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A study of Co* spin state propertiesin LaCoO; by strong magnetic field
—Field induced spin-state transition and element substitution effect—

K e suke Sato

Abstract

The magnetic and electrical properties of lanthanum cobalt oxide, LaCoOs, have been widely
studied over the past 50 years in connection with the spin-state transition of Co®" ions. The
ground state of Co® ionsin LaCoOs are in the nonmagnetic low-spin (S= 0) state. However, the
character of the thermally excited magnetic state remains yet controversia. In the present study,
we found a magnetic transition at around 60 T in high-field magnetization measurements at 4.2
K of LaCoQs. Thisfield coincides with that at which one of the magnetic sublevels of the triplet
crosses the low-spin ground state in the magnetic phase diagram deduced from the electron spin
resonance measurements. However, the increment of the magnetization at the transition is about
0.55 pe/Co, which means that the only 15% of the total number of Co ions changesto the
magnetic state. We also found that the rest of the Co ions also contribute to the magnetization,
which isamaximum at around 100 K. We propose the coexistence of high-spin (S= 2) and
intermediate-spin (S= 1) statesin LaCoOs. Our picture of the spin-state transition in LaCoOs is
asfollows. At the lowest temperature, al the Co®* ions are in the low-spin ground state. As the
temperature increases, some of the Co®" ions are thermally excited to the high-spin state. Due to
the strong repulsive interaction among the high-spin Co®" ions, they remain at a distance from
each other, and as a result the number of Co®* ions excited from the low-spin to high-spin states
is limited. With a further increase of the temperature, Co®" ions remaining in the low-spin state
are thermally excited to the intermediate spin state. In study of impurity-induced spin-state
response, we found that the exciting energy of the high-spin state depends on the lattice volume
and hole-doping induces a formation of spin-polaron. Furthermore, our spin-state transition
model, in which high-spin and intermediate-spin states coexist, reproduces the observed volume
magnetostriction. Finally, we found a possibility of engineering domain control by the magnetic

field through the magnetostriction.
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O 1.2: A schematic diagram of the rhombohedral unit cell, showing a rotation of the oxy-
gen octahedron. ar and agr show the lattice constant of rhombohedral crystal structure.
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O 2.1: (a) Conceptual diagram of single crystal growth by a floating zone method. (b)
Picture of infrared-concentrated oven.

O 2.2: Laue photograph of (a) (100)c, (b) (110)c, and (c) (111)c of LaggSrg1CoOs.
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0 2.4: (a) Picture of winding magnet. (b) Magnet after wired electrodes.
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0 2.9: Longitudinal magnetostriction of polycrystalline Ni at (a) 100 K and (b) 270 K.
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M = M+ My (3.8)
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O 3.1: Parameters for the excited magnetic spin state. A: energy, n: orbital degeneracy,
g: g-factor, and p: fraction.

A (K) n g P note !
present  Coy 135 1 335 0.08-0.14 M
Co;r 220250 1 1.9-2.0 0.86-0.92 M

ref. [16] 140 1 3.35 ESR
ref. [§] 267 3 2 M
ref. [10] 180 1 21 M

ref. [19] 200 ~ 900 1  3.35 M, SH

L' M: Magnetization, SH: Specific heat
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O 3.5: Temperature dependence of the magnetization in poH = 7 T of (a) powder and
(b) single crystal. The parameters of the calculated magnetizations are shown in Table I.
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0 4.1: Temperature dependence of the magnetization at 20 Oe of La;_,Sr,CoO3. Open
and solid symbols represent zero-field cooled (ZFC) and field cooled (FC) magnetizations,
respectively [22].
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8 K. (b) The temperature dependence of the elastic neutron scattering intensity. The
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O 4.5: Temperature dependence of the magnetization of La;_,Sr,CoO3 in a magnetic
field of 2 mT for zero-field cooled (ZFC) and field cooled (FC) specimens.
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0 4.6: High field magnetization curves of La;_,Sr,CoO3 at 4.2 K.
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25



