
Metal-insulator transition in TlSr2CoO5 from orbital degeneracy and spin disproportionation

D.
�

Foerster
CPTMB,
�
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T
�
o describethe metal-insulatortransitionin the oxide TlSr2CoO5

� ,	 we investigatethe electronicstructureof
its high-temperaturetetragonalphaseby the local density approximation 
 LDA � and� model Hartree-Fock
calculations. Within theLDA we find a homogeneousmetallicandferromagneticgroundstate;however, when
including
�

the strongCoulombinteractionin the 3d
�

shell moreexplicitly within the Hartree-Fockapproxima-
tion,
�

we find an insulatingstateof lower energy thatexhibitsbothspinandorbital order. The instability of the
metallic statetoward the insulatingone is driven by orbital degeneracyand a neardegeneracyin energy of
states� of intermediate(s� � 1) andhigh (s� � 2) spin.We alsointerpretour resultsin termsof a simplemodel.
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INTRODUCTION

Six
�

yearsago, the observationof colossalmagnetoresis-
tance
�

in doped manganiteslead to a renewedinterest in
transition-metal
�

oxides,seeRef. 1 for a review. Thesemate-
rials often exhibit complexphaseswith coexistingmagnetic
and� orbital2

�
orders� andwith Jahn-Teller-like distortions.The

origin� of this complexityis the subtleinterplaybetweendif-
ferent types of local Coulomb interactionswithin their 3d

 
electronic! orbitals.

The Co3
" #

analog� TlSr2CoO
$

5
% of� nonsuperconducting

TlSr
&

2
� CuO
$

5
% is
'

a recentadditionto this classof materials.It is
of� perovskite structure, with a first-order transition at( 310
)

K from a tetragonalandmetallic phase,with a ferro-
magnetic* Curie-like susceptibilityat high temperatureto an
orthorhombic� andinsulatingphasewith two crystallographi-
cally+ inequivalentCo sites. The magneticstructurebelow
310
)

K is complicated,exhibitingboth ferromagneticandan-
tiferromagnetic
�

correlations; below T , 150 K, antiferro-
magnetic* long-rangeorder sets in.3

"
The
&

special interest in
this
�

oxide is dueto its quasi-two-dimensional- 2D
. /

character+
and,� from thepoint of view of applications,it maybeuseful
that
�

themetal-insulatortransitionin theoxideoccursat room
temperature.
�

In
0

this paperwe explainthe310-K metal-insulatortransi-
tion
�

of TlSr2� CoO
$

5
% in
'

terms of an instability of its high-
temperature
�

electronicstructure.We showthat the homoge-
neousgroundstatecan lower its energy by breakingorbital
degeneracy
1

andby simultaneouslyacquiringbothorbital and
spin2 order. It shouldbenoted,however, that theinstability of
the
�

high-temperaturephasethat we found is towarda phase
that
�

differs in detailsfrom the oneseenexperimentally.

METHOD OF ANALYSIS

A. Band-structure calculation

W
3

e startwith a density-functionalband-structurecalcula-
tion
�

in the high-temperaturephase,using the local-density
approximation� 4 LDA 5 for the exchangeand correlationpo-
tential;
�

seeRef. 4 for a review. Above a transitiontempera-
ture
�

of 310 K, the crystal structure is tetragonal,with a
P4/mmm6 space2 group 7 see2 Fig. 18 . As input parametersof
the
�

calculation,we usedexperimentallydeterminedlattice
parameters9 of a: ; 0.375

<
nm, c= > 0.877

<
nm, and relative

strontium2 andapexoxygen ? 03
< @

positions9 A that
�

arenot fixed
by
B

the spacegroupC of� zD E 0.2903
<

and0.2330,respectively.3
"

W
3

e employed a recently developedfull-potential nonor-
thogonal
�

local-orbital F FPLOG minimum basisscheme5
%

that
�

imposes
'

no shaperestrictionon thepotential.Thecalculation
wasH scalar relativistic, with the spatial extent of the basis
orbitals� controlled by a confining potential of (rI /J rI 0

K )L 4 that
�

wasH optimizedwith respectto the total energy. The thalliumM
5
N

sO ,5P pQ ,5P d
 

,6P sO ,6P pQ R ,P strontium S 4sO ,4P pQ ,5P sO ,5P pQ ,5P d
 T

,P cobaltU
3
)

sO ,3P pQ ,4P sO ,4P pQ ,3P d
 V

,P and oxygen W 2. sO ,2P pQ ,3P d
 X

orbitals� were
treated
�

as valenceorbitals, while the lower-lying orbitals
wereH treatedascorestates.The inclusionof Tl Y 5N sO ,5P pQ ,5P d

 Z
,P

Sr
� [

4sO ,4P pQ \ ,P and Co ] 3) sO ,3P pQ ^ states2 in the valencestates
wasH necessaryto accountfor non-negligiblecore-coreover-
laps.TheO 3d

 
states2 weretakeninto accountto increasethe

completeness+ of thebasisset.Theresultsof this LDA calcu-
lation
_

will be discussedin detail further below.

