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The structural and electronic implications of cation and anion vacancies in NiO are assessed using density
functional theory in conjunction with the local-density approximation and employing on-site Coulomb correc-
tions within the LDA+U method. Electronic band-structure data supports the p-type semiconducting oxide
character. The calculated formation energies identify the stability of charged vacancy states consistent with
experimental reports. We present a microscopic model for the formation and rupture of an electrically active
filament in NiO targeted to explain the unipolar switching phenomenon observed in resistive change memory
devices. The formation and filament rupture processes are linked to the migration of oxygen in the oxide
coupled with the oxidation/reduction process of nickel atoms.
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Resistance change random access memory �ReRAM�
based on transition-metal oxides �TMOs� such as NiO, TiO2
had been extensively investigated as candidates for the next
generation of memory devices, due to their simplicity in
composition and scaling capability in the future.1,2 Even
though the switching phenomena had been observed in vari-
ous materials, the fundamental understanding of the switch-
ing mechanism and its physical origin is still lacking. It had
been suggested from experiments, that the so-called “fila-
ment model” gives a qualitative explanation for the unipolar
switching in NiO ReRAM; i.e., a conductive path called fila-
ment is formed and ruptured by the applied electrical stress,
a process performed repeatedly.3 Nevertheless, the micro-
scopic understanding of the filament is still in question. In
the last years different models had been proposed for the
filament formation.4,7,14 It has been suggested that the metal-
lic Ni defects in NiO film may be responsible for the filament
channel5 and that the metallic defects are due to injected
metal ions from anode to the insulator.4 “On” and “off” states
were interpreted as charging and discharging electronic states
due to metallic defects.1,4 However, there are additional ex-
perimentally observed facts associated with the switching,
i.e., oxygen migration,6 thermal energy considerations,7,8

crystal disorder, electrode interface effects,9 etc. Also, it has
been shown that defects in TMO may change conductivity
drastically.10 Concentration or distribution of vacancy defects
may vary during the “on” and “off” transitions due to atomic
migration.

In this Brief Report, we discuss a model for the filament
formation and rupture based on first-principles calculations
using density functional theory. We consider several charged
cation and anion vacancy defects and determine their stabil-
ity as a function of the Fermi energy. Then, we assess the
structural and electronic implications of a filament composed
of oxygen vacancy chains.

The electronic structure calculations were performed us-
ing the VASP code.11 The projector-augmented-wave
pseudopotentials12,13 are used for nickel and oxygen with
valence configurations of 3d84s2 and 2s22p4, respectively.
Spin-polarized generalized gradient approximations �SG-
GAs� in conjunction with the Hubbard-type on-site Coulomb
corrections has been found to describe accurately NiO by
taking into account the strong electronic correlations be-
tween 3d electrons.14 U=6.3 and J=1 were used to describe

the on-site interactions within the rotationally invariant
SGGA+U method.15 The obtained bulk properties for NiO
are in very good agreement with experiments, i.e., lattice
constant 4.21 Å �4.19�,16,17 bulk modulus 188.55 GPa
�205�,17 energy gap 3.256 eV �4�,17,18 and magnetic moment
1.671�B �1.64� �Refs. 18 and 19�; the values in parentheses
are experimental.

A supercell containing 128 atoms, Ni64O64 was used for
both single vacancy and multi vacancy studies as shown in
Fig. 1�a� rather than rock salt structure as in Fig. 1�b� to use
the reduced number of atoms in calculations. Electronic
wave functions were expanded with a plane-wave energy
cutoff of 500 eV. K points in Brillouin zone is sampled with
a 2�2�2 k points by the Monkhorst-Pack scheme. All at-
oms were relaxed using conjugated gradient method until
Hellmann-Feynmann forces on each atom are reduced to
0.05 eV /Å.

Partial density of states �PDOS� of nickel 3d and oxygen
2p orbital of relaxed NiO supercell with single cation or
anion vacancy is shown as a function of the charge state of
the vacancy in Figs. 1�c� and 1�d�. The states at valence-band
maximum �VBM� are composed of the mixture of nickel 3d
and oxygen 2p orbital and states at conduction-band mini-
mum �CBM� are of only nickel 3d orbital as shown in Figs.
1�c� and 1�d�.15 The energy-band diagram shows the position
of several defect states in the band gap. Defect states in solid
shape refer to the occupied states and states in empty shape
to empty states. Energy level of zero represents VBM and the
horizontal mark refers to the CBM in Figs. 1�e� and 1�f�. The
energy-band gap depends on the charge state of anion/cation
vacancies suggesting that electrons in conduction band or
holes in valence band may experience more scattering in
nonstoichiometric TMO. For cation vacancy, band gap varies
from 3.14 eV, 3.26 eV, and 3.41 eV according to charge state
of −2 to 0 with a change by −3.5%, 0.1%, and 4.7% from
bulk, respectively. For anion vacancy, band gap has a change
by 12.4%, 9%, and 4.7% from bulk with charge state of 0 to
2.

