOe. pressed, leading to a simple negative MR effect. Note that
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this naturally explains the lack of saturation of the negativetemperature in this material is likely to involve activation
MR (the magnetization itself is not saturatexs well as the across the spin gap followed by double exchange between
isotropic nature of the MR. In a simple metallic system onethe Cd* and C3™" ions. This would naturally explain the
would describe this as field induced suppression of the spiaquivalence of the spin and charge gap energies at low tem-
disorder scattering but in a semiconducting system such 3seratures and adds further weight to our argument that this
this it is clear that the conduction mechanism is not simplymaterial shows a strong interaction between the spin and
dlfoSIve. In faCt, we already knOW from the |OW-temperature Charge degrees of freedom. C|ear|y the Simp|e activated be_
orbital MR effect that a hopping conduction mechanism ispavior atT>80 K, where the Co ions are primarily in the
active. Our simple scenario of a field induced suppression o§— 1 state, must be due to a different mechanism, the origin
spin disorder is still valid although in this case the magneticyf \which remains unclear. It is tempting to simply interpret
field reduces the spin disorder part of the disorder potentighis activation energy(150 meVj as activation across the
and effectively increases the probability for a nearest neighhand gap. Previous optical measurements have deduced that
bor hop. This is a similar concept to that used in the work onthe hand gap is in excess of 0.1 eV although it is difficult to
the classic Ggl S, (v=vacancy magnetic semiconduc- getermine directly due to the broad onset of conductivity
tor system(see Ref. 11, p. 184 for exampléhe most im-  \ith increasing frequencdy’?® Theoretical estimates lie in
portant aspect of our observed effect is the thermal excitatiophe 2 ey range although the calculational method used
of the spin disorder; the qualitative model for explaining (jocal-density approximationU) is known to overestimate
negative MR in terms of field suppression of the spin-pand gaps. It seems that ascribing the 150 meV activation
dlsorderlpla7rt of the random potential has been often used iBnergy to the band gap is not unfeasible although it could
the 93511- ’ _ equally likely be due to activation from a dopant level resid-

_ It is worth notlng that the effects we observe are essenmg within the intrinsic band gap, or hopping conduction. An
tially thermally excited CMR type effects. In other words, accurate determination of the band gap in this system is ur-
we are provided with a perovskite system where the negativgently required. In any case the negative MR effect must
MR can be studied in a situation where complicated effectgiem from suppression of spin disorder by a magnetic field.
of coupled lattice, electronic and magnetic transitions are N0ty make more conclusive statements about the exact MR

present. This is often the case in the manganites, for €xnechanism one would need to understand more fully the
ample, where the CMR effects are observed in the vicinity of;onduction process above 80 K.

a magnetic phase transition, an MIT and, in some cases, a |n summary, we have observed a thermally excited spin

structural changé! _ . disorder contribution to the resistivity of LaCgOThe ther-
The final point to be addressed is the origin of the twomg| excitation of Co ions to th&=1 spin state leads to the

activation energy values we observe. It is intriguing to notécreation of spin disorder in zero magnetic field which is sup-

that the apparent lov activation energy is very close to the pressed by a large field, leading to negative magnetoresis-
experimentally determined values of the spin gap30  ignce.

meV) and it seems natural to claim that this conduction pro-
cess is intimately related to the spin gap. Golovanov, Mihaly, We would like to acknowledge fruitful conversations with
and Moodenbaudfi suggested that the conduction at low I. Terry, P. Crowell, and F. Hellman.
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