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Spin state of LaCoQ;: Dependence on Co@ octahedra geometry
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The electronic structure of the rhombohedral LaGg@rovskite is calculated for a number of structures
with varying CoQ octahedra geometry. The calculations are based on the generalized gradient approximation
(GGA) to the density functional theory and, in order to describe better the strong electron-electron correlation
in Co 3 states, the GGA+U method is employed. Depending on the Co-O disticame the Co-O-Cdond
angle, the spinS of the cobalt ion is found to correspond either to the intermediate spin[$t8jeS=1] or
to the low spin statd(LS), S=0]. The border line dividing the IS and LS states in tftg 8) space is
determined. The IS state is more stable than the LS state for structures with longer Co-O distances and more
open CeO-Coangles. The GGA+U results are in agreement with recently observed pressure-induced IS-LS
transition.
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[. INTRODUCTION condition that the total spin moment is fixed at a prescribed

At low temperatures the cobaltite LaCe@ nonmag- value. In a qualitative agreement with the experiment the
netic, the C8* ion being in the low spirLS) state, so that in  9round state was found to be LS for the low temperature
the limit of fully localized electrons it corresponds to filled Structures. The total energies per formula unit of the IS and
tog levels and empty, stateg(LS), tggeg, S=0]. At =100 K HS states were higher by 0.24 eV and 0.65eV, respectively.
LaCoO; undergoes a transition to a magnetic state, the chat//Nen increasing temperature, the energies of the IS and LS

acter of which is still under question. Possible states of th tates crossed at150 K and IS became the ground state for
Cc** ion, which can give rise to the magnetism, correspon igher temperatures. The energy of the HS state was the

; ; ; 5 1 o= ighest in the whole temperature range. The calculation of
ﬁ:tghhe;;?n[t(h:S;ntt(‘alrgmzeglzatZ? spiils), b2 S 1] or to the the electronic structure of the LgaSrCoO; system using
In the past fhégrﬁégnetiém above 100 K was explained GA without the Hubbard U correction was reported by

being caused either by the 1:1 mixture of LS and HS sates avindraret al?® For x=0 the crystal structure corresponding

: . . -to 4 K was considered and it was found that the LS state had
or by the HS state in which, however, the antiferromagneti .
interactions are also presénMore recently it was pointed ‘the lowest energy. Using the FSM method the energy of the

out that the IS state of Cdion is the most probable source IS and HS states were higher by 0.025 and 1.124 eV, respec-

of the magnetisni-® tively. . :

Explanation of the transition from the nonmagnetic to the _LaCo0; crystallizes |_n _the_ rhombohedral space group
magnetic state by aab initio calculation of the electronic R3c. The structure description involves three parameters_: lat-
structure of LaCo@represents a formidable problem. First, tice constania, rhombohedral angle, and oxygen coordi-
the density functional theor§DFT), on which such calcula- Natex. These three parameters could also be expressed in
tions are usually based, concerns the ground state, i.e., th@rms of the CeO-Cobond angle3 and the geometry of the
absolute zero temperature only. The second problem is the00s octahedron: the Co-O bond lengthand the trigonal
strong correlation of the electrons of the magnetic cations iflistortion characterized by the O-Co-O angieThe depen-
the 3l magnetic oxides. The two methods which are usuallydence of the crystal structure on temperature was studied
applied in DFT-based calculations, the local spin density apexPerimentally in Refs. 8 and 10, see Figb)1In this paper
proximation(LSDA) or the generalized gradient approxima- no deviation from theR3c symmetry was reported. Note,
tion (GGA), often fail to describe correctly systems with however, that recently a monoclinic distortion of the struc-
strong correlations. A possible way to overcome the abovéure (space groud2/a) was found by single-crystal x-ray
two problems was suggested by Koroginal” These authors diffraction

assumed that the spin-state transition in LagQlriven by Pressure-induced IS-LS transition in LaGp@t room

the change of the crystal structure with the temperature, i.etemperature was reported by Vogtt al? The authors mea-
the entropy part of the free energy was neglected. The tensured synchrotron x-ray powder diffraction under pressure
perature evolution of the electronic structure may then baip to 8 GPa. They observed a change of the Co-O bond
obtained by adopting the crystal structure determined experieompressibility around 4 GHaee Fig. 13)], which was as-
mentally at different temperatufeand performing the cor- cribed to the continuous depopulation of the IS state driven
responding series @b initio calculations. To account for the by an increased crystal-field splitting and connected with an
strong electron correlations of thel lectrons of cobalt, the effective reduction of the size of the &ocation.

