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Competition of various spin states of LaCoQ
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The spin-state transition in perovskite LaGolas been a controversial topic ever since its discovery. To
obtain a better physical understanding of its origin we have studied various magnetically ordered states of an
enlarged double cell, including the low-spin state, intermediate-spin state, high-spin state, as well as all
combinations among these three states. The calculations were done within the unrestricted Hartree-Fock ap-
proximation and the real-space recursion method. The density of states and stability of various states are
analyzed as functions of model parameters. Our results show that the ground state of the system depends on the
competition between the crystal-field splittibg and the Hund’s coupling. For a fixedj, the ground state of
the system changes from the low-spin state to the low-spin high-spin orderedL84tS) and finally to the
high-spin high-spin antiferromagnetically ordered stat®gsis weakened. Our study suggests that the spin-
state transition at 90 K probably takes place from the low-spin state to the LS-HS ordered state.
[S0163-182698)03414-9

I. INTRODUCTION complex structures of the supercell play an important role in
the spin-state transition. They proposed that the LS-HS or-
The perovskite compound LaCgnas very interesting dered state may correspond to the insulating state of the sys-
magnetic and transport propertie$.LaCoQ; is a nonmag- tem below 400—600 K. More recently, 3e1s-Rodrguez
netic insulator at low temperature, and is usually called aand Goodenoudf have hypothesized the possible states in
low-spin state (LS,S=0) because the atomic configuration each temperature domain according to their experimental
(t54e9) of Ca** ions has no magnetic moment. As tempera-data. They suggested that the system is in the LS state below
ture increases, the magnetic susceptibility slowly increasess K, the LS-HS disordered state between 35 and 110 K, the
and soon reaches a maximumTat90 K. Above this tem- LS-HS ordered state between 110 and 350 K, and the I1S-HS
perature, the system shows a Curie-Weiss behavior, which isrdered state at a higher temperature above 650 K. There-
followed by another structural transition at 500 K. Recentfore, to obtain a better physical understanding of the spin-
neutron-scattering  studies suggested that this high- state transition in the perovskite LaCg@nd of the origin of
temperature transition is not dominantly magnetic in origin.the paramagnetic state with local magnetic moments, it is
The transport measurement found that the system changegcessary to examine the various spin-ordered states of an
from an activated semiconductor to a metallic conductorenlarged supercell of LaCeQand study their stability at
around 400—600 K.The smooth spin-state transition is also least around the first spin-state transition.
reflected in the electron spectra of LaGo@here x-ray pho- In this paper, we have studied the various magnetic states
toemission measurements revealed that the valence bandsotan enlarged double cell of LaCgQOn addition to the LS,
80 K and 300 K are rather similar and have no significantS, and HS states that were investigated previously, we have
change’ 12 also considered all possible combinations among the three
Regarding the nature of the spin-state transition in perovstates. The calculation is performed within the unrestricted
skite LaCoQ, there are two different opinions present in the Hartree-Fock approximation on a realistic perovskite-type
literature: Most previous studies treat the spin-state transitiofattice model and the self-consistent solutions are obtained
at 90 K as the transition from the low-spin state to the therusing the iteration method. With the band-structure param-
mally excited high-spin statésince the high-spin sta@lS,  eters deduced from the photoemission spectra as input, our
S=2, tggeé) is only 10—80 meV higher in energy than the calculated spectra of the low-spin state and the intermediate-
low-spin staté. Nevertheless, the recent band-structure calspin state, as well as the high-spin state all agree with previ-
culations using the local-density approximatidtDA+U)  ous works:®>~'°To compare the relative stability of the vari-
method? (whereU is the on-sited-d Coulomb interaction  ous states, we have computed their energies as functions of
and the Hartree-Fock calculations on the multiband latticghe crystal-field strength (Ig) and the exchange coupling
modet*!® have shown that the intermediate-spin sta8: j since the phase diagram mainly depends on the competition
S=1, tggeé) is more stable than the high-spin state. Further-between these two paramet&r®ur results show that for a
more, Korotinet al® also found that the orbital ordering in fixed exchange coupling, the ground state of the system
the IS state is responsible for the semiconducting nature afhanges from the LS state to the LS-HS ordered state and
the LaCoQ below 500 K. However, controversy still exists finally to the HS-HS antiferromagnetically ordered state
since a similar calculation by Mizokawa and Fujimtérilid ~ (HS-HS-AFM) as the crystal field strengfdq is weakened.
not find the orbitally ordered state. Thus, how the spin-statéor the parameter range where the LS state is the ground
changes with the temperature is still unclear. state, the lowest excited state is the LS-HS ordered state.
As was emphasized by Raccah and Goodenduglore  This indicates that the first spin-state transition most likely
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40 ' . ' T y . whered;, (df. ) and Pine (p;rm,) denote the annihilation
30 i (@) LS ] (creation operators of an electron on a @oorbital at sitei
| ] and an Op orbital at sitej, respectively, and.rgm ande, are
20 L J their corresponding on-site energien. and n refer to the
. orbital index ando to the spin. The crystal -field-splitting
10 | . energy is included inedm, ie., ed(tzg)— ed 4Dq and
0 [ . : . WVWWW\. ] s ed(eg)—ed+ 6Dq, whereed is the bare on-site energy df
' ' ' ' ' ] orbital. t;j" andt[‘]n are the nearest-neighbor hopping inte-
(b) I8 grals forp -d andp-p which are related to the Slater-Koster
] 110 parametersfdo), (pdw), (ppo),and ppm).t’ S is the
3 total spin operator of a Co ion, extracting the one in orbital
S F =45