4.3 OO

OO000000000o0oooooboboobboboobobobObOo30bbbooObODbDbOLaCo0;
002000 CoDOOOCo 0 Cop00O0O0O 25| 000000000000 0O0ODOO
OoooooooooooSTooooob AM OODODOOODAH.ODODODOOOOO
Oo0Oooo0O0Cq0D0OO0O0bOO0oDbbO0o0oDbboOonD CoODbOOOOOODOOO
OO000000H 0000000000 00DOD0O00DOC00Db00O00 Copboono
OOo0o0oobooboooooDb CoUbOOOoOobUObObOObDUObDOObDOOoODOObOOD
O CoODO0OO CopUOOOOOSrOO 001 <2<0.030000003000 CoOO
O00000002x=00000AM.0AMO00000000AM. O Co,000000
OOobooooboooboAM. O000DO0O0ODOO CooDObOOobboobooboboobog
O00AM;O00Co 0 Cop00ODOODODOO0O00ODODOODOO0OO0OO002=0.0600
OO00O0oOobObO ColDOUOO CopooooonoobboonbOobUn Lag—,Sr,CoOg3
00003000 CoOODO Cop, Copp, O Copp00nooonoooonooon

Coi0 Cop0DO00D0O0OO0ODOOODOODOODODOODDOOODOODOODOOD
OO0 25|00000000000C00000000O0OOOUOOg v21jD0000000

gbbbuoooobbbuoodobbboooob

E® = o, (4.1)

Ef (z,;m) = Ay(x) — gipsmH, (4.2)

1

O000+:=1001000000 CorO COHDAZ-DDDDDDDDDDDD%D g0, m0
000000000000Co0 CopO00O0ODOOOO0OO SO 100000O0Co;000
Ododoooon

X (x,m) = pi(x)mexp{—E® (x,m)/ksT}/Z;, (4.3)

(2

000 zZ00000,n,0000000000,pwmx)0:00 CoODDODODODOODODOOO

26



00 M;(z)0 0O

m=S
Mi(x) = gips Z mX (z,m). (4.4)

m=—S

00000000 g =335, gn=2,andy=ny=1000000

046000000 S0001<2<003000000002z=00000000x =
00500000000000000000000000000000000000000
00000000000000 Co0O000O0000 Copr00000000 2 =0.050

goooooooooooooo
MIH(ZE) = pHI<I> X MIII(0-05); (45)

0ooo DpIII(x) 00000 CoOOOO COIII HRENN DpHI<OO5):1 ooog Lal_xSI'ICOOg

000 M(@x)DOOOOODOOOO
M(z) = Y M) (4.6)

D0000000AOi=10 100 p(z)di =110 00000000 pi(z)+pu(z)+
pu(z) =1000000000300000000 LaCoO;000000000000
0000000 Lay_,Sr,Co0s 00 0000000000000 O00O0DO0OO00
00000000000000 Coy000 MpOODOO0O000000O0D00000000
LaCoO; 0000000000 Coy 000 MpyOOOO0OO
000042K0000000000 Coid Coy000000000Coy0 70TOM
D00000000000000000000000000000 A(z), pi(z), O pu(z)
000004800000000000 STO0000010TOO0ODOO0OO0OO0OOODOO
0000000 Coq000000000000000000000z=0.0000000
D0000000000000z=0.020003000000000000000000
0000000000000000 A 0000000000000000000 CoyO

0000000000003 TOODDODOOOOOO0000000O0O0OODoDO0O0O Ag(x)

o7



0 4.1: Parameters for the excited magnetic spin state. A: energy; p: fraction. The
number in parenthesis represents the uncertainty in the last digits.

x Cor Corr Corr
Ay b1 Ay ydil yaint

(K (K)
0.00 132(7) 0.097 200(20) 0.83(2) 0.07(2)
0.01 128(2) 0.059 170(35) 0.56(7)  0.38(7)
(2) )
(2) )

0.02 120 0.036 0(35) 0.36(14) 0.60(14)

19
0.03 115(2) 0.020 150(40) 0.17(15) 0.81(15)
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[0 4.8: The magnetization curves at 4.2 K. Solid lines represent the magnetization calcu-
lated with eq. (4.6). The broken and dash-dotted lines represent the magnetizations of Coy
and Coyp(M; and M), respectively. The parameters for the calculated magnetizations

are shown in Table 4.1.

