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X-ray absorption study of layered Co oxides with a Co-O triangular lattice
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We have studied the electronic structure of the quasi-two-dimensional Co oxides,®l@a,CoO,,x
~0.5-0.6, C&C0,09, and BbSr,C0,0q using O & and Co D x-ray absorption(XAS) spectroscopy. We
found that these Co-O triangular lattice systems have in common that tHgin@d Cd* ions are all low-spin,
supporting the Koshibae-Tsutsui-Maekawa theory to explain the enhanced thermopower at elevated tempera-
tures. The concentration of holes in the omgg shell is estimated to be about 0.4, 0.6, and 0.33, respectively.
The O I XAS spectra strongly depend on the direction of polarization vector of the incoming x-ray. The
polarization dependence indicates thattthyeorbital anisotropy of NgCoG, is different from that of CgC0,0q
and BbSr,C0,0q. We argue that the difference of the orbital anisotropy and hole concentration are essential to
explain why NgCo0O,, CaCo0,04, and BLSrLC0,04 have different electric and magnetic properties at low
temperatures.
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The new family of quasi-two-dimensional Co oxides, two Co oxides have relatively high resistivitg:® Very re-
NaCg0,(NaCo0,,x~0.5-0.6,5%2 CaC0,0,°> and cently, it has been found that M2oO, intercalated by HO
Bi,SKL,C0,0,,%7 has in common that these materials containmolecules even shows superconducti¥fySince then, the
layers of Co-O in a triangular lattice and that they showsuperconductivity in the Co-O triangular lattice has been at-
enhanced thermoelectric properties at elevated temperaturdgacting much interest and the mechanism of the supercon-
The Co-O triangular lattice consists of edge-sharing £oOductivity is under debate. G&80,09 (Refs. 3,4 and
octahedra as shown in Fig. 1. A theoretical study by Ko-Bi,Sr,C0,0,,% on the other hand, show ferromagnetism or
shibae, Tsutsui, and Maekawa successfully explains thederrimagnetism at low temperatures and the origin of the
properties based on the mixed-valence state of*Gmd magnetism may be related to the geometry of Fermi surface
Co* in the Co-O triangular lattice with spin and orbital of the Co-O triangular lattic€'2In order to understand the
degenerac$.Koshibae, Tsutsui, and Maekawa proposed thaprigin of the superconductivity and magnetism, it is very
hopping transport of Go and Cd* species provides entropy useful and important to study the electronic structure of these
flow that contributes to the thermoelectric property. Since théCo oxides using x-ray absorption spectroscéAS) and
magnitude of the entropy flow depend on the spin and orbitateveal what is common and what is different in this family of
degeneracy of the Gdand Cd* species, it is highly impor-
tant to study the local electronic configuration ofCand
Ca**. While the theory predicts that the thermopower is en-
hanced for the combination of low-spin €cand low-spin
Co*, the x-ray absorption and photoemission study of the
misfit layered cobaltite BBr,Co,04 (Ref. 9 has shown that
the hole-doped Co-O triangular lattice indeed has spin-
1/2 Cd* (low-spin Cd*) species in the nonmagnetic €o
(low-spin Cd*) background(see Fig. 1, supporting the
Koshibae-Tsutsui-Maekawa theory. In order to confirm that
the origin of the enhanced thermoelectric properties is com-
monly explained by Koshibae-Tsutsui-Maekawa theory in
the three Co oxides, the local electronic configuration of
Co** and Cd* should be clarified in N&ZLoO, and
CaC0,0q.

Contrary to the common behavior at elevated tempera-

Co
v A

tures, NaCo0,, CaC0,0,, and BpLSK,C0,04 have very dif- FIG. 1. A schematic drawing of the Co-O triangular lattice in
ferent electric and magnetic properties at low temperaturesva Co0,, Ca;C0,0,, and BySr,C0,04. The Co-O triangular lattice
Among this family of Co oxides, only N&€oO, shows a consists of edge-sharing Cg@ctahedra. The low-spin configura-
good metallic behavior at low temperatureghile the other  tions for C3* and Cd* ions are also indicated.
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FIG. 2. O s XAS and Co D XAS spectra of NgCoO, as a
function of incidence angle.