B.
`

Tight-binding Hartree-Fock calculation

T
&
o take into accountthe strongCoulombinteractionsin

the
�

Co d
 

shell2 more accuratelywe could have used the

PHYSICAL REVIEW B, VOLUME 64, 075104

0163-1829/2001/64a 7b /075104
c d

10e /$20.00
c

©2001TheAmericanPhysicalSociety64
f

075104-1



LDA g U
h

approachdescribedin detail in Ref. 6. Instead,and
in orderto gain a moredirect insight into the mechanismof
the
�

metal insulatortransitionat work, we includedthe Cou-
lomb
_

interactionsin a minimal tight-bindingHamiltonianof
all� cobalt3d

 
and� oxygen2pQ orbitals� in theCoO2

� plane,9 and
usedi the resultsof thepreviouslydescribedLDA calculation
to
�

determinethe hoppingparametersof this model j see2 Ref.
7
k

for similar workl . Accordingto Koster-Slater-typesymme-
try
�

considerations,8 the
�

overlapbetweenthe d
 

and� pQ orbitals�
may* be parametrizedin termsof two parameterswhich we
denote
1

as tm en go and� tm tp 2q go ,P respectively. Due to the perovskite
structure,2 thereis no direct Co-Cohopping,andwe assume
the
�

absenceof direct O-O hopping.With theseapproxima-
tions,
�

the transfer-matrix elementsfor the planarCo-O bond
in
'

the xr direction
1

are

tm dp
s t xr uwvyx

0
<

tm tp 2q go 0
<

0 0
<

0

0 0
< tm tp 2go

z 1

2
. tm en go 0 0

<
{

3
)

2
tm en go 0 0

<
,P | 1}

whereH the d
 

and� pQ orbitals� are ordered as d
 

~�� d
 

xy� ,P d yz� ,P d zx� ,P d z� 2
q ,P d x� 2

q �
y� 2
q � and� pQ ��� pQ x�x� � ,P pQ y�x� � ,P pQ z�x� ��� ,P respec-

tively
�

. Thesuperscriptxr � for
�

the pQ orbitals� indicatesthat they
belong
B

to theoxygenat 1
2 ae: � x� ,P andthecorrespondingmatrix

for
�

the Co-O bondin the y� direction
1

is obtainedby formally
interchangingxr � y� in the above table. The resultsof the
band-structure
B

calculation also determine the Co d
 
-shell

crystal-field+ parameters� i ,P i
� ���

xyr ,P yz� ,P zxD ,P zD 2
�
,P xr 2
� �

y� 2
� �

and� the
on-site� energy � p� of� the oxygenpQ orbitals� � weH neglectthe
splitting2 of the oxygenpQ states2 dueto tetragonaldistortion� .
Tetragonalsymmetryat the Co site leaves� yz� � � zx� degener

1
-

ate.� The sumof the on-siteenergiesandhoppingamplitudes
in
'

the xr and� y� directions
1

definesthe noninteractingpart of a
tight-binding
�

model,

H ¡ H tbp ¢ HCoulomb ,P

H
£

tbp ¤ ¥
i, j
¦
,R
§ ¨

,R
§ ©«ª

,s¬ tm i j  R® ¯±° R
® ²´³¶µ

a: i,s¬† · R® ¸º¹ a: j
¦
,s¬ » R® ¼´½¶¾ ,P ¿ 2. À

whereH the orbital indicesi
�

and� j
Á

rangeÂ from 1 to 11 (1 . . . 5
are� theCo 3d

 
orbitals� Ã ,P andsO denotes

1
thespincomponent.To

complete+ themodel,we addthe local Coulombenergy at the
Co
$

sitesasexpressedin tight-bindingorbitals:

HCoulomb Ä 1

2

Å
i, j
¦
,k
Æ

,l
Ç
,s¬ ,s¬ È V i jkla

:
i,s¬† a: j

¦
,s¬ É† a: l

Ç
,s¬ Ê a: k

Æ
,s¬

withH

V i jkl Ë i j
� eÌ 2Í

rÎÐÏ rÑ«ÒÔÓ kl
Õ

. Ö 3) ×
T
&
o determinethe V i jkl coefficients,+ we use the rotational

symmetry2 of the Coulombinteraction,and calculaterelated
coefficients+ Ṽ i jkl in

'
a sphericalbasis,9

Ø

ṼmÙ 1mÙ 2
q nÚ 1nÚ 2

q ÛÝÜ
k
Æ Þ

0
K
ß

4
à á

2k
Õ â

1
dr
 

1dr
 

2
� r ãkÆ

r äkÆ å 1
Rd
s2� æ r1 ç Rd

s2� è r2
� é

ê
d
 ë

1Y 2
�

mÙ 1
* Y 2nÚ 1

Y km
Æ d

 ì
2Y 2
�

mÙ 2
q* Y 2nÚ 2

q Y km
Æ*

í 25
. î

k
Æ ï

0,2,4
K (

ð ñ
1)mÙ 1 ò nÚ 2

q
F
ó (
ô
k
Æ

)
õ 2 2 k

Õ
0 0 0
< 2

�

ö 2 2
.

k
Õ

÷ m6 1 nø 1 m6
2 2
.

k
Õ

ù nø 2
� m6 2

� m6 ,P

F (0)
ô ú

A û 7
k
5
N C,P F (2)

