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The electronic structure of PdCoO, has been studied using the full potential linearized augmented plane
wave (FP-LAPW) method employing the Perdew-Burke-Ernzerhof generalized-gradient approximations. The
role of valence Pd and Co orbitals to the electrical conduction in PdCoO, has been analyzed in detail. Based
on the electronic structure and electron density distribution, causes for the conducting behavior of the Pd layer
and insulating property of CoO, layer have been identified. The present results support the proposal that
anisotropy in the conductivity behavior can be attributed to metallic interactions between hybridized orbitals
derived from mixing of Pd 4d 2, 4d,>_,», and 4d,, orbitals. However, a small contribution from Pd-5s orbital
located at adjunct sites in the ab plane at the Fermi level was also found. In contrast, the conductivity in the
c-direction is limited by the antibonding Pd-O states and the insulating state of CoO, layer. Good agreement is
obtained for the calculated and observed Co-L,-L; x-ray absorption spectrum confirming only very small
contribution of Co density of states at the Fermi level.
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I. INTRODUCTION

Delafossite oxides (ABO,) with alternate triangular
0-A-O and octahedral BOg layers stack along the ¢ axis,'?
have attracted much attention due to their novel physical
properties such as frustrated antiferromagnetic, multiferroics
properties,>> which can be explored for using as quantum
electromagnets. Some  delafossites, e.g., CuAlO,,%’
CuGa0,,}® Culn0,,’ have wide optical band gaps (>3 eV)
that is advantageous in many important technological appli-
cations including flat panel displays, solar energy capture,
and optoelectronic devices. Other delafossite oxides such as
PdCo0,, PdARhO,, PdCrO,, PtCo0O,, and PtCrO, have also
attracted much interest due to their very high electrical
conductivity.'? Specifically, they can be used as a conductor
in oxidizing environment especially as a current collector in
solid oxide fuel cells. Among the metallic delafossite oxides,
it was reported that PdCoO, is paramagnetic and possesses
the lowest resistivity at the room temperature.'®!! Electrical
measurements also revealed a highly anisotropic electrical
resistivity, which is substantially higher along the c-axis than
in the perpendicular plane.!! The metallic nature of this com-
pound has been interpreted as the result of overlap between
hybridized Pd-4d-5s states.!?  Moreover, P Co-NMR
(nuclear magnetic resonance) measurements,'? resonant pho-
toemission studies (RPES), resonant inverse photoemission
studies (IREPS),'* and X-ray absorption spectroscopy
(XAS)'? all indicate low'? or very low!>!* density of states at
Fermi level (Ef) at the Co sites. The main contribution to the
density of states (DOS) at the Fermi level is derived from
Pd-4d.'>'* XAS experiment'? further revealed that the elec-
tronic state of Co and Pd in PdCoO, is trivalent and monova-
lent, respectively. Finally, a specific heat measurement'? sup-
ported the s-d hybridized character of conduction electrons
in PdCoO,.

Theoretical studies have been performed by Okabe et
al.,'> Seshadri et al.,'® and Eyert et al.'” in order to explain
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the nature of the metal-metal bonding and electronic proper-
ties of PdCo0,. According to Okabe et al.,'® the density of
states at the Fermi level (Er) mainly originated from the
Pd-4d states with small contributions from Co-3d and O-2p
states. Band structure calculations by Seshadri et al.,'® re-
vealed a dominant contribution from Pd-4d at the Fermi
level while the DOS calculation by Eyert et al.,'” showed a
somewhat higher contribution of Pd-d,, and d,>_,> states. The
s-d hybridized character of conduction electrons as sug-
gested by a specific heat measurement'? has not been men-
tioned and the cause and anisotropy of the metallic behavior
of PdCoO, have not been discussed in detail by previous
theoretical works. In this paper, the apparent inconsistency
between the theoretical results and particularly, the origin of
the anisotropy in the electrical conductivity are examined. To
this end, the electronic structure of PdCoO, was calculated
with the density-functional theory (DFT) by applying the full
potential linearized augmented plane wave (FP-LAPW)
method employing the generalized gradient approximation
(GGA). The mechanism of the strong anisotropy on the elec-
trical conductivity is explained on the basis of the characters
of the Pd and Co orbitals near the Fermi level. The bonding
and role of the atomic orbitals is characterized unambigu-
ously from analysis of the electron band structures, Fermi
surface and electron density maps. Calculations of the x-ray
absorption spectra (XAS) of PdCoO, were performed. The
good agreement with experiment supports the accuracy of
the present calculations.

