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Abstract – We have explored doping electrons into an antiferromagnetic (AFM) insulator as a
route to realizing an AFM metal within a multiband Hubbard model. Considering parameters
relevant for a 5d transition metal oxide with a half-filled t2g band we find that an AFM metallic
phase is stabilized for occupancies up to 3.375 electrons per transition metal site for values of U
up to 1.75 eV. At higher values of U , one has a charge-ordered insulating state. In contrast, the
large Hund coupling associated with the 3d transition metal oxides does not allow for an AFM
metallic phase for the concentrations examined. One has a ferromagnetic metallic phase for the
3d oxide for small values of U at 25% doping, however, at large values, one again finds charge
ordering. Orbital degeneracy is found to play an important role, introducing the charge-ordered
insulating phase into the phase diagram.

Introduction. – Usually antiferromagnetism comes
hand in hand with an insulating state while ferromag-
netism is accompanied by metallicity. There are very few
examples of AFM metals and it is this aspect that makes
the search for such systems interesting. Among the ele-
mental metals, Cr is an example, though it has a com-
plex AFM structure and the microscopic origin leading
to this uncommon ground state is believed to be Fermi
surface nesting [1,2]. Considering the transition metal
compounds, where the magnetic interactions are usually
superexchange in nature, there are few examples among
the pnictides [3,4] and the oxides [5,6]. Among the pnic-
tides, the origin is believed to be Fermi surface nesting,
though several alternative views have also emerged [7].
These aspects make the prospect of identifying a route to
AFM metals important from a fundamental point of view.

Increasingly in recent times, AFM metals have been in-
vestigated for possible applications in spintronics [8], as
spin injectors [9] or electrodes of an anisotropic magnetore-
sistance device [10,11]. In view of the paucity of such AFM
metallic materials among the transition metal compounds,
we explore here the design principle of doping carriers into
an AFM insulator as a route to obtaining AFM metals.
The ground state of the single-band Hubbard model [12]
at half-filling is an AFM insulator above a critical value of

U though in some models with extended hopping one has
an AFM metallic phase even at half-filling [13,14]. Exam-
ining the phase diagram of the former case as a function of
doping, one finds that Hartree-Fock results indicate that in
the small-U regime one has an AFM metallic phase stabi-
lized for low doping [15–18]. As U is increased, the doping
concentration up to which one has an AFM metallic phase
decreases and a FM metallic phase is stabilized. This has
been understood as a competition between the kinetic en-
ergy gain from the itinerant electron which favors a FM
state and the superexchange energy associated with the lo-
calized electron which favors an AFM ground state. This
has a doping as well as U dependence with the widest sta-
bility for the AFM metallic phase found at intermediate
values of U/t, where t is the hopping interaction strength.
The doping window for which the AFM metallic phase
is stable decreases with decreasing U/t with a transition
into a paramagnetic metallic regime. The large-U/t limit
is found to be consistent with the Nagaoka theorem lead-
ing to a ferromagnetic metallic state [19,20].

The antiferromagnetic metallic state has been explored
within a multiband Hubbard model in the context of the
pnictides. At the half-filled limit it has been seen to ex-
ist, and the understanding is that Coulomb interactions
are not large enough to open up a gap. This has been
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used to explain the presence of this phase in several pnic-
tides [21,22]. Examining the magnetic ground states at
other integral fillings of the multiband Hubbard model, it
has been seen [23] that antiferromagnetic phases are sta-
bilised with more ferromagnetic neighbors such as those of
C-type and then E-type for n = 6 and n = 7 within a five-
band Hubbard model. These phases are found to be metal-
lic for intermediate values of U as well as to exist beyond
the integral filling limit [24]. Most other studies using a
multiband Hubbard model have focused on understand-
ing what stabilizes the ferromagnetic state that one usu-
ally finds when one moves away from half-filling. Among
the 3d transition metal oxides which have been extensively
studied, one finds only ferromagnetic metallic phases.

