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Influence of rare-earth ion radii on the low-spin to intermediate-spin state transition in lanthanide
cobaltite perovskites: LaCoO; versus HoCoG,
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We present first-principlefocal-density approximationLDA +U calculations of electronic structure and
magnetic state for LaCoQand HoCoQ. Low-spin to intermediate-spin state transition was found in our
calculations using experimental crystallographic data for both materials with a much higher transition tem-
perature for HoCoQ which agrees well with the experimental estimations. Low-spin s%@ (nonmag-
netio to intermediate-spin statégeé (magneti¢ transition of C3"* ions happens due to the competition
between crystal-fielthg-g, splitting and effective exchange interaction betwedrsBin orbitals. We show that
the difference in crystal structure parameters for Hoga@d LaCoQ due to the smaller ionic radius of Ho
ion comparing with La ion results in stronger crystal-field splitting for Hog¢@09 e\~ 1000 K larger than
for LaCoQ;) and hence tips the balance between the low-spin and intermediate-spin states to the nonmagnetic
solution in HoCoQ.
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. INTRODUCTION that the low-spin state of €6 ions in lanthanide cobaltite
perovskites with smaller rare-earth ions becomes more stable
In lanthanum cobaltite LaCoQthere is a temperature- comparing with LaCo@ and the transition temperature in-
induced transition from a nonmagnetic to magnetic statecreases dramatically. In the present work we have investi-
which has attracted considerable interest in the past yearsgated relative stability of low-spin and intermediate-sip$)
In the ground state of LaCaQhere is no magnetic moment states of Cd" ions in LaCoQ and HoCoQ as a function of
on Co ions. At low temperature the magnetic susceptibilityexperimental crystal structure parameters measured at differ-
increases exponentially with temperature, exhibiting a maxient temperatures. We have found that, indeed, while for
mum near 100 K. While initially this maximum was ascribed LaCoQ; transition temperature valu@efined as the tem-
to a transition from a low-spin nonmagnetic ground statePerature, where calculated total energy of low-spin solution
(tgg,S=0) to a high-spin statetigeé,8=2), later a new peco_mes higher than the energy of intermediate-spin splu-
scenario involving intermediate-spin statg ;,S=1) has tion) is 140 K, for HoCoQ this value is 1070 K. The physi-
been proposed. Using the results (wfcal-density approxi- cal reason for this is the decrgase O.f Co-0 ponq length d_ue to
. . P ; o the chemical pressure occurring with substitution of La ions
_matlorﬁ L.DA+U.’ Korotin et al._ explgmed stabilization of by smaller Ho ions and hence the increase of the crystal-field
mterrngd@tte-spm state over high-spin state dye to the Iargtezg_egI energy splitting value, thus stabilizing the low-spin
hybridization between Coe(e,;) and O-2 orbitals.

he phvsical for th A . state. Such conclusion is supported by the results of the re-
The physical reason for this transition is a competition,en; giffraction experiments under pressure for Lag80

between crystal-field energics (tog-€5 energy splitting  yhich were interpreted as “pressure-induced intermediate-
and intraatomi¢Hund exchange energte, (Fig. 1. Inthe 15w spin-state transition.”

ground state\ .; is only slightly larger tham\ ., so that the

energy of the excited magnetic state of Co ion is relatively Il. CRYSTAL STRUCTURE

small and with increasing temperature its population in-

creases, resulting in an increase of magnetic susceptibility. LaCoQ; crystallizes in the rhombohedrally distorted cubic
When La ions are substituted in perovskite cobaltites byperovskite structuré® According to the latest crystallo-
other rare-earth elements with smaller ionic radii, magnetic
properties show significant changes. For Ndga@aterial
59Co Knight-shift measuremeritshowed that Co ions re- e A
main in the low-spin state up to 580 K, where the gradual
metal-insulator transition is observed. High-temperature dif-
fraction study of lanthanide cobaltite perovskftésiCoO;
(Ln=Nd, Gd, Dy, and Hopled its authors to the conclusion
that “at room temperature all cobalt ions are in the low spin
state regardless of the Ln atomic number” and only as tem-
perature increases to 1000 K “the possible electronic phase
transition can be suggested.” Magnetic and electric measure-
ments for Hg_,Ca,Co0; systemi showed that “there is no
apparent transition between low spin and high spin ot'Co FIG. 1. Scheme of energy levels for low-spin state of Cimns
ions in 300—900 K temperature range.” All these data shown LaCoO;.
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TABLE |. Structural parameters and Co-O bond length of Lag@S a function of temperature by

Radaelli and CheongRef. 8. The space group iR3c. The atomic positions are Laa§0,0,1/4), Co
6b(0,0,0), and O 1§(x,0,1/4).