m. U=u—5j/2, where the parameteris related to the mul-
tiplet averaged d-d Coulomb interaction U via
20 — : ! i 0 u=U—(20/9);.

- 1 In the unrestricted Hartree-Fock approximation, the
Hamiltonian becomes linearized and reduces to

] j ~
_ H=2 | edmtunf == o(ui= pp)+U(n{-nf)
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FIG. 1. The total density of states () the LS state(b) the IS mn
state, andc) the HS state folj=0.84 eV andDg=0.16 eV. The +|]§m (t; dlma-pjn0+ H.c)
other parameters are described in the text.

takes place from the LS state to the LS-HS ordered state, +2 (t" piT“fpr'”’”JrH'C')' 2
which is in accordance with the phenomenological pictfire. e
The rest of the paper is organized as follows: In Sec. II,
we first introduce the perovskite-type lattice model and theHere, ng,,=(d} dy,),  wg=nS,—n%,, and n{ and uf
unrestricted Hartree-Fock approximation; then real-space reare the total electron numbers and magnetization of the Co
cursion method is also briefly outlined. In Sec. Ill, we orbitals.
present the numerical results and the corresponding discus- For the tight-binding Hamiltonian, Eq¢2), the density of
sion for each state. The conclusion is drawn in Sec. IV.  states can be easily calculated using the real-space recursion
method® and the Green'’s function is written as
Il. THEORETICAL FORMALISM

The Hamiltonian we start with is the multibandg-p b2
model}* which includes the full degeneracy of the transition G(w)= 0 5 ®)
metal 3 orbitals and oxygen |2 orbitals as well as on-site b1
Coulomb and exchange interactions: @~ 80~ b2
w—a;—
H= 2 edm |ma |ma+2 EppJTmijnO' ! A b%
imo ino w—ap
(,()_ag_
+ > (t"d} o Pjne+ H.C)
ijmno The recursion coefficienta; and b; are obtained from the
tridiagonalization of the tight-binding Hamiltonian matrix
+ 2 (t” plnrrpjn'(r+ H.c) for a given starting orbital. The multiband termindfors
ijnn’o chosen to close the continuous fractional. To study the spin-
state transition in LaCof) we have considered various or-
+Z UdiTdeideiTmldimL dered states of an enlarged double cell of Lag.d@e have
m

computed 25 levels for each of the 38 independent orbitals;
the results are checked for different levels and better than 5