II. COMPUTATIONAL DETAILS

At low temperature, PdCoO, was found to be weakly
paramagnetic with a magnetic susceptibility of 5
% 107> emu/mol."" At higher temperature, the magnetic sus-
ceptibility was found to diminish rapidly and at room tem-
perature it becomes negligibly small.!' Therefore, it is rea-
sonable to perform the electronic structure calculations using
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FIG. 1. (Color online) Crystal structure of PdCoO, Pd
(yellow spheres), Co (blue sphere) and O (red spheres) occupy site
3a (0, 0, 0), site 3b (0, 0, 1/2), and site 6¢ (0, 0, 0.1125),
respectively.

the spin-restricted formalism. As a check, it is found that the
solution of a spin-unrestricted calculation converges to the
spin-restricted result. All calculations were performed with
the Wien2k software package.!® This program computes the
electronic structure of PACoO, within the DFT utilizing full
potential (linear) augmented plane wave+local orbitals
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generalized-gradient approximation (PBE-GGA).!* PdCoO,
crystallizes in the R-3m structure (space group No. 166) (see
Fig. 1) with the Pd atoms situated at 3a (0, 0, 0), Co at 35 (0,
0, 0.5), and O at 6¢ (0, 0, *u) sites (©=0.1125). For the
calculations, the lattice parameters of a=2.8317 A and ¢
=17.74 A (in hexagonal setting) were taken from
experiment?® while the internal parameter #=0.1125 of the O
atom was obtained from geometry optimization which is
comparable with experiment value u=0.1112(8).> The very
small difference between the predicted and experimental po-
sition of the oxygen atoms will make no difference to the
results presented here. The electronic structure was calcu-
lated with the augmented plane wave+local orbital (APW
+10) basis set for d electrons and LAPW basis set for s and
p electrons. The muffin tin radii (Ry;r) for the atomic spheres
were chosen as: 2.00 a.u, 1.85 a.u, 1.60 a.u for Pd, Co, and
O, respectively. Inside the atomic spheres, partial waves
were expanded up to /,,,=10 with a plane wave cutoff
RyrK max=8.0. The charge density was Fourier expanded up
to Gh«=16 Ry. The convergence of k-point sampling was
checked up to 10 000 points in the full Brillouin zone. It is
found that a k-mesh of 3000 k-points in the full Brillouin
zone or 280 k points in the irreducible Brillouin zone (IBZ)
was sufficiently accurate. In addition to the usual valence
states, Pd-4s, 4p, 4d, S5s; Co-3p, 3d, 4s; and O-2s, 2p were
treated as “semicore” states. The band dispersions are plotted
along the high-symmetry points 1'(0,0,0), Z(1/2,1/2,1/2),
F(1/2,1/2,0), and L(0,1/2,0) (Ref. 21) in the Brillouin zone.
The calculated Fermi surface and electron density map are
illustrated using the XCRYSDEN code.?

III. ORIGIN OF METALLIC BEHAVIOR AND
ANISOTROPY OF PdCoO,

The total/partial density of states (TDOS/PDOS) of
PdCoO, are shown in Fig. 2. The theoretical results are in
general agreement with previous calculations'>~!7 and the
Co® NMR experiment.'® It is found that the contribution
from Co-d PDOS at the Fermi level is minor, which is in
agreement with optical measurements'>!* which suggested a
low!? to very low!>!* Co-PDOS at the Fermi level. The cal-
culated Pd-4d PDOS [Fig. 2(b)] shows Pd-d>_2+d,, and
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FIG. 2. (Color online) (a) Total/Partial Density of States (TDOS/PDOS) of PdCoO,; (b) Partial Pd-4d DOS and Co-3d DOS of

PdCo0,
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FIG. 3. (Color online) Band structure of (a) Pd-d,2_y2+d,,; (b) Pd-d.2; and (c) Pd d, +d,, states

Pd-d» states contribute almost equally to the DOS at the
Fermi level. This observation agrees with Ref. 17 but differs
on a small difference on the relative contribution from the
Pd-d,>_2+d,, and Pd-d > states at the Fermi level. Moreover,
as will be discussed below, we also found a small contribu-
tion from the Pd 5s. To identify which Pd-4d state plays the
major role at the Fermi level, the electronic band structures
projected into different Pd-4d orbitals were calculated (Fig.
3).