Considering the example of NaOsO3, the system is
found to be an AFM insulator with a magnetic order-
ing temperature of 410 K [25,26]. In an earlier work [27],
we have reported ab initio and model Hamiltonian cal-
culations for the parent compound NaOsO3 in order to
understand its high ordering temperature, and the impli-
cations of the results on other 5d transition metal oxides.
It should be noted that only ab initio calculations were
reported for electron-doped NaOsO3 and an antiferromag-
netic metallic ground state was found. However, such an
ab initio approach, with all energetics evaluated in a first-
principle manner for the specific compound alone, cannot
determine that the antiferromagnetic metallic phase would
be a generic feature and should be expected for all systems
in which one is doping electrons into a half-filled t2g band.
The present calculations based on a model Hamiltonian
approach in contrast to an ab initio one, take parameters
relevant for 3d transition metal oxides and 5d transition
metal oxides to establish that there is only one regime in
which the antiferromagnetic metallic phase is stable, ascer-
taining the fact that an antiferromagnetic metallic phase
is not a generic feature of such doped systems.

Earlier calculations for the phase diagram of the doped
Hubbard model considering a single orbital at the transi-
tion metal site found an antiferromagnetic metallic phase
at intermediate values of U/t, while in the large-U/t limit
they had a ferromagnetic metallic phase. In our calcula-
tions, carried out for 1.25 electrons per transition metal
site (25% electron doping), we find similar trends at the
one-band limit, though the AFM metallic phase is found
to be only weakly stabilized at the doping concentration
that we are studying. Considering the degeneracy of the
d-orbitals at the transition metal site, and parameters rel-
evant for a 5d transition metal oxide, we find an AFM
metal to be strongly stabilized for small U . For larger
values of U , in contrast to the single-band results which
find a FM metallic phase, we find a charge ordered ground
state with a non-vanishing moment. Interestingly within
the same model, if we consider parameters relevant for a
typical 3d transition metal oxide, one finds that the large
Hund coupling associated with this limit results in a FM
metallic phase in the small-U limit at a doping concen-
tration of 25%. At a smaller doping of 12.5%, we find

no ferromagnetic metallic phase. In the large-U regime,
a charge-ordered insulating phase is stabilized similar to
the case of the 5d oxide. The large-U limit of the multi-
band Hubbard model does not give us the ferromagnetic
metallic state that we find for the one-band case.

Methodology. – In order to understand the stabil-
ity of different magnetic phases we set up a multiband
Hubbard-like Hamiltonian considering the NaOsO3 lat-
tice. The basis consists of d orbitals on Os and s, p orbitals
on oxygen atoms. The Hamiltonian is given by

H =
∑
i,l,σ

εdd
†
ilσdilσ +

∑
i,l,σ

εpp
†
ilσpilσ +

∑
i,l,σ

εss
†
ilσsilσ

−
∑

i,j,l1,l2,σ

(
tl1l2
i,j,pdd

†
il1σpjl2σ + H.c.

)

−
∑

i,j,l1,l2,σ

(
tl1l2
i,j,ppp

†
il1σpjl2σ + H.c.

)

−
∑

i,j,l1,l2,σ

(
tl1l2
i,j,sdd

†
il1σsjl2σ + H.c.

)

+
∑

αβγδ,σ1σ2σ3σ4

Uαβγδ
dd d†

ασ1
d†

βσ2
dγσ3dδσ4 ,

where d†
ilσ(dilσ) creates (annihilates) an electron with spin

σ in the l-th d-orbital on the transition metal site in the i-
th unit cell, while p†

ilσ(pilσ)/s†
ilσ(silσ) creates (annihilates)

an electron with spin σ in the l-th p/s orbital on an oxy-
gen atom in the i-th unit cell. The s-orbitals on oxygen
are included as they simulate the effect of a crystal field
splitting on the Os d states and were kept fixed at −20 eV
deep inside the valence band. This represents their ap-
proximate position inside the valence band. In a distorted
perovskite, the t2g states are not pure dxy, dyz and dxz

