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Possible magnetic ground state in the perovskite SrCoQ
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The magnetic ground state of cobalt perovskite Srg@under much debate at present due to its complex
magnetic properties. To shed further light on this issue we have studied various magnetic structures of enlarged
double cells. The calculation is carried out self-consistently within the unrestricted Hartree-Fock approximation
and the real-space recursion method. Our results show that the magnetic ground state mainly depends on the
competition between the crystal field strendilq and Hund's coupling. For a fixedj, it can be either the
intermediate-spin statet‘z‘(ge;), the low-spin—intermediate-spin ferromagnetically and charge-ordered state
(t3489-t3565-FM), or the low-spin statetf,ed) asDq increases. However, the intermediate-spin state is the
most probable candidate for the magnetic ground state in view of the experimental photoemission spectra and
magnetic momen{.S0163-182608)00322-1

I. INTRODUCTION doped perovskite. Thus we study, in this paper, various mag-

netic states in an enlarged double cell of SrgoM addition

The magnetic perovskite compounds have attracted mucte the 4|0Vi/-Spin(LS) state (2ge3), intgrn‘lzediate-spir(IS)

attention in the past few years due to their very interestingstate €;4e;), and high-spinHS) state (;4e;), we also con-
physical properties. Colossal magnetoresistance was olsider all possible spin and charge ordered combinations
served in doped La ,Sr,MnO; (Ref. 1) and various possible &mong the three states. Note that the definitions of these
mechanisms were proposed. The finite-temperature transitidR"ee states are different from the ones in the other end mem-
at 90 K in LaCoQ is another hotly discussed isstid While ber LaCoQ because the former has one electron less than

o . the latter. The calculation is performed within the unre-
it is generally agreed that the low-temperature phase is 8rricted  Hartree-Fock approximation on a  realistic

nonmagnetic low-spin statet3eg), both the high-spin perovskite-type lattice model and the self-consistent solu-
staté™’ (t5,e5) and intermediate-spin stdt€ (t3,e;) were  tions are obtained using the iteration method. To compare
proposed for the high-temperature phase. Recently, fairlyhe relative stability of the various states, we compute their
large magnetoresistance was also observed in the doped a@nergies as functions of the crystal-field strengtbtand
balt perovskite La_,A,Co0O; (A=Ca, Sr, or Ba(Ref. 1)  Hund’s couplingj since the phase diagram mainly depends
and the magnetic phase diagram as a function of doping wa@n the competition between these two parameters. Our re-
determined? sults show that for a fixed Hund coupling the ground state
The magnetic state of doped LgA,Co0; strongly de- of the system changes from the IS state to the LS-IS ferro-
pends on the doping concentration While the undoped magnetiqFM) and charge ordered state and finally to the LS
compound is a nonmagnetic insulator, the system takes thgfate asDq increases. According to the parameters typical
spin-glass state for low doping concentratiors@<0.18  for cobaltites and the experimental magnetic montémte
(Refs. 5 and 1pand the ferromagnetic state for higher dop-suggest that the ground state of SrGo@ in the
ing concentration 0.18x<<1.0}>"'* The doping also intermediate-spin state regime, which is in agreement with
changes the valence of Co ions. The compound becomesthe results of the Co 2 x-ray-absorption spectroscopy
mixed valence system with both ¢® and Cd#4. Previ-  spectrum’’
ously, the magnetic state of doped;LgA,CoO; was sug- The rest of the paper is organized as follows. In Sec. Il we

gested to be a mixture of the high-spin @thges) and the first introduce the perovskite-type lattice model and the un-

low-spin Co 4(t3,e%) ionst® because the measured satura-restricted Hartree-Fock approximation and then the real
tion magnetic moment is only about half of the moment ofSPace recursion method is also briefly outlined. In Sec. Iil we

the high-spin C63 ions23-*More recently, the Sr-induced present the numerical results and the corresponding discus-
intermediate-spin state was also proposed for the doped stafiPn for €ach state. In particular, we pay special attention to
based on the photoemission spettand the ferromagnetic the stability of various states and propose the most probable

resonance experimeHtThe comparison between the experi- candidate for the ground state of this compound. The conclu-

mental Co D x-ray-absorption spectra and the atomic mul-Sion is drawn in Sec. V.
tiplet calculation also indicated that the ground state of
SrCoQ; is the intermediate-spin state;geg)."’

