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ANiO, (A=Li,Na)

J.-S. Kang,"* S. S. Lee,"" G. Kim,! H. J. Lee,! H. K. Song,? Y. J. Shin,> S. W. Han,? C. Hwang,> M. C. Jung,* H. J. Shin,*
B. H. Kim,” S. K. Kwon, and B. I. Min’
'Department of Physics, The Catholic University of Korea, Bucheon 420-743, Korea
2Department of Chemistry, The Catholic University of Korea, Bucheon 420-743, Korea

3Korea Research Institute of Standards and Science, Daejon 305-340, Korea

*Pohang Accelerator Laboratory (PAL), POSTECH, Pohang 790-784, Korea
SDepartment of Physics, POSTECH, Pohang 790-784, Korea
(Received 16 September 2007; published 26 November 2007)

Electronic structures of delafossite oxides AgNi,_,Co,0, and the frustrated Jahn-Teller (JT) system ANiO,
(A=Li,Na) have been investigated by employing soft x-ray absorption spectroscopy and photoemission spec-
troscopy (PES). It is found that Ni ions are in the Ni?*-Ni** mixed-valent states and that the low-spin (LS) Ni**
component increases from LiNiO, to AgNiO, and NaNiO,, in agreement with the presence of the JT transition
in NaNiO, and the absence of the JT transition in LiNiO, and AgNiO,. In AgNi,;_,Co,0,, the Ni** component
increases with x, while Co ions are in the LS Co®* states for all x, which is consistent with the metallic nature
for low values of x. A good agreement is found between the measured PES spectra and the calculated local spin
density approximation (LSDA) electronic structures of AgNiO, and AgCoO,, but the pseudogap feature in

PES of AgNiO, is not described by the LSDA.
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I. INTRODUCTION

Delafossite oxides MM'O, [M=Cu,Ag,Pd,Pt; M’
=Al,Cr,Fe,Co,Ni,Rh,Ln (lanthanides),...] have attracted
renewed interest as promising candidates for p-type transpar-
ent conducting oxides' and also for thermoelectric
materials.> M and M’ ions in MM'O, are considered to be
formally monovalent and trivalent, respectively.’ Most
MM’ O,-type delafossites crystallize in the 3R CuFeO,-type
layered structure (Fig. 1) with the rhombohedral space group

of R3m, which is characterized by the alternating stacking of
[M'O,] slabs and O-M-O dumbbell-shaped layers along the
c axis.* Both M and M’ cations as well as O anions in each
layer form triangular sublattices, and the [M'O,] slab is
comprised of edge-shared M'O¢ octahedra. Hence, when M’
ions are magnetic as in CuFeO,, MM'O, delafossites often
exhibit the complicated antiferromagnetic (AF) ordering due
to the spin frustration in the triangular lattice.’

Cu- and Ag-based delafossite oxides are semiconductors
except for semimetallic AgNiO,.%7 AgNiO, is special be-
cause it is an AF metal, while AgFeO, and AgCoO, are
nonmagnetic insulators. A compositionally controlled metal-
insulator (M-I) transition has been observed® in
AgNi,_,Co,0, with increasing x. Magnetic susceptibility
measurements suggest the low-spin (LS) Ni** (tgthggle;T)
and LS Co** (t%thgg |) states, respectively.® Hence, AgNiO,
has been studied as a good model system of the geometri-
cally frustrated magnet with S=1/2 Ni** ions. On the other
hand, our previous work® for AgTO, (T=Fe,Co,Ni) showed
that Fe and Co ions are trivalent, but that Ni ions are in the
Ni?*-Ni** mixed-valent states with significantly large diva-
lent character. The finding of Fe** and Co’* ions agrees with
magnetic susceptibility data, but the existence of Ni** ions
seems to be contradictory to the magnetic susceptibility
data.®
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The existence of Ni** states in AgNiO, has been ques-
tioned recently in relation to the issue of the subvalent Ag
ions in Ag,NiO,.!° Note that there is a similar controversy
on the valence states of Ni ions in LiNiO, that is a prototype
anode material for Li-ion batteries.!!"!3 LiNiO, has the
a-NaFeO,-type layered structure that is very similar to the
CuFeO, type of AgNiO, (Fig. 1). As in AgNiO,, LiNiO,
does not exhibit a Jahn-Teller (JT)-induced orbital
ordering”'* in contrast to its sister compound NaNiO, that
has both the spin ordering and the JT-induced orbital
orderings.'> NaNiO, transforms from a rhombohedral to a
monoclinic structure below ~480 K. The origin of the
absence and the presence of the orderings in ANiO,
(A=Li,Na) is one of the hot subjects in the frustrated JT
systems with the 90° superexchange.!* Therefore, the sys-
tematic investigation of the valence and spin states of Co and
Ni ions in AgNi;_,Co,0, and ANiO, (A=Li,Na) is crucial in
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FIG. 1. Comparison of the 3R-delafossite CuFeO, structure and

