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Spin-state transition and high-spin polarons in LaCoQ
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The spin gap energy~ 30 me\) associated with the low-spirSE Q) to high-spin §=2) transition in
LaCoO; was proved to be considerably smaller than the charge gap enerdd.1 e\) which was estimated
by optical spectroscopy. Hole doping in the low-spin ground state of La@eédls to formation of localized
magnetic polarons with unusually high spin numb8r=@10-16, which can be viewed as a precursor of the
doping-induced ferromagnetic metallic state.

Dynamical correlation between doped holes and locamethod. Starting materials were J&, SrCQ;,, and CoO.
spins in 3 transition-metal oxide compounds are of currentThe raw materials were weighed to a prescribed ratio, mixed
interest since the discovery of the high-temperature supe@and ground in a ball mill. The mixture was heated in air at
conductivity in the cuprate compounds. An example of thel050 °C for 12 h. Then, the prereacted mixture was reground
revived studies is on the spin-charge coupled phenomena #nd pressed into a cylindrical form of feed rods mm ¢
the double-exchange ferromagnets such as perovskite-typ€60 mm). The crystals were grown with use of a floating
hole-doped manganese and cobalt oxides which have lategone furnace equipped with two halogen incandescent lamps
been found to show gigantic magnetotransport and magnet@nd a double hemielliptic focusing mirror. The feed and seed
structural phenomena® Hole-doped LaCo@ with rods were rotated in opposite directions at a relative speed of
perovskite-type structu?é® is a member of ferromagnets 40 rpm and the melted zone was vertically scanned at a
with the double-exchange interacti®n3in which the hole-  SPeed of 1.5 mm/h in 5 atm oxygen atmosphere. To keep the
type carriers in the hybridizedd32p bands strongly couple systematics valid, the _grovvth condlt_lon was set as the same
with the 3 spins. In this paper, we evaluate the respectivefor all the crystals against such a slight variation of Sr con-
magnitudes of the spin and charge gap in the parent insulator
LaCoO; and argue the nature of doped holes in the spin-

) . La
singlet (low-spin) ground state. — T .C?OZ

The electron configuration of @6 ions in LaCoQ is ook 1 TS }
3d°. The crystal-field splitting (1Dq) between the,, and 4 g0 1 4
gy States and the Hund coupling energy is comparable, which 2 103;: ] :
seems to be a major origin of the temperature-dependent é P PR T
spin-state transition between the high-spB+(2;t;,e?) and = F 1
low-spin (S=0;t3,) states in this compound=® Further- S 10 4 3
more, the charge gap, which should be assigned to the r :
charge-transfer-type gap according to the Zaanen-Sawatzky- 10F

Allen schemé? is fairly small (0.1-0.2 eV in the high-spin

2
staté?), which also places the compound on the verge of the %
Mott transition. Such a subtle energy balance seems to cause §
successive resistive as well as magnetic phase transforma- E
tions which are observed in LaCgOwith change of i
temperaturé®1522-25 \With decrease of temperature, the 2
compound shows a phase change at around 500 K from a = R S RN
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fairly conducting state with resistivity of aboutx110~3
() cm to a semiconducting state with the activation energy of
about 0.11 eM60-150 K. Then, the magnetic susceptibility . o
steeply decreases below 100 K corresponding to the transi- FIG. 1. Temperature depe_nc_:lgnce of electrical resistitipper
tion from the hiah-spin to low-spin states. while the com- pane) and magnetic susceptibilitlower panel for a crystal of

) 9 .p . P . ! LaCoQ; . The inset in the upper panel shows the Arrhenius plot of
pound remains semiconducting or insulating at temperatur

. . he resistivity p ). Closed circles below 100 K for the susceptibil-
below 500 K(See Fig. 1. In the present study, it was found ity represent the result of the subtraction of the contribution from

that a doped hole in the spin-singlet ground state behaves @3rie-like impurities. A solid line in the lower panel shows the
a high-spin §=10-16) polaron which can be viewed as a cajculated curve based on the molecular field approximation with
precursor of the doping-induced high-spin state or ferromagan energy level separatianbetween th&s=0 (low-spin) andS=2
netic metallic state. (high-spin state of the Co ion and with the antiferromagnetic inter-

