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Abstract—The energies of terms with spins § =0, 1, 2 have been found using exact diagonalization of the mul-
tielectron Hamiltonian of a multiband pd model for the CoOg cluster. Co (e, orbital)-O hops, which form the
covalent ¢ bond, are shown to decrease the energy of the state (IS) with an intermediate spin (S = 1) as compared
to the energy of the state (LS) with a low spin (S = 0). An analogue of the Tanabe—Sugano diagram that takes
into account the covalence of the CoOg cluster is constructed. The state with S =1 is shown to be a ground state
at certain model parameters. An increase in temperature is established to decrease the crystal field and, thus,
favors the transition of the ground state from LS to IS at 7= 100 K and the transition of the IS ground state to
a state (HS) with a high spin (S = 2) at T = 550 K. The magnetic susceptibility of LaCoOj is calculated with
allowance for the LS, IS, and HS states and for the fact that the HS state exhibits threefold orbital degeneracy
of the 7, shell, which results in an effective orbital moment L = 1 and the importance of spin-orbit interaction.
The behavior of this magnetic susceptibility agrees well with the experimental (7)) dependence of LaCoO5.

PACS numbers: 71.70.Ch, 74.25.Ha, 75.30.Wx
DOI: 10.1134/S1063776107030090

1. INTRODUCTION

The appearance of high-quality single crystals of
cobaltites RCoO; (R is a rare-earth ion) and
RBaCo,0s, , (0 <y < 1) has revived interest in these
materials, which were studied earlier in the form of
polycrystals [1, 2]. Two magnetic specific features
(near 100 and 500 K) in the susceptibility y(7) of
LaCoO; are well known [1, 3, 8]. The ground state of
LaCoO; is a nonmagnetic dielectric with a low-spin

(LS, S = 0) state of Co** with the configuration tgg in
the crystal field of the CoO4 octahedron. A transition
into a paramagnetic state takes place in the vicinity of
T = 100 K, which is indicated by a sharp increase in
x(T). However, the spin state of Co** above 7= 100 K
has been unknown for a long time. According to the
Tanabe-Sugano diagram for the d® ion (Fig. 1), the
crossover between the LS and HS terms is possible as
the crystal field 10Dg changes [4]. However, experi-
ments indicate that an IS state is more probable. To
explain both specific features, the authors of [5] pro-
posed a two-stage model, according to which the tran-
sition at 7= 100 K is related to the thermal excitation
of the Co** ion from the LS to the IS state and a cross-
over from the IS to the HS state occurs at 7= 500 K. A
decrease in the volume induced by an applied hydro-
static pressure [6, 7] or by a chemical pressure upon the

replacement of the La** ion by another R** ion of a
smaller ionic radius [8, 9] shifts both spin crossovers
toward high temperatures and makes them closer to
each other. In terms of the two-stage model, this behav-
ior means a decrease in the stability of the IS state. In
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Fig. 1. Tanabe—Sugano diagram for the cobalt ion in a cubic
crystal field. The solid line marked by a square stands for
the HS state; the dotted line with a triangle, for the IS state;
and dashed line with a circle, for the LS state. The calcula-
tions were carried out at U; =4 eV and V;=2.48 eV.
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the framework of the standard model of a d® ion in a
crystal field [4], the energy of the IS state is so much
higher than the LS- and HS-state energies that any ther-
mal filling is impossible (see Fig. 1). It should also be
noted that the resistivity decreases significantly above
T = 500 K, which is related to a smooth dielectric—
metal transition [10].

