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DFT+U and quantum Monte Carlo study
of electronic and optical properties
of AgNiO2 and AgNi1�xCoxO2 delafossite†

Hyeondeok Shin, *a Panchapakesan Ganesh, b Paul R. C. Kent, c

Anouar Benali, a Anand Bhattacharya,d Ho Nyung Lee, e Olle Heinonen ‡d

and Jaron T. Krogel *f

As the only semimetallic d10-based delafossite, AgNiO2 has received a great deal of attention due to

both its unique semimetallicity and its antiferromagnetism in the NiO2 layer that is coupled with a lattice

distortion. In contrast, other delafossites such as AgCoO2 are insulating. Here we study how the

electronic structure of AgNi1�xCoxO2 alloys vary with Ni/Co concentration, in order to investigate the

electronic properties and phase stability of the intermetallics. While the electronic and magnetic

structure of delafossites have been studied using density functional theory (DFT), earlier studies have not

included corrections for strong on-site Coulomb interactions. In order to treat these interactions

accurately, in this study we use Quantum Monte Carlo (QMC) simulations to obtain accurate estimates

for the electronic and magnetic properties of AgNiO2. By comparison to DFT results we show that these

electron correlations are critical to account for. We show that Co doping on the magnetic Ni sites

results in a metal–insulator transition near x B0.33, and reentrant behavior near x B 0.66.

1 Introduction

Delafossites are minerals with the generic formula ABO2, where
A is a monovalent and B is a trivalent metal, and the structure
consists of layers of the metal A cations interspersed between
layers of BO2 that are arranged in edge-sharing BO6 octahedra,
as seen in Fig. 1. A particular feature of delafossites is that the
cation A is bonded vertically (along the c axis) to oxygen atoms
in planes above and below. Recently, delafossites have attracted
a great deal of attention because of their interesting properties
that arise as a consequence of interplay between the metal

A and the BO2 layers. Since the discovery of the naturally
occurring delafossite form of CuFeO2,1 various types of dela-
fossites have been synthesized and studied extensively in order
to understand what gives rise to the wide ranges of electronic
properties for different combinations of A and B elements.2–10

The monovalent A site is usually occupied by d9 or d10 noble
metals or transition metal atoms. Most of the d9 and d10

delafossites, such as PdCoO2 and PtCoO2, exhibit a large
electrical conductivity, but a much wider range of electronic
properties, including metallic, semiconducting, and insulating,

Fig. 1 (a) Side and (b) top view of 2H-AgNiO2 structure. There are two
different Ni sites, Ni1 with very small magnetic moments as Ni3.5+/d6.5

state, and Ni2 with large magnetic moments as Ni2+/d8 state; the Ni2 sites
form a triangular planar antiferromagnet.
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has been observed in d10 A-site compounds, and it appears that
the B-site component is the dominating factor in the resulting
electronic and optical properties.11–13

Delafossites with d10 cations (A = Ag and Cu) have reported
to possess wide direct electronic band gaps and p-type beha-
vior, which makes them interesting for potential future appli-
cations of p-type transparent materials.7,14–18 Among d10-based
delafossites AgBO2 and CuBO2, the Ni B-site compound AgNiO2

is known to possess rather unique electronic and magnetic
properties: while most of the d10-based delafossites exhibit
insulating or semiconducting behavior, only AgNiO2 exhibits
metallic features in 2H polytype of hexagonal space group of
P63/mmc.11,19,20 According to previous studies on 2H-AgNiO2,
its ideal P63/mmc crystal structure is transformed into the P6322
structure because of lattice distortions induced by strong
antiferromagnetic (AFM) interactions in the NiO2 layers of
AgNiO2.11,21 Interestingly, the lattice distortion in AFM 2H-
AgNiO2 is not the well-known Jahn–Teller distortion, but a
charge-ordering distortion induced by charge transfer on eg

states on the Ni sites. This leads to two different Ni sites, Ni1
with small magnetic moments (Ni3.5+), and Ni2 sites with large
magnetic moments (Ni2+); the Ni2 sites form a triangular
antiferromagnet within the Ni ab-plane. This leads to charge
disproportionation on the Ni sites and AFM 2H-AgNiO2 is
consequently interpreted as a strongly charge-ordered system.
Moreover, because of the insulating properties of AgCoO2 while
AgNiO2 exhibits a semimetallic phase, the existence of a metal–
insulator transition has been predicted on AgNi1�xCoxO2 struc-
tures wherein the NiO2 layers in AgNiO2 are mixed with CoO2