LDA+U approach was used. In order to determine the en- In this paper we show that the GGA+U method correctly
ergy differences between the LS, IS, and HS states Koedtin reproduces the pressure-induced spin transition observed
al.” employed the fixed-spin-mome(fSM) method. In this  experimentally> Moreover, the phase diagram of the mag-
method the total energy of the system is minimized under th@etic states vs the crystal structure distortion is determined.
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1.96 -'(a)' T (b)' T p e U and the exchange paramefemust be inserted. These can
1oal either be taken from experimental or estimated values using
) the restricted LSDAGGA) supercell calculation. In Ref. 7
1.92f / 1 the valuedJ=7.8 eV and]=0.92 eV were found by employ-
190 F V! ] ing the LSDA supercell procedure.

'_y«f/f e In the LDA+U-like methods an orbitally dependent po-
175F 7 \ ¥ . tential is introduced for the chosen set of electron states,

Co-O (A)

] which in our case aredstates of Co. The additional poten-
170 | ¥ . tial has an atomic Hartree-Fock form, but with screened
[ \ ] Coulomb and exchange interaction parameters. The problem
165 ﬂ‘- B is that the exchange and correlation parameters already con-
- S tained in the LSDA or GGA should be subtracted. The form
of this “double-counting correction” is spherically symmetri-
cal, and it is not clear to which extent its application in the
full potential methods is justified, as there is no double-
counting correction for the nonspherical terms in the
N GGA+U orbital potential. We avoided this problem by using
8 6 4 2 00 300 600 9001200 the effectiveUqs=U-J instead of the parametét and by
pressure (GPa) T(K) putting the nonspherical terms in the orbital potential equal
to zero. In what follows the notatiod = U is used, but it
FIG. 1. () The dependence of LaCq@rystal structure on pres-  should be kept in mind that we are dealing with the effective
sure (Ref. 12 (#) and (b) on temperature. The data were taken | which is smaller than the Hubbard parameter. Using the
from Thorntonet al. (Ref. 8 (®) and Radaellet al. (Ref. 10 (O). data of Ref. 7 the LSDA value df; equals 6.88 eV. More-
over, as we showed recentfwhen the GGA instead of the
IIl. METHOD OF CALCULATION LSDA exchange-correlation potential is used, the valu® of
The calculations were made with theenzk programt®  Should be reduced. In what follows the value of the Hubbard

This program is based on the DFT and uses the full-potentidf@rametet) =U.;=5.4 eV was chosen. We checked that the
linearized augmented plane wayePLAPW) method with ~ Main results obtamed.,_the LS-IS transition, and the phase
the dual basis set. In the LAPW method the space is dividegiagram, are not sensitive to thevalue. o _
into atomic spheres and the interstitial region. The electron Our calculations were carried out without fixing the spin
states are then classified as the core states, which are fulfjoments. For each structure the GGA calculation was per-
contained in the atomic spheres and the valence states. THyMed first and then the GGA+U was started using the
valence states are expanded using the basis functions. Eaglgctron density and occupation matrices of the converged
of the basis functions has the form of the plane wave in th&SGA.
interstitial region, while it is an atomiclike function in the
atomic spheres. To make possible the treatment of two va- Il. RESULTS AND DISCUSSION
lence functions with the same orbital numlfguch as g and
4p functions of Co so-called local orbitals are added to the ~ To obtain the temperature dependence of the crystal struc-
basis functiond? In our calculations the | 3d, 4s, 4p states  ture parameters, we made a linear fit to the experimentally
of Co, 2, 2p, 3sof O and 5, 5p, 5d, 6s, 6p, 6d states of La  determined evolution of the crystal structure as reported in
were treated as the valence states. The numpef thek  Refs. 8 and 1Qsee Fig. 1)]. In this way the crystal struc-
points in the irreducible part of the Brillouin zone was 85 tures for selected temperatures were reconstructed. This ap-
and the numben, of the basis functions was 100 per atom proach represents a rough approximation only, since it ne-
in the unit cell.(n, differs somewhat for differerk points) glects, e.g., anomalous thermal lattice expansion observed
All calculations were spin-polarized, assuming ferromag-around the spin transition temperatré.
netic ordering of the Co spins. For the exchange correlation The converged total magnetic moments and the relative
potential we adopted the GGA folfnas for the 8 com-  total energy per formula unit vs temperature and the corre-
pounds it is superior to the LSDA, as a rule. The radii of thesponding Co@ octahedra geometry are displayed in Fig. 2.
atomic spheres were 2.00, 1.90, and 1.65 a.u. for La, Co, andt high temperatures the GGA calculations converged to a
O, respectively. magnetic solution with the magnetic moment decreasing
Despite the fact that GGA is more suitable than LSDAfrom ~1.5ug at 1000 K to~1ug at 100 K. Below 100 K
when applied to inhomogeneous electron systems, in ¢the 3the moment decreased suddenly~@. After applying the
transition metal oxides the energy gap and the magnetic mé>GA+U the low-temperature structures remained in the LS
ments are still underestimatétiTo improve the description state (S=0), while the magnetic moment of the high-
of Co 3 electrons we thus used the LDA+U method astemperature structures was enhanced 4g, Zorresponding
described by Anisimoet al,'” but with the GGA instead of to its nominal value in the IS stat€=1). Close to the LS-IS
LSDA exchange-correlation potential. In what follows the transition some of the GGA magnetic solutions converged to
method is therefore denoted as GGA+U. The method is n@ nonmagnetic state when the GGA+U was applied. Thus
longer trulyab initio as the values of the Hubbard parameterthe IS-LS transition calculated with GGA+U is shifted to