ô ü
49B ý 7

k
C,P F (4)

ô þ 441

35
) C ÿ 4�

and� thentransformṼ to
�

V in
'

standardcubicorbitals.10 In
0

Eq.�
4
à �

,P R
®

d
s (ð rI )L is the radial part of the 3d

 
waveH function,andto

FIG. 1. Crystal structure of the high-temperaturetetragonal
phaseof TlSr2CoO

�
5
� .�
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obtain� it we used formula C.16 of Ref. 11. � A	 ,P B
 ,P C � are�
Racah’s parametrizationof the SlaterintegralsF0

K
,P F2

�
,P and

F
ó 4 as� reviewed,e.g., in Ref. 9. Pleasenote that expression�
4 is rotationallyinvariant,andthatall Coulombinteractions

wereH included.Althoughwe usedthefull expressionfor V i jkl
in
'

our calculation,theRacahparameterB



is
'

rathersmall,and
whenH it is takento be zerowe find a muchsimplerexpres-
sion2 � in the cubic basis� :�

V i jkl � B � 0
K � C ��� i j � kl

Æ ���
il � jk
¦ ��� � A ! C "$# ik % j l

¦ . & 5N '
Usually
h

, one denotesthe diagonalelementsas U ( V iiii ) A
	*

3
)

C,P and the Coulombrepulsionbetweendifferent (i
� +

j
Á
)
L

orbitals� V i j i j , A - C is smaller. From Eqs. . 3) / and� 0 5N 1 ,P one
finds the following expressionfor the Coulombenergy:

2
H
£

Coulomb 3 B4 5 0
K 687 C 9

i j
P
:

i; P
:

j
¦ < C =

i j
sO > i sO ? j¦

@ 2
.

A
	 A

C

4

B
i j

nø in
ø

j
¦ ,P C 6D E

withH
nø i F a: i, GH a: i, I�J a: i, KL a: i, M and� P i N a: i, O a: i, P

whereH the dot on the equal sign indicatesthat we ignore
terms
�

that merely redefinethe chemicalpotential.The Cou-
lomb energy can be given a more succinctand meaningful
form
�

by expressingit in terms of the total electronicspin
sO Q totp RTS is

O U
i and� thetotal electronicchargeN

V WTX
in
ø

i of� all elec-
tron
�

orbitalsat a given site asfollows:

Y
HCoulomb Z B [ 0

K \8] J
^

H _ D ` a sO b totp c 2� dfe ŨN
V 2

2
.

g h
nondiagonali pairsj ,P k 7k l

whereH Ũ m A
	 n

C/2,
J

J
^

H
o p C,P and D

q
counts+ the number of

pairs9 on the samed
 

orbital,� D
q rTs

iP
:

it P
:

i ,P while the nondi-
agonal� pairs u i v j

¦ P: iw P
:

j
¦ wereH omitted as their matrix ele-

mentsarevery small.
T
&

reating the Coulomb interaction in an unrestricted
Hartree-Fock
x y

HF
x z

approximation,� 13 that
�

allows for all spin-
and� charge-conservingcorrelations, gives the following
renormalizationof the on-siteHamilton matrix

{
tm i j

s¬ |~}
l
Ç
,mÙ V il jm �

s¬ � nø lm
Çs¬ ���~�

l
Ç
,mÙ V ilm jn

ø
lm
Çs¬ ,P � 8� �

whereH i
�

and� j
Á

denote
1

the orbital indicesof Co 3d
 

,P and the
density
1

matrix

nø lm
Çs¬ � 1

N
V

k
Æ �

k
Æ

, �
occ� �

l
Ç* � s¬ � kÕ ���f� mÙ � s¬ � kÕ ��� �

9
� �

is
'

calculatedfrom the normalizedwave functions � mÙ � s¬ (ð kÕ � ),L
withH bandindex � and� momentumk

Õ �
(
ð
N
V

k
Æ corresponds+ to the

numberi of k
Õ

points9 � . The total energy is given by

E
�  ¢¡

H
£

tbp £¥¤¢¦ H£ Coulomb § ,P ¨ 10©
whereH

ª
H
£

tbp «¬ 1

N
V

k
Æ ®

k
Æ

, ¯ ,s¬
occ� °

l
Ç
,mÙ ± l

Ç* ² s¬ ³ kÕ ´�µ tm lm
Ç ¶ kÕ ·�¸f¹ mÙ º s¬ » kÕ ¼�½ ¾

11¿
is
'

the mean À unrenormalizedi Á kinetic
Â

energy, and

Ã
HCoulomb Ä¥Å 1

2

Æ
mÙ 1 ,mÙ 2 ,mÙ 3

Ç ,mÙ 4 ,s¬ ,s¬ È VmÙ 1mÙ 2
q mÙ 3
Ç mÙ 4
É nø mÙ 4
É mÙ 2
qs¬ nø mÙ 3
Ç mÙ 1

s¬ Ê

Ë 1

2
. Ì

mÙ 1 ,mÙ 2 ,mÙ 3
Ç ,mÙ 4 ,s¬ VmÙ 1mÙ 2mÙ 3

Ç mÙ 4
nø mÙ 4
É mÙ 1

s¬ nø mÙ 3
Ç mÙ 2
qs¬
Í
12Î

is
'

the interactionenergy.