In order to better understand the magnetic properties of We adopt the multiband-p model Hamiltoniaf to de-
the doped system, it is worthwhile to first study the simplerscribe such transition metal oxides, which includes the full
end member compound SrCeQOOnce a clear picture is ob- degeneracy of the transition metal 8rbitals and oxygen|2
tained for the magnetic structure in perovskite Srgo@  orbitals as well as on-site Coulomb and exchange interac-
certainly will help us to resolve the complex situation in thetions:

Il. THEORETICAL FORMULISM
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o ot ‘ The coefficients; andb; are obtained from the tridiagonal-
H:AE fdmdimadima+,2 €oPjnePjns ization of the tight-binding Hamiltonian matrix for a given
b hne starting orbital. The multiband terminafBiis chosen in our
- calculation to close the continuous fractional. To study the
+i j;ﬂ . (tij dimePjno+H.C) modulated spin states in SrCeOwe have considered vari-
e ous spin and charge ordered states of an enlarged double cell
) of SrCoG,. This is achieved by taking the different initial
+ E (tinin piTnopjn’tT+ H.c) values of the electron number and magnetic moment for dif-
Ljnn',o ferent lattice sites and orbitals. There are 38 orbitals to be
T + calculated for each iteration and we compute 25 levels for
+% Ui dim1dim| dim the continuous fractional coefficients for each orbital. We
' have checked our results for different levels to ensure the
accuracy of energy calculation and better than 5 meV in
energy accuracy is secured. The whole procedure is iterated
self-consistently untill convergence and the density of states
is obtained byp,,(w)=—(1/7)ImG,,,(w). This allows us
X E drmvad‘mﬁ"sdm' @) to calculate the electron numbers, magnetic moments, and

T ; . the energies of various ordered states.
wheredim, (din,) andpjn, (Pjn,) denote the annihilation

(creation operators of an electron on Gbat sitei and Op
at sitej, respectively, an@}?,m ande, are their corresponding
on-site energiesn andn refer to the orbital index and to Although the direct parameters of SrCp@ not avail-

the spin. The crystal-field-splitting energy is includedly,,  able, their values can be inferred from those of LagsiBce

i.e., 4(trg) = eq—4Dq and eg(ey) = e3+6Dq, whereej is  they mainly differ from each other on the number of valence
the bare on-site energy of tlieorbital. t|" andti”.”' are the electrons in the unit cell. Thus, on the assumption that dop-
nearest neighbor hopping integrals ford and p-p, which  ing does not affect the intrinsic parameters of the cobalt ox-
are expressed in terms of Slater-Koster parametedsr],  ide, the bare on-site energies of @oand Op orbitals are
(pdm), (ppo), and @pw).18§m is the total spin operator of taken asé;:—zs.o eV ande,=0 eV. The Slater-Koster
the Co ion extracting the spin-operator in orbital T=u parameters are pdo)=-2.0 eV, ([Edw)=0.922 eV,
—5j/2. The parameteu is related to the multiplet averaged (ppo)=0.6 eV, and ppw)=—0.15 eV, respectively. The

1 - .
t5 2 Udin i i ]

i g , im'o
i,m#*,m', o0

Ill. NUMERICAL RESULTS AND DISCUSSION

d-d Coulomb interactiorJ via u=U — (20/9);. on-site Coulomb repulsion i8=5.0 eV. The crystal field

In the unrestricted Hartree-Fock approximation, thestrength and Hund's coupling are set@g=0.16 eV and
Hamiltonian becomes linearized and is reduced to j=0.84 eV. With the parameter set given above, we have
i studied the electronic structures of various spin and charge
H= > |elptun)— EO‘(,LL?—,LL%)+TJ(n?—n?n) ordered states and ten different structures are found to be

Lmo metastable.
In Figs. Xa) and Xb), we present the spin resolved total
xdfmgdim(,Jr_E epp}rnopjm,f 2 (tir?”d?mapjm, densities of states of the double cell for the low-spin state
j.n,o i,j,mn,o