Crystals of LaCo@ and lightly hole-doped action zJ) between the neighboring high-spiS<2) Co ions(see
La;_,Sr,Co0O; (x=<0.01) were grown by the floating-zone text).
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tent (0=x=<0.01). Powder diffraction x-ray patterns showed

=
=3

> — T

that all the samples of La,Sr,CoO; (0 < x<0.01) were 2 F LaCoO3 3

. . . . 5 0.5k 3

slightly distorted perovskites with rhombohedral structure 3 E 3
(R3c) at room temperature in accord with the literatifé. & 0.(%1' '“"0'1 sl "'“1‘0

" . ) . 1
Analyses of composition were carried out using an electron Energy (eV)
probe microanalyzefEPMA), indicating the nearly identical T

composition with the prescribed one. s 1'5_
Magnetization measurements were done up to a field of 5 + 1ok
T with a commercial superconducting quantum interference S I
device(SQUID) magnetometer. At high temperatures above S osh
room temperature, the magnetic susceptibility was measured 3
with a vibrating-sample magnetometer. Measurements of op- g ' ' '

—1 _ 2 .3 4
tical reflectivity spectra were done for the photon energy Energy (eV)

region between 0.01 and 35 eV on specularly polished sur- ~0.15F ' ' ' ' .
faces of the samples using Fourier spectroscopy (0Ma& 'g
eV) and grating spectroscopy (0-85 eV). The reflectivity T, 010
. a
data above 6 eV, which were necessary to execute the accu- o
rate Kramers-KronigKK) transformation, were obtained us- <005
ing a synchrotron radiation at INS-SOR, Institute for Solid 3
State Physics, University of Tokyo, as a light source. The © 0.00- 0T 0505 005
optical conductivity spectra were deduced by the KK analy- Energy (eV)

sis of the reflectivity data.

We show in Fig. 1 temperature dependence of electrical FIG. 2. Optical conductivity spectrurtmiddle panel and its
resistivity and magnetic susceptibility for the crystal of magnified low-energy patbottom panélfor LaCoG; at 9 K which
LaCoQ;. The susceptibility in pristine LaCoshows a no-  were derived by the analysis of the reflectivity détzp panel. The
ticeable increase around 50 K with increase of temperatureeflectivity data above 3 eV are those at 300 K, which are essen-
reflecting the spin-state transition, and then exhibits a Curietially independent of temperature and were connected to the low
Weiss-like behavior at higher temperatures above 110 Ktemperaturé9 K) data below 3 eV.

With further increase of temperature, the susceptibility

shows a gradual change corresponding to the aforementionegken as 2.18° The best-fit result is shown with a solid line
resistive transition around 500 K. Increase in the susceptibilin Fig. 1. The obtained parameters ate=310 K and

ity below 50 K corresponds to Curie paramagnetism causegJ= — 150 K. The calculated result well reproduces the spin-
perhaps by a small amount of impuritiegide infra). The  state transition around 100 K and the magnitude of the sus-
result for nominally neat LaCoQis in accord with those ceptibility in the thermally activated high-spin state above
reported previously for the polycrystalline sampté$? 120 K. Without the antiferromagnetic interaction between the
though the low-temperature Curie component is less conhigh-spin Co ions, the calculated value would give a three
spicuous due to the improved quality of the present crystakimes larger value than the observed one. The discrepancy
Since the contribution from the impurities is fairly small and above 120 K is perhaps due to the inappropriateness of the
well in compliance with the Curie law, we could subtract molecular field approximation of the Ising spiS€2), since
their contribution as shown with closed circles in Fig. 1. Thethe system is rather adjacent to the magnetic insuldtortt

thus obtainedy-T curve is clearly characteristic of the spin insulato)-metal phase boundary. Nevertheless, the magnetic
gap which arises perhaps from the level difference betweepehavior below 200 K seems to be well described by the
the low-spin §=0) and high-spin $=2) state of the |ow-high spin-state transition as modeled above.