orbitals but have some admixture of dx2−y2 and d3z2−r2 .
Consequently the introduction of different diagonal ener-
gies for dxy, dyz, dxz compared to dx2−y2 and d3z2−r2 or-
bitals to simulate the crystal field splitting cannot be done.
An alternate way that has been used in the past [28,29]
is to introduce s-orbitals on oxygen which interact only
with the eg-orbitals on the Os site. The parameters in the
tight-binding part of the Hamiltonian were determined by
fitting the ab initio band structure for NaOsO3. The best-
fit Slater-Koster parameters [30] we got from this fitting
are sdσ = −3.65 eV, pdσ = −3.75 eV, pdπ = 1.80 eV,
ppσ = 0.7 eV, ppπ = −0.15 eV and εd − εp = 0.8 eV
and were used in the earlier work [27], too. The charge
transfer energy defined as Δ = εd − εp + 3U was kept
fixed at 2 eV and a small intra-atomic Hund’s exchange
interaction strength (Jh) of 0.1 eV was used. The com-
plete multiplet interactions on the d-orbitals on Os were
considered. These were parameterized in terms of the
Slater-Condon integrals [31], with the values of the Slater
integrals F 2 and F 4 set at a fixed percentage of their
atomic Hartree-Fock values to give the desired value of the
intra-atomic exchange interaction strength Jh(= F 2+F 4

14 ).
The multiplet averaged U was used to define the value
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Fig. 1: (Color online) Spin projected Os-d partial density of
states with t2g symmetry for G-AFM metallic state at U = 1 eV
for different doping concentrations as well as for the undoped
case are plotted. The zero of energy is the Fermi energy.

of F 0. A mean-field decoupling scheme was used to reduce
the four-fermion terms in the Hamiltonian to two-fermion
terms which were then solved for self-consistently [14,32].
Further details of the calculational approach may be found
in ref. [33]. To study the limit corresponding to a 3d
transition metal oxide, the hopping interactions strength
used were −1.88 (pdσ) and 0.90 (pdπ) which are typical
values for a 3d transition metal oxide [31,33]. Addition-
ally a large value of the intra-atomic exchange interaction
strength (Jh) of 0.8 eV was used. These parameters for a
3d transition metal oxide are consistent with earlier esti-
mates for a 3d transition metal atom in their oxides [34].
The phase diagrams were calculated at several doping con-
centrations as indicated in the text. In order to probe the
role of degeneracy on the phase diagram, we considered
a lattice containing only the transition metal atoms with
just one orbital per site and examined the phase diagram
for 25% electron doping. The hopping interaction strength
was chosen in this case to give us the same bandwidth as
the 5d oxides. Additionally an on-site Coulomb interac-
tion strength was used. In each case, the total energies
of various collinear as well as non-collinear configurations,
especially near the phase boundaries, were calculated to
evaluate the phase diagram as a function of U .

Results and discussion. – We have first examined
the electronic structure and ensuing magnetic ground state
favored when electrons are doped into a 5d transition
metal oxide. In the undoped limit each transition metal
atom had 3 electrons occupying the t2g-orbitals. In an
earlier work we had argued that the large p-d interaction
strength of a 5d transition metal oxide as well as the small
intra-atomic exchange interaction at this limit, lead to a
large superexchange coupling between spins on neighbor-
ing transition metal atoms. This we had argued would
lead to very high magnetic ordering temperatures in these
systems and NaOsO3 [27] is an example of a system with
this mechanism at work. The immediate question which
followed was whether this exchange splitting and magnetic
moment would survive upon doping. In fig. 1 we have

Fig. 2: Schematic to show the formation of a magnetic moment
that is (a) expected within the Stoner picture, (b) what is found
for NaOsO3.