The problem of the IS-state stability has been exten-
sively discussed in the literature [6, 9, 11-14]. Since the

IS-state configuration is t;ge; , researchers hypothe-

sized that the IS term can be stabilized with respect to
the LS state due to covalence. Indeed, the pdc coupling
of the cobalt e, electron with the oxygen p electrons is

stronger than the pdn coupling characteristic of the tg ¢

configuration of the LS state. This hypothesis was sup-
posed to be supported by first-principles LDA + U cal-
culations with allowance for correlation effects [15].
However, the LDA + U calculations imply spin splitting
of the electronic-state energies, which can be justified
in magnetically ordered substances. Since LaCoOj; has
no long-range order, it is unlikely that the proof of the
stabilization of the IS state based on the LDA + U cal-
culations is grounded. A similar problem of the stability
of the IS state of the Co* ion in CoOs pyramidal com-
plexes has recently been considered in [16] in terms of
a theory of crystal field with effective ion charges,
which indirectly reflects covalence effects. The calcula-
tions of [16] demonstrate the IS state can be stabilized
in RBaCo,0s, ,. Nevertheless, covalence effects with
the construction of Co—O orbitals and the effects of
strong electron correlations forming d” terms with var-
ious spin and orbital moments have not yet been taken
into account.

To do this, we perform exact diagonalization of the
Hamiltonian of a multiband pd model for the CoOq
cluster. As a result, we find exact multielectron molec-
ular orbitals, each of which is numbered by the total
number of Co (n,) and oxygen (n,) electrons (i.e., n, +
n,), the spin, and the orbital moment. Neglecting cova-
lence, we speak about the d°p® configuration having S =
0, 1, 2. Covalence results in mixing the configurations
d’p® + d'p>, etc., which are involved in multielectron
molecular orbitals. Each of these orbitals is character-
ized by a certain spin S. By comparing the energies of
the LS, IS, and HS states of multielectron molecular
orbitals, we could reveal a series of LS — IS and
IS — HS crossovers and find a region of the initial-
Hamiltonian parameters in which the IS state is a
ground state.

In the second part of the work, we calculate the mag-
netic susceptibility y(7) with a model that assumes that
the energies of the LS, IS, and HS terms are close to the
energy of the ground LS state, which corresponds to
LaCoOs;. The calculated %(7) temperature dependence
agrees well with experimental data.
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2. EXACT DIAGONALIZATION
OF THE CoO4 CLUSTER

LaCoOs; is a dielectric with a perovskite structure
having orthorhombic distortions. Although the CoOy
cluster in our calculations is considered as an undis-
torted octahedron, even this approximation can be used
to correctly understand the physics of the phenomenon.
Small uniaxial contributions to the crystal field can
only shift the LS-state stability boundaries.

Fig. 2. Atomic orbitals of the cobalt-oxygen cluster
involved in the pdc bond.

&%7

‘
Fig. 3. Atomic orbitals of the cobalt-oxygen cluster

involved in the pdr bond and shown for the xy plane (the
picture for the yz and zx planes is analogous).
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The wavefunctions and the signs of hopping inte-
grals for the CoOq cluster are shown in Figs. 2 and 3.

We write the Hamiltonian of the oxygen 2p and
cobalt 3d electrons using hole representation for oxy-
gen and electron representation for cobalt:

Htm — H(d)+H(P)+H(I7d)+H(PP), (1)

+ 1 o -0
HY = 2[(84x—u)dmdm+ 5 Uanim, }

A
+ z (Vd — Q)ngn:: — 2‘]d z S)LS)‘;
2 b
G, G A>A
A>A
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H(pd) = Z Z (tk(x(d;op:ao + HC) - ann;n?o;)’

i oloc'

H(pp) = Zz(_ lochzJ'roco‘ijG + HC)

i,j ofo

For convenience and clarity, we rewrite this Hamil-
tonian using oxygen molecular orbitals, which are lin-
ear combinations of the wavefunctions of oxygen

)
)
cn{set)-nlo-3)
)
rfseb-no-3)
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We also use bu’ where L = xy, yz, zx; that is,

b = 3(n5-3) 40 r+3)
olees)rb-))

and by, and b,, are obtained from b,, via cyclic permu-
tation of the subscripts xyz. Moreover, we use Ay, where
W = xy, vz, zx; that is,

{o(e-3)-r(red
rfse8)enlo-1)

and a,, and a,, are obtained from a,, via cyclic permu-
tation of the subscripts xyz. Any next permutation in a,
should be accompanied by a change in the sign of each
term entering into a linear combination.