Co®* ion. The obtained spin-gap value seems to be fairly small as

In order to analyze theg-T curve, we have adopted the compared with the charge gap value. We show in the middle
following approximation: The Ct ion has two spin states; panel of Fig. 2 the optical conductivity spectrum of
the nondegenerate low-spigingley state with the configu- LaCoQ; at 9 K (in the low-spin statewhich was obtained by
ration oftgg and the 15-fold degenerate high-spi&=(2) Kramers-Kronig analysis of the reflectivity datshown in
state with that ot‘z‘geg. The energy separation between thethe upper panglin the photon energy range of 0.6B5 eV.
two states is\ and the antiferromagnetic interactidrworks ~ The lower-lying optical excitations can be ascribed to the
between a nearest-neighbor pair of the high-sg#=2) interband transitions between the (@ 3tates and Co @
states. With use of a simple molecular field approximation(mainly of thee, orbital characterstates. There is seen in a
the thermal average of the Co spin momea) (along the plot with a magnified energy scalthe bottom panel of Fig.
magnetic field can be calculated by the following formula 2) a gradual onset of the optical conductivity around 0.1 eV.

Considering the uncertainty of the Kramers-Kronig analysis

725 __omexd (20zImt+gugHm—A)/kgT] especially for the low optical-conductivity values, it is rather
= S — . difficult to pinpoint accurately the gap position. However,

1t nZn- s exd(202Imt gugHm=A4)/keT] 1) the whole features of the optical phonon modes in the reflec-

tivity spectrum(up to 0.08 eV are least dumped as shown in
Here,z is the coordination numberzE6), 7 the orbital de-  the top panel of Fig. 2, indicating essentially no overlapping
generacy ¢ = 3), andg the g value for Co ions which is interband absorption in the corresponding energy region be-

g
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FIG. 3. Temperature dependence of the magnetic susceptibility FIG. 4. Field dependence of the magnetizatidh) (at various
for lightly doped crystals of La_,Sr,CoO; (0=<x=0.010). Solid temperatures in the low-spir8& 0) state for a lightly doped crys-
lines are guides to the eye. tal, La;_,Sr,Co0; (x=0.002). Solid lines are fitted results with

use of the Brillouin function plus the field-linear term of the mag-

. netization(see text The adopted parameters are listed in Table |
low 0.08 eV. Thus, the charge gap is likely to be about O'Jlogether vx(/ith thex}esults for fhe otF;ner crystals.

eV or slightly larger than 0.1 eV. Furthermore, the activation
energy of the resistivity at 60—100 K is about 0.11 &¢e
the upper panel of Fig.)1which is at least not in contradic-
tion with the present optical data. A fairly large difference
between the gaps for the spin excitati@h03 e\j) and the
charge excitation£0.1 eV) indicates that LaCo@is not a
simple band insulator in analogy to the case of the Kond

x=0.002 sample are exemplified in Fig. 4. To reproduce the
observedVi-H curves, we have assumed the following func-
tional form, that is, a combination of the conventional Bril-
louin functionB;(z) and aH-linear term which is necessary
Jor fitting of the behavior in the higher-field region:

insulator.
We show in Fig. 3 the temperature dependence of suscep- o9 SugH
tibility for lightly hole-doped crystals, La ,Sr,CoO; M(H)=NgSugBs(2) + xoH (Z= kB—T) 2

(x=0, 0.002, 0.005, and 0.0LMAt a glance, one may notice
that the susceptibility drop due to the high-to-low spin-stat . : .
transition is suppressed and instead a Curie-like contributio :rre’rl:'lt 'SO? gim%:a otjehs(t)-l?tsr\clav:hlt:p;?eq:r?:tunmnngm%rb

is remarkably increased with such a light doping, To interpreﬁolidu”r']e\é Kd'uéted aramelters ;Jor each cr ;At/al Iat egc;h ter¥1—
the behavior, it is worth noting that a doped hole with a - Ad) P y

character of O P state in LaCo@may behave as a polaron perature are summanzed_ in Table 1. Apart from ph,eva!- .
heavily dressed by spin and/or lattice excitations. Such yes, the parameters are little temperature dependent, indicat-

rapid collapse of the spin-gap behavior as observed for thi'9 that the picture of the spin-polaron adopted here holds