Co oxides. In particular, XAS can provide information on the
concentration and orbital symmetry of the doped holes in th

Co-0 triangular lattice.
In the present work, using Gsand Co D XAS measure-
ments, we have studied the electronic structures QCN®,

and CaCo,0y, and compared them with that of

Bi,SL,C0,04. XAS spectra of the layered compounds can
depend on the direction of polarization vector of incomingh

x-ray, providing information on orbital symmetry of the car-

riers and important clues to reveal origins of the supercon

ductivity in NaCoGO, and the ferromagnetism or ferrimag-
netism in CaCo,0s.

The experiments were performed at the Dragon beamlin
National Synchrotron Radiation Research Center in Taiwal

Poynting vector of the linearly polarized incoming light. The
pressure of the chamber was<1.0°° mbar during the mea-
surements. Single crystals of }@pGO, (x~0.5-0.6 and
CaC0o40Oq9 were cleavedn situ with the cleaved surfaces
parallel to theab or the CoQ planes. The misfit layered
cobaltite CaCo,0q4 consists of the Q&0)-O rock-salt layer
and the CoQ layer. The actual composition of the
present CgCo,Oy sample is approximately given by
[C&C00;][Co0,]; 62°

Figure 2 shows the Osland Co » XAS spectra of
Na,CoG; for the incident angle of 0° and 60°. The data for
0=30° is almost identical to that fa#=0°. In the O B XAS
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spectra, structurer is due to transitions from the OsXkore
level to the O P orbitals that are mixed into the unoccupied
Co t,, states. Structureg and y are transitions to the O
orbitals mixed into the unoccupied states. The line
shape of the Co2 XAS spectra is rather peculiar in that the
2ps, and 2y, peaks are very sharp with relatively small
multiplet splitting. In fact, not only the line shape but also
the integrated area ratio of the@y, and 2%,,, peaks is quite
similar to that found for EuCog) a low spin system, and
quite different from that of SCoO;Cl, a high spin systen
These results on the C2AS spectra indicate that the Co
ions have the low-spin state character, tsgfor Co** andt;

for Co** ions!*-"implying also that thee, states are fuﬁy
unoccupied. This is supported by the fact that structfes
andy in the O I XAS show little angular dependence, con-
sistent with theey states being fully unoccupied. The peak
area of structurex in the O Is XAS spectra increases in
going from 6=0° to 60°. Structurex in the Co D XAS
spectra is primarily due to the transition from the Gocdre
level to the unoccupied Cgy states. The intensity of struc-
ture @’ in the Co 2 XAS spectra also increases in going
from #=0° to 60° which is consistent with the angular de-
pendence of structure.

Under trigonal crystal field, th&, orbitals are split into
a;q and eé orbitals which have primarily out-of-plane and
in-plane characters, respectively. The hole population in the
a;q and el_’] orbitals can be estimated from the angular depen-
dence of structure. In the O & spectra of BiSr,C0,0q, the
peak area of structure is strongly reduced at#=0° and
rapidly increases witt. The strong angular dependence in-
dicates that holes are mainly located in tag band in
Bi,Sr,C0,04.° On the other hand, in N&0O,, structurex is
already intense ab=0° and gains its intensity slightly in

%oing from 6=0° to 60°. The weak angular dependence in

Na,CoG; indicates that the orbital polarization of the holes is
rather weak in NgCoO, compared to that in B6r,C0,0q. In
other words, the holes in N@oG, are located both in tha
band and in the, band.