+1 2 Udt dinedd L dirgr meV in energy accuracy is secured. The whole procedure is
2_ Imoc*Yimo¥im’ ¢’ ¥Iim‘o . . . R

im#m’ oo’ iterated self-consistently until convergence and the density of
states is obtained by,,{w)=—(1/7)ImG,,{ ). This al-

—j 2 d.mg imo - Sdm- (1) lows us to calculate the electron numbers and magnetic mo-

imoo’ ments, as well as the energies of various ordered states.
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I1l. NUMERICAL RESULTS AND DISCUSSIONS 30 T T T T
In this paper, we use the parameter set derived from the | (a) IS-IS-AFM
cluster model analysis of the photoemission speétiehe 20+ )
bare on-site energies of Gband Op orbitals are taken as
€]=—28.0 eV ande,=0 eV. The Slater-Koster parameters 10 - 7
are (pdo)=-2.0 eV, (pdw)=0.922 eV, ppo)=0.6 eV,
and (ppw)=-—0.15 eV, respectively. The on-site Coulomb 0 : : ,

repulsion is U=5.0 eV. The crystal-field strength and 30
Hund'’s coupling are set a&q=0.16 eV andj=0.84 eV. 1
With the parameter set given above, we have studied the - -20

electronic structures of various ordered spin states and com- 8
[@%

| (b) HS-HS-AFM

pared with the experimental observed spectra. Furthermore, - 110
to analyze the stability of various ordered spin states, we 3 1
have calculated their energies as a function of the crystal- 20 : - i 0
field strength for two sets of Hund’s coupling-0.84 eV and 1

j=0.88 eV. Our detailed numerical analyses show that the 15 | (¢ IS-HS-AFM

lowest excited state is the LS-HS ordered spin state. Its en-

ergy is always lower than the intermediate-spin state in the 10 i i
parameter range where the LS state is the absolute ground st i
state. Thus, our study indicates that the modulated structure A M
is more favorable in energy than the translationally invariant 0 .

state and disorder effects may play an important role in the -10 -5 0 5
spin-state transition of LaCoOBelow we describe the vari- o(eV)

ous ordered states one by one.
In Fig. 1(a), we present the density of states of the low- FIG. 2. Same as Fig. 1, but for the total density of stateg@f

spin state (LS,t5,e9). The Fermi energyEr=0) is at the  the IS-IS-AFM state(b) the HS-HS-AFM state, an(t) the IS-HS-

middle of the band gap and LS state is an insulator. There ar&FM state.