TemperaturdK) 5 50 100 125 150 200 300

a (A 5.4262%5) 5.427846) 5.433175) 5.4353@5) 5.437335) 5.441085) 5.448643)
cA) 12.9911) 12.9991) 13.0221) 13.0331) 13.0441) 13.0641) 13.103%9)
O x 0.5526%8) 0.552778) 0.5526@8) 0.552168) 0.5520@8) 0.551348) 0.551328)
Co-O(A) 1.925447) 1.926277) 1.928547) 1.929226) 1.930076) 1.931416) 1.934526)

graphic data by Radaelli and Chedhthe space group the can reproduce a low-spin—intermediate-spin transition for

unit cell of this compound iR3c for all measured tempera- LaCoO; using temperature-dependent crystal structure as an
tures and has two formula units. Corresponding lattice coninput. We used the same procedure for Hoga®order to
stants and atomic positions as a function of temperature rdind if a small decrease of Co-O bond length due to the
ported in Ref. 8 are presented in Table I. Main structuraichemical pressure can result in stabilization of the low-spin
motif of this compound is a nearly perfect Cp@ctahedron. (LS) state.
The rhombohedral distortion of the parent cubic perovskite Five 3d orbitals are separated into triply degenergig
structure can be described by deformation along the bod§nd doubly degeneratey subsets only in cubic symmetry
diagonal so that the angle of the Co-O-Co bond has changédattice. The rhombohedral crystal structure of LaGoéhd
from 180° to~163° (Fig. 2). the orthorhombic crystal structure of HoCg®ave lower
HoCoO; has orthorhombically distorted perovskite crystal Symmetry than cubic as a whole but Gp@rtahedra are only
structure[prototype GdFeQ space groufPbnm (Ref. 4]  slightly distorted in those compounds. In local coordinate
(Fig. 2), which contains four formula units in the unit cell. System centered on Co ion with the axes directed to the oxy-
Corresponding lattice constants and atomic positions as @en ions;t,q-€; orbitals are still well defined. In the follow-
function of temperature reported in Ref. 4 are presented itng we have used such defined orbitals for analysis of the
Table II. For the temperature 1098 K in the pdpenly a, b, ~ calculated electronic structure.
and c lattice parameters but no atomic positions were re-
ported. Because of that in our further c_alculations.for the IIl. LDA ELECTRONIC STRUCTURE
temperature 1098 K we used the experimental lattice con-
stants but atomic positions for the temperature 995 K. Like The  standard (S)DA  [local{spin)  density
for LaCoO; the main crystallographic motif form Cqec-  approximatiod®] based methods can not describe magnetic
tahedra, which are rotated in tta plane and tilted with state for LaCo@ without taking into account Coulomb inter-
respect to the axis. Due to smaller ionic radius of Ho ion action between & electrons as it was demonstrated in Ref. 2.
compared with La ion, distortion from the cubic perovskite However analysis of the LDA results is instructive for under-
structure is stronger for HoCeQhan for LaCoQ and the standing the basic electronic structure of lanthanide cobaltite
angles of the Co-O-Co bond have values 148f the ab perovskites.
plane and 152°(along thec axis). We used scalar relativistic linear muffin-tin orbital method
In addition to the strong bending of the Co-O-Co bond thein orthogonal representation within the atomic sphere
average length of the Co-O bond is decreased with substitiapproximationt! to perform calculations of electronic struc-
tion of La by Ho[1.934 A and 1.921 A at 300 KRefs. 8 and ture for LaCoQ and HoCoQ. The results are presented in
4)]. Such decrease can be understood as a result of chemiday. 3. The radii of the muffin-tin spheres in LaCgfr 5-K
pressure, induced by the smaller ionic radius of Ho ion comstructure were R ,=3.76 a.u.,, R,=2.49 a.u., andRg
pared with La ion. =2.0 a.u. With increasing temperature, and Ry were in-
It was demonstrated in Ref. 2 that LBAJ calculations creased proportionally to Co-O distance for a given tempera-

FIG. 2. The rhombohedral crystal structure of
LaCoO0; (left) and the orthorhombic crystal struc-
ture of HoCoQ (right). Co, large spheres; O,
small spheres.
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TABLE Il. Structural parameters and averaged Co-O bond length of Hg@s@ function of temperature
by Liu and Prewitt(Ref. 4. The space group iBbnm The atomic positions are Cadb40,1/2,0), Ho and
O(1) 4c(x,y,1/4), Q2) 8d(x,y,2).