In order to quantitatively analyze the G XAS data, we
ave fitted the O 4 XAS spectra using two Gaussians for
structurese and B, and the tail of another Gaussian to rep-

resent the tail of structure. The area ratio of structure at
0=60° to that at¥=0° is thus estimated to be 1.5. Since the

é:)eak area of O 4 XAS is determined by the dipole matrix

element of the O &2p transition, the transitions to the O

The XAS data were taken in the total electron yield mode a%pX/Zpy and 2, orbitals haved dependencies of ct9 and

a function of the angl® between the surface normal and the

ir? 6, respectively. Theay orbital has the form o(l/\@)
X(|X'y" )y +|y'x"y+|2'x"))=|322-r?) and the twoe orbitals
have the form of 1ﬁ§(|x’y’>+e*(2”’3>‘|y’x’>+e‘—'(4”?3)‘|z’x’>),
where thex’,y’, andz’ axes are the three axes through the
center and the corners of the CpQctahedron. For tha,,
orbital, the transfer integral with® is %(pdw) and the av-
erage transfer integral withp2/2p, is given by%(pdq-r). For
the eé orbitals, the average transfer integral witip,2s
%(pdTr) and that with ,/2p, is V10/6(pda). Therefore, the
intensity of structurex is expected to have the angular de-
pendence of ((2n,+5n,)/18)cos 6+ ((4ny+ng(/9)sir? 6.
Here, n, and n, are the number of holes in the, and e;
states, respectively. The area ratio of structuis 6=60° to
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FIG. 4. Co 2 XAS spectra of BjSrLC0,09, NaCo00,, and
CaCo,0q as a function of incidence angle.

CaC0,0,, the intensity of structurex is reduced ath=0°
............ 30 deg. and rapidly increases witd as observed in B8r,C0,0,.°

60 deg. The intensity ratio of structure at 6=60° to that att=0° is
estimated to be 3.

The strong angular dependence has several implications
concerning the location of the doped holes and their orbital
character. If there is hole doping in the Co-O rock-salt layer,
then one would expect to see an intensity f5r0° due to
holes transferred via-bonding to thep, or p, orbitals of the

in-plane oxygen or to thp, or p, orbitals of the out-of-plane
. '7;30' - '7&'35' - '7é0' - '7é5' - '8(')0' . oxygen, with the latter case being more likely since the struc-
Photon Energy (eV) ture study has shown that the out-of-plane Co-O bond in the

Co-O rock-salt layers is the shortest dhelowever, we do

FIG. 3. O Is XAS and Co D XAS spectra of CgCo,0q as a  Not observe a significant intensity a=0°. Therefore, we

function of incidence angle. can safely conclude that the hole doping does not take place
in the Co-O rock-salt layers and that most of the hole doping
that at =0° is given by(26n,+11n,)/(8n,+20n,) that is  occurs in the Co-O triangular layers. The strong angular de-
estimated to be 1.5 experimentally. The analysis of the angusendence can then be taken as an indication that holes are
lar dependence shows that the ratjgn, is ~1.5. Since the mainly located in thea;y band of the Co-O triangular layers
tog hole concentration in N&0O,, namelyn,+n,, is esti- in CaC0,0y. The area ratio of structuie at 6=60° to that at
mated to be 0.4 as explained later, 0.24 holes/Co are locatetF 0° is given by(26n,+11n,)/(8n,+20n,). Since the ratio
in thea;y band and 0.16 holes/Co are located in egnband. (26n,+11n,)/(8n,+20n,) is estimated to be 3 for G&o,Oq
Since the LDA calculation for N&0O, predicts that the! from the angle dependence of the peak area, themgti, is
band is much wider than tha4 band;* the holes in the}a9 calculated to be-0.04. This value is very similar to that of
band would be responsible for the well-developed metallidhe BiLSr,C0,04, Suggesting strongly that the magnetic tran-
behavior in NgCoO, which is in contrast to the bad metallic sitions found in BjSr,C0,04 and CgCo,0Og have a similar
behavior in BySr,C0,0,. Probably, the holes in tha, band  origin.
are almost localized and are responsible for the enhanced Figure 4 shows the Co2XAS spectra of BjSr,C0,0q,
magnetic susceptibility commonly observed in these Co oxNa,Co0O,, and CaCo,Oq taken at an incidence angle of 60°.
ides. Apparently, the holes in tleé band gives the difference The Co 2 XAS spectra are normalized using the peak
between NgCoO, and the other two Co oxides. This picture height of the main peak. The relative intensity of structute
agrees with the model proposed by Maigneinall® and is 1, 1.2, and 1.8 for BBr,C0,0y, Na,C00,, and CaCo,0q,
would give an important insight that tre band is playing respectively. Since the transition matrix elements forahe
essential role in the superconductivity found in,8aQ, in-  ande;, orbitals are similar at the angle of 60°, it is reasonable
tercalated by KO molecules. to assume that the area of structarereflects the amount of