It is clear that there is only one electron band with larger
Pd d > character crosses the Fermi level. The Pd-d,2_2+d,,
bands lying just below the Fermi level are rather broad ex-
tending from (E-Ep)=—4.4 to —0.38 eV. To illustrate these
results, electron density map of the top valence band within
the energy range from (E-E;)=-0.38 to —0.25 eV in the

(1010) plane was calculated and plotted in Fig. 4(a).
The result clearly shows the characteristic of Pd-4d>_,»
and 4d,, states (shown as the cross section of a large annular

lobe in the (1010) plane). Within the energy range from
(E-Er)=-0.08 eV to the Fermi level the electron density

map of the top valence band in the (1010) plane shows a
stronger Pd d > character with a slightly reduced annular lobe

projected in the (1010) plane [see Fig. 4(b)]. This observa-
tion indicates that near the Fermi level, the crystal orbital is
composed of mixed Pd-d, d_2+d,, and perhaps some
Pd-5s orbitals.

To verify this suggestion, the Pd electron density topology
is analyzed further. From the band structure shown in Fig. 3,
there is only one electronic band crossing the Fermi surface
at A and B along L—Z and I' —F, respectively. The charge

density plot of the wave functions at A and B in the (1120)
plane are compared in Fig. 5. Gross features of the electron
topology are very similar to Fig. 4. Electron density maps at
A and B in the (0001) plane cutting through the Pd atoms
were calculated and shown in the Fig. 6. It is surprising that
the charge distributions at the Pd atoms in the A and B point
projected in the ab plane resemble circles. Evidently, the

spatial extend of the “circular” charge density around the Pd
at point A is more extended (diffuse) than at point B. The
circularlike charge distribution in the two-dimensional (2D)
plane may suggest the participation of Pd 5s orbital.
However, inspection of the PDOS of the Pd atom at the
Fermi level in Fig. 2 shows contribution from Pd 4d,>_,»
+4d,, and 4d > orbitals are of equal importance. Equal mix-
ture of these orbitals can result in an apparent appearance of
circular 2D distribution of electron density in the xy (ab)
plane. Collecting all the information, a rather complex pic-
ture on the Pd hybridization starts to emerge. The Pd hybrid-
ization is best described as an admixture of Pd 4d,>_,», 4d,,,
4d > perhaps with a smaller contribution from Pd 5s. This is
the only description which is consistent with both calculated
charge distributions and the Pd PDOS. The spatially much

C S

(a)

FIG. 4. (Color online) Electron density within the energy range:
(a) from (E-Ep)=-0.38 to —0.25 eV and (b) from (E-Ep)=
—0.08 eV to the Fermi level of PdCoO, in the (1010) plane. The
contour scale is the same as in Fig. 5

(b)
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FIG. 5. (Color online) The charge density of the wave functions
within the energy range from (E-E)=-0.08 eV to the Fermi level
at: (a) A (0.69, 0, 0.3 a/c) 2m/a and (b) B (0.47, 0, 0.82 alc)

24r/a point in the (1120) plane.

more diffuse Pd 5s orbitals are responsible for the extensive

overlap (parallel to the c-axis in the (1010) plane) between
Pd atoms observed at the A point shown in Fig. 5. Since
Pd-5s electron occupies the interstitial space, it is not dis-
played as prominent in the PDOS (Fig. 2) as the tighter Pd
4d in the atomic sphere region bound by the muffin-tin ra-
dius. This explanation highlights the possibility of Pd 4d »-5s
hybridization suggested by Orgel.?® In summary, the study of
the charge density shows the overlaps between Pd in the ab
plane is indeed more significant at point A than at B. Thus,
the electrons at the Fermi level are more mobile in the Pd ab
plane than along ¢. This is manifested in the observed elec-
trical conductivity anisotropy. The electron density maps
shown in Fig. 5 and Fig. 6 shows an anti-Pd-O bonding
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FIG. 7. (Color online) A three-dimensional plot for the Fermi
surface of PdCoO,

character along the c-direction perpendicular to the Pd plane
in the energy interval E-Ep=-0.38 eV. This qualitative
analysis indicates that there should be comparatively weaker
electron transport along the c-axis from the Pd-layer to the
Co-O layer within the energy range E-E;=-0.38 eV. This
is the additional reason for the anisotropy in the electric con-
ductivity of PdCoO,.