In this basis, Hamiltonian (1) takes the form

axy =

_ (d) (p) (pd) (pd) (pp)
Htol =H +H + HCoulomb + Hhop + Hhop s (2)

(d) 1
H = Z(ded;:, odk,o + iUdnkcnké)
A G
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H(Pd) — ZH(Pd)+H(Pd)+H(Pd)’
u

=2 5 a(dy by s+ He),
[

HYO = 2) 15 4(dy obg + He.),
o
HPY = Z "d dl a5 +H.c.)
+ ﬁthd(dZ b s+He),

(pp) ZH(pp) + H(pp)

hop xyz ?

(pp) _
Hupp - _Zztpp u,o u0+22tpp ay,oa
1 T + ¥ +
_ 3{22‘}1,1761061(j - ZthprbG},
(o) (¢

HYY =223 17 (agb, o+ He.).

Here, the first two terms describe the energies of cobalt
d electrons and oxygen p holes with allowance for the
following Coulomb interactions: Hubbard repulsion U,
(U,), orbit-orbit intraatomic and intramolecular Cou-
lomb repulsion V; (V,), and Hund exchange interaction
J4 (J,). The subscripts A and & correspond to different
cobalt atomic orbitals and oxygen molecular orbitals:
A =(t, €), where t = xy, yz, zx; e = x> — y?, 372 — r%; and
E=b,a,b, by, a,. The third and fourth terms describe
pd hops and hole-electron Coulomb interaction V.
The last term corresponds to pp hops.

In electrically neutral La>*Co3 O3, the cobalt ion
can occupy three different spin states, namely, HS
(3, €., 8=2),1S (3, e,,S=1),and LS (13, ¢,, S = 0)
states (Fig. 4). The formation of each state depends on

the balance between the crystal-field splitting energy A
and the intraatomic exchange interaction energy J. The
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Fig. 4. States with a (a) high, (b) intermediate, or (c) low
spin.

initial ionic configuration is d®py, (six electrons on

cobalt and six electrons on each of the six (N = 6) oxy-
gen atoms). However, electron jumps accompanied by
hole formation on molecular orbitals and electron pro-
duction on the cobalt site are possible due to the over-
lapping of the wavefunctions d »_ p = d,, d 3pp = d,
d,, d,,, and d,, with the oxygen molecular orbitals and
to the presence of free positions not forbidden by the

Pauli exclusion principle. Therefore, apart from the ini-
tial d°p? configuration, d’p’ p2, d® p3pS, dp*p?, etc.,
electronic configurations can also appear. Each of the
three spin states has its specific set of vectors, which
represent various combinations of hole and electron
distributions over one-to-one states. They can be writ-
ten explicitly using second quantization.

For example, in the case of the HS state for the d° pg
configuration, we have the set

o+ 4+ 4+ .
eisext16ta0l30t 5IvVac), j =1,2,3,

where |vac) = |d°p°L."). For the d’p® p$ configuration

at j = 1, we have several versions of the location of an
additional d electron and an oxygen hole:

1) enremtirtyrtnty by glvac) = [HS, d'p’pi(1)),

2) —eirest ittt bilvac) = [HS, d'p’ps(2)),
3) —eirel 1esttintntsrtyLbilvacy = [HS, d'p’ ps(3)),
4) etresres tirtartntyiatlvacy = [HS, d'p’pi(4)),

7 5 6
5) elresresitirirtsrty bialvacy = [HS, d'p” ps(5)).