Figure 3 shows the Osland Co » XAS spectra of the hole concentration. In the previous photoemission and
CaCo,04 as a function of incidence angle. The line shape ofx-ray absorption study of B8r,C0,0q, the hole concentra-
the Co D XAS indicates that C8 and Cd"* ions have also tion in the CoQ layer is estimated to be 0.33Assuming
the low-spin configurations as in NaoO, and thatthe amount of holes is 0.33/Co in,Bi,C0,0,, those in
Bi,Sr,C0,04.° We note that the Co @ XAS of CaCo,0y NaCo0, and CaCo,0qy are estimated to be 0.4/Co and
does not show any G6 component. This is important since 0.6/Co, respectively. The obtained result is summarized in
it indicates that the Co-O rock-salt layers also present in thiJable I. The obtained value for gao,0q is consistent with
compound have the similar low spin €dqor Cd**) configu-  the estimation from the chemical composition in that the
ration as the Co-O triangular layers. In the ® spectra of Co00, layer in CaCo,0q is heavily hole-doped although

2Py Ca,Co,0, —— 0 deg.
Co 2p XAS

Intensity
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TABLE I. Hole population in theay(ny) and that in thegy(ng)  tion would be more reliable. In future, the polarization de-
orbitals in the Co-O triangular lattice for BBr,C0,09, Na,C0o0,,  pendence of the OsIXAS spectra should be analyzed using

and CaCo,0, obtained from the present XAS study. more realistic and sophisticated models to resolve this dis-
: crepancy.
Bi2SrC0,00 Na,Co0, CaC0,09 In conclusion, we have studied the electronic structure of
n, 0.33 0.24 0.6 qugsi-two-dimensional Co oxides J:@ooz and CaCo,0Oq
n 0 0.16 0 using O k and Co D x-ray absorption spectroscopy. We
. .

found that the Co-O triangular layers in
Na,Co0,, CaC0,04, and BLbSKLC0,04 are hole doped and
the obtained value for GE0,Oq is higher than the hole con- commonly take the low-spin Cb and Cd* configurations.
centration of 0.5/Co estimated from the chemical composiThe present result supports the theory by Koshibae, Tsutsui,
tion of CaCo,0q. Also the obtained values are consistentand Maekawa to explain the enhanced thermopower at el-
with the estimation from the magnetic susceptibility of evated temperatures. On the other hand, the incidence-angle
Bi;SrC0,0, and CgC0,0,. Probably, holes in they, band  gependence of the OsIXAS spectra indicates that thg,

are responsible for the enhanced magnetic susceptibility obyrpital anisotropy of NZCoO, is small compared with those
served in these Co oxides although the hole concentration igf Ca,C0,0, and Bi,SKLC0,0,. We suspect that this differ-

the a;4 band is ranging from 0.3 to 0.6. ence is essential to explain why j&0,, Ca,Co,0q, and

Very recently, Wuet al. has reported XAS study of Bj,sr,Co,04 have different electric and magnetic properties
Na,C00,.29 The reported polarization dependence of struc-gt Jow temperatures.

ture « is more or less consistent with the present result for

Na,CoO, and is much smaller than the present result for The authors would like to thank T. Y. Hou for his skillful
CaC0o,0q. If the carriers in NgCoG, is dominated bya;q technical support and D.-J. Huang, D. |. Khomskii, I.
character as argued by Ve al,?0 it is impossible to explain  Tsukada, T. Yamamoto, K. Uchinokura, Y. Hitsuda, S. Hirata,
the larger angle dependence observed igQ0g0,. Since  and B. Raveau for useful discussions. The research of L.H.T.
the analysis in the present work can provide a systematiwas supported by the Deutsche Forschungsgemeinschaft
description of the three systems, the obtained orbital populathrough SFB 608.
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