Co-0O-Co (°)
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FIG. 2. Temperature dependence of the total relative energy per /G- 4. Total relative energy vs volum@) GGA and (b)
formula unit calculated bya) GGA and(b) GGA+U. (c) Magnetic =~ GCA+U calculation. Full(open symbols correspond to LES)
moment vs temperature calculated by GGA) and GGA+U (o). states(c) Magnetic moment vs Gd-Co bond angles calculated
Full (open symbols correspond to LBS) states. Three parameters PY GGA (open symbolsand GGA+U(full symbols.

(B,d,y) that characterize the local geometry are shown below the
temperature axis. sition calculated by the GGA+U is thus in good agreement

with the experiment?

higher temperature$100—-150 K compared to the GGA To get a better insight into the mechanisms leading to
(0-100 K. different magnetic ground states, we determined the depen-

The ground states calculated by the GGA for the strucdence of the magnetic state on the LaGa@ystal structure
tures determined under pressure in Ref. 12 were all magnetfgarameters. First several structures without trigonal deforma-
with the total magnetic moments per formula unit aroundtion (y=90°) were compared with analogous structures hav-
1ug. Switching on the GGA+U enhanced the magnetic mo-ing the maximum observed trigonal deformatiop=91.5°,
ment of the low-pressure structures tag while the high  see Fig. 1 The calculation shows that the effect of the trigo-
pressure structureé=4 GPa became nonmagnetic, corre- nal deformation is rather small, and we decided therefore to
sponding to the LS statgs=0) (see Fig. 3. The IS-LS tran-  calculate the phase diagram in tfts 8) space only.

The dependence of the total energy on volume for several
values ofd is displayed in Figs. @) and 4b). The magnetic
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0 8 - 6 4 ) 0 (B) phase diagram of spin state in LaCp@alculated IS statgg\),
pressure (GPa) LS stateqA), and LS state by GGA+U but IS by GGA). Spin

states for structure dependence on temperdtuse l; I1S: [1) and
FIG. 3. Pressure dependence of the total relative enégy on pressurélS: @; IS: O). The approximate position of the border
GGA and(b) GGA+U calculation.(c) Pressure dependence of the line between LS and IS states is plotted as a solid line for GGA
calculated magnetic moments. +U and a dashed line for GGA.
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FIG._G. Example of DOS calculated by GGA=0) for struc- FIG. 7. Example of DOS calculated by GGA+W=5.4 eV)
tures withd=1.90 A. (a) LS state,3=164°; (b) IS state,3=176°. for structures withd=1.90 A. (a) LS state,3=164°; (b) IS state,

moment per formula unit as a function of the angleis p=176°.
shown in Fig. 4c). It is seen that il decreases, more open- construction of the diagram reduces the complex problem of
angle 3 is required for the LS~ IS transition to occur. The  spin-state equilibria to a dependence on the local parameters
GGA+U method gives an abrupt transition, with the mag-4 and . The calculated phase diagram is thus, at least in
netic moment increasing from zero to its IS nominal valueprinciple, transferable from the specific case of the rhombo-
2ug. The transition as obtained in GGA is smoother, espehedral LaCoQ to relatedRCoO; systems(R=rare earth or
cially for shortd, and the magnetic moment is significantly Y). To do that, at least two obstacles must be overcome.
smaller than 2g. The resulting(d, 8) diagram with calcu-  First, the symmetry oRCoO; is lower (orthorhombi¢ and
lated structures together with structures observed under varyhe effect of the symmetry reduction should be analyzed.
ing temperature and pressure is shown in Fig. 5. Three difSecond, if the transition temperature is high, as such, e.g., in
ferent sets of calculated results are indicated in the diagran¥ CoOs,*° the role of entropy may become important.