layers of the insulating AgCoO2.22

In addition to experimental investigations, there have been a
few reports from studies using density functional theory (DFT)
to study AFM 2H-AgNiO2, in particular to address the magnetic
order that has been observed experimentally.11,23 A fundamen-
tal question that can be raised in this context is to what extent
electronic correlations play a role in the magnetic ordering in
delafossites in general, and in AgNiO2 in particular; linked to
this is the well-known broader issue of how to accurately
account for electronic correlations within DFT. This is an
important question for the delafossites as they contain 3d,
4d, 4f, and 5f metals with highly localized electrons bound to
oxygen. It is therefore important to accurately assess the effects
of electronic correlations on delafossites, and also to devise
computational schemes that allow for including correlations at
a known level of accuracy. One such scheme is DFT+U, in which
a Hubbard U term is added to selected localized orbitals to
approximately account for on-site Coulomb correlations.24,25

While the actual value of U can be used as a fitting variable,
there are nowadays methods to self-consistently calculate U,
reducing empiricism. Nevertheless, an on-site Coulomb inter-
action Hubbard U has not been considered at all in previous
DFT studies of 2H-AgNiO2, mainly because it has been pre-
dicted that the effect of U is small in metallic 2H-AgNiO2.11

Furthermore, a previous DFT study for 3R-AgNiO2 concluded
that projected density of state from local spin density approxi-
mation (LSDA) is in better agreement with corresponding

experimental partial spectral weight (PSW) distributions than
LSDA+U.26 Therefore, appropriate values of U for 2H-AgNiO2

have not been studied systematically. Previous studies have
utilized the local density approximation (LDA) or the general-
ized gradient approximation (GGA) without any attempt to
correct for on-site correlations with a Hubbard U have been
used.11,12,21,26

The main motivation for our work is to accurately assess the
effect of electronic correlations on the electronic and magnetic
properties of 2H-AgNiO2, and also on intermetallic phases AgNi1�x

CoxO2 as well as their stability. In our work, we use quantum Monte
Carlo (QMC) methods, specifically real-space variational Monte
Carlo (VMC) and diffusion Monte Carlo (DMC). QMC methods
are computationally expensive but highly-accurate stochastic wave-
function methods that fully incorporate electronic many-body
effects.27,28 Weak through strong electronic correlations are well
described. The total energy obeys a variational principle allowing
the effect of different choices for the input trail wavefunctions to be
assessed. QMC methods have provided accurate ground state
properties for strongly-correlated transition metal oxides, including
VO2, AFM NiO, and various alloys.29–34 In this study, we use QMC to
obtain accurate ground state properties of 2H-AgNiO2. In addition,
we study various structures of phases of the mixtures AgNi1�xCoxO2

to assess their phase stability and electronic properties. Our results
show that large concentrations of substitutional Co in AgNi1�x

CoxO2, x Z 0.33, lead to an opening of an electronic band gap and
stable formation energies. This suggests an interesting way to
generate a metal-insulating transition concomitant with a magnetic
transition, different from, e.g., metal-insulating transitions in more
classical correlated oxides, such as VO2.35–37

2 Methods

We used DMC within the fixed-node approximation as imple-
mented in the QMCPACK code.38 Single Slater-determinant
wavefunctions were used as trial wavefunctions in the QMC
algorithm, with up to three-body Jastrow correlation coeffi-
cients in order to incorporate electron–ion, electron–electron,
and electron–electron–ion correlations. Cut-offs for the one-
and two-body Jastrows were set as the Wigner–Seitz radius of
the given supercell while a maximum of 5.0 bohr was used
as the cut-off for the three-body term. Single-particle orbitals in
the QMC trial wavefunctions were generated by solving the
Kohn–Sham equations using DFT. All DFT calculations in this
study were performed with a plane-wave basis set with a 700 Ry
kinetic-energy cut-off and 8 � 8 � 8 k-point grids using the
QUANTUM ESPRESSO code.39 Kohn–Sham orbitals in the Slater
determinant were generated using Perdew–Burke–Ernzerhof
(PBE) parametrization40 of the generalized gradient approxi-
mation (GGA) exchange–correlation (XC) functional. First-order
Methfessel–Paxton scheme was applied as smearing method with
0.001 Ry smearing parameter for Brillouin zone integration.41 In
order to account for on-site Coulomb interactions of strongly
localized d orbital in Ni, we used a Hubbard ‘‘U’’ for the Hubbard
correction within the DFT+U formalism.24,25 Norm-conserving
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pseudopotentials for Ni and O in this study were the same as used
in a previous QMC study of AFM NiO.32 The Ag and Co pseudo-
potentials were correlation-consistent effective-core potentials
(ccECPs) wherein fully-correlated all-electron calculations – pri-
marily coupled-cluster calculations – were used as references for
the parameterization of the ECPs.42–45 Because ccECP pseudopo-
tentials are hard-core and therefore require large kinetic-energy
cut-off, 700 Ry kinetic-energy, for Ag, we applied the hybrid orbital
representation that combines a local atomic basis set and B-
splines in order to reduce memory requirements of the QMC.46