plotted the Os d partial density of states with t2g sym-
metry at a single Os site. The majority spin contribution
is shown in the upper panel, while the minority spin con-
tribution is shown in the lower panel of the figure. The
results for the undoped case are shown along with those
for the doped cases. The exchange splitting is found to
survive even up to a doping of 37.5%. While a moment of
3μB is expected at the ionic limit for the undoped case,
one finds a reduction of the moment to ∼1μB. Only a part
of the moment reduction is contributed by the admixture
with oxygen p states. A significant portion of the moment
reduction emerges from the strongly itinerant limit one is
in. This is shown schematically in fig. 2. The onset of
the magnetic moment formation is expected to result in
a shift in the density of states in the majority spin chan-
nel deeper into the valence band and a similar shift in the
density of states in the minority spin channel to higher
energies (fig. 2(a)). However, what one finds is shown in
fig. 2(b) where in the same energy window that the ma-
jority spin states contribute, one finds the minority spin
states also contributing, though with reduced weight. This
emerges from the superexchange interactions between the
neighboring transition metal atoms and is representative
of the strongly itinerant limit that one is in.

Examining the weight of the minority spin states in the
energy window contributed by the occupied majority spin
states in fig. 1 for the undoped case, one finds that there
are ∼0.48 electrons. A similar analysis of the states dom-
inantly contributed by the minority spin states which are
unoccupied reveals that there are 0.45 electrons. This re-
sults in a moment reduction of 0.93μB. With doping one
finds that the doped electron occupies the minority spin
t2g states and this results in a decrease in the exchange
splitting. However, various features in the density of states
surprisingly remain similar as discussed earlier in ref. [27].

We went on to examine the stability of various phases
with doping for the 5d transition metal oxide. In fig. 3 we
have plotted the stability of the lowest-energy phase with
respect to the closest energy competing phase. This has
been calculated for different concentrations as a function
of Ueff which is defined as U − Jh. For small U we find



S. K. Pandey et al.

0 1 2 3 4 5 6
Ueff (eV)

-120

-80

-40

0

ΔE
 (

m
eV

)

12.5 %
25 %
37.5 %

G-AFM 
Metal Charge-ordered Insulator

Jh = 0.1

Fig. 3: (Color online) Relative stability ΔE calculated for
different concentrations as the difference in energy between
ground state and the closest competing state as a function of
Ueff (= U −J) for the multiband case using parameters relevant
for a 5d oxide. The dashed line at Ueff = 1.85 eV represents the
phase boundary between the metallic (black line) and insulat-
ing regime (red line). The CO-insulating state has a magnetic
moment of 0.8µB at one of the transition metal sites. The
nature of the ground state in each regime has been indicated.

that a G-type antiferromagnetic metallic phase is stabi-
lized, while for large U one finds a charge-ordered insula-
tor. In order to understand the basic energetics that result
in these states being stabilized, we examined the density
of states in different U limits. In the low-U limit, we have
the doped electron occupying the minority spin t2g states
and the system is metallic. The majority spin t2g states at
each site are completely filled and they would favor a to-
tally antiferromagnetic arrangement. As the energy gain
from the superexchange pathway arising from the majority
spin t2g states is substantial, a G-type antiferromagnetic
arrangement wins over a ferromagnetic arrangement which
allows a delocalization pathway for only the doped elec-
tron. The significant admixture of the minority spin states
in the energy window that the majority spin states con-
tribute and vice versa as shown schematically in fig. 2(b)
allows for the energy gain via delocalization of the doped
electron also. As U is increased, the doped electrons are
found to be localized at one or more Os sites and a charge-
ordered insulating state is stabilized. In this insulating
state, the antiferromagnetic arrangement of the major-
ity spin t2g states leads to cancellation of the moments
from those states. However, the system has a finite mo-
ment which is associated with the minority spin t2g states
which holds one electron. The large-U limit does not give
us the ferromagnetic metallic state which is expected at
the single-band limit (Nagaoka ferromagnetism).