TemperaturgK) 300 584 892 995 1098
a (A) 5.142G2) 5.16183) 5.21293) 5.22923) 5.24264)
b (A) 5.41422) 5.42452) 5.50493) 5.528G3) 5.54634)
c (A) 7.37313) 7.39725) 7.44914) 7.46894) 7.488(5)
X 0.97928) 0.97918) 0.979811) 0.978417) a
Hoy 0.06185) 0.0615%5) 0.06125) 0.06126) a
X 0.095@79) 0.092578) 0.094899) 0.091295) a
o)y 0.471682) 0.472584) 0.471166) 0.476Q76) a
X 0.705459) 0.706@58) 0.707§70) 0.703286) a
02y 0.295@58) 0.295@57) 0.292355) 0.293457) a
z 0.045254) 0.045154) 0.047257) 0.045859) a
Ave. Co-O(A) 1.921 1.923 1.946 1.953 1.961

4n the paperRef. 4 atomic positions for 1098 K are not presented.

ture. In HoCoQ for lowest-temperatur€300 K) crystal given temperatureR, , was adjusted to fill completely the
structureR, andRy were taken as the corresponding valuesvolume of the unit cell. In the orbital basis set the following
for LaCoO; scaled in proportion to Co-O distances in states were included: Coé#p,3d), O(3s,2p),
LaCoO; and averaged Co-O distances in HoGodn La,Ho(6s,6p,5d,4f). Partially filled 4f states of Ho were
HoCoG; radii of both crystallographically inequivalent oxy- treated as “frozen” ones. This is possible because Ho-4
gens @1) and Q2) (see Table I} were assumed to be the states are localized and not physically relevant in the system.
same. TherRc, andRy were increased proportionally to the Due to the rather large value of on-site Coulomb interaction
change of the averaged Co-O distance in Hogd@r a U (of the order of 10 eYfor Ho-4f orbitals the correspond-

% ML I L T T %10 ML L L L L L T T 11 T
H LaCoO, at 5K. LDA. H HoCoO, at 300K. LDA.
S20F 3 z 1 3
E E Total
EIO- ES- ’
& &
= =
[
A 0+ a o M Brall B 7
3-_ 0O-2p
2F - 1 -
1_ -
0_: H1P < 0 } A
8k Co-3d E Co-3d
/—\6- ] /-\2
Ear 1 £
£ L5 ] £
3 °f 3 d /\W\I
@ Tt E 2
go } ——==eet go } A
S oL Co-3d(t, )] = Co-3d(t
2 9F ¢ =025¢eV,0=078 o3ty ] 2 L c =040eV,0=0.64 0-3d(,) |
S 6F * 5 o B
a 22t .
4_— E
2- -
N e L .|.—LmMA!\-._AJt-/|MN|.A_l.|.|.|.
(U] o e o o o o o o A o o o e o o o (U0 o o e o et o o e s B R o o o o o o e o e
L Co-3d L Co-3d
L[ c.=168ev, o159 o-3d(e) 1  C_=1.64eV, 0=145 o3dle) |
2 2
. - 0.5F .
1- 7 L
0-|I|I L P 1 1 ] 0 Ll

L . L i (1 2 L L L L
9 8 -7 6 5 4 3 -2 -1 0 1 2 3 4 5 9 8 -7 6 5 4 3 -2 -1 0 1 2 3 4 5
Energy (eV) Energy (eV)

FIG. 3. DOS of LaCoQ (left) and HoCoQ (right) calculated within the LDA. Top panel, total DOS; second from top panel, partigh O-2
DOS; last three panels, partial Cak3Co-3d (t,4), and Co-3l (ey) DOS's. For partial Co-8 (t,4) and Co-3l (e;) DOS centers of
gravitiesC and standard deviatiom of corresponding Co @ orbitals are shown. The Fermi level is zero energy.
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FIG. 4. DOS of LaCo@ (left) and HoCoQ (right) calculated within the LDA-U approach for the low-spin statégeg of Co ion. Top
panel, total DOS; second from top panel, partial @ROS; last three panels: partial Cat3Co-3d (t,4), and Co-3l (e;) DOS corre-
spondingly. The Fermi level is zero energy.