To further understand the observed anisotropy in electrical
conductivity in PdCoO,, the Fermi surface has been calcu-
lated and shown in Fig. 7. The topology of the Fermi surface,
which is almost identical with the previous report,!” is quasi
two dimensional with wavelike surfaces due to the formation
of holes at the L and F points. The small participation of
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FIG. 6. (Color online) The charge density of the wave functions within the energy range from (E-E;)=-0.08 eV to the Fermi level at
(a) A (0.69, 0, 0.3 a/c) 2m/a and (b) B (0.47, 0, 0.82 a/c) 27/a point in the (0001) plane cutting through the Pd atoms.
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FIG. 8. Calculated temperature dependence of electrical conduc-
tivity ratio between the in-plane electrical conductivity (o,,) and
electrical conductivity along the c-axis (o)

Pd 5s does not alter features of the Fermi surface. A quasi-
two-dimensional Fermi surface reflects high anisotropy in
the electrical conductivity. From the electronic band structure
(Fig. 3) the valence band crosses the Fermi level at point A
and B. Near the vicinity of B and along the B— F direction,
the electron band dispersion is very flat. Since the gradient of
the band dispersion of the valence band crossing the Fermi
level is smaller at B than at A, it is expected that the effective
mass of the electron is heavier at B (vg) than at A (v,). This
is confirmed by calculations showing that v, ~9.4vgp.

To quantify the strong anisotropy in conductivity, the
electrical conductivity of PdCoO, in the plane (o,,) and
along the c-axis(o,) were calculated using the BoltzTraP
code** based on the semiclassical Boltzmann theory with
constant relaxation times. Convergence test shows that a
k-mesh of 100 000 k-points for Brillouin zone integration is
sufficiently accurate. The theoretical result for the ratio
0,/ 0. as a function of temperature is shown in Fig. 8. Over
a wide temperature range from 100 to 800 K, the electrical
conductivity in the plane is predicted to be higher than along

Codp
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the c-direction and the ratio of the conductivity decreases
slightly at higher temperature.

Similar analysis of the electronic band and DOS were
performed on the Co atoms. The Co-PDOS reveals contribu-
tions from Co-d 2 and Co-d,,+d,, in the valence band. There
are some Co-d,,+d,, characters in the valence band crosses
the Fermi level at B (Fig. 9). In comparison to Pd, the par-
ticipation of the Co orbitals is, however, very small. There is
no direct Co-Pd interaction. Near the top of the Fermi level,
the Co electrons mainly localized in the Co-O anti-bonding
orbitals and with negligible overlap between them. In com-
parison to the Pd-(ab) plane, the lack of overlap inhibited
electron delocalization and resulted in the poor electrical
conductance in the Co-plane [see Fig. 4(b) and 5]. Therefore,
the Co ab plane can be considered as an insulating layer.

To validate the quality of the electronic structure of
PdCoO, obtained from the present calculation which sug-
gests very low Co-DOS at the Fermi level, the x-ray absorp-
tion spectra of Co-2p with and without core-hole approxima-
tion were performed. For comparison, the experimental
spectra'? were shifted to align the main major peak Co-2p5,,
(Lyy) with the theoretical XAS. The result computed without
a Co-core hole shown in Fig. 10 predicted a small peak at 3.1
eV which is 1 eV lower than the experimental peak. In com-
parison, using the core hole approximation with a super cell
of 2X2X?2, the calculated Co-2p XAS spectrum shows a
pronounced peak at 4.1 eV which is in good agreement with
experiment. The good agreement between theory and experi-
ment indicates the calculated DOS in the present study is
reliable.

IV. SUMMARY

Detailed analyses of the electron band structure, elec-
tronic density of states and electron density distribution at
the Fermi level have shown unambiguously that the electri-
cal conductivity of PdCoO, originates from Pd layers sand-
wiched by alternating “insulating” CoO, layers perpendicu-
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FIG. 9. (Color online) Band structure of (a) Co-d,2_y2+d,,; (b) Co-d 2; and (c) Co-d,.+d,, states
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squares are experimental data reproduced from Ref. 12.
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lar to the ¢ axis. Overlaps between hybrid orbitals compose
of Pd4(d2, dpo_p, d,,) and 5s at the Fermi level resulted
in delocalized metallic bonding and responsible for the elec-
trical conductivity. The antibonding interactions between Pd
and O along the ¢ axis around the Fermi level leads to a very
weak electrical conductance. The insulating characteristic of
Co0, layer is confirmed. The results presented here are also
applicable to rationalize the high-electrical conductivity an-
isotropy in the delafossite family.
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