NiO has been found to be mostly a Ni-deficient oxide;
however, if oxygen vacancies are also present, they can pro-
vide electrons to surrounding Ni atoms, as indicated by the
fact that the lowest localized band-gap states are occupied by
electrons in Fig. 1�f�. However, electrons which are expected
to mostly distribute over six 1 NN Ni atoms may redistribute
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onto only one surrounding Ni atom as shown in Fig. 4�b�.
In order to assess electron transition states we have cal-

culated the stability of the vacancy charge states. The forma-
tion energies are shown in Fig. 2. They were determined for
each charge state of cation and anion vacancies using the
following equation:

Eform
q = E�VN

q� − E�perfect� + nNi�Ni + nO�O

+ q�EF + VBM+q�

where E�VN
q� and E�perfect� are total energies of a supercell

with and without defects for charge state q, respectively. nNi
and nO represent the number of the removed Ni and O atoms.
�Ni and �O refer to the atomic chemical potentials of Ni and
O. EF is the Fermi level with respect to VBM.

With the Fermi level in the vicinity of VBM due to p-type
semiconducting property, the stable oxygen vacancy state is
positively charged �+2�, then a transition to neutral charge
state is observed at 0.95 eV and finally the singly negatively
charged vacancy state is stabilized above 2.83 eV. In con-
trast, for the case of Ni vacancies, several charge states �−2,

−1, 0� may coexist since formation energies for those vacan-
cies are comparable when Fermi level is close to VBM.

In vacancy-rich TMOs, the generated local electric field
may act as a scattering source, which makes electrons or
holes localized/trapped in vacancy sites. The as-deposited
NiO films show p-type conductivity because they are mainly
grown with Ni deficiency. In Fig. 1�e�, most of the defect
levels are near the VBM in the range of 0.37 eV for all
negatively charged and neutral Ni vacancies. Ionization en-
ergies are determined from Fig. 2�a�; i.e., the transition states
at which the charged Ni vacancies become stable, −0.04 eV
for q=−1 and 0.16 eV for q=−2. These low energies for
acceptorlike states support the possibility of p-type conduc-
tivity in Ni-deficient NiO films observed in experiments.20

The formation energies of an oxygen vacancy in the prox-
imity of VBM are lower than that of the nickel vacancies in
good agreement with Ref. 15. However, the −2 charge Ni
vacancy becomes increasingly more stable as the Fermi level
approaches the CBM.

We present a microscopic model of filament formation
and rupture by employing the stable vacancy states deter-
mined in earlier calculations. The schematic of filament for-
mation and rupture in a microscopic view is shown in Fig. 3.
Figures 3�a� and 3�b� are about formation and rupture
mechanism, respectively. The resultant states after formation/
rupture of filament are shown in Figs. 3�c� and 3�d�. High
electric fields during the so-called “forming process” or at
the “on” transition may cause the migration of oxygen
through the device.6,25 In general the removal of an oxygen
atom creates an oxygen vacancy of +2 charge and 2 electrons
which become localized on the nearby Ni atoms.15 Consid-
ering a Ni atom in the proximity of these oxygen vacancies
the charge state of this Ni atom may turn Ni2+ �approx. the

FIG. 2. �Color online� Formation energy of charged vacancies
�a� for VNi and �b� for VO

FIG. 1. �Color online� Supercell of �a�
Ni64O64 and of �b� NiO in simple-cubic NaCl
structure. Partial density of states �Ni 3d and
O 2p� and energy-band diagram showing the de-
fect energy levels �c� and �e� for VNi and �d� and
�f� for VO. Fermi level is set to 0 eV �c� and �d�.
CBM is composed of Ni 3d orbital and VBM is
of the mixture of Ni 3d and O 2p orbital in all
calculations as shown in �c� and �d�. The occu-
pied lowest defect states in �f� come from first
nearest neighbor �1 NN� Ni 3d, 1 NN Ni 3d
+O 2p, and 1 NN O 2p orbital from oxygen va-
cancy site according to vacancy charge state 0 to
2. Defect states with filled symbols refer to the
occupied states, while unfilled symbols represent
empty states.
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charge state of Ni in bulk NiO� into Ni1+ or Ni0. Hickmott et
al. had pointed out that the states formed by neutral nickel
defects are placed at midgap and play an important role in
switching by charging or discharging the states.1,21 However,
the formation of metallic defects certainly requires strong
impulse such as relatively large local structural deformation,
the presence of several oxygen vacancies and/or migration of
metal atoms. Our model is based on the assumption that the
migration of oxygen has taken place as observed in recent
experiments.22,25 We consider that the oxygen vacancies are
formed during the deposition under certain growth
conditions1,3,4 and much more during the forming process by
strong electrical impulses since they have lower formation
energy than Ni vacancies.

During the forming process, a high electric field is applied
and oxygen ions participating in Ni-O bonds may migrate
resulting in +2 oxygen vacancy, stable charge state as deter-
mined earlier, and two electrons to be used in the reduction
of nickel atom �Fig. 3�a��. They tend to cluster in certain
configurations with lower Vo-Vo interactions.15,27,28 As a re-
sult, metallic nickel atoms are connected in a chain as shown
in Fig. 3�c�. Thus, the so formed atomic chain can be re-
garded as a metallic filament representing the “on” state.