ing states will be located approximately at5 eV around states were treated as a frozen gnd@he important differ-
the Fermi level. For all calculations were used 27 irreducibleence from LaCo@is relative positions of,, ande, bands
k-points. of Co-3d shell. As one can see from the last two panels of
Figure 3(left pane) shows in detail LDA calculated elec- Fig. 3 (right side, t,4 states are on 2.04 eV lower thay
tronic structure of LaCo@ On the top of the figure total compared with 1.93 eV for LaCoCand alsaey band is more
density of stateYDOS) is shown. There are three distin- narrow(standard deviationr is 1.45 compared with 1.59 for
guishable sets of bands: completely filledpObands, par- LaCoG;). The higher position ok, states and the smaller
tially filled Co-d bands, and empty L&bands. The bands in width of the corresponding band results in the opening of a
the energy range from-7 eV to — 1.5 eV originate mainly small energy gap=0.07 eV.
from O-2p states but have a significant admixture from Those results can be well understood from the difference
Co-3d states. Between 0 eV and 2 eV there are empty £a-4in crystal structure of two compounds. The values of Co-
bands. The two groups of bands presented in the third paneD)-Co bond angles deviate from 180° much more in HogoO
which extend from—1.5 eV to 0 eV and from 0 eV to 2.0 than in LaCoQ. That leads to a weakek-p-d hybridization
eV, are the Co-8 states. Also substantial OsZontributions  and hence to a more narrow Ca-3e,) band.
are apparent in this energy range. Ci-&ates, due to the In addition to Co-O-Co bond bending, substitution of La
octahedral symmetry as we discussed above, are formed lign on a smaller Ho ion leads to the compression of Co-O
completely occupied,y states and emptg, states with a bond lengths. Decreased value of Co-O bond length in
“pseudo gap” between them. The partial densities of state$10CoQ; comparing with LaCo@ results in the increased
for t,4, and ey states are presented in the fourth and fifthvalue of hybridization strength between @-Ztates and
panels of Fig. 3, correspondingly. We have calculated centerSo-3d states and hence to the increase,gfe, energy split-
of gravity and standard deviations of partigly and e;  ting of Co-3d states.
DOS'’s (shown in Fig. 3 in order to determine the value of Thus we have competition between Co-O-Co bond bend-
crystal-field splitting betweetyy ande, states. It was found ing (decrease of Co-O hybridization in Ho vs La compound
thatt, states are on 1.93 eV lower thap. Alsot,, bandis  and Co-O bond-length compressi¢increase of Co-O hy-
much more narrow thagy . bridization in Ho vs La compound Our presented results
LDA electronic structure obtained for HoCg@ shown show that the latter has a stronger effect and is responsible
in Fig. 3(right pane). In general it is very similar to LaCoQ for the low-spin state to intermediate-spin state transition.
bands(except for the absence off dband because Hof4 For the problem of low-spin to intermediate-spin state
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FIG. 5. DOS of LaCoQ@ (left) and HoCoQ (right) calculated within the LDA-U approach for intermediate-spin staggeé of Co ion.
Top panel, total DOS; second from top panel, partial ®RO0S; last three panels, partial Cak3Co-3d (t,5) and Co-3l (e5) DOS
correspondingly. The Fermi level is zero energy.

transition the most important is the increase of thge, ~ Magnetic, one can find the ground state of the sysfer.
energy splitting value. Since magnetic transition in cobaltites We have investigated two solutions for both compounds
is determined by the competition between crystal-field andor all crystal structure parameters corresponding to the tem-
exchange energies, this result can dramatically increase eperatures 5-300 K for LaCgOand 300-1080 K for
citation energy to the magnetic state and hence increase traRoCoQ;. The low-spin state solutior(§ig. 4) are very simi-
sition temperature for HoCoQOcompared with LaCo@ lar to LDA results (Fig. 3). The main effect of LDA-U

One can estimate the change of excitation to magneticorrection is higher position of the empty Cal-8e,) states
state energy as equal to the change in the valug,pé, and the opposite effect on the occupied Gb3,,) states
energy splitting: 2.04—-1.930.09 eV=1000 K. This value and hence opening of a sizable energy dag/ eV for
must be connected to the transition temperature differencé.aCoQ; and 1.3 eV for HoCog).