The energy stability of the ground-state configuration
with respect to the closest lying configuration (fig. 3) as a
function of Ueff follows the trend expected based on what
is expected from superexchange arguments. The variation
as a function of concentration has also been shown. In each
case we find an increase in stability as Ueff is increased,
it goes through a maximum at Ueff ∼ 2 eV and then be-
gins to decrease. This non-monotonic variation in the sta-
bility could be understood in terms of variation in the
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Fig. 4: (Color online) Relative stability ΔE calculated as the
difference in energy between the G-AFM state and the FM
state as a function of Ueff(= U − J) at 12.5% (inset (a)) and
25% electron doping for the multiband case using parameters
relevant for a 3d oxide. The dashed lines at Ueff = 1.7 eV
and 4.2 eV represent the phase boundaries. The CO-insulating
state has a magnetic moment of 0.8µB on one of the transition
metal sites. In the regime U > 4.2 eV the C-AFM and A-AFM
magnetic configurations have competing energies as shown in
the inset (b) for 25% doping. This lies within the error bars
and so we name it as Curie-Weiss paramagnet (C-W PM). The
nature of the ground state in each regime has been indicated.

superexchange interaction strength that we had pointed
out earlier in the context of the undoped 4d and 5d tran-
sition metal oxides [33]. In the low-U regime, the hopping
interaction strength is large compared to U . Therefore, the
latter can be treated as a perturbation and one finds that
the energy stability varies linearly with U . In the large-U
regime, the hopping may be treated as a perturbation and
one finds that the energy stability varies as 1/U . Hence
one has a peak in the stability at some intermediate value
of U .

As the concentration is increased from 12.5% to 25%
and then to 37.5%, one finds a decrease in the stability
in both the antiferromagnetic metallic region as well as
the charge-ordered insulator regime. This decrease can
be traced back to the decrease in the gain from superex-
change as the number of carriers in the minority spin chan-
nel is increased. A periodic supercell that we use in our
calculations allows us to examine only doping concentra-
tions commensurate with the lattice. As the presence of
various phases remains unaltered, we believe that these
phases should exist at other intermediate concentrations
not probed by us in our calculations.

The next limit we go on to examine is that of the 3d
transition metal oxides at the same doping concentrations.
As the typical values of the intra-atomic Hund’s exchange
is larger for the 3d transition metal oxides, we use a Jh of
0.8 eV for these calculations. The calculations were per-
formed for various magnetic configurations and the dif-
ference in energy between the G-AFM configuration with
respect to the ferromagnetic configuration. In contrast to
the case of 5d transition metal oxides, we find that at this
limit we have the majority spin t2g and eg levels first and
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Fig. 5: (Color online) Relative stability ΔE calculated for 25%
doping as the difference in energy between the C-AFM state
and G-AFM/A-AFM as shown in the inset (a) for the region
in which C-AFM is stabilized for the single-band model. ΔE
is computed as the difference in energy between the FM and
the G-AFM state for the region in which FM is stabilized. In
the region in which the C-W PM is stabilized, ΔE is shown
between competing configurations (inset (b)). The nature of
the ground state in different regimes has been indicated.

then the minority spin levels, with the levels of t2g symme-
try lying at lower energies than those of the levels with eg

symmetry in a given spin channel. Hence the doped elec-
tron occupies the majority spin eg levels. This results in
a FM metallic state being stabilized at small values of U .
While ferromagnetism gets stabilized by the hopping of
the electron in the eg level, in the absence of doping three
electrons in the majority spin t2g levels would favor an
AFM configuration. One finds that with U , there is a de-
crease in stability of the FM state. Once the electron in
the eg level is localized, a gap opens up. The majority t2g

electrons favor a G-type AFM ordering. The AFM back-
ground of the d3 configuration cancels out the magnetic
moments, while the extra electron when localized in one
of the eg states gives a net magnetic moment of approxi-
mately 0.8μB per unit cell. Also in this region we do not
find any spin-spiral stable ground states to be stable. At
large U one finds that the C-AFM and G-AFM magnetic
configurations have comparable energy. We describe this
regime as a Curie-Weiss paramagnetic (C-W PM) one.