RESULTS

A. Full-potential local-orbital method

W
3

e performedtwo band-structurecalculations,one spin
symmetric2 Ï see2 Fig. 2Ð and� the other one allowing for spin
polarization9 Ñ Fig.

Ò
3Ó . Both solutions are metallic, but the

magneticone is energetically preferredby 0.54 eV per for-
mula unit. The densityof statesÔ DOSÕ shows2 a high degree
of� covalency, suchthat part of the magneticmoment Ö calcu-+
lated
_

with all the overlap contributions× sits2 on oxygen
(
ð
m6 O Ø 0.2

< Ù
B
4 )L , giving a total moment m6 Ú 2.1

. Û
B
4 (

ð
m6 CoÜ 1.9Ý B)

L
. The correspondingoccupationnumbersare nø CoÞ 7.2

k
andnø O ß 5.1.

N
The bandstructureof the nonmagneticsolution,together

withH theDOSfor aneasieridentificationof thestructures,is
shown2 in Fig. 4; the size of the dots included in the band
structure2 in Fig. 4 symbolizesthe relativecobalt3d

 
weightH

in the band. Evidently, the five bandscrossingthe Fermi
level have predominantlyCo 3d

 
character+ . They hybridize

quiteà stronglywith 2pQ bands
B

of the in-planeOá 2. â ,P locatedat
about� 4–6 eV binding energy. The 2pQ bands

B
of the other

oxygens� Oã 1ä and� Oå 3) æ are� nonbonding,and locatedin be-
tween
�

Co-3d
 

a� nd O(2)-2pQ . The Co-3d
 

bands
B

haveonly a
small2 dispersionin the zD direction

1 ç
withH the exceptionof Co

3
)

d
 

z� 2
q )L , confirming the 2D characterof the compoundunder

consideration.+ We determinedthe energetic order of the 3d
 

orbitals� at the è point,9 becausethe effective d
 

-d
 

hybridiza-
tion
�

vanishesat this point in the tight-binding parametriza-
tion.
�

We alsoanalyzedthebandsaccordingto their predomi-
nantorbital character,14 and� found, in increasingorder:d

 
xy� ,P

d
 

zx� /
é
yz� ,P d

 
z� 2
q ,P andd

 
x� 2
q ê

y� 2
q . Due to tetragonalsymmetry, thereis

an� exactdegeneracybetweenthe d
 

zx� and� d
 

yz� orbital� in the
LDA
ë

calculation.
The ferromagneticsolution ì Fig. 3í indicatesa finite den-

sity2 of statesof themajority spinsat theFermisurface.From
this,
�

we concludethat TlSr2CoO
$

5
% is
'

not a half-metal, and
that
�

it mayconductelectriccurrentevenin a spin-disordered
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phase.9 An orbital analysis ï that
�

is not documentedhereð
shows2 that for a majority spin only 3d

 
x� 2
q ñ

y� 2
q is
'

partly occu-
pied,9 while all theremainingmajority bands(3d

 
xy� , 3P d

 
zx� /
é
yz� ,P

3
)

d
 

z� 2ò are� completelybelow the Fermi level. For a minority
spin,2 3d

 
xy� , 3P d

 
zx� /
é
yz� ,P and 3d

 
z� 2
q are� partly filled, whereas

3
)

d
 

x� 2-y� 2 is nearly empty. It is difficult to interpret such an
itinerant
'

ferromagnetin an ionic picture.But thevalueof its
magnetic moment m6 ó 2sO ô B õ 2 ö B ,P indicates a state be-
tween
�

intermediate(sO ÷ 1) andhigh (sO ø 2
.

) spin.

B.
`

Tight-binding Hartree-Fock calculation

T
&
o fix theparametersof theHartree-Fockmodel,we com-

pared9 its nonmagneticHF solution with the five relevant

bands
B

of the FPLO resultof the nonmagneticLDA solution
of� Fig. 4. We estimatedthe crystal-fieldparametersto be ù in'
eV! úüû xy� ýÿþ 1.0, � zx� /

é
yz� ��� 0.5,

< �
z� 2 ��� 0.2,

<
and � x� 2-y� 2 � 0.5.

<
The
&

bandwidthdeterminesthe transfer terms tm en go 	 1.9 and

tm t
 2q go � 1.4. The RacahparametersB



and� C are� fixed to their
ionic valuesfor trivalentCo, asdeterminedby infraredspec-
troscopy
�

(B

 �

0.06
<

andC  0.46)
<

,15 whereasH A
	 �

2
.

wascho-
sen2 asa typical valuefor Co.Thechoiceof � p� depends

1
on A

due
1

to the mean-fieldshift of the 3d
 

level,
_

andwe used � p�� 11 such that the position of the oxygen levels coincides
withH the O(2)-

ð
2pQ position9 in the LDA. In fact, the position

of� theoxygenbandsdoesnot changevery muchfor different
Hartree-Fock
x

solutions. The tight-binding bands resulting
from
�

theseparametersareshownin Fig. 5, andagreereason-

FIG. 2. Total andpartialDOSof thenonmag-
netic solution obtained using the full-potential
nonorthogonal� local-orbital

�
FPLO
� �

method.The
Fermi
�

level is at zeroenergy.

