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Intermediate spin state stabilized by the Jahn-Teller distortion in La,,Ba;»,C00;
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The recent high-resolution neutron and synchrotron diffraction measurements byeFalitfPhys. Rev. B
65, 060401R) (2002] demonstrated the existence of an intermediate spin state in half-dopgBa,aCoO;
which is accompanied by a long-range tetragonal Jahn-Teller distortion. In this paper we find that the charge
uniform ferromagnetic intermediate spin state strongly couples to the Jahn-Teller effect and is stable only at
moderate distortion of 1%. While the calculated magnetic moment of this state is in agreement with the
experimentally measured one, the corresponding orbital ordering is the nearest-neighboring alternating
d3x2r2/d3y2.2, instead of the observed unifordy,2..2 orbital ordering. A calculation is carried out using the
self-consistent unrestricted Hartree-Fock approximation on a realistic multtbpridubbard Hamiltonian and
a generalized Jahn-Teller coupling model, in which all possible spin-, charge-, and orbital-ordered states are

considered.
DOI: 10.1103/PhysRevB.66.064406 PACS nuni®er75.25+z, 75.30.Vn
[. INTRODUCTION turn affects the orbital ordering in these compounds. In fact,

such phenomena were recently demonstrated by several

Electrons in solids carry information about spin, charge groups through neutron-diffraction measurements. It was
and orbital degrees of freedom. Not all degrees of freedonfound that La_,Sr,CoO; (Ref. 12 is a nonmagnetic insula-
are active for a given compound due to the valence state dbr at very low Sr doping concentration, and with increasing
the atoms and the crystal structure involved. In this respectjoping the compound first changes to a spin-glass phase and
manganese-based perovskite compounds belong to a spediaén to a spin-cluster-glass phase. Eventually, when
class of materials since the interplay among spin, charge, and0.18, the system becomes a ferromagnetic metal. As for
orbital degrees of freedom results in rich electronic and magthe spin states of G6 and C4™ ions, an earlier study con-
netic properties, among which colossal magnetoresistance éfucted by Sathet al*® argued that Cb'" ions are in a mixed
of particular importance since it has numerous application${S-LS state and C'd in a low spin stateLS, tg eg) in the
in magnetic sensor and memory related devideSimilar to  ferromagnetic region 02x=<0.5. Taguchiet al* also sug-
manganese-based perovskite compounds, cobalt-based pgested that Cb ions are in a HS state for 0s5x=<0.9.
ovskite compounds are another interesting class of Motivated by the complex phase diagram of
materials’™® Because the Hund's coupling constaipt and R, ,A,,MnO; (R=trivalent rare earth elementsA
the crystal-field splitting 1Dq are very close to each other, =divalent alkaline elementsseveral studies recently con-
the exact spin state of cobalt ions depends on the cryst@glentrated specifically on half dopedR;,A;,Co0;
structure, the temperature, and the divalent doping concezompounds$®7 It was found that electronic and magnetic
tration. For example, the ground state of LaGo® well  properties depend very much on the detailed crystal struc-
known to be a nonmagnetic insulator, and*Caons take a  tures of compounds. For small ionic radii@fions, the large
low spin state(LS, t5;e)) at low temperature$:® As the  bond angle reduces the effective hopping between Co ions
temperature increases, the compound changes from a lownd induces a charge-ordering-related metal-insulator transi-
spin state into a paramagnetic state with a broad increase tion at low temperatures. However, for large ionic radii such
magnetic susceptibility around 90 K. The change in magnetias La, the crystal is nearly cubic and no charge ordering
properties is generally attributed to the spin-state transitiomccurs®® Similar phenomena were also observed by Troyan-
of Co®" ions. Up to now, there has existed a controversychuk et al. in their magnetization measureméfiyhich in-
concerning the high-temperature spin state: the high spidicated that the Co ions are in an IS state injB8,,,C0o0;
state (HS, t‘z‘geS), intermediate spin statésS, tggeé), and a and in a LS state foR with small ionic radii. Very recently,
superposition of HS and LS spin states are all propds¥d. more accurate results on {s8a,,,Co0; were unveiled by