minimal doping implies that a doped hole can have a high_good in the present regions of hole concentration and tem-

spin number in the singlet ground state of LaGoM fact, it perature. Provided that all the doped holes are spin-carrying
is anticipated that there should be a strong exchange interac-

tion between a @ hole and &l spins(in the high-spin staje
because of a small charge-transfer gap nature and hence &ilves of La_ 51, Co0, samples:S: spin quantum numbed:

extended wave function of ap?hole is expected to forma __. X o :
. . . - spin-polaron densityy,: coefficient of theH-linear term[see Eqg.
spin polaron with a high-spin quantum number. In other(z) in the texi

words, a doped hole can cause locally the low-to-high spin:-
state transitions of Co sites around itself via the double-

TABLE |. Magnetic parameters of the doped hole in the low-
%rH'n state, which are obtained by the best-fit procedure fokitHe

! , ; Temperature N Xo
exchange mechanishh-*3In this context, the ferromagnetic K) S (10¥Cosite (10~ emu/mol O&
metallic state realized for>0.2 can be viewed as composed
of such mobile high-spin polarons. A concentration of doped 2.0 10 1.66 0.7
holes in Lg _,Sr,CoO3 would be nominallyx in the ideal  0.002 4.3 1 1.60 0.6
stoichiometry, but in the real systems it deviates from the 7.0 12 1.63 0.4
nominal value mainly due to the presence of slight offsto- 2.0 14 2.26 3.2
ichiometry (e.g., of oxygenh A real concentration as well as 0.005 4.3 15 2.33 1.6
spin quantum number of doped holé&spin polarons was 7.0 14 2.16 1.8
estimated by the following procedure. 2.0 15 233 3.2

We have measured the magnetizatiov)(versus mag- 0.010 4.3 15 2.50 2.4
netic field (H) curves at relatively low temperatures where 7.0 16 2.40 21

the Curie-like contribution is dominating. The results for the
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polarons, the estimated concentration of hols§ per Co  the spin-glass-like phaSewnhich is viewed as composed of
site is 0.0016, 0.0023, and 0.0024 fo=0.002, 0.005, and interacting localized spin polarons. Thus, the high-spin po-
0.010, respectively, and a discrepancy betwbleandx is  larons preserve the features precursory of the magnetic
likely due to the oxygen nonstoichiometfyerhaps~ 0.1 %  phases (the spin glass and ferromagnetic phasesf

of the total oxygen contentAs seen in Table I, a doped hole La1-xSKC0O; at higher doping levels. .

in the singlet ground state of LaCg®ears a remarkably N summary, the spin-state transition in LaGo®argued
high spin value withS=10—16. The 2 hole is likely to  in terms of spin gagf~30 meV), which was proved to be
cause the low-to-high spin-state transiti®=0 to 2 on the cons[derably ?ma.”ef than the charge ga.1 eV). A doped
relevant Co sites and hence the wave function of the hol@C!€ In the spin-singlet ground state of LaGgi@@haves as a

: : . Jocalized magnetic impurity with a very high spin value
(SS_pg]CF())Olsaitrgg should be extended over the nelghborlng(S= 10— 16). Such a nature of high-spin polaron is likely to

The average spin quantum numt@ras well as thex, arise from the strong exchange interaction between fhe 2

value appears to steeply increase WithThis indicates that hole and the Co high-spirt=2) state.

the extent of the polaron wave function is expanding with the The authors are grateful to J. Akimitsu and K. Tomimoto
concentration. At the same time, the increase inHREnear  for their help in the electron microprobe analysis on the crys-
term x, implies that the spin polarons are no longer isolatedtals and to I. Oguro, H. Takagi, and T. Arima for their help in
from each other and that the antiferromagnetic interactioomeasurements of magnetic susceptibility at high tempera-
perhaps begins to act in the overlapping region of the inditures. This work was supported by a Grant-In-Aid for Scien-
vidual spin polarons. It is worth noting here that the higher-tific Research from the Ministry of Education, Science and
doped crystals, La ,Sr,CoO3 with x=0.03—-0.15, show Culture, Japan.
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