three major peaks below the Fermi energy. The peak near t

top of the valence band comes mostly from the occupjgd

band; the other two peaks below the Fermi energy are mainl

contributgd by the @ or_b|tals. Theey band_ls located above is expanded due to the splitting of both thg ande, bands.
the Fermi energy and is nearly unoccupied. The occupancyne two peaks just above and below the Fermi energy come
of thed band is 6.86 which is larger than 6 due to the charggrom the splitt,, band while the two peaks located at the
transfer from Op to Co d orbitals. These features are in ypper and lower edges are due to the sgjiband. The HS
agreement both with the photoemission spéaral with the  state is also a metallic state, where its energy is 0.66 eV
previous results obtained using the LSDA metfbBut the  higher than that of the LS state and 0.47 eV higher than that
gap is overestimated due to the limitation of the Hartreeof the IS state. The magnetic moment of the HS state is
Fock approximation. As is well known, the Hartree-Fock 3.40ug and the occupancy of the band is 6.54.
method gives to the first-order approximation a qualitatively Besides the above three spin states which have been in-
correct result. Better methods such as the slave bosovestigated previously, we have studied various spin-ordered
method may change the results quantitatively, but not qualistates of a enlarged double cell of LaGo@he first is the
tatively. (IS-IS-AFM) state where the neighboring IS moments align
The intermediate-spin state (Isggeé) as was proposed antiferromagnetically. As can be seen from the density of
by Korotin et al*® is also found in our calculation and is states shown in Fig.(d), the partial density of states of @
shown in Fig. 1b). The overall shape of the density of statesorbitals has a similar shape as that of the LS state, but the Co
is quite similar to the LS state except that thg band be- d bands are further split due to antiferromagnetic ordering
comes split due to the presence of a magnetic moment. Thgithin the double cell. There is an absolute band gap at the
magnetic moment and occupancy of therbital are 2.13.5 Fermi energy and the state is a band insulator. The occu-
and 6.83, respectively. The IS state is a metal, since thpancy of thed band in this state is similar to the pure IS
density of states at the Fermi energy is nonzero. It is a metastate, but the local moment 1,£Z is smaller than that of the
stable state and is 0.19 dyér unit cel) higher in energy IS state.
than that of the LS state. The IS state was proposed as a The antiferromagnetically ordered HS statelS-HS-
possible candidate for the state after the 90 K spin-state traskFM) is calculated in the same way and its density of states
sition by Korotin et al,*® but the metallic nature of the IS is plotted in Fig. 2b). The main difference from the HS state
state is not consistent with the experimental observation. Asomes from the split Cal bands. This state is also a band
we will discuss late in the paper, a new LS-HS ordered staténsulator with a rather wide gap and the gap does not disap-
has a much lower energy than that of the IS state and it is apear with the parameters. Note that this state was defined as
insulator. the HS state by Takahashi and IgardStiihe occupancy and
The next homogeneous solution is the high-spin statg¢he local moment in this state are 6.58 and .33 respec-
(HS, t3,€5) which has been widely investigatéd:'® Its  tively. We will see below that the HS-HS-AFM state be-

hdaensity of states is plotted in Fig(d. The similar features
in the densities of states of the IS state and the HS state are
%ainly contributed by the @ band. The overall bandwidth
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comes the most stable state only for sniad|, which is not
relevant for LaCo@ compound.

The third spin-ordered state is the antiferromagnetically Dq(eV)
ordered IS-HS statdlS-HS-AFM). From the density of
states as plotted in Fig(@®, this state can be envisaged as a
superposition of the IS-IS-AFM state and the HS-HS-AFM
state. There exists an absolute gap at the Fermi energy, b
the gap has the same size as that of the IS-IS-AFM state. The
energy of this state is lower than that of the 1S-1S-AFM state the peak intensity is reduced in comparison with that of the
but higher than that of the HS-HS-AFM state. The occu-LS state. As we will see below, in the parameter range where
pancy takes the value of 6.81 for the IS site and 6.56 for théhe LS state is the absolute ground state, the LS-HS state is
HS site; the magnetic moment is 338 for the HS site and the lowest excited state of the system. In particular, this state
1.75ug for the IS site. becomes the first energetically favorable state when the

In addition to the antiferromagnetically spin-ordered crystal-field strengttiDq is reduced, hence the ground state
states as described above, the following three spin-ordereaf the system. The occupancy of the Gwrbital is 6.94 for
states can be viewed as the direct superpositions of the L#je LS site and 6.53 for the HS site; the magnetic moment is
IS, and HS states. They are the LS-IS ordered stzfelS), 0.23up for the LS sites and 3.3x; for the HS sites.
the LS-HS ordered statg.S-HS), and the IS-HS ferromag- The last state we investigated in this paper is the IS-HS
netically ordered statdS-HS-FM). In Fig. 3a), the density ferromagnetically ordered staftS-HS-FM) which is shown
of states of the LS-IS state is demonstrated and its gross Fig. 3(c). This state is a hybridized state between the IS
pattern is composed of the LS and IS states. The major struend HS states. The binding and antibinding states of the
tures in the vicinity of the Fermi energy come from thg  neighboring cells makes a rich structures in the density of
bands. This state is metallic since there is a nonvanishingtates. This state is metallic. The occupancy of thedCo
density of states at the Fermi energy. The occupancy of therbital is 6.81 for the IS sites and 6.56 for the HS sites, the
Cod orbital is 6.93 for the LS site and 6.79 for the IS state.magnetic moment is 1.75; for the IS site and 3.36g for
The magnetic moment is 0.28 for the LS site, 2.06g for  the HS site. It is interesting to see that in the last three states,
the IS state. Note that the magnetic moment of the LS sit¢he occupancy and the magnetic moment of each site are
becomes nonzero because of hybridization. A similar phemuch closer to the pure states they are designated, but the
nomenon occurs also in the LS-HS ordered state. total energy and the spectra are very different from one an-