The current density through a metallic filament has been
shown to reach high values and might be responsible for
generating the thermal energy that will activate the migration
of oxygen at the highest resistive point or at electrode-
filament interface.23 Then, the rupture process of the metallic
filament as shown in Fig. 3�b� is due to oxygen migration24

to oxygen vacancy sites near chainlike metallic nickel atoms
away from the filament and oxidation of those nickel atoms
to recover their bulklike oxygen coordination. The recovery
of oxygen coordination of nickel atoms connected in a chain
can be regarded as rupture of filament representing the “off”
state as shown in Fig. 3�d�.

Our model of the filament structure is supported by ob-
servations of a neutral metallic peak with x-ray photoelec-
tron spectroscopy in all NiO films that show the switching
behavior.25 Experimental evidence has also been presented
for the oxygen vacancy migration after the forming
process.25

The filament structure considered here contains four Ni
atoms in each unit cell; of which two equivalent Ni atoms are
surrounded by four oxygen vacancies, while the other two Ni
atoms have only two nearest neighboring oxygen vacancies.
The filament has an alternating higher/lower electronic
charge density distribution along the �110� direction, depend-
ing on the oxygen vacancy concentration. The electronic
charge distribution around nickel atoms was calculated for
the supercell with the oxygen vacancies around the metallic
filament. The �100� plane with six oxygen vacancies, shown
in Fig. 4�a� is one of the configurations with the lowest for-
mation energy, in agreement with Ref. 12. The filament is in
the �110� direction. Bader charge analysis26 had been per-
formed to investigate the amount of charge belonging to each
nickel atom in a filament. We find that the charges for the
four nickel atoms along the filament �Fig. 4�a�� are increased
compared to the charge of 8.68e for nickel in perfect NiO,
that is, 9.1 and 9.8 depending on the oxygen vacancy coor-
dination around each Ni atom, as shown in Fig. 4�a�. Both
types of nickel atoms show almost neutral atomic character
implying that the removal of several oxygen atoms can gen-
erate almost neutral metallic defects, Ni0. The Bader volume
�radius� of the four nickel atoms along the filament path is
also larger by 80.5% �1.23 times� compared with that of
nickel atom in bulk NiO. The electrons are spread around the
Ni atoms resulting in charge is redistributed around the Ni
atoms when the filament is formed.

To investigate the effect of the filament formation on the
electronic structure, the density of states of the supercell has
been calculated �Fig. 4�c��. Defect levels are distributed over
the whole range of the forbidden gap and NiO becomes me-
tallic. We calculate the PDOS of each nickel atom to under-
stand its contributions to the electronic transport. All the
states near or below Fermi level are from nickel atoms fur-
ther away from the filament. The transport would be similar
to polaron hopping, which could be dominant in “off” state
or in as-deposited film. This effect is in good agreement with
experimental results of Jung et al.;29 where a coexist of weak
metallic conduction and polaron hopping in high resistance
state is proposed. The states just above Fermi level and be-
low CBM correspond to nickel atoms in the filament �Figs.
4�b� and 4�d�–4�f��. The calculation has been done at T
=0 K, electrons at room temperature can populate the states
above Fermi level and the filament will contribute to the
observed higher conductivity. Figure 4�b� shows band de-
composed �partial� charge density within EF�EF+0.3 eV
suggesting transport path is in a direction of filament. A more
thorough examination on the electronic transport in this sys-
tem may help us understand the effect of temperature on both
the transport of electrons in the filament and migration of
oxygen atoms.

In conclusion we presented a model for the formation and
rupture mechanism in NiO, a microscopic view for the uni-
polar switching in NiO, which agrees with existing experi-

FIG. 3. �Color online� �a� Formation and �b� rupture mechanism
in a microscopic view and its corresponding states to �c� formation
and �d� rupture of metallic filament
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mental observations. The formation process of a metallic
filament is regarded as a two-step process: �1� migration of
oxygen vacancies by the applied high electric field in the
“forming process” or at the “on” transition and �2� reduction
in nickel atoms in the proximity of oxygen vacancies. The
rupture process can be seen as migration of oxygen vacan-

cies away from the filament and oxidation of nickel atom to
recover their bulklike coordination.

The computational work was carried out through the Na-
tional Nanotechnology Infrastructure Network’s Computa-
tional cluster at Stanford University, NMTRI.
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FIG. 4. �Color online� �a� Charge density of
supercell with six oxygen vacancies and �b� par-
tial charge density within EF�EF+0.3 eV in
�100� plane including oxygen vacancies and Ni
metal chain. �c� Total density of states of the su-
percell and �d�–�f� partial density of states of d
orbitals at each Ni atom. Fermi level is set to 0
eV �c�–�f�. Dotted circle in �a� refers to oxygen
vacancy site and square in �b� to Ni site. The
number located at each Ni atom of the filament in
�a� represents charge from Bader charge analysis;
8.68e for Ni and 7.32e for O in perfect NiO.
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