FIG. 3. Total and partial DOS of the ferro-
magneticstateof TlSr2� CoO

�
5
� according� to FPLO

calculations.
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ably� well with the nonmagneticLDA band structure of
Fig.
Ò

4.
Concerning
$

the valuesof the the crystal-fieldparameters,
weH note that, due to tetragonalsymmetry, thereis an exact
degeneracy
1

betweenthe d
 

zx� and� d
 

yz� orbitals� in the LDA
calculation.+ However, the values � xy� ��� 1.0 and � zx� /

é
yz���� 0.5

<
seemto violate‘‘standardlore,’’9

Ø
according� to which

the
�

elongationof theoctahedrain thezD direction
1

shouldshift
d
 

xy� to
�

higherenergiescomparedto d
 

zx� /
é
yz� . Oneshouldnote,

however
�

, that � i are� approximatelythe energies at the �
point,9 whereasthe ‘‘standardlore’’ is valid in the ionic pic-
ture
�

andwould correspond,in our case,to thecenterof grav-
ity of thedifferentbands.Dueto the largerbandwidthof the
‘‘two-dimensional’’ d

 
xy� band

B
in comparisonwith the ‘‘one

dimensional’
1

’ d
 

zx� /
é
yz� bands,

B
the correspondingcenters of

gravity nearly coincidein Figs. 4 and 5. For the electronic
structure2 of the metallic, ferromagnetichigh-temperature
phase9 of TlSr2� CoO

$
5
% ,P it is crucial that all three bands

FIG. 4. NonmagneticLDA bandstructureof TlSr2CoO5
� .� Therelativecobalt3d

�
weightof thebandsis symbolizedvia blackdotsin the

bandstructure.For comparisonwe alsoincludedtheDOS ! see� Fig. 2" at theright-handsideof thebandstructure.Thebroadline at theFermi
level betweenX

#
and� M

$
is comprisedof threebands(dxy% ,	 dzx& , andd

�
z& 2' ( which) arenearlydegenerate.Thehigh-symmetrypointsaredenoted

as *,+ (
-
0,0,0), X

# .
( / /
c
a,0,0	 ), M

$ 0
( 1 /
c
a2 ,	 3 /

c
a2 ,0)	 , Z

4 5
(
-
0,0,6 /

c
c7 ),
8

R
9 :

( ; /
c
a,0,	 < /

c
c7 )
8
, andA

= >
( ? /
c
a2 ,	 @ /

c
a2 ,	 A /

c
c7 ).
8

FIG.
�

5. Band structureof the nonmagnetic
Hartree-Fock
B

solutionof a minimal tight-binding

modelC of the CoO2
� plane.D The notation of k

E F
pointsD is as in Fig. 4.
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G
d
 

xy� ,P d zx� /
é
yz� H cross+ the Fermi level, which is due to their

widthsH beinglarger thantheir crystal-fieldsplittings;seeFig.
4. It remainsan openquestion,however, how the difference
in
'

dimensionalityand width amongthe I d xy� ,P d zx� /
é
yz� J bands

B
af� fects the screeningof the Coulombinteraction.This ques-
tion
�

was consideredin detail16 in
'

the context of Sr2� RuO
�

4
K ,P

another� layeredperovskite.
W
3

e now discussthe magneticsolutions of the HF ap-
proach.9 The homogeneousferromagneticsolution L see2 Table
I
0 M

is
'

metallic, and 650 meV lower in energy than the non-
magnetic* solution.Thegoodagreementwith theenergy gain
in the LDA N 540

N
meVO and� similar occupationnumbersin

the
�

local-densityandHF approximationindicatethatour pa-
rameterÂ assignmentis satisfactory. Allowing for differentoc-
cupations+ of d

 
zx� and� d

 
yz� in a chess-board-likepattern,we

find
P

a metastablestatewith orbital order that decaysinto a
ground state with both orbital and spin order, and which

contains+ Co sites with two different configurations:m6 B
4Q 3.11

) R
B S close+ to high spinT and� m6 A U 2.07V B W intermediate

spin2 X . This instability wassignaled,in our calculation,by an
ener! gy gain of 67 meV due to combinedorbital and spin
order� . The origin of the instability of the homogeneousfer-
romagneticÂ stateis the orbital degeneracyof d

 
zx� and� d

 
yz� ,P

and� the neardegeneracyof intermediate-andhigh-spincon-
figurations.This instability occursin a ratherlargeparameter
regionÂ nearvalueswhich werederivedfor TlSr2� CoO

$
5
% . How-

ever! , dueto the large dimensionalityof the parameterspace
of� our HF model Y Eq. Z 2[]\ ,P we did not performa systematic
study2 . In Fig. 6 we give thespectraldensityof the ferromag-
netici stateandof thetwo chess-board-likeorderedstatesin a
small2 regionaroundtheFermi level.As we cansee,anykind
of� order leadsto a decreaseof spectraldensityat the Fermi
level,
_

but only the orbital- andspin-orderedsolutionis insu-
lating.
_

This is alsovisible in the HF bandstructurê Fig.
Ò

7_ .