In addition to the temperature influence, the spin state ofhe high-resolution neutron and synchrotron powder diffrac-
Co ions depends also sensitively on the valence state of Qiion measuremenrt. This study showed that L3aBa; ,CoO;
ions, which can be varied by substituting the trivalent rare-has an ideal cubic crystal structure at room temperature. The
earth atomgLa) by divalent alkaline atoms such as Ba, Sr,compound experiences a structural phase transition from an
etc. The appearance of €oions makes the magnetic phase ideal cubic crystal to a tetragonal one, and is accompanied by
diagram even more complex since charge ordering may tak& magnetic phase transition from a paramagnetic to a ferro-
place. Also the existences of intermediate and high spimagnetic phase when the temperature approaches
states makes some of these Co ions Jahn-Teller active, i.e;180 K. There is no charge ordering in space and the spin
they can couple strongly to local lattice distortions, which instate is identified as the IS state. The Jahn-Teller-active IS
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ions are believed to be responsible for the lattice distortion at

low temperatures. He=2 sgmd;rmadima+2 SpPJTnapjng
Unlike the much studied manganese based perovskite me ne
compound<R; ,A,MnO;, only a few theoretical studies on mnyt nn' ot
cobalt-based perovskite compound®;_,A,CoO; were +ij%:’m (i d'm"p’””JrH'C')Jriannr(, (4" PinoPin’o
done, and most of them concentrated on the undoped
LaCo00;.°> ! For the doped La ,BaCoO; compounds. +H.c)+ X udhy dimdl dim
Zhuanget al!® studied the phase diagram of various spin m
states as a function of doping. They applied an unrestricted n } E Tdh dodt . d
Hartree-Fock approximation to a realistic multiband Hub- 2 S, meTimeTim? im’a’
bard model, and analyzed the relative stability of different
spin states for the ideal cubic crystal structure. The HS-IS -y > df o, - S 1)

(13485 *t34 “ep) nearest-neighbor ferromagnetically ordered imao’ . N
state was found to be the most stable state for @x1 N Ed. (1), dime(dim,) and pjn.(Pjn,) denote the annihila-
<0.95. This result, however, is inconsistent with the verytion (creation operators of an electron on Gbat sitei and
recent experimental observation that half-dopedon O at sitej, respectively, andgq,, and, are their cor-
La,,Ba,,C00; takes a charge uniform IS state rather than aesponding on-site energies) and n represent the orbital
HS-IS nearest-neighbor ferromagnetically ordered staténdex ando denotes the spin. The crystal-field-splitting is
Since the IS state contains Jahn-Teller active ions and cluded in &, i.e., e(ty)=eq—4Dq, e(ey)=e]
structural phase transition is observed at low temperature, the 6Dq. &J is the bare on-site energy of tdeorbital. t{}‘” and

coupling between the spin state and lattice distortion has tpn' 516 the nearest-neighbor hopping integralspfarandp-
. ij
be ltakeg into aCCO‘Imt' he di ) N r‘E)aorbitals, and are expressed in terms of Slater-Koster pa-
n order to resolve the discrepancy between the currenf, cier i), (pda), (ppo), and Epm). S is the total

theory and experiment on the spin state in a half-doped_ . : : . .
La;,Ba,C00; compound, we have reinvestigated various%pln operator of the Co ion ex_tractlng the one in orprtal
spin states in the presence of Jahn-Teller distortion. In thd=U—5Jn/2. The parameteu is related to the multiplet
absence of Jahn-Teller distortion, we find that three ferro@veraged-d Coulomb interactiorl via u=U +(20/9),,.
magnetic states may become the ground state of the systefter linearizing the above Hamiltonian using the unre-
in the different phase space of crystal-field splitthg and ~ Stricted Hartree-Fock approximatiot,, becomes

Hund’s couplingl,; . They are the HS-IS-FMferromagnet-
ic) state (C3"-HS;Cd""-IS), the charge uniform 1S-FM He=2,
state  (C3°"-t3;), and the LS-LS-FM state
(CA**-LS;Cd**-LS), respectively. In the parameter range +U(nd—nd)
relevant to the compound, the HS-IS-FM state is found to be

the ground state, being in agreement with previous

J
d H d d
ng-l- UNine™ > o(py— Mm)