In contrast to the 5d transition metal oxides where the
presence of different phases did not show any significant
doping dependence, the case of the 3d transition metal
oxide is very different. Examining the phase diagram at
12.5% doping shown as inset (a) of fig. 4, one finds a non-
magnetic metallic state at low U which transforms into a
charge-ordered insulating state as U is increased. The low
concentration makes the energy gain from ferromagnetism
associated with the doped electron small. Consequently no
ferromagnetic metallic state is found at this limit.

In order to understand the charge-ordered insulat-
ing phase found at a large value of Ueff, it is essen-
tial to understand the energetics stabilizing the different
phases. Considering the doping concentration of 25%, the
doped electron occupies the eg level. This leads to a

ferromagnetic state being favoured in the low-Ueff limit.
The stability of the ferromagnetic state is found to de-
crease with Ueff. This we find emerges because of the un-
usual ordering of charge carriers in the competing state
in one-dimensional chains (running in the b-direction),
while maintaining an overall G-type antiferromagnetic or-
der. This results in a spin splitting of the oxygens flanked
by a transition metal atom with the doped carrier on one
side and another without the doped carrier on the other
side. This exchange splitting increases with Ueff leading to
a decreased stability of the ferromagnetic state. We then
have the charge carrier localized at a site leading to the
charge-ordered insulating state described earlier.

Considering the hopping interaction strengths which
gives us the same bandwidth as the 5d oxide but with one
orbital per transition metal site, we examine the phase
diagram as a function of U (fig. 5). The oxygen atoms
were not considered in this model. We find that in the
small-U limit, up to a U of 1.5 eV the system does not ex-
hibit any magnetic order. One then has a narrow region
where a C-type AFM metallic state is weakly stabilized.
For large values of U we recover the Nagaoka FM metal
limit and the stability of this phase keeps increasing with
U . This is because the energy of the FM state depends on
the hopping interaction strength between sites which has
a weak dependence on U . The AFM state, however, aris-
ing from the half-filled majority spin band varies as 1/U .
Hence there is an apparent increase in stability of the FM
state with U . Between the AFM metallic regime and the
FM metallic regime we have a region where various mag-
netic configurations have similar energies which we asso-
ciate with a Curie-Weiss paramagnetic phase.

Conclusion. – In conclusion, we have studied the case
of electron doping in an AFM insulator within a multiband
Hubbard model considering interactions relevant for a 5d
transition metal oxide. We explore the stability of various
phases with a variation of U on the transition metal site.
We found an AFM metallic state to be stabilized at small
values of U , while in the large-U regime a charge-ordered
insulating phase with a net magnetic moment per unit cell
is found to be stable. In contrast, considering interactions
which are relevant for a 3d transition metal oxide, one
finds no regime where an AFM metallic phase is stable.
The relative value of the crystal field splitting with respect
to the exchange splitting determines if the doped electron
occupies the minority spin t2g level or the majority spin
eg level. When the doped electron is in the minority spin
t2g level, we have an antiferromagnetic metallic phase sta-
bilized, while when the doped electron is in the majority
spin eg level, a ferromagnetic metallic phase is stabilized.
While one has a FM metallic phase at low values of U , a
charge-ordered insulating phase is stabilized at large val-
ues of U . The large-U regime of the multiband model
has no limit at which one has a FM metallic phase as ex-
pected by the Nagoaka theorem. This is however found
in the single-band case. Orbital degeneracy is also found
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to play an important role in the enhanced stability of the
AFM metallic phase.
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