29



04 ' 1 ' 1 ' 1 ' 1 ' ' 1 ' 1
(@) ® measured (®) ® measured (Cz 0.02 ® measured
x=0.00 —M x=0.01 —M )350—_1_ —_M
30T - =M 30T - =M - - M
< 03f My 1F . R My A
= == My m - My
)
=2 | ¥
=
S 5
3
N
o)
=
2 > -
= )
______ ,/-‘—_______—_
M 1 M 1 M
0 100 200 300
Temperature (K)
x=0.05
30T
— ® measured |
= -=M
= 1
A
=2 .
s ! -
= 02 .\. - ‘,\ -
3 ® measured ~e N,
= —_M S, S N
o - - M sl 9
& My -1
= 01F -y 1t -
0.0 A Tl Bttt ) ] ) ] )
0 100 200 300 O 100 200 300
Temperature (K) Temperature (K)

O 4.9: Analysis of the magnetization at 30 T. Solid lines represent the magnetization
calculated with eq. (4.6). The broken, dotted, and dash-dotted lines represent the
magnetization of Cor, Cor, and Coyyy, respectively. The parameters for the calculated

magnetizations are shown in Table 4.1.
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O 5.1: Temperature dependence of the magnetic susceptibility of LaCo;_,M,0O3. (a) M
=AL(b)M=Ga, (c) M=Rh: @ ;2 =0;0,2=004;0,2=0.080,2z=0.19; O,

z = 0.50;
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0 5.2: Magnetization curve of LaCoggRhg203. The dotted line represents the linear fit
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(a) Field dependence of the magnetization per chemical formula unit of
LaCo;_,Al, O3 at 4.2 K and (b) the derivative dM /d(uoH ). The solid lines in (a) represent
the fitted magnetization (see text).
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O 7.6: Temperature dependence of the volume magnetostrition w at 22 T (open circle).
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and I1-2, respectively (see Table 7.1).
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[0 7.1: Parameters for the excited spin-state. A;: energy, (J1: optimum volume, 7: orbital
degeneracy, and g: g-factor. A; and @) are fitted parameters with assumed values of n
and g.
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O 7.7: Temperature dependence of the magnetization at 22 T (open circle). Solid, dotted,
and dot-dashed lines represent ones calculated based on the models (See Table 7.1).
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0 7.8: Temperature dependence of the magnetization at 22 T (open circle). Solid lines
represent the magnetization calculated with eq. (7.19). Short-dotted and dot-dashed lines
represent the magnetization Co, and Coy, respectively.
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0 7.9: Temperature dependence of the volume magnetostrition at 22 T (open circle).
Solid lines represent the volume magnetostriction calculated with eq. (7.17). Short-dotted

and dot-dashed lines represent the volume magnetostriction Co; and Coy;, respectively.
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[0 7.2: Parameters for the excited spin-state. A: energy, : optimum volume, n: orbital
degeneracy, and g: g-factor, &: elastic modulus,p: fraction . @ are fitted parameters with

assumed values of n and g.

AK) Q n g €Q0*K) »p
Co, 135 005 1 3.35 420 0.15
Co, 220 0012 1 21 420 0.85
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O B.4: The magnetization curves of LaCoO3 up to 67 T at 4.2 K. Solid lines represent the
calculated total magnetization. The broken and dash-dotted lines represent the magne-
tizations of Co; and Co,, respectively. The parameters for the calculated magnetizations
are shown in Table B.1.
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[0 B.1: Parameters for the excited magnetic spin state. A: energy; p: fraction.

grain size (nm) Co, Coy Co,
A, Dr Ay Pu Ds
(K) (K)
55 - - - - 1
60 130 180 0.048 0.297 0.655
80 134 180 0.072 0.643 0.285
140 136 200 0.090 0.782 0.128
500 138 200 0.093 0.832 0.075
1600 136 200 0.101 0.791 0.108
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[73]. The index is expressed with rhombohedral structure.
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0 C.12: Pictures of the (111). surface by observed differential interference microscope
(a) before and (b) after applied magnetic field at room temperature.



O C.13: A picture of the (111). surface observed by (a) differential interference microscope
and (b) laser microscope.
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