a-NaFeO, structure. Both have R3m space group. The layers of
edge-shared FeOgq octahedra are separated by Cu or Na layers. Cu
and Na ions are located at the O-Cu-O dumbbell centers and the
NaOg octahedral centers, respectively. A, B, and C represent the
stacking order of oxide layers.
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understanding the M-/ transition in AgNi;_,Co,0, and the
origin of the spin and orbital orderings in ANiO,.

Soft x-ray absorption spectroscopy (XAS) is an important
experimental tool for studying the valence and spin states of
T ions in solids.'®!® Photoemission spectroscopy (PES) is
ideal for studying the electronic structures of solids, such as
the energy distribution of different electronic orbitals.!*?’ In
this work, we have investigated the electronic structures of
AgNi;_,C0,0, (0=<x=1) using PES and XAS. We have de-
termined the valence states and spin configurations of Ni and
Co ions in AgNi;_,Co,0, and addressed the issue of the
valence states of Ni ions in ANiO, (A=Li,Na). We have
compared the valence-band PES and O 1s XAS spectra with
the calculated electronic structures and determined the
character of the carriers near the Fermi level (Ep) in
AgNi;_,Co,0,.

II. EXPERIMENTAL DETAILS

Polycrystalline AgNi;_,Co,0, samples were prepared by
cation-exchange reaction methods, as described in Ref. 8.
PES and XAS experiments were performed at the 8Al
undulator beamline of the Pohang Accelerator Laboratory
(PAL) at room temperature (RT). The base pressure was bet-
ter than 3 X 107!° Torr. Samples were cleaned in situ by re-
peated scraping with a diamond file. The data presented in
this paper were reproduced several times, which confirms
that they are free of surface contamination. XAS spectra
were obtained by employing the total electron yield mode
with the photon energy resolution of ~100 meV at
hv~700 eV. The Fermi level E, and the instrumental reso-
lution of the system were determined from the valence-band
spectrum of scraped Pd in electrical contact with samples.
The instrumental resolution for the valence-band PES spectra
was set at ~200 meV at ~v~200 eV. All the XAS and PES
spectra were normalized to the incident photon flux.

III. RESULTS AND DISCUSSION

Figure 2(a) shows the measured Co2p XAS spectra of
AgNi;_,Co,0,. As a guide of the valence states of Co ions,
these data are compared to those of reference Co oxides,
such as CoO (Ref. 21) as a formally high-spin Co** oxide
(3d"), LiCoO, (Ref. 11) as a formally LS Co®* oxide (3d°),
Nay5Co0O, (Ref. 22) as a formally mixed-valent
Co3*(3d%)-Co**(3d°) oxide, and that of Co metal.?® At the
bottom, the calculated XAS spectrum for a LS Co®* ion
(d®: tgthgg L) is shown by employing the ligand-field multiplet
(LFM) model'®!” with the crystal field splitting energy of
10Dg=3.0 eV between t,, and e, states. This comparison
shows that (i) the Co 2p XAS spectra of AgNi;_ .Co, 0O, are
very similar to each other, (ii) they are nearly identical to that
of LiCoO,, and (iii) they are described well by the LFM
model calculation for a LS Co’* ion.