In the case of the LS state for the d° pg configuration,
we have the ground state (Fig. 4c¢)

+ 4+ 4+ L+ +
[0) = ti1t1,15115 15785, [vac),
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Fig. 5. Analogue of the Tanabe—Sugano diagram for the
multielectron molecular orbitals of the CoOg cluster. The

designations are identical to those in Fig. 1. The calcula-

tions were carried out at B = 0.4, tgp = 0.2 eV, t;d =
1.85eV, g, = 1.5¢eV, Uy =4 eV and V; = 2.48 eV, and
Vpd =1.8¢eV.

and, for the d’p® p$ configuration, we find

1) e11b}10) = |LS,d p’ps(1)),

2) e1b110) = LS, d"p’pl(2)),
3) es1a}l0)y = |LS,d p’ pS(3)),
4) es1atl0) = LS, d’p’ pi(4)),

7.5 6

5) e3rbi1l0) = LS, d'p’ps(5)),

7 5 6

7) e5,b3410) = LS, d p’ ps(6)).

For the d° pg IS state, we have the following six
terms (Fig. 4b):

e;rotja|0>, i=12, j=12,3.

For the d'p’ pg IS state, the following terms are gener-
ated:

1) —e51bi110) = [1S,d" p’p3(1)),
2) efresrt; b110) = IS, d p’pe(2)),

7. 56

3) ejreart; 1b710) = [1S,d p’ps(3)),
for i =2, j=1,
7 5 6

4) —eyrer it atl0) = [IS,d p’ps(4)),
5) —esres t b34|0) = [1S,d"p’ pS(5)),
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or

+ g+
_elTbxyT|0>a

+ o+ +
ejeirt; b0y,

+ 4+ +
—eprexntyallo), _ _
for i =1, j=1.

+ o+ +
—ejre;y 1t 1ar|0),

+ o+ +
—ejrexnt 1b;1]0),

+ o+ +
—ejrey b :1]0)

Generally speaking, the next pd jump can transform the
d'pS p? configuration into the @®p)pS and, then, the

& pg pg configuration; however, the probability of such

configurations is extremely small, and they may be
neglected.

The diagonalization of the matrices of Hamilto-
nian (2), which were obtained for each of the HS, IS,
and LS states and were written in their specific bases
(the matrix block for the HS state is given in the Appen-
dix, and the matrices of the IS and LS states are similar)
can be used to construct an analogue of the Tanabe—
Sugano diagram that takes into account the covalence
of the CoQq cluster (Fig. 5). Figure 5 shows the lowest
eigenvalues, since they are of particular interest for the
physics of low energies.

We find that, in a certain region of the parameters
Ug, Vas Jis Voas A, 1, 1hg, €,, and B (where B =

t;z,/ tf,d ), the intermediate state can be stabilized due to
the hybridization of the Co e, level and the O 2p level.

3. TEMPERATURE
AND PRESSURE DEPENDENCES
OF THE CRYSTAL FIELD

LaCoO; is known to exhibit anomalously large
compressibility of the Co-O bond length L, B, =
—L7Y(0L/OP); = 4.8 x 102 GPa~' [17]. This is the maxi-
mal B-O bond compressibility among all the ABO;
perovskites. This large compressibility is likely to lead
to a rather strong temperature dependence of the bond
length. For example, L=1.9345 Aat T=300K and L =
1.9254 A at T =5 K [18]. It can easily be estimated that
a decrease in the temperature from 300 to 5 K is equiv-
alent to an applied pressure of 0P = SL/LB; = 1 GPa.
Whence, it follows that the crystal field A = 10Dg also
decreases noticeably with increasing temperature, since
A increases with pressure. To estimate this dependence,
we use the first-principles calculation of A for LaCoO;
(A=1.93 eV) and for HoCoO; (A =2.04 eV) [19]. The

increase in A upon the replacement of the La3* ion by

Vol. 104 No. 3 2007
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the smaller Ho** ion is caused by chemical compres-
swn In HoCoOj at T'= 300 K, the Co-O bond length
=1.921 A [19]. Thus, we can write

0AJL
JLIT.