Imo

imo

T T
dimadim(r—i_; 8ppjn0pjno
o

calculation*® However, the HS-IS-FM state becomes un- +i,%a ("} Pjno+ H.C)

stable when Jahn-Teller distortion is introduced, and it is :

replaced by a charge uniform IS-FM state. The magnetic + > (tin_n’pi‘rn Pinrot+H.C). 2
moment of IS-FM state is also consistent with the measured iinn’ o ! o

magnetic moment-1.9ug. A detailed energy comparison d o at d_ d d d d
among different Jahn-Teller distortion modes, nevertheles$!e"® Nmo=(AmeGms), m=Nmi — Ny, @andng and wy are

shows that the Jahn-Teller distortion type with alternatingthe total electron numbers and magnetization of thedCo-

day22/day2.,2 orbital ordering has the lowest energy. ort_)ltals. We have chosen tlzeaxis as the spin quantization
The rest of the paper is organized as follows. In Sec. 113X!S: ) ) i

we introduce the multiband-p lattice model and the unre-  'N€ generalized Jahn-Teller coupling between five

stricted Hartree-Fock approximation. Then the real-space réorbitals and lattice distortions reads

cursion method is briefly outlined. In Sec. Ill, we present

numerical results for several stable spin- and charge-orderedHJT:Z [ -0:Q:(H > diTmodima_QZ[QS(i)diTxyadiXya

states, and discuss the influence of Jahn-Teller distortion on 7 "

the half-doped Lg,Ba;,,C00;. Conclusions are drawn in + \/_§ . _1 oldt do 4 _\/_§ .
Sec. |V. 2 Qz(') 2Q3(|) iyzo“iyzo 2 Q2(|)
1 .
Il. MULTIBAND HUBBARD MODEL AND GENERALIZED - §Q3(')) Al o Gizxot (Gixz—y2, ,dig2—2,)
JAHN-TELLER COUPLING . .
_ _ _ X(QS(I) Qa(i) ) dixz—yzo ] 3)
The multiband Hubbard model used in our calculation Qu(i) —Qu(i)) \ disyzr2, :

contains the full degeneracies of Cd-and O-2 orbitals as
well as on-site Coulomb repulsion and Hund’'s exchangélhe three Jahn-Teller mod€3;,, Q,, andQ; are related to
interaction®® the displacements of oxygen atoms al@nd, andc axes via
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Q1=(Qa+ QT+ Qc)/V3, Q2=(Qp—Q4)/12, andQ;=(Q, I B R
+Qb—2Qc)/J§. While Q is the usual breathing mode and R HS-IS-AFM
involves a local volume contraction or expansiQ3,andQ; 208 \'\I‘:Q. ...... —IS-IS-AFM =~

modes are typical vibration modes and conserve the local
volume?® Q. . denote the dimensionless lattice distortion
alonga,b, andc axes. The two corresponding coupling con-
stants areg,=4+3Z¢e%a, and g,~0.6892(1Dqxg,)"2
Ze is the effective charge of O ions araj is the lattice
constant. OnlyQ, and Q3 are relevant Jahn-Teller modes to
the half-doped Lg,Ba;,C0GC;. It is convenient to define the
magnitudeQ and anglea through Q,=Q sina and Q3
=Q cosq; thena=0, 27/3,—27/3 correspond to the Jahn-
Teller distortion axis along, a, andb axes.

For the effective single-particle Hamiltonian discussed
above, the density of states can be easily calculated using the
real-space recursion methédand the Green's function is

expressed as " 1,=0.80eV
b2 0.10 0.12 0.14 0.16 0.18 0.20
Ghy(@)= 0 5 Dq(eV)
PR b1 FIG. 1. The energies per double cell of five convergent spin
0 b§ states as a function of the crystal-field splittingg. (a) Jy
w—a;— 5 =0.84 eV andb) J,=0.80 eV. Other parameters are described in
o a b3 the text.
2 w—ag (4)

= mhimd), with d denoting the inter-atomic distance;

similarly, the hopping integrals between @oand Op fol-
lows VII’m: 7]||/m(ﬁ2/md3'5).24

The recursion coefficients; andb; are computed from the
tridiagonalization of the tight-binding Hamiltonian matrix
for a given starting orbital. A multiband terminatbis cho-