DMC calculations were done using 0.005 Ha�1 time steps within
the non-local T-move approximation47 In order to reduce one-
body finite-size effects from the periodic boundary conditions
applied in the DMC calculations, we employed twist-averaged
boundary conditions48 with up to a maximum of 64 twists for
the AgNiO2 supercells.

Two-body finite-size effects were reduced using the modified
periodic Coulomb interaction49 and Chiesa’s kinetic energy
correction.50 In addition to those finite-size corrections, we
estimated twist-averaged DMC energies at different sizes of
supercells, 48, 96, and 144 atoms cells, and extrapolated the
energies to the bulk limit in order to further reduce two-body
finite size effects.

3 Results
3.1 Properties of pure 2H-AgNiO2

Previous DFT studies of AgNiO2 delafossites assumed that on-
site Coulomb interactions were not important and so did not
use DFT+U.11,21 One of the aims of our work is to examine the
role of on-site Coulomb interactions in detail in order to
ascertain their importance. Because there are no previously
reported values for an optimal value of U, Uopt, we first
estimated Uopt. We used a procedure established in previous
works32,51–54 that has proven to be a reliable and unbiased way
to estimate Uopt for transition-metal oxides. In this procedure,
we minimize the DMC total energy of the PBE+U trial wavefunc-
tion as a function of U. Because the DMC total energy obeys a
variational principle, this energy will exhibit a minimum.
Specifically, in DMC, the minimization of the energy with
respect to U is a one-parameter optimization of the many-
body wavefunction nodal surface. For simplicity we assume
the same U value for all Ni atoms, regardless of their local
charge states. Fig. 2 shows the DMC total energy for the AFM
AgNiO2 unit cell as function of the value of U in the PBE+U trial
wavefunction. Using a quartic fit, we estimated an optimal U
value of Uopt = 4.4(1) eV for Ni, which is close to the DMC Uopt =
4.7(2) eV found in AFM NiO.32 We use the value of U = 4.4 eV
obtained from DMC for all subsequent PBE+U calculations in
this study.

To investigate how varied p�d hybridization within the
DFT+U scheme may change the electronic properties of AgNiO2,
we first compare the electron density-of-states (DOS) obtained
using PBE and PBE+U. As expected, the DOS for 2H-AgNiO2

clearly exhibits metallic features with filled states at the Fermi

level both for PBE and PBE+U (Fig. 3). Under hole doping, PBE
predicts preservation of the metallic state for all doping levels.
In contrast, PBE+U predicts a gap opening about 0.5 eV below
the Fermi level, raising the possibility of a metal–insulator
transition in 2H-AgNiO2 under hole doping. In addition, we
confirmed that the Hubbard U leads to more semimetallic
electronic properties of AgNiO2 as the conduction band mini-
mum in PBE+U is closer to the Fermi level with lower DOS than
in PBE. This suggests that localized Ni 3d orbitals induce a
semimetallic nature in AgNiO2, and that AgNiO2 possesses an
intriguing potential of tuning the band gap to a semiconductor
or insulator.