A(T) = A(0) +
and can estimate JA/JL from the chemical compression

caused by substitution of Ho for La. As a result, we
obtain JA/L ~ —8 eV/A. Finally, for LaCoO; we find

A(T) = A(0) — 0.24 x 1073T. In Fig. 5, the crystal fields
corresponding to the temperatures that are most impor-
tant for the behavior of the magnetic susceptibility are
indicated. A decrease in the crystal field with increasing
temperature favors the filling of the intermediate- and
high-spin terms from the ground low-spin term (Fig. 5).

The pressure dependence of the crystal field can also
be estimated as

A(P) = A(0) + o, P,

0AJL
= —=— = -B,=L.
% = 3rap = PiaL
Using the estimates of the Co—O bond compressibility
and the derivative dA/JL given above, we find o, =
0.0726 eV/GPa. Note that this value is more than three
times that of FeBO; (o, = 0.020 eV/GPa [20]).

4. MAGNETIC SUSCEPTIBILITY

An analytical expression for the magnetic suscepti-
bility can be obtained from the consideration of a three-
level system in a magnetic field. We have to take into
account that the HS state has threefold orbital degener-
acy of the 1,, shell, which results in an effective orbital
moment L = 1 and the importance of spin—orbit interac-
tion. We now consider a certain lattice site and intro-
duce the following designations:

Es=E,,
Eyg = E -gsUB-S = E| - gslimgB,
mg=S.S-1,..,-S, §=1,
Eys = E;—gusUB - J = E)—gusim;B,
=L J-1,.,-J, J=1
Here, E; (i =0, 1, 2) is the term energy in the absence of

a magnetic field; | is the Bohr magneton; g = 2 and
gus = 2.5 are the Landé splitting factors of the IS and

HS states, respectively; J is the total effective moment
for the HS state, which is equal to unity because of
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spin—orbit interaction and more than half-filled 3d sub-
shell of the cobalt atom [21]; and B is the applied mag-
netic field.

Since LaCoOs; is a dielectric, intercluster hops are
insignificant, and the system can be considered as a set
of noninteracting (to a first approximation) unit cells
with one CoOyg cluster in each of them. Then, the parti-
tion function takes the form

m-B
+M%ZM%H}

my = -1

where A, =E, - E,, A, = E, - E,, and k is the Boltzmann
constant. Since the crystal field A is a function of tem-
perature, the quantities A, and A, are also temperature-
dependent:

0AJdL

A(T) = A(0) - (K, - KO)aLaT

= A(0)— (K, - K,) x0.24x 10T,
JAOJL
AZ(T) = AZ(O)_(KZ KO)aLaT

= A,(0)— (K, - K,) x0.24x 10T,

where K, K;, and K, are the slopes of the terms E, =
Ey(A), E, = E|(A), and E, = Ey(A) to the crystal-field
axis (see Fig. 5). Finally, we obtain

A(T)=A(0)-0.24%x 10T,

Ay (T) = Ay(0)-0.43x 10°T.

At T = 8 K, A/(T) is known to vary from 0.012 to
0.025 eV [5, 6, 22-24]. Therefore, A;(0) is taken to be
0.025 eV, which agrees satisfactorily with the exact
diagonalization calculations performed earlier (see
Vol. 104
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Fig. 6. Temperature dependences of the term energy. The
designations are identical to those in Fig. 1.

Fig. 5 or 6), and A,(0) = 0.15 eV is a parameter deter-
mined from the same calculations.
Given the partition function, we find the free energy

F = —kTInZ and the magnetization M = —~AF/AB by a
standard procedure.

For moderate temperatures and magnetic fields, at
gusws)UB < kT, we obtain the following expression for
the magnetic susceptibility of one mole containing N,
unit cells:

_aM
X = AB

g2 exXp (—ﬁ) + g2 exXp (—&)
2“2 IS kT HS kT

AkT A, A,
1 +3exp (_k_T) +3 exp(—k—T)

This expression is illustrated in Fig. 7, which also
shows the experimental behavior of the magnetic sus-
ceptibility taken from [8] for comparison. The calcu-
lated and experimental curves are seen to be similar. To
avoid confusion, note that y(7) does not vanish at a cer-
tain “critical” temperature, as can be concluded from
the consideration of Fig. 7 (this is related to the chosen
scale). At low temperatures, the magnetic susceptibility
is exponentially small but finite. The paramagnetic
impurities present in the sample give the contribution
proportional to 7-!, which was revealed in [8] and is
shown as a dashed line in Fig. 7.