FIG.
�

6. Comparisonof spectralweights for
three
�

magneticHartree-Focksolutionsin the re-
gion` a 1 eV aroundthe Fermi level b locatedat
zeroenergyc .�

TABLE I. Occupationnumbersof variousHartree-Focksolutionsof the minimal tight binding model.

Solution
d

Energy/meV Occupationnumbers Magnetization/e B
f

d
�

xy% dzx& d
�

yzg d
�

z& 2 dx% 2 h yg 2 sum�
Nonmagnetic
i

0 nj d
k 0.84

�
0.81 0.81 0.76 0.30 7.04

Ferromagnetic
� l

653 nj d
k m 1.00 1.00 1.00 0.98 0.63 4.61 2.41

nj d
k n 0.55

�
0.70 0.70 0.08 0.17 2.20

Orbital
o

order p 674 ndA
k q 1.00 1.00 1.00 0.98 0.67 4.65 2.52

ndA
k r 0.69

�
0.89 0.29 0.09 0.17 2.13s

quasistablet u ndB
k v 1.00 1.00 1.00 0.98 0.67 4.65 2.52

ndB
k w 0.69

�
0.29 0.89 0.09 0.17 2.13

Spin
d

and x 720 ndA
k y 1.00 1.00 1.00 1.00 0.45 4.45 2.07

ndA
k z 0.90

�
0.90 0.31 0.09 0.18 2.38

orbital{ order ndB
k | 1.00 1.00 1.00 0.99 0.91 4.90 3.11

ndB
k } 0.37

�
0.28 0.88 0.09 0.17 1.79
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It
0

shouldbenotedthat thechess-board-likesuperstructure
found
�

here doesnot correspondto the orthorhombiclow-
temperature
�

phaseseenexperimentally, with its 2:1 ratio of
high- andintermediate-spinstates.3

"
W
3

e alsoinvestigatedthe
experimental! superstructureof the CoO2 plane9 within the
model Hartree-Fockapproach,but found no solution with
lower
_

energy than that with chess-boardorder. The lattice
degrees
1

of freedommay haveto be includedinto the model
to
�

obtain the correct pattern,becausethe nearest-neighbor
Co-O
$

distancefor high spin is probablylarger thanthe cor-
respondingÂ distancefor intermediatespin � as� can be con-
cluded+ from the analogy with the famous Invar alloys
Fex� Ni

�
1 � x� � Ref. 17�]� . Anotherpossibility is thatnext-nearest-

neighbori interactionsin an effective pseudospinmodelgen-
erate! the experimentallyobservedpattern.21 The

&
presentin-

vestigation� of theelectronsystemalonecanonly indicatethe
instability of thehigh-temperaturephase,but it is not ableto
predict9 the correctlow-temperaturecrystalstructure.

INTERPRETATION OF RESULTS

W
3

e now interpretthe resultsof our LDA andHF calcula-
tions
�

in termsof a simplifiedmodel.As a first step,we recall
that
�

thereis only d
 �

pQ hopping,andneitherdirectd
 �

d
 

nor
pQ � pQ hopping.

�
This,andthefact thatonly cobaltd

 
states2 are

at� the Fermi level, allows us to extract an effective d
 �

d
 

hopping by eliminating the oxygen orbitals in standard
fashion,
� 18

tm dd
s �e fn f � a: ������� d

s �
dd
s �]� tm dp

s � a: ��� tm d
s �

p� ��� a: ����¡  ¢�£ d
s ¤

dd
s ¥

¦ tm dp
s § a: ¨�© tm pd� ª]« a: ¬�®°¯ ,P

tm dd
s ±e fn f ² xr ³µ´�¶�· d

s ¸
dd
s ¹

º 1»¡¼

tm t
 2go 2� 0 0
<

0 0

0 0 0
<

0 0

0 0
< tm t
 2go 2 0 0

<
0 0 0
< 1

4
tm en go 2 ½

¾
3
)

4
tm en go 2

0 0 0
< ¿ÁÀ 3

)
4
à tm en go 2 3

)
4
à tm en go 2

,P

Â
13Ã

whereH a: ÄÆÅ�Ç xr È ,P y� É ,P Ê xr Ë ,P Ì y� ÍÏÎ denotes
1

the direction of hopping,
and� Ð°Ñ is

'
the offset betweenthe Co and oxygen bands.

Actually, due to the high degreeof d
 Ò

pQ hybridizationthe
second2 orderexpressionÓ Eq. Ô 13Õ]Ö is certainlynot sufficient
to
�

providecorrectnumbersfor tm dd
s ×e fn f ,P but nonethelessit should

give the correctmatrix structure.Justlike the original hop-
ping,9 the effective tm dd

s Øe fn f is
'