For further analyses of the effects of U on semimetallic
AgNiO2, we compared total charge and spin densities obtained
from PBE and PBE+U. Fig. 4(a) and (b) show significant
differences in both charge and spin densities between PBE+U
and PBE near the Ni sites – accumulation and depletion can be
found near the Ni sites in both the charge and spin density
differences. The charge density differences between PBE+U and
PBE induced by the Hubbard U are mainly located on the
octahedral NiO6 structures, with no significant changes near
the Ag sites. Within the NiO2 layers, there is a rather pro-
nounced charge density redistribution induced by Hubbard
U on the Ni–O bond. This shows that the Hubbard U strongly
affects the p�d hybridization of the Ni–O bonds, even though
AgNiO2 is in a semimetallic phase. Among the Ni sites, there is
a large charge accumulation on the Ni2+ sites (Ni2) that also
possess large magnetic moments. This indicates that there is
discrepancy between the magnetic moments obtained by PBE
and PBE+U, as the Hubbard U affects the magnetic moment on
Ni. In addition to the charge density difference, we can also see
that PBE underestimates the spin density on Ni sites relative to
PBE+U (see Fig. 4), which is analogous to results obtained in an
earlier DMC study of AFM NiO,32 although the spin density
difference is smaller for AgNiO2 than for insulating NiO. As
assumed, it is clear that influence of the Hubbard U is not as
large in semimetallic AgNiO2 compared to its effect in insulat-
ing NiO; however, we conclude that the existence of localized 3d
orbitals is still leads to moderate effects in AgNiO2 because of
the large density differences between PBE and PBE+U.

Fig. 2 DMC total energy of AgNiO2 as function of Hubbard U in the
PBE+U trial wavefunction.
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In order to further accurately assess the electronic properties
of 2H-AgNiO2, we performed DMC calculations of AgNiO2 using
a PBE+U trial wavefunction with the optimal value of U.
We estimated the cohesive energy of AgNiO2 by computing
E(AgNiO2) � E(Ag) � E(Ni) � 2E(O), where E(AgNiO2), E(Ag),
E(Ni), E(O) are the DMC total energy of AgNiO2 and that of
atomic Ag, Ni, and O, respectively. The computed DMC AgNiO2

cohesive energy with full incorporation of the finite-size analy-
sis is 14.23(3) eV per f.u., which is significantly smaller than the
PBE result of 15.21 eV per f.u. but consistent with PBE+U one of
14.21 eV per f.u. Significantly larger PBE cohesive energy than
DMC seems to be related with overestimation of NiO cohesive
energy compared to corresponding experimental result within
PBE functionals.32 Although experimental values of the AgNiO2

cohesive energy are not available to the best of our knowledge,
the large differences in cohesive energy clearly shows a large

discrepancy between the DMC, DFT, and DFT+U schemes in
dealing with the electronic structure of AgNiO2. The charge
density difference between DMC and PBE+U, r(DMC) �
r(PBE+U), shows a charge density accumulation on Ni–O com-
plexes in DMC relative to PBE+U, somewhat similar to the
charge density difference r(PBE+U) � r(PBE), but the charge
accumulation in r(DMC) � r(PBE+U) is concentrated on spe-
cific Ni–O pairs in the yz plane, while density difference
r(PBE+U) � r(PBE) is more spread out over the entire NiO6

layer. From this anisotropic density accumulation in DMC
relative to PBE+U, we suspect there is a similar symmetry-
breaking in the Ni–O bonds to that already seen in DMC studies
of NiO and HfO2.32,55 In Fig. 4(d) and (f), we see strong spin
accumulation and depletion only on the AFM Ni sites. This tells
us that magnetic moment on the Ni sites is significantly
underestimated in both PBE and PBE+U compared to DMC.

Fig. 3 Projected density of states of AFM 2H-AgNiO2 from (a) PBE and (b) PBE+U, with U = 4.4 eV.

Fig. 4 (a) Charge and (b) spin density difference between PBE+U and PBE of a NiO2 layer of AgNiO2, those between DMC and PBE ((c) and (d)), and
between DMC and PBE+U ((e) and (f)). The density differences are projected onto the (010) plane and in units of Å�3.
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In order to compare the DMC and DFT magnetic moments, we
computed the magnetic moments on Ni sites as function of
U. Fig. 5 shows that the DFT magnetic moment increases
monotonically on the AFM Ni sites Ni2 as U increases. However,
even at large values of U, up to 6 eV where PBE+U magnetic
moment shows the largest value, the PBE+U moment is still
smaller than DMC magnetic moment. The estimated DMC
magnetic moment on the AFM Ni sites is 1.71(1) mB, which is
slightly larger but in the good agreement with the reported local
magnetization of Ni, 1.552(7) mB.56 We see that PBE+U magnetic
moment shows empirically closest result with the experimental
one in U B 2 eV with 1.58 mB while PBE without U exhibits
smaller value of 1.46 mB. From this analysis, we conclude that
the Hubbard U significantly affects the band gap and magnetic
moment of 2H-AgNiO2, and the addition of a Hubbard U is
necessary in order to achieve reasonably accurate magnetic
moment and charge density within DFT.