Using the stabilization of the IS state and the
decrease in the crystal field with increasing tempera-
ture, we can describe the behavior of the magnetic sus-
ceptibility of LaCoO;. At T= 0 K (A = 1.93 eV), the
Co’* ions are in the ground LS state. As the temperature
increases, the population of the higher IS (A,(0) =
0.025 eV) and HS (A,(0) =0.15 eV) states increases. At

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS

OVCHINNIKOV, ORLOV

Xs 1073 G cm?/mol
8 T T T T

1
0 200

600 800 1000

T,K

Fig. 7. Magnetic susceptibility of LaCoOj5 calculated at
A1(0) =0.025 eV and A»(0) = 0.15 eV: (solid line) our calcu-

lation, (circles) experimental points, and (dashed line) extrap-
olation of the contribution of paramagnetic impurities [8].

T = 100 K, the crystal field shifts toward low values
(A =1.9 eV), and the ground state transforms from the
LS to the IS state (see Fig. 6). A further increase in the
temperature to A = 550 K leads to a larger decrease in
the crystal field (A = 1.8 eV) and to the transformation
of the ground state to the HS state. As a result, the spe-
cific features of the magnetic susceptibility at 100 and
500 K become clear. In this work, we do not consider
the metallization of LaCoQj, since this requires further
calculations.

5. CONCLUSIONS

Using exact diagonalization of the multielectron
Hamiltonian of a multiband pd model for the CoOq
cluster, we found the states and energies of terms with
spins S =0, 1, 2. We revealed the following main causes
of the strange behavior of the magnetic susceptibility of
LaCoOs;: a decrease in the crystal field with increasing
temperature; threefold orbital degeneracy of the 1,
shell (which results in an effective orbital moment L =
1 and the importance of spin—orbit interaction); and the
fact that Co (e, orbital)-O hops, which form the cova-
lent 6 bond, decrease the energy of the IS (S = 1) state
as compared to the LS (S = 0) state. We found a param-
eter region where the state with S = 1 is a ground state.
The magnetic susceptibility calculated with allowance
for the LS, IS, and HS states agrees well with the exper-
imental ¥(7) dependence of LaCoOj;. The maximum in
x(T) at t = 100 K is related to the thermal filling of the
IS state and its stabilization with increasing 7, and the
plateau in the range 550-600 K is caused by the contri-
bution of the HS state.
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APPENDIX
The matrix block of Hamiltonian (2) written for the HS state.
Table
75 6 75 6 75 6 75 6 75 6
d°p°.j=1 d p ps(1) d p ps(2) d p ps(3) d p ps(4) d p ps(5)
o 6 6e,—4dqg + . . . tcd o
. _ )4 '
d’p’,j=1 Udﬁé;‘dvd 2t 21pa 24 >5 V2t
78(1 — qu +
756 2U;+ 19V, -
d p ps(1) 2654 nﬂ—ﬂﬁ— - - - -
2tpp )
7£d— qu +
7.5 6 n 2U;+ 19V, —
d'p'ps(2) 2ty - 1Ly = TV, — - - -
2t,, - €,
Te,+ 2dg +
7.5 6 c 2U,+ 19V, -
d p ps(3) 21,4 - - 11J,-TVpy + - -
2t,,— &,
5 Teq+ 2dg +
756 t 2U,+ 19V, —
d'p’ps(4) 222 - - - AL 2,21,
ﬁ d pd
2t,, - €,
Te,+ 2dqg +
75 6 o o
d'p ps(5) J2t,, - - - 2,265, 2U,+ 19V, —
1=V, —¢,
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