(t34,85, S=1/2) and the intermediate-spin state3de;,
, S=3/2). The solid and dotted lines denote the density of
+He)+ X (10" ph,Pjno+H.C). (2)  states of the majority spin and minority spin, respectively.
Linn'.o The high-spin statet} e, S=5/2) turns out to be unconver-
Here ng,,=(d},dms), mm=ng—nG,, andnf and u{' are  gent due to the strong superexchange interacfide low-
the total electron numbers and magnetization of thedCo spin state is a metallic state with a low density of states at the
orbitals. We have chosen tlzeaxis as the spin quantization Fermi energy. The peaks near the Fermi energy come from
axis. ) o o ) t,y electrons and the main body of the valence band is de-
For the tight-binding Hamiltonian2), the density of yiyed mostly from Op orbitals. The metallic nature of

states can be easily calculated using the real space recursigiicog, is due to the fact that it has one electron less than
method!® Instead of diagonalizing the Hamiltonian with the LaCoO,; one of the bands is only half filled. The

dimension of the number of orbitals in the primitive cell, the intermediate-spin state is also a metallic state: it has a

recursion methods choose one particular lattice site, Wherﬁroader bandwidth than that of the low-spin state. Surpris-
the density of states is acquired, and tridiagonalizes th '

s . _ ?ngly, the density of states just below the Fermi energy in the
Hamiltonian to a certain number of levels; one then Writes, 5jence hand is mainly of @ character and the contribution
the Green’s function as of ty, electrons shifts to the lower-energy region around
b2 —7 eV; the whole spectrum has less structure than the non-
©) magnetic ground state of LaCgO These features are in
bf agreement with the experimental observations that the pho-
b2 toemission spectrum becomes smooth and the density of
5 states near the Fermi energy is more and more op O

b3 charactel® as the system is doped. The intermediate-spin
w—az—--- . state also has the right magnetic moment 296which is

G(w)=
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close to that of the LS-LS-FM state. The density of states of

the I1S-IS-AFM state has more structures than that of IS state

] due to the long-range antiferromagnetic ordering. Further-

poncy, ] more, the IS-IS-AFM state is a metal with a relatively high

(b IS 110 density of states at the Fermi energy. As can be seen in Fig.

L e i _'5 1(e), the HS-HS-AFM state has the broadest bandwidth,

A o probably due to its largest magnetic moment; it corresponds
' to a semiconductor as a gap exists at the Fermi energy.

s i © LS'LS‘AFM_' In addition to the above spin structures, we have studied

| ] various spin and charge ordered structures among different

0 Jo. M spin states of neighboring Co ions. This is achieved by tak-

' ' ' 110 ing into account the different initial values of the electron

L (d) IS-IS-AFM . . . -

L 1s number and magnetic moment for the neighboring lattice

I )4“\ ] sites and orbitals. The first two structures are the LS-IS-AFM

15 } } : 0 state and the LS-IS-FM state where the neighboring LS and

10k () HS-HS-AFM IS moments align antiferromagnetically and ferromagneti-

s 1 cally, respectively. The spin resolved total density of states,
- as shown in Figs. (f) and X1g) suggests that these two struc-

910 5 0 s 10 tures have a similar spectral shape for the small magnetic

o(eV) moment of the LS Co ion. In particular, the moment of the
LS Co ion in the LS-IS-AFM state is 0.6&, which is

L — smaller than 1.58g in the LS-IS-FM state, while the mo-

(f) LS-IS-AFM ] ment of the IS Co ion has almost the same value in these two

g states.