For reference, we first study the electronic structures and
their corresponding energies in the absence of Jahn-Teller
distortion. Since both G& and C4* ions have three pos-

sen to close the continuous fractional. We have computed aflible spin-states, there are totally nine nearest-neighbor fer-

possible spin state combinations betweer? Cand C4™*

romagnetically ordered states and six nearest-neighbor anti-

ions in an enlarged double cell, with 25 levels being calcuferromagnetically orderd states in a double cell. The self-
lated for each of the 56 independent orbitals. Our resultgonsistent Hartree-Fock iteration shows that only five of
have been checked for different levels to secure the energhhem are convergent; they are HS-IS-FM, charge uniform
accuracy better than 5 meV. The whole procedure is iteratet5-FM, LS-LS-FM, HS-IS-AFM (antiferromagneti; and
self-consistently until convergence and the density of statekS-1IS-AFM. The energies of these five ordered states are pre-
is obtained by, w) = — (1/71)ImG,{ w), which allows us  sented in Fig. 1 for two sets of Hund's coupling constant
to compute the electron numbers and magnetic moments ak;=0.80 and 0.84 eV as a function of crystal-field splitting
well as the total energies of all ordered states. Dg. The phase diagram for differeid,’s looks the same
except for a shift of horizontal coordinate since strong
Hund’s coupling favors large moment states. The ground
state takes consecutively the HS-IS-FM state, the charge uni-
The band-structure parameters of,blBa,,Co0; used in  form IS-FM state, and the LS-LS-FM state Bs increases.
this paper come from the cluster model analysis of the phoThe magnetic moments per primitive cell calculatedDat
toemission spectfd and theab initio local-spin-density- =016 eV and);=0.84 eV are 2.48g for the HS-IS-FM
approximation calculations The Slater-Koster parameters state, 1.7 for the charge uniform IS-FM state, and
are taken asf{do)=—2.0 eV, (pd7)=0.922 eV, ppo)  0.55u5 for the LS-LS-FM state, respectively. Although the
=0.6 eV, and ppm)=—0.15 eV, respectively. The on-site |S-FM state has the right magnetic moment in comparison
Coulomb repulsion is set ad=5.0 eV. The bare on-site with experiment, this state is not stable in the parameter re-
energy of the Op orbital is taken as the energy referencegion relevant to the half-doped LgBa;,CoO; compound
point e,=0 eV and that of Cat orbital depends on the (Dq=0.16 eV)!® As Jahn-Teller distortion does exist in
Coulomb repulsiong = —28 eV. The crystal-field splitting  this half-doped compound, the coupling between the Jahn-
and Hund's coupling constant are set2g=0.16 eV and Teller active IS Cé" ions, and lattice distortion should not
Jy=0.84 eV. Its lattice parameters with cubic symmetry arebe neglected.
taken asa=b=c=23.87 A from Ref. 17. When Jahn-Teller  In this paper, we have considered the following three dif-
distortion is taken into account, the nearest-neighbor O-Qerent types of Jahn-Teller distortion modes between the
hopping integrals are modified by scaling relatidfy.,,  nearest neighbor pairs of Cg@ctahedra. Th¢0,0] mode

IIl. NUMERICAL RESULTS AND DISCUSSIONS
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FIG. 2. The energy per double cell of the charge uniform IS-FM  FIG. 3. The energies per double cell of the HS-IS-FM, charge
state for three different Jahn-Teller modes as a function of distortiomniform 1S-FM, and LS-LS-FM states as a function®§ for the
size. Dg=0.16 eV andJ,=0.84 eV. Other parameters are the [2#/3,—27/3] Jahn-Teller mode. d;—d,)/d,=0.01 and Jy
same as in Fig. 1. =0.84 eV.

stands for a uniform elongation of all Cg@ctahedra along Size set asd,—ds)/d,=0.01. Without surprise, the unstable
the c axis;[0,7] for the alternate elongation and contraction charge uniform IS-FM statéFig. 1) in the absence of Jahn-

of neighboring Co@ octahedra along the axis; and Teller distortion is now stabilized in the parameter region
[2/3,—27/3] for the alternate elongation of neighboring relevant to the half-doped compounB¢=0.16 eV). This

CoQ; octahedra along andb axes, respectively. The corre- IS because the singly occupiegl electron benefits from such
Sponding nearest_neighbor orbital Orderings aréjlstortlon, while electrons in the HS and LS states do not.