3.2 Moderate Co doping: metal–insulator transition for x =
0.33

The PBE+U and DMC results for AgNiO2 described in the
previous section indicate the possibility of a metal–insulator
transition based on the observations both in PBE+U and DMC
of a small of electron density from states in the conduction
band just below the Fermi level. This suggests that the intro-
duction of dopants or other defects into stoichiometric AgNiO2

may provide a path to move the conduction band mini-
mum above the Fermi level. Various transition-metal doped

delafossites have in fact been studied previously as transition-
metal doping has been known to enhance p-type semiconductor
properties. Among various transition metal candidates, we con-
sider here Co as a dopant and investigate how Co doping
influences the electronic properties and band gap opening in
2H-AgNiO2. When studying these intermetallics, it is crucial first
to obtain an accurate structure as the equilibrium structure and
geometry vary with the concentration of dopants and with their
locations, and the electronic structure in turn depends strongly on
the geometry of the structure. We attempted to obtain a good
quality lattice structure for AgNi1�xCoxO2 by considering both the
pure AgNiO2 geometry but with dopants on Ni1 sites, and a fully
relaxed structure within DFT+U framework. To compare these two
geometries and to choose an energetically stable geometry for the
intermetallic, we estimated the DMC total energy for these
structures. The result is that the pure 2H-AgNiO2 structure with
Co on the Ni1 sites exhibits a lower FN-DMC energy than the fully
relaxed structure. Therefore, we used the pure 2H-AgNiO2 as a
structure for the intermetallic AgNi1�xCoxO2. Details in FN-energy
comparison between different geometries are in ESI.† In order to
optimize the trial wavefunction for AgNi1�xCoxO2, we determined
an optimal U-value of 4.0(1) eV for the Co dopants by minimizing
the DMC total energy for the 2H-AgCoO2 structure (see ESI†).
Among potentially available Co concentrations of AgNi1�xCoxO2,
we first considered AgNi0.66Co0.33O2 structure. Although the exis-
tence of MIT can be expected on AgNi0.66Co0.33O2 since it is
experimentally reported on x B 0.3,22 the energetic stability of
phases that result from random Co substitutions at various Co
concentration is unclear. In order to investigate the relative
stability of various random phases and the dependencies of their
electronic and optical properties on substitutional sites, we
considered additional phases of AgNi0.66Co0.33O2 wherein four
Ni2+ Ni1 sites out of a total of eight are replaced by Co dopants.
We did not consider substitution of Co on the AFM Ni2 sites
because calculations showed that this leads to a collapse of the
magnetic order and an energetically unstable structure of the
mixture. Because there are too many AgNi0.66Co0.33O2 configura-
tions with four Co atoms on eight possible sites to make com-
prehensive DMC calculations practical, we selected only four
different phases, shown in Fig. 6. Other various phases with
larger sizes of cell can be found on ESI.†

We first compute the PBE+U density-of-states of these four
phases in order to compare their optical properties. As can be
seen in Fig. 7, the optical properties of the AgNi0.66Co0.33O2

mixture depends strongly on which of the Ni1 sites are
substituted with Co. Phases 1 and 4 show completely closed
band gaps and metallic densities-of-states; however, phases 2
and 3 exhibit open band gaps. Because of the completely
different electronic properties of the four phases, with
phases 1 and 4 metallic and phase 2 and 3 semiconductor-
like, and the very large differences in densities-of-states near
the Fermi level, we conclude that the electronic and optical
properties vary strongly with the specific sites used for
Co-substitution, and the detailed properties of AgNi0.66-

Co0.33O2 can potentially be controlled by selectively choosing
the sites for substitution.

Fig. 5 Magnetic moments of (a) Ni1 and (b) Ni2 sites as function of
U obtained using PBE+U (black squares) and DMC (red circle).
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Because there are many possible metallic and semiconduct-
ing phases of AgNi0.66Co0.33O2, it is important to find the most
stable one. We estimated the DMC total energy of four candi-
dates based on symmetry. Fig. 8 shows the PBE+U and the DMC
total energy differences between the four phases with the
energy (PBE+U and DMC, respectively) of phase 1 as reference

at zero total energy. As can be seen in the figure, the semi-
conducting phases 2 and 3 have lower DMC total energy than
the metallic phases 1 and 4, indicating that the semiconducting
phases are more energetically favored and stable than metallic
ones for the AgNi0.66Co0.33O2 mixture. There is a large DMC
energy difference between the metallic phases 1 and 4 in DMC
and a smaller PBE+U energy difference, but a relatively small
energy difference between phases 2 and 3 both for PBE+U and
DMC. The much smaller PBE+U energy difference between the
metallic and semiconducting phases than the DMC energy

Fig. 6 Upper and lower Co-doped NiO2 layers for four different phases of
AgNi0.66Co0.33O2. The blue spheres indicate Co dopants.