LN ] Similar structures can be obtained by substituting the spin
@ LsiseM 1% state of the Co ion. They are the LS-HS-AFM, LS-HS-FM,
s ] and IS-HS-AFM structures and their spin resolved total den-

5 ] sities of states are shown in Figsthi=1(j). Just like the

i LA 0 HS-HS-FM structure, the IS-HS-FM does not converge due

(h) LS-HS-AFM]] to the large superexchange interaction. The shape of the

1 spectra of the spin resolved total density of the states of

LS-HS-AFM and LS-HS-FM structures is similar to those

shown in Figs. th) and 1i). The pseudogaps at the Fermi

energy in these two structures become enhancddpde-
creases. In Fig. (), the density of state of the IS-HS-AFM
state is shown. The complex structures are caused by the
larger magnetic moment as well as the long-range antiferro-
magnetic order. The electron humbers, magnetic moments of
the Cod band, and energy are summarized in Table | for all
the spin and charge ordered structures. One sees that the IS
state has the lowest energy and thus is the ground state.
o(eV) The results for the varioua-type AFM states among dif-

) ) ) _ferent spin states of the Co ion are not presented here be-

FIG. 1. Spin resolved total density of states for ten different SPincguse they never become the absolute ground state in the

and charge ordered Strucmreg 30'84 ev anquzQ.1§ ev. The é) rameter range we studied due to the lack of the Jahn-Teller
other parameters are described in the text. The solid line and dott gﬁ

line refer to the density of states for the majority spin and minorit ect in the SrCo@ compound. In fact, our calculation
spin, respectively y jority sp Yshows that the energy of these states always lies between the

correspondings-type AFM states and FM states. This con-
close to the experimental value 3.1 Later we will show  clusion is similar to the case of cubic LaMgQvhen the
that the intermediate-spin state has the lowest energy in théahn-Teller effect is neglectéd The A-type AFM state be-
relevant parameter regime among all the structures studiedcomes the ground state only when the Jahn-Teller effect is

Next we investigate the nearest-neighbor antiferromagstrong, which is not the case for SrCpO

netically ordered structures LS-LS-antiferromagnesEM), In all the magnetic structures studied above, there is a
IS-IS-AFM, and HS-HS-AFM states. This was done in ancommon feature in the density of states. The peaks in all the
enlarged double cell and the total density of states are showspectra come mainly frory, electrons, which indicates that
in Figs 1(c)—1(e). The majority-spin and minority-spin total t,, electrons are easily localized. The figtband is respon-
densities of states are the same because the two Co ions hasible for the itinerant behavior of the system, which is similar
the opposite magnetic moment. In the LS-LS-AFM state, théo the Mn perovskite. Since Sr doping induces a transition
gross structure is similar to the one of the LS state excegirom a nonmagnetic insulator to a ferromagnetic metal, it
that a gap appears around the Fermi energy, whose size implies that La_,Sr,CoO; is also a double exchange
creases witlDq; the energy of the LS-LS-AFM state is also systen?? However, no significant Jahn-Teller effect is ob-

(a) LS

o

p(m) (States/eV)

15

p(w) (State/eV)

10
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TABLE I. Occupancyn® and magnetic moment®/ ug of Co ions in the double cell of various structures
atDg=0.16 eV andj=0.84 eV.

Structure type nd wd nJ wd Energy

LS 6.48 1.28 6.48 1.28 —212.544
IS 6.33 2.96 6.33 2.96 —-212.911
LS-LS-AFM 6.46 1.09 6.46 -1.09 —212.475
I1S-1S-AFM 6.38 2.73 6.38 —-2.73 —212.103
HS-HS-AFM 6.49 3.73 6.49 —-3.73 —211.620
LS-IS-FM 6.56 1.58 6.31 2.89 —212.841
LS-IS-AFM 6.52 0.66 6.32 —2.96 —212.548
LS-HS-FM 6.55 1.57 6.10 3.70 —212.485
LS-HS-AFM 6.52 0.65 6.09 -3.78 —212.184
IS-HS-AFM 6.40 2.77 6.14 -3.75 —211.900

served in the cobaltites. The magnetoresistance in the dopédhve checked our results for differefis. Our calculation
LaCoQ; can be described by the so-called double exchangéund that the crossover point from IS to LS-IS-FM struc-
mechanism, which makes for an interesting comparison witftures takes the value3q=0.156, 0.172, and 0.186 eV for
the doped LaMn@. From Table | we find that the occu- j=0.80, 0.84, and 0.88 eV, respectively. Similarly, the cross-
pancy of thed band is always larger than 6, coinciding with over point from LS-IS-FM to LS structures t_akes the values
the fact that SrCo@has a considerable amount of the ligand 2a=0.184, 0.197, and 0.212 eV at the saj'® Thus the
hole character. The Co moment is approximately unchange@fystal field strengttDg compensates the effect of Hund’s
in all the structures except that the LS Co ion in the LS-IS-coupling and the crossover poibig increases witfj. Note
AFEM structure and LS-HS-AFM structure has a smaller mo-that the region of stability for the LS-IS-FM structure is al-