These findings suggest that Co ions in AgNi,_,Co,0, are
in the LS trivalent Co®* states and that the valence states of
Co ions do not change with varying x. Also notable is that,
except for the low-energy shoulder at hv=781 eV, the
Co2p XAS spectrum of AgCoO, is similar to that of
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FIG. 2. (Color online) (a) Co 2p XAS spectra of AgNi;_,C0,0,
compared to those of LiCoO,, Naj 5C00,, CoO, Co metal, and the
calculated XAS for a LS Co** ion. (b) Ni2p XAS spectra of
AgNi;_,Co,0, compared to those of Ni metal, NiO, LiNiO,,
NaNiO,, and PrNiO;.

Na,sCo0,, which has a good thermoelectric property®*
as well as a superconducting property with water
intercalation.?® This shoulder (hv=781 eV) reflects the Co**
contribution coming from the Na deficiency.?® Therefore, in
view of similar crystal structures between AgCoO, and
NaCoO,, Ag-deficient Ag,CoO, will be a promising system
for exploiting such features as realized in Na,CoO,.
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FIG. 3. (Color online) (a) Comparison of the measured XAS
spectra of NiO and PrNiOj with the calculated Ni2p XAS spectra
for 3A2 Ni?* and LS Ni** ions. (b) Comparison of the Ni2p XAS
spectra of AgNiO, and AgNij;Co,s0, to the weighted sum of
those of NiO and PrNiO;.

Similarly, Fig. 2(b) compares the Ni2p XAS spectra of
AgNi;_,Co,0, to those of NiO (Ref. 11) as a formally diva-
lent Ni** oxide (3d®), PrNiO; (Ref. 27) as a formally triva-
lent Ni** oxide (3d7),2® and that of Ni metal (Ref. 21).
LiNiO, (Ref. 11) and NaNiO, (Ref. 29) are also included
since both have locally the same NiOg environment as
AgNiO,. This comparison shows that the line shapes of the
Ni 2p XAS spectra of AgNi;_,Co,0, are in between those of
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NiO and PrNiO; (see Fig. 3), and the intensity of the high-
energy shoulder (hv=859 eV) increases with increasing x.

Figure 3(a) compares the measured Ni 2p XAS spectra of

IS\IiO al}d Prl\SIiog vgith the calculate':d N122p §A§ splectra for

A, Ni** (tngethzgl)' and LS Ni** (E:f3,05,€,), with
10Dg=2.4 eV for Ni** and 10Dg=3.0eV for LS Ni**.
These LFM model calculations reveal that the qualitative
features of the Ni 2p XAS spectra of NiO and PrNiO; can be
described by *A, Ni** and LS Ni** configurations, respec-
tively. In the quantitative aspect, however, the LFM calcula-
tions do not yield very good agreement with experiment.
Hence, for the analysis of the valence states, we present the
comparison of the measured Ni2p XAS spectra of
AgNi;_,Co,0, to the weighted sum of those of NiO and
PrNiO;. As shown in Fig. 3(b), a good agreement is ob-
tained, and the observed trend with x is reproduced well by
increasing the weight of Ni** (PrNiO;) with respect to that of
Ni** (NiO). That is, the ratio of Ni**:Ni** varies from
60%:40% for x=0 to 27%:73% for x=0.5. This finding con-
firms that Ni ions in AgNi,_,Co,0, are in the Ni**-Ni*
mixed-valent states and that the Ni** component increases
with x.

Semiconducting AgCoO, reveals only trivalent Co®* ions,
whereas semimetallic AgNiO, reveals mixed-valent Ni ions.
This suggests that the mixed-valent Ni ions play a crucial
role in determining the metallic ground states of
AgNi,_,Co,0, for low x values and the M-I transition with
increasing x. It is likely that Ni’* ions induce hole carriers in
the O 2p-Ni 3d hybridized bands of AgNi;_,Co,0,, so as to
make the system metallic.