also anisotropicand orbitally de-
pendent,9 with d

 
zx� (
ð
d
 

yz� )
L

electronshoppingin the x yr direc-
1

tion,
�

and forming one-dimensional bands. Using the
Coulomb
$

energy of Eq. Ù 7k Ú this
�

providesuswith a simplified
model that involvesonly d

 
orbitals:�

H
£ ÛÝÜ

d
s

,s¬ ,RÞàß d
s a: d
s

,s¬† á R® âäã a: d
s

,s¬ å R® æäç�è é
d
s

,d
s ê

,Rë ,Rìîí ,s¬ tm dd
s ïe fn f ð R® ñóò R

® ôöõø÷

ù
a: d
s

,s¬† ú Rûýü a: d
s þ

,s¬ ÿ R� �������
R
§ � j

Á
H 	 DR
��� sO � tot
 ,R��� 2

� ��� u�
2

N
�

R
§ �2� ,P
�
14�

whereH j
Á

H
� and� u� are� renormalizedvaluesof J

�
H
� and� Ũ due

1
to

the
�

eliminationof the oxygenorbitals.However, the precise

FIG.
�

7. Hartree-Fockband structureof the
orbital-{ andspin-orderedsolutionof the minimal
tight
�

binding model.
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amount� of renormalizationis difficult to calculate,and is
beyond
B

the scopeof the presentdiscussion.
The
&

abovefive-bandmodelmustbe simplified further to
extract! therelevantdegreesof freedom.We first notethatthe
crystal-field+ parametersderived aboveare such that in the
ionic case(tm dd

s �e fn f � 0
<

) the three configurationsof Fig. 8 are
lowest
_

in energy. We further highlight the orbitalsclosestto
the
�

Fermi level, which we believe to be itinerant by bold
arrows.� This suggestsa minimal modelwith threeitinerant-
electron! species,namely, d

 
x� 2-y� 2

 
and� the two degenerate

minority-spinbandsd
 

zx� ! and� d
 

yz� " . This physicalpictureis also
supported2 by the ferromagneticHF solution, where only
d
 

x� 2
q
-y� 2
q#

is
'

partly occupiedamongall the majority-spinbands,
and� the occupationof d

 
z� 2

$
and� d

 
x� 2-y� 2

%
in
'

Table I is indeed
small2 & the

�
occupation of d

 
xy� ' ,P however, deviates quite

strongly2 from unity( . The low-energy sectorresponsiblefor
the
�

metal-insulatorandspin transitionshouldbe the compe-
tition
�

between

sO ) 1: xyr *,+ ,P zxD -,. ,P yz� / , 3P zD 2
� 0

rI 2
� 1

or� xr 2 y� ,P 3
154

sO 5 2:
.

xyr 6,7 ,P zxD 8 ,P yz� 9 , 3P zD 2 : rI 2 ; ,P xr 2 < y� 2 = .

In
0

other words, xyr >,? is
'

only a spectatororbital, while@
zxD A ,P yz� B ,3P zD 2

� C
r2
� D�E

provides9 a total spin of 3/2, and the

exact! degeneracybetweend
 

zx� and� d
 

yz� is
'

kept asoneof the
driving
1

mechanismsof the transition.The spin transitionis
then
�

due to the competitionbetweena down-spinelectron
zxD F or� yz� G and� anup-spinelectronxr 2 H y� 2 I . Combiningthe
spins2 of J zxD K ,P yz� L ,3P zD 2

� M
r2
� N�O

into an effective spin-3/2de-
gree of freedom,we canrepresentthis competitionasP

S
Q

3/2
" R ,P zxD SUT or� V SQ 3/2

" W ,P yz� X�Y[Z]\ SQ 3/2
" ^ ,P xr 2 _ y� 2 `Ua ,P b

16c
whereH we usedHund’s couplingto excludemisalignedspins.
T
&
o describethesequalitative ideasmore precisely, we pro-

pose9 the model

H
£ dfehg

Ri ,s¬ a: 3,
"

s¬† j R® k�l a: 3,
"

s¬ m R® nUo[prq
R
§ s

,R
§ tvu

,s¬
w
i x 1

3
"

tm ii
e fn f y R® z|{ R

® }�~��
�

a: i,s¬† � R��� a: i,s¬ � R�����[� 2 j
Á

H �
R� S
Q �

R��� sO � R� ,3� sO � R� ,2� sO � R� ,1�
� u�

2
. �

R
§ �

,i, j
¦ nø R

§ �
,in
ø

R
§ �

, j
¦ � j

Á  
R
§ ¡

,R
§ ¢¤£ S
Q ¥

R
§ ¦ S
Q §

R
§ ¨¤© ª 17«

whereH the orbitals are numbered as ¬ 1,2,3¯®±° zxD ,P yz� ,P xr 2² y� 2³ ,P andtm ii
e fn f is ananisotropicandorbitally dependenthop-

ping9 matrix. Model ´ 17µ is
'

formulatedin an extendedphase
space2 in comparison to Eq. ¶ 14· ,P since ¸ SQ 3/2

" ¹ ,P zxD º¼» and�½
S
Q

3/2
" ¾ ,P yz� ¿¼À do

1
not exist in the five-bandmodel. But those

unphysicali statesare at a high-energy, due to Hund’s cou-
pling9 j

Á
H
Á . Theorigin of theantiferromagneticexchangecou-

pling9 j
Á

should2 be the virtual superexchangeof the singly
occupied� statesthat wereexcludedfrom our model; in addi-
tion,
�

the coupling S
Q Â

R
§ Ã (ð sO Ä R

§ Å
,3Æ sO Ç R

§ È
,2É sO Ê R

§ Ë
,1)
L

makessure that the
spins2 of electronsin the orbitals i

� Ì
1 and2 areantiparallel

to
�

the spin 3/2 vector, and vice versafor i
� Í

3
)