ment than that of the corresponding ferromagnetic states. most inc(ijepenr(]jent qf. Fvari q .
It is of interest to compare the relative stability of all the ased on the energies of various structures and comparing

structures discussed above to obtain the ground state éﬁe calcul_ated density of states and magnetic moment with
SrCoG;. In Fig. 2 we have calculated energies of various € experimental spectroscopy and measured moment, the 1S

) X ) state is the most suitable candidate for the ground state of
spin structures as a function of the crystal field strergth g

: e SrCoQ, in the relevant parameter region of the compound.
for a fixed Hund coupling =0.84 eV.Dq changes from . gensity of states has the correct oxygen character below
0.10 eV to 0.22 eV. For weak crystal field strength, the I1Sihe Fermi energy and it has the right magnetic moment. In

state is the ground state of the system;Dap increases 10 addition, the Sr doping induces a transition from a nonmag-
0.172 eV, the LS-IS-FM state becomes energetically morgetic insulator to an intermediate-spin ferromagnetically or-
favorable; the LS state becomes the stable state vign dered structure is also consistent with the experimental
approaches 0.197 eV. Other structures we studied are enagbservations>~*’ Thus we discuss below the intermediate-
getically unfavorable in the relevant parameter region of thespin state in more detail.
compound. Since Hund’'s coupling and the crystal field In Fig. 3 we present the spin resolved partial densities of
strengthDq affect the energies in a correlated fashion, westates. The upper panel shows the densities of states of Co
t,4 and Coey orbitals and the lower panel shows those of O
- T T T p orbitals. The majority-spin density of states is plotted up-

2110 K 1 ward and the minority-spin density of states is plotted down-
\ ] ward. One sees from this figure that the density of states of

= Fhe Qotzg orbital is very Ioca'lized and that of Gg, orbital
2120 % -— is quite extended. The @ orbital forms the broader valence
\X\ band just below the Fermi energy, which is consistent with
the O p character observed in the photoemission spectra.
] Another interesting feature of the density of states is the
~_] half-metallic nature of the electronic structure as emphasized
\ by Pickett and SingR* The majority band has metallic char-
acter, while the minority band has band insulator character.
The half-metallic property of the intermediate-spin state is
L most clearly seen from its band structure as shown in Fig. 4.
0.10 0.12 0.14 0.16 0.18 0.20 022 There are bands crossing the Fermi energy in the majority-
Dq(eV) spin band structure due to the mixing of @g and Op
orbitals, while the Fermi energy lies in the band gap in the

. . . minority-spin band str re.
FIG. 2. Energies of the various spin and charge ordered struc- ority-spin band structure

tures as a function obq for j=0.84 eV.A and B indicate the IV. CONCLUSION

crossover points for the transitions from the IS state to the LS-

IS-FM state and the LS-IS-FM state to the LS state, respectively. In summary, we have studied the various spin and charge
Other parameters are the same as in Fig. 1. ordered structures in an enlarged double cell of SrCol@n

E (eV)

2125 F—0_,

-213.0

2135 F ——LS ——1IS
| —+—LS-LS-AFM —»—IS-IS-AFM —+— HS-HS-AFM T
214 —+—LS§-IS-AFM —x—LS-IS-FM —*—LS-HS-AFM B
B or —D—LS-II-IS-FM —OI—IS-HS-AFNII
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FIG. 4. Spin resolved band structure of the intermediate-spin
FIG. 3. Spin and orbital resolved partial density of states for thestate. The upper panel refers to the bands for the majority spin and
intermediate-spin state. The upper panel refers to thel ©cbital ~ the lower panel to the bands of the minority spin. The parameters

and the lower panel refers to thepOorbital. The parameters are the are the same as in Fig. 1.
same as in Fig. 1.
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