We will show below that this crude estimate agrees surpris- On the other hand, the intermediate-spin state solutions
ingly well with the results of our LDA-U calculations. (Fig. 5 are very different from LDA. At first a peak above
the Fermi energy appears for minority-spin Co-8t,)
states corresponding to a hole ig, shell and at second
majority-spin Co-8l (eg) band becomes half filledt,e;

In the present work we used a general rotationally invari-configuration. The magnetic-moment values on Co ions are
ant formulation of LDA+U approach described elsewh€re equal to 2.2 for LaCoOQ; and 2.1 for HoCoOQ;. The
instead of the simpler versibhused in Ref. 2. intermediate-spin state solution gave metallic state in con-

Coulomb interaction parameter§/=7.80 eV and J trast to the semiconductor properties of LaGo@h Ref. 2
=0.99 eV used in our LDA-U calculations were computed this contradiction was explained by the possibility of orbital
in Ref. 2 by the constrained LDA approathThe main ef- ordering of the partially filledey orbitals of Cd" ions in
fect of LDA+U potential correction is the energy splitting intermediate-spin state and opening an energy gap in the or-
between occupied and empty states in a such way that tHgtally ordered state. Recently, the evidence for orbital order
former are pushed down and the latter up compared witlin LaCoQ; was found in diffraction experiments.

LDA. In the result, magnetic state solution, which does not The most interesting are results for total-energy values of
exist in LSDA, becomes stable in LDAU and by compar- low-spin and intermediate-spin solutions. In Fig. 6 those en-
ing the relative energy of two solutions, nonmagnetic ancergies are plotted as a function of the temperaftempera-

IV. LDA +U RESULTS
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FIG. 6. Comparison of total energy per Co ion of intermediate spin-siﬁ (full line, circles and low-spin statdeggeg (dashed line,
diamond$ solutions for LaCoQ (left) and HoCoQ (right) calculated with the LDA-U approach as a functions of temperature. The
temperature of transitioftalculated as the temperature where two lines ¢risss 137 K for LaCoQ and ~1070 K for HoCoQ. Drawn
lines are for guiding the eyes.

ture is taken into account in our calculations only via experi- V. CONCLUSION
mental crystal structure parameterSor LaCoQ at 5 K the

total-energy difference between low-spin and intermediate- roCZﬁizzrg;ltigélggnghﬂg(gg wgsségjﬁéul:gir?nﬁDn,&aagﬁde“C
spin states is only 37 meV andy interpolation becomes prop 9

zero at 137 K. For room temperatut@00 K) the low-spin LDA +U approaches. The chemical pressure induced by sub-

s . ) . . titution of La ions by smaller Ho ions leads to the bending
frgit\‘/a is higher in energy than the intermediate spin on 4%f Co-0O-Co bond angles and compression of Co-O bond

For HoCoQ the situation is very different. At room tem- length, which in turn increases the value of crystal-field split-

perature there is a very large total-energy difference betweef[r'mng In H(_)COQ..TotaI-energy calculations for Io.w-.spm and
low spin and intermediate-spin stat@90 meV and only at intermediate-spin states demonstrated that this increase re-

1070 K intermediate-spin state becomes lower in energy thaﬁu”S in stabilization of nonmagnetic solution in HoGoand

. . : ence in the increase of transition temperature from 137 K
Iow spin. _The mter_polateo_l value af whgre energies of low (LaCoQy) to 1070 K (HoCoQ). Calculated transition tem-
spin and intermediate-spin are equal is 1070 K.

One can identify the temperatures, where lines for Ic)W_peratures agree well with the experimental estimations.

spin and intermediate-spin states cross in Fig. 6, as magnetic
transition temperatures. The value for LaGo&yual to 140

K agrees very well with the 100 K maximum in the experi- The work was supported by the INTAS Project No. 01-
mental susceptibility curvéThe calculated magnetic transi- 0278 and the Russian Foundation for Basic Research through
tion temperature for HoCoQequal to 1070 K also agrees Grants Nos. RFFI-01-02-17068V.A., I.A.N., M.A.K.) and

with the results of Ref. 4, where authors conclude that “atRFFI-03-02-06026, the grant of Ural Branch of the Russian
room temperature all cobalt ions are in the low-spin state’Academy of Sciences for Young Scientists, Grant of the
and only as temperature increases to 1000 K “the possibl@resident of Russia for Young Scientists, Grant No. MK-
electronic phase transition can be suggested.” 95.2003.021.A.N.).
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