Fig. 7 Projected density-of-states for four different phases of AgNi0.66Co0.33O2.

Fig. 8 PBE+U and DMC relative energy between four different phases of
AgNi0.66Co0.33O2.
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difference, about 0.05 eV per f.u. and 0.21(1) eV per f.u.,
respectively, strongly suggests that the semiconducting phases
driven by Co-substitution are due to electron correlations
between the Co and Ni sites, effects that are well accounted
for in DMC but not as accurately in DFT or DFT+U. From lower
PBE+U and DMC total energies on semiconducting phases than
semimetallic ones confirmed the existence of MIT, transiting
favored phase from semimetallic on pristine AgNiO2 to semi-
conducting phase on AgNi0.66Co0.33O2. In addition, since coex-
istence of semimetallic and semiconducting phase is observed
at the concentration of x = 0.33, we assume that the critical Co
concentration of MIT is located nearby x = 0.33, which is
consistent with the experimental measurement of MIT on
x = 0.3.22 In further calculations at x = 0.33 in larger cells
(96 and 144 atom cells, see ESI†), we see largely the same
behavior, with a coexistence of locally gapped and ungapped
phases. However, the expanded results also show that the
ungapped phases are characterized by low density of states at
the Fermi level. These findings are interesting because the
experimental thermal behavior of the thermoelectric power22

also suggested the presence of a residual finite density of states
at the Fermi level for this concentration.

On the other hand, we see the metallic phase in higher Co
concentration on the single NiO6 layer than x = 0.33 as seen in
both phases 1 and 4. Since the varied structure are in-layer
density fluctuations and each of these contain a layer at higher
Co concentration, these results leads us to suspect the existence
of reentrant phase to the metallic phase on high Co concen-
tration over x = 0.33.

3.3 High Co doping: AgNi0.33Co0.66O2

In order to investigate optical properties on high Co concen-
tration for AgNi1�xCoxO2, we additionally considered high Co
concentration of x = 0.66, substituting all non-magnetic Ni1
sites in a hexagonal pattern (see Fig. 9). This x = 0.66 seems a
hypothetical structure at a concentration where no experi-
mental result for the electronic and optical properties has been
reported.

The PBE+U density-of-states of AgNi0.33Co0.66O2 (see Fig. 10(a))
shows that Co-doping moves the valence band edge very close to
the Fermi level, and at the conduction band edge, 3d-Co states

have fully replaced d-Ni ones. Although the valence band edge still
lies above Fermi level, the closeness of the band edge to the Fermi
levels suggests that Co-substitution on the Ni3.5+ Ni1 sites results
in the electronic properties of AgNi0.33Co0.66O2 moving from those
of a semimetal closer to those of an insulator.

Fig. 3(b) shows the DMC spin density difference between
AgNi0.33Co0.66O2 and AgNiO2. The figure shows a density
changes on the AFM Ni sites Ni2, but density change is opposite
in sign to the induced AFM magnetic moments. This tells us
that the magnetic moments on Ni sites on AgNi0.33Co0.66O2 are
smaller than in pristine AgNiO2, and this is confirmed by a
DMC estimate of the magnetic moment of 1.52(1) mB for
AgNi0.33Co0.66O2, which is smaller than the moment of 1.71(1)
mB for the same Ni2 sites in AgNiO2.

These results suggest that reentrance to the metallic phase
can be possible at high Co doping. This behavior is also
consistent with phase 1 and 4 in Fig. 6 for AgNi0.66Co0.33O2,
and confirms that reentrance to the metallic phase from
insulator can be possible in high Co concentration.