[ds2.2,03,2.2], [da2.2,0,2y2], and [da.2,dsy2. 2], re- Comparing Figs. 3 anq 1, our results also indicate that a
spectively. Note that all the Jahn-Teller modes discusse@Pin-state transition might occur from the IS state to the
above conserve the cell volume. While the first mode in-HS-IS state as the temperature increases, because the crystal-
volves a symmetry breaking from a cubic lattice to a tetragfield splitting usually decreases while Hund's coupling is es-
onal lattice, the other two modes mainly cause cell doublingsentially an atomic quantity which is insensitive to the tem-

It should be emphasized that the third mode in the planaPerature. The detailed magnetic susceptibility measurement
version plays an important role for stabilizing tetype N broader temperature region can be used to check whether
antiferromagnetic phase in LaMg@ Similar to the Mi#*  Such a spin-state transition exists.
ions in a LaMnQ compound, C&" ions in the IS state also

have one electron in they orbitals. One expects that the Lo 5 ]
same Jahn-Teller distortion may also stabilize the IS state. M )
Thus we have calculated the energy of the charge uniform IS AR
state in the presence of the above three Jahn-Teller modes.
The results are shown in Fig. 2. Being consistent with the
physical intuition, the IS state does lower its energy as a
function of (d,—ds)/d,, with d, anddg denoting the aver-
age and short Co-O bond lengths, respectively. However, our
result shows that the third Jahn-Teller distortion mode has
the strongest impact on the IS state, just as the case in the
undoped LaMn@ system. The IS state with the third Jahn-
Teller mode is characterized by the nearest neighbor
[ dax2r2,d3y2.2] Orbital ordering. In fact, our conclusion also
follows from the Goodenough-Kanamori rif&?’ The rule st
states that the singly occupied double-degenerate orbitals,
such ase, orbitals, tend to favor ferromagnetic coupling, and I Total
the coupling is strongest when the effective hopping between
neighboring occupied and unoccupied orbitals is maximized. 0_8 ‘ _'4 ’ 0 ’ :1 ’ 2
The[27/3,—2/3] Jahn-Teller mode offers just the desired o(eV)

configuration.

With the above conclusion in mind, we again computed F|G. 4. The densities of states per double cell of the charge
the three most stable spin states DgJy) space in the uniform IS-FM state for thg27/3,—24/3] Jahn-Teller mode(a)
presence of thg2=/3,—27/3] Jahn-Teller distortion mode. PDOS of Cod. (b) PDOS of Op. (c) Total DOS. @,—dJ)/d,
The phase diagram is presented in Fig. 3, with the distortior=0.01,Dg=0.16 eV, and];=0.84 eV.

o

o

'
W

&

p(w) (States/eV)
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In Fig. 4, both partial densities of statt8DOS and total  plored. Our results show that only HS-IS-FM, charge uni-
density of states of the charge uniform IS state ofform IS-FM, and LS-LS-FM states can be the ground state.
La;,,Bay,C00; are plotted. The overall profile is quite simi- The charge uniform 1S-FM state is unstable in the parameter
lar to the IS state of LaCo@" The main feature of the region relevant to half-doped compounds if the Jahn-Teller
valence band comes from theerbitals and the peaks near distortion is absent. However, the 1S €oions are strongly
the Fermi energy E=0) stem from Cad orbitals. It is  coupled to the Jahn-Teller modes, and are indeed stabilized
shown that thee; bands of Co ions are quite flat and broad py a reasonable size of distortion. It is also seen in our cal-

due to'the.stron'g itineracy'(rfg electrons, so that the total ¢jation that the[2#/3,— 2w/3] Jahn-Teller mode with
bandwidth is mainly determined by Gbbands. The electron day22/d3y2,2 orbital ordering is the most favorable one,
occupation is 6.65 and the magnetic moment is Ag/8r  \yhich appears to be inconsistent with the experimental ob-
(da—dy)/d,=0.01. This state is metallic, as a finite density soryation though it agrees with the general Goodenough-

of states exists at the Fermi energy, which is consistent Wiﬂl"(anamori rule. Note that previous experimétd only ob-

;c_he Beﬁegmgntald .metasuremeiﬁé. . t‘JUSt “,re. | served a local tetragonal distortion, which is not in conflict
a;-xBaMnOs-based giant magnetoresistance materials, .. . conclusion.

La,,Ba;,C00; is also a half-metal®
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