The existence of Ni** ions in AgNiO, is not unexpected.
In contrast to Co’* in the LS state, Ni** in the LS state,
which has the half-filled e, orbital, would not be stable en-
ergetically in an octahedral (O),) environment. That is, with-
out the JT distortion, the Ni%* state would be more stable
than the LS Ni** state. Our finding on the existence of the
Ni?* states in AgNiO, is contradictory to that of Ref. 10,
where it was concluded that Ni ions are trivalent in AgNiO,
based on the Ni K-edge (1s) XAS. We think that the Ni
L-edge (2p) XAS provides a more direct information on the
occupied configuration of the 3d electrons than the Ni
K-edge XAS because the Ni L edge is determined by the
2p—3d absorption while the K edge is determined by the
1s—4p absorption. Therefore, our conclusion drawn from
the Ni 2p XAS will be more reliable than that of Ref. 10.

Recently, the neutron diffraction experiment for 2H-type
AgNiO, has been reported.® They analyzed the data by in-
voking the charge ordering (CO) with three nonequivalent Ni
sites, with one Ni?* site and two metallic Ni*>* sites. Our
finding on the Ni’*-Ni** mixed-valent states in AgNiO,
seems to be contradictory to this interpretation for 2H-type
AgNiO,.%° However, since our XAS data for AgNi,_,Co,0,
were obtained at RT, we think that it is not necessary to take
into account the CO in the interpretation of our XAS data.
Further, the XAS study on transition-metal oxides is sup-
posed to provide more direct information on the valence
states of transition-metal ions than the bond length argument
employed in the analysis of neutron diffraction.

The high-energy shoulder at 7v=859 eV increases from
NiO to LiNiO,, AgNiO,, AgNi, sCog50,, and NaNiO, [see
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FIG. 4. (Color online) (Top) Calculated Ni3d PDOS for
AgNiO,. (Middle) Comparison of the Co3d, Ag4d, and O2p
PSW’s with the corresponding calculated PDOS’s for AgCoO,.
(Bottom) Similarly for AgNiO,.

Fig. 2(b)]. The ratio of this shoulder to the main peak is
given by ~0.33 (NiO), ~0.56 (LiNiO,), ~0.62 (AgNiO,),
~0.81 (AgNij5Coy50,), and ~0.86 (NaNiO,), suggesting
the increasing Ni** component. Since Ni** ions in the LS
state are JT active in the O environment, as explained
above, the trend of the increasing Ni** component is consis-
tent with the presence of the JT structural transition in
NaNiO, and the absence of the JT transition in NiO and
LiNiO,. In the same context, the absence of the cooperative
JT transition in AgNiO, can be understood by its Ni**-Ni**
mixed-valent nature. We think that the present finding re-
solves the controversial issue on the valence states of Ni ions
in AgNiO, and ANiO, (A=Li,Na).

Figure 4 compares the experimental partial spectral
weight (PSW) distributions of the different electronic states
with the calculated partial density of states (PDOS) of the
corresponding states. The experimental Ag4d, Co/Ni3d,
and O2p PSW’s were determined from the measured
valence-band PES spectra over a wide photon energy range
(30 eV=hvr=1486.6 eV) by employing the extraction pro-
cedures described in Refs. 9 and 20. The calculated PDOS’s
were obtained by using the self-consistent linearized muffin-
tin orbital band method within the local spin density approxi-
mation (LSDA), where the paramagnetic and ferromagnetic
ground states were assumed for AgCoO, and AgNiO,,
respectively.’! The calculated PDOS’s are similar to those in
literature.> The LSDA calculation gives a better agreement
with experiment than the LSDA+U calculation (U=5 eV),
with U being the Coulomb correlation between Ni 3d elec-
trons.