The LS-HS state is a band insulator as shown in Fig).3 other. The band structures become more complex as the
The analysis of the partial density of states reveals that thenagnetic ordering changes from the LS-IS state to the
peak at the top of the valence band of LS-HS states comdsS-HS state and finally to the I1S-HS-FM state. This trend
mainly from thet,q orbitals of the LS Co sites. Therefore, indicates that the splitting of the band comes from both long-

0.10 0.12 0.14 0.16 0.18 0.20

FIG. 4. The energies per unit cell of the various spin states as a
function of Dg. (a) j=0.84 eV and(b) j=0.88 eV. Other param-
atters are described in the text.
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range ferromagnetical ordering and the magnetic exchang&ate in our parameter range. A simple scaling law indicates
interaction. Note that the little nipple found in some of thethat theDq decreases as temperature increases. Our study
densities of states may be due to the limited number of levelsuggests that a 90-K spin-state transition probably takes
used in the recursion routine, but the overall features arplace from the LS state to our LS-HS staf®.Since the
correct. This ensures that the quantities, such as local magnergy of the LS-HS state is so close to the ground state, the
netic moments and energy, can be calculated reliably, sincghort-range-ordered LS-HS state may occur well below 90 K
they involve an integration over the density of states. and account for the rapid increasing of the magnetic
To obtain a better physical understanding of the spin-statsusceptibility'®
transition in the perovskite LaCa(and of the origin of the
paramagnetic state with local magnetic moments, it is neces-
sary to compare the relative stability of all the states above.
In Fig. 4, we have calculated energies per unit cell of various In this paper, we have studied the various spin states of an
spin states as a function of crystal-field strenDth) for two  enlarged double cell of LaCaQThe nine different states are
sets of Hund’s coupling=0.84 eV and =0.88 eV. TheDq analyzed in detail using the unrestricted Hartree-Fock ap-
changes from 0.10 eV to 0.20 eV. Since the Hund’s couplingoroximation of the multiband-p model and the energy dia-
j and crystal-field strengtBq affect the energies in a cor- grams are obtained as functions of crystal-field strength and
related fashion, the energy diagrams for differgidoks the  Hund’s coupling for the parameter range which is relevant to
same except for a shift of the horizontal coordinate. Forthe compound. We find that the LS state is the ground state
weak crystal-field strength, the HS-HS-AFM ordered state isand the lowest excited state is the LS-HS ordered state. The
the ground state of the system; Bg| increases the LS-HS IS state has much higher energy than the LS-HS state. The
ordered state becomes energetically more favorable, and tlemergy difference between the LS state and LS-HS state de-
LS state becomes the ground state wiap increases fur- creases a®q decreases and the LS-HS state eventually
ther. All three states are a band insulator. Other states wemerges as the ground state. Sibmpdecreases as tempera-
studied are energetically unfavorable as shown in Fig. 4. ture increases, we conclude that the spin-state transition at 90
For the parameter range which is relevant to the experiK probably takes place from the LS state to the LS-HS or-
ments, the LS state is the ground state. We find that theered state.
lowest excited state is the LS-HS ordered state. The energy
difference between the LS-HS state and the LS state de-
creases abB( decreases. Previous works all concentrated on
the LS, IS, and HS states; thus they concluded that the The present work is supported in part by the National
temperature-induced spin-state transition at 90 K takes pladsatural Science Foundation of China under Grant Nos.
between the LS state to the IS state. However, the IS state NNSF 19677202 and 19674027 and the key research project
much higher in energy than the LS-HS ordered state found iin “Climbing Program” by the National Science and Tech-
this paper. Actually, the IS state will never become a groundiology Commission of China.

IV. CONCLUSION
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