(1) LS state(2) IS state, and3) IS state for GGA, but LS for Examples of the densities of states calculated by GGA
GGA+U. Thus the LS-IS border line is different for GGA and GGA+U for structures witd=1.90 A are displayed in
and GGA+U, especially for shod. Nevertheless, both for Figs. 6 and 7, respectively. The densities of std2®S)

GGA and GGA+U the magnetic ground stdt8) is more  calculated using the GGA corresponds to a metal for all cases
stable for structures with longet and more operg. The  considered. In the LS case &)}, states are occupied and the
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180 = T - the strong hybridization of Cey orbitals with thep orbitals

8GPa of oxygen ligands. The hybridization broadens thp bands
175 | E .
l and makes the,;, and g; bands overlap, as can be seen in
170k figures of DOS(Figs. 6 and Y. The smaller CeO-Cobond
angle decreases the hybridization and narrowsltpédands.
The shorter Co-0O bond pushes the antibondingrbitals to
higher energy, whereas mainly nonbondtggare less influ-
enced, and the energy difference betwegmndt,,, which
corresponds tdcr in the crystal-field approximation, is in-
bl creased. Both of these effects prevent overlappiggnde,
128 190 102 104 196 and thus support LS. .
' ’ "Co-0 (dA) ’ The dependence of the level of the orbital over&pmon
the bond distancel and angleB in perovskites could be
FIG. 8. Fit of calculated LS-IS border line calculated by expressed 82!
GGA+U (X) to cogm—B)d3°=Ad™>+B. For a description of
other symbols see Fig. 5. cogw - f3)

W~ =55 1)

Co-0-Co (8,°)

165

160 |

density of states at the Fermi eneifgy is low. In contrastto 1o crystal-field splitting\cr changes withd™ in the point

this, for IS a sharp peak corresponding to the minority Spirbharge approximatiof? Thus we attempted to fit the 1S-LS
toq states is intersected Wse. With GGA+U the situation is ) 5qer line by an equation

very different; the LS systems are insulators with a gap

~1.5 eV. The states just belo®, correspond to strongly cogw- )
intermixed (almost 1:3 Co(t,y)-O(p) states. The hybridiza- e
tion of thet,, states in an octahedron is usually small. In our o

case the strong @by)-O(p) mixing is caused by the se- Whered is in A, A=3.108, andB=-0.020 56. The formula
lected value of the Hubbard parametér 5.4 eV. For thisJ (2) fits quite well the calculated LS.—IS border Ilmse_e Fig.

the t,, states are shifted downwards and come in to contac®): and supports the above-mentioned explanation of the
with the oxygerp states. As a consequence the hybridizationSPin-state stability dependence @and, although it cannot

is strongly enhanced. For the IS case the GGA+U result§omPprise the complex DOS structures.

correspond to a half metal with conduction in the majority

spin channel only. The states &g are Cde,) strongly hy- IV. CONCLUSIONS

bridized with the oxygerp states.

Note that the IS states calculated using the GGA+U al
ways have a magnetic moment per LaGogual to 2ug.
This may be understood taking into account that the syste
is half metallic(Fig. 7), i.e., there is a gap in the DOS of the
minority spin electrons. As a consequence the nunnbeaf
the minority spin electrons must be an integral number. Th
total number of electrons,y is integral too, and thus the
number of the majority spin electroms=n,,,—n, as well as

the magnetic momentg(n;—n)) are a_lso in'_[egers. . of LaCoQ; determined recently under pressure by Vegt
In a simple one-electron crystal-ﬂeld plcturg for nondis- 5, 12 i5 i agreement with the proposed pressure-induced
torted CoQ octahedra the LS state is stable if the crystal-|g_| g transition.

field splitting is larger than the on site Coulomb repulsion
Ace> Ay, whereas the HS state is stabldge<Ay. The IS
state could only be stabilized in distorted octahedra, e.g., by
a Jahn-Teller effect. The calculation shows that the IS state This work was supported by the Project No. A1010214 of
may be stabilized also in the nondistorted octahedra due tthe Grant Agency of the AS CR.

A
:$+B. (2)

The electronic structure of LaC@Owas calculated
by GGA and GGA+U for a number of structures with
varying Co-O distancesl and Co-O-Cobond anglesg.
"he spin of LaCo@ calculated by GGA+U corresponds
either to the intermediate spin stal&, S=1) or to the low
spin statgLS, S=0). The IS state is more stable than the LS
Qtate for structures with longer Co-O distances and more
open CoO-Coangles.

The magnetic state calculated by GGA+U for structures
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