LSDA band calculations produce the correct semiconduct-
ing and LS ground state for AgCoO, and the metallic and
magnetic ground states for AgNiO,. Co 3d bands show a gap
between the occupied 1,, states and the unoccupied e, states.
The small magnetic moment M, of ~0.5 up per Ni for
AgNiO, is in good agreement with the magnetic susceptibil-
ity measurement.® The calculated Ag 4d bands are fully oc-
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FIG. 5. (Color online) (Left) Comparison of the valence-band
PES spectra of AgNi;_,Co,0, obtained with Zv=130 eV. (Right)
O1ls XAS spectra of AgNi;_Co,0,. Ols XAS spectra of
AgNi;_,Co,0,. Each feature is identified as follows: & in AgCoO,:
the occupied Co 1,,7| states; @ and B in AgNiO,: the occupied
minority Ni #,,] and majority Ni #,,7 states; A: the unoccupied Ni
e, 1| states; B: the unoccupied Co e, T | states; C, C': the unoccu-
pied Ag sp states; and D: the unoccupied Ni/Co sp states.

cupied, indicating monovalent Ag* states. Figure 4 reveals a
reasonably good agreement between experiment and theory.
In particular, the peak positions of both the Co 3d and Ni 3d
states agree well between experiment and theory. The trends
observed in PES are consistent with those in the calculated
PDOS. The occupied bandwidth of the Ni3d states is
broader than that of the Co 3d states, which supports the
large hybridization between Ni 3d and O 2p states.

Figure 5 compares the hv=130 eV valence-band PES
spectra (left) and the O ls XAS spectra (right) of
AgNi;_Co0,0,. The hv=130 eV PES spectra are chosen as
roughly representing the main features of the Co/Ni3d
PSW’s.” The O 1s XAS spectrum is attributed to the unoc-
cupied T 3d, Agsp, and T sp states (T=Co,Ni) via the hy-
bridization with the O 2p states. The peak « in PES of
AgCo0, represents the occupied Co 1,, paramagnetic states.
The peaks a and 8 in PES of AgNiO, represent the occupied
minority Ni 7,,| and majority Ni 7,,] states, respectively, and
the so splitting between a and S is a rough measure of the
exchange splitting A,~ 1.5 eV. This value is larger than the
calculated A .~ 0.7 eV in the LSDA (see Fig. 4). Peaks A and
B in the O 1s XAS represent the unoccupied ¢, | states of
Ni and Co ions, respectively. Peaks C and C' are assigned as
the unoccupied Agsp states and D as the unoccupied
Ni/Co sp states.

Note that the spectral weight near E is negligible in the
valence-band PES spectra for all x. This feature is consistent
with the semiconducting nature of AgCoO,, but it is contra-
dictory to the metallic nature of AgNiO,, where e, T | states
are expected to be partially occupied. This discrepancy is
probably related to the high residual resistivity of AgNiO,
(p=5 mQ cm),%” a typical value of a bad metal. In bad met-
als, the spectral weight near Ey. is occasionally suppressed by
exhibiting a pseudogap feature. Even though several mecha-
nisms are possible for the pseudogap formation in bad met-
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als, the specific origin in AgNiO, needs to be clarified. In
order to observe the metallic Fermi edge, high-resolution
PES on single-crystalline samples will be required.

IV. CONCLUSIONS

In conclusion, the 2p XAS spectra for AgNi,_.Co,0, (0
<x=1) provide evidence that Ni ions are in the Ni**-Ni**
mixed-valent states with the increasing Ni** components
with x, while Co ions are in the LS Co’* states for all x. The
metallic nature for low values of x in AgNi;_,Co,O, arises
from the hole carriers in the O 2p-Ni 3d hybridized bands
due to the existence of divalent Ni’* ions. The LS Ni** com-
ponent increases from NiO to LiNiO,, AgNiO,,
AgNijsCo,s0,, and NaNiO,, which is consistent with the
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presence of the JT structural transition in NaNiO, and the
absence of that in LiNiO, and AgNiO,. This finding settles
down the controversy on the valence states of Ni ions in
AgNiO, and ANiO, (A=Li,Na). A good agreement is found
between the measured PES spectra and the calculated LSDA
electronic structures of AgNiO, and AgCoO,. The
pseudogap feature near E in PES of AgNiO,, contrary to its
metallic nature, remains to be resolved.
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