3.4 Stability of AgNi1�xCoxO2

The thermodynamic stability of the AgNiO2 delafossite and its
doped variants depends strongly on their formation energies.
In order to estimate optimal conditions for formation of
AgNi1�xCoxO2, we calculated the enthalpy of formation for
AgNiO2 and its doped variants under different growth condi-
tions. The enthalpy of formation of AgNiO2 can be estimated by

computing DHAgNiO2
f ¼ DmAg þ DmNi þ 2DmO where mX indicates

the chemical potential for given atom X. In order to prevent
formation of competing phases and phase separation or
decomposition of AgNiO2, these chemical potentials should
be constrained as follows:

DmAg þ DmO � DHAgO
f

2DmAg þ DmO � DHAg2O
f

DmNi þ DmO � DHNiO
f

3DmCo þ 4DmO � DHCo3O4
f :

(1)

One phase boundary to AFM Co3O4 is avoided by respecting a
constraint on Co-doping in AgNi1�xCoxO2. We computed the
enthalpy of formation for AgNiO2, its decompositions, and
Co3O4 using DFT+U reference energies for solid Ag, Ni, Co,
and for gas-phase molecular O2. We did not try to estimate
DMC formation energies because of previously reported diffi-
culties in computing an accurate reference energy for ferro-
magnetic bulk Ni using a single Slater-determinant trial
wavefunction.32

Based on the computed DHf using PBE+U, the phase dia-
gram of AgNiO2 can be illustrated as a function of the allowed
ranges of the chemical potentials of Ag, Ni, and O, given the
constraints on them, as shown in Fig. 11.57,58 Within the
boundaries given by the constraints on the enthalpy of for-
mation of AgO, Ag2O, and NiO, we obtained the following
chemical potentials of (DmAg, DmNi, DmO) under different growth

Fig. 9 (a) Side and (b) top view of AgNi0.33Co0.66O2 cell. Blue atoms
represent Co.
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conditions: Ag-poor:Ni-poor:O-rich A(�0.10, �2.85, �0.05), Ag-
rich:Ni-poor:O-poor B(0.00, �2.75, �0.15), Ag-poor:Ni-rich:
O-rich C(�0.08, �2.78, �0.10), and Ag-rich:Ni-rich:O-poor
D(0.00, �2.71, �0.17). Using these chemical potentials, the
formation energy of a Co defect is given by

Ef Coð Þ ¼ EAgNi1�xCoxO2
� EAgNiO2

þ
X

i

niðEi þ DmiÞ; (2)

where EAgNi1�xCoxO2
, EAgNiO2

, ni, and Ei are the total energy of
AgNi1�xCoxO2 and AgNiO2, the number of added (ni o 0) and
removed (ni 4 0) atoms for substitutions, and the reference
energy from the standard solid or gas-phase reference states for
the constituent elements, respectively.

Table 1 summarizes the computed formation energies of Co
dopants in AgNi0.66Co0.33O2 and AgNi0.33Co0.66O2. As is seen in
the table, PBE+U predicts spontaneous formation of Co-defects
for all phases and growth conditions for which the formation
energy of the defect is negative. It has previous been reported
that PBE+U tends to underestimate the formation energy of
defects in transition metal oxide systems,32,55,59,60 so sponta-
neous defect formation may not occur. The PBE+U results lead
us to confirm that the Ag-rich:Ni-poor:O-poor growth condition
is the most favorable one for pure AgNiO2 and AgNi1�xCoxO2

with the lowest formation energy within the given constraints.
Although PBE+U does not provide quantitatively accurate for-
mation energies for Co doping, a qualitative comparison
between various growth conditions does give guidelines for
the best growth conditions for synthesizing AgNiO2 and
AgNi1�xCoxO2.

In order to compare stability of AgNi1�xCoxO2 with the
binary oxides, we compute PBE+U formation energy against
elemental solids and binary oxides under stoichiometric con-
ditions. In Table 2, we see large formation energy gap of B8 eV
between one relative with elemental solids and the binaries.
With comparison of formation energies Tables 1 and 2, we see
that formation energies of AgNi1�xCoxO2 under the chemical
potential constraints are significantly closer to formation ener-
gies from the binary oxides than those from the elemental
solids in Table 2, which tells us formation of AgNi1�xCoxO2 is
almost energetically consistent with the ideal formation against
binary oxides. In addition, smaller formation energies in
x = 0.66 than x = 0.33 in all growth conditions lead us to
conclude relative difficulty of AgNi0.33Co0.66O2 synthesis.

Fig. 10 (a) PBE+U projected density-of-states of AgNi0.33Co0.66O2, and (b) DMC spin density difference between AgNiO2 and AgNi0.33Co0.66O2.

Fig. 11 Illustration of the accessible chemical potential range for AgNiO2

from PBE+U.