. A detailed
estimate! of the model parametersin Eq. Î 17Ï is beyondthe
scope2 of the presentpaper, but it is clear that we have to
consider+ the rangeof parametersu� Ð j

Á
H ÑÓÒ ,P tm ,P jÁ . The condi-

tion
�

j
Á

H
Á Ô tm suppresses2 virtual hoppingprocessesfor antipar-

allel� nearest-neighborspins S
Q Õ

RÖ ,P whereasthey remain pos-
sible2 for parallel spins.In the limit of j

Á
H
Á ×fØ ,P tm the

�
fermions

are� spin polarized;doubleoccupationof the sameorbital is
automatically� excludedby Fermi statistics,andwe therefore
dropped
1

the local double-occupationD
Ù

term
�

in Eq. Ú 17Û . The
above� model still admits high-energy processesÜ involving

'
ener! gy costs of u� and� j

Á
H
Á )
L

that must be integratedout to
obtain� a true low-energy model.

T
&
o argue for the minimal model Ý Eq.

Þ ß
17àâá ,P we compare

some2 of thepossibletwo-siteclustersin second-orderpertur-
bation
B

theory ã Fig. 9äæå for simplicity, we useidentical trans-
fer
�

amplitudestm ,P andrestrictourselvesto leadingtermsç . We
see2 that for a ferromagneticspinarrangementthereis a com-
petition9 betweenanorbitally orderedstatesO è 1 é realizedÂ forêìë tm 2� /J u� )

L
and a mixed orbital- and spin-orderedstate ( íî

tm 2/
J
u� )
L

which is also realizedin the model HF approach.
Next
�

we seefrom the mixed-spincluster in the figure that
hoppingprocessesare influencedby the relativespin orien-
tation.
�

In this cluster, thereis a competitionbetweenferro-
magnetic* order favored by a gain in delocalizationenergy

FIG.
�

8. The lowest ionic configurationsof Co3
ï ð

in
�

TlSr2� CoO5
�

from the perspectiveof the CoO2 planein our simplified effective
model.Configurationsñ a� ò and� ó b� ô correspondto intermediatespin
statesandaredegenerate(dzx& õ ,d

�
yzgö ), whereasconfiguration ÷ c ø is

�
a

high-spin state (dx% 2
'
-yg 2
'ù
)
8
. The bold arrows correspondto itinerant

states;the remainingstatesarelocalized,andarecombinedinto an
effecticespin3/2 ú middlerowû . Theright row introducesa notation.
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ý (
ð
tm 2� /J u� )(

L
j
Á

H /
J
u� )
L

and antiferromagneticorder favored by a
gain in magneticenergy þ j

Á
. The ferromagneticdelocaliza-

tion
�

energy is expectedto dominatej
Á
,P and thereforeneigh-

boring
B

high- andintermediate-spinstatesshouldorderferro-
magnetically* ÿ see2 Ref. 3� and� it is easy to see that
neighboringhigh-spin states(sO � 2) have an antiferromag-
netic exchangein our simplified model � Eq. � 17��� .

There
&

is a similarity betweenthe modelwe proposehere
and� the Zener double-exchangemodel,19 except! that our
modelhasflipped spinsfor someof the orbitals to describe
the
�

spin transition,andwe alsohavea total of threespecies
of� electronspersiteat j

Á
H � tm . For sufficientlysmallvaluesof

u� ,P therewill be,by analogywith thedouble-exchangemodel,

ferromagneticandmetallic phases,becausecharge transport
is
'

possiblefor parallelspin orientations,while for u� �
	 the
�

system2 is insulating.Thuswe expecta rich phasediagramof
this
�

reduced model as a function of its parameters��
,P tm ,P jÁ H ,P u� ,P jÁ � ,P with phasesof mixed magneticandorbital or

spin2 order, and which may be metallic or insulating as a
function of its parameters.

V
�

. CONCLUSIONS

Using
h

LDA band-structurecalculations for the high-
temperature
�

tetragonalphaseand a HF approachin a mini-
mal* modelof the perovskiteplane,we found statesthat are
lower in energy than the homogeneousand ferromagnetic
states.2 More specifically, we found that the homogeneous
state2 is unstabletoward orbital order and spin statedispro-
portionation.9 We proposethis instability to be the driving
mechanismof the metal to insulatortransition.A dynamical
spin2 disproportionationabove the transition temperature
wouldH be compatiblewith Mössbauer2 data on 57

%
Fe-doped
Ò

TlSr
&

2
� CoO
$

5
% ,P that suggestthe existenceof two inequivalent

magnetic* sites.20 Based
�

on our calculations,we also pro-
posed9 a simplified model with only threestatesper site at
j
Á

H
Á � tm ,P plus an extra spin of S

Q � 3
�
2
q ,P and which we argue to

have
�

a rich phasediagramasa function of its modelparam-
eters.! After this paperwas completedwe were kindly in-
formedby C. Michel of an oxide synthesizedat Caen22

�
that
�

contains+ CoO2 planes9 isostructuralto the onesconsidered
here.
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