Table 1 PBE+U formation energies in eV for AgNi1�xCoxO2 under different growth conditions

AgNi0.33Co0.66O2

AgNi0.66Co0.33O2

Phase 1 Phase 2 Phase 3 Phase 4

Ag-poor:Ni-poor:O-rich �0.13 �0.97 �1.02 �1.02 �0.99
Ag-rich:Ni-poor:O-poor �0.16 �0.98 �1.03 �1.03 �1.00
Ag-poor:Ni-rich:O-rich �0.13 �0.97 �1.02 �1.02 �0.99
Ag-rich:Ni-rich-O-poor �0.15 �0.98 �1.02 �1.03 �1.00

Paper PCCP

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/3
/2

02
6 

6:
49

:2
4 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3cp03477a


This journal is © the Owner Societies 2024 Phys. Chem. Chem. Phys., 2024, 26, 6967–6976 |  6975

4 Conclusions

We have performed DMC calculations on the AFM AgNiO2

delafossite in order to obtain accurate electronic properties
and magnetic moments. We found that the addition of Hub-
bard U to the DFT scheme dramatically changes the electronic
and magnetic properties of AgNiO2. Using DFT+U with the
U value optimized using DMC, we confirmed that AgNiO2 has
a semimetallic nature induced by strong p�d hybridization in
AFM NiO2 layer. Our PBE+U and DMC studies of AgNi1�xCoxO2

shows a metal–insulator transition at x B 0.33 by Co substitu-
tion on the non-magnetic Ni1 sites, which is in good agreement
with the experimental result. In addition to the semiconducting
phase in AgNi0.66Co0.33O2, it is found that the coexistence of
metallic phase when more than x = 0.33 of Co dopant is
substituted in the single layer of NiO2 in AgNi0.66Co0.33O2,
leading to possible existence of the reentrance of metallic phase
in high Co concentration. This reentrant behavior in AgNi1�x

CoxO2 is confirmed in high Co concentration of AgNi0.33

Co0.66O2 where semimetallic nature is discovered in the PBE+U
result. PBE+U formation energies revealed that AgNi0.66Co0.33O2

possesses the lowest formation energy under oxygen-rich con-
ditions, which suggests a path for synthesizing the AgNi0.66-

Co0.33O2 mixture. Our works clearly shows the difficulty in
using PBE+U to quantitatively estimate formation energies of
Co-doping in AgNiO2 because of the poor description of the 3d
orbitals in Ni and Co. More accurate electronic structure
methods than existing DFT approximations are needed for
accurate prediction of electronic and magnetic properties of
defective delafossites.
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21 E. Wawrzyńska, R. Coldea, E. M. Wheeler, T. Sörgel,
M. Jansen, R. M. Ibberson, P. G. Radaelli and M. M. Koza,
Phys. Rev. B: Condens. Matter Mater. Phys., 2008, 77, 094439.

22 Y. Shin, J. Doumerc, P. Dordor, M. Pouchard and P.
Hagenmuller, J. Solid State Chem., 1993, 107, 194–200.

23 W. E. Pickett, Y. Quan and V. Pardo, J. Phys.: Condens.
Matter, 2014, 26, 274203.

24 V. I. Anisimov, J. Zaanen and O. K. Andersen, Phys. Rev. B:
Condens. Matter Mater. Phys., 1991, 44, 943.

25 S. L. Dudarev, G. A. Botton, S. Y. Savrasov, C. J. Humphreys
and A. P. Sutton, Phys. Rev. B: Condens. Matter Mater. Phys.,
1998, 57, 1505.

26 M. D. Johannes, S. Strelvsov, I. I. Mazin and D. I. Kohmskii,
Phys. Rev. B: Condens. Matter Mater. Phys., 2007, 75, 180404.

27 P. J. Reynolds, D. M. Ceperley, B. J. Alder and W. A. Lester,
J. Chem. Phys., 1982, 77, 5593–5603.

28 W. M. C. Foulkes, L. Mitas, R. J. Needs and G. Rajagopal,
Rev. Mod. Phys., 2001, 73, 33–83.

29 H. Zheng and L. K. Wagner, Phys. Rev. Lett., 2015, 114, 176401.
30 C. Mitra, J. T. Krogel, J. A. Santana and F. A. Reboredo,

J. Chem. Phys., 2015, 143, 164710.
31 J. Trail, B. Monserrat, P. L. Rı́os, R. Maezono and

R. J. Needs, Phys. Rev. B, 2017, 95, 121108.
32 H. Shin, Y. Luo, P. Ganesh, J. Balachandran, J. T. Krogel,

P. R. C. Kent, A. Benali and O. Heinonen, Phys. Rev. Materials,
2017, 1, 173603.
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