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We investigate metastable and thermodynamically stable phases that can be expected to occur in electroformed
filaments in resistively switching hafnia, and discuss their relevance for the switching process. To this end, we
conduct a study, based on density functional theory combined with an evolutionary algorithm determining the
composition-dependent (meta)stable phases in HfOx , focusing on the region 0 < x < 2. We find that oxygen
vacancies in hafnia tend to form regular patterns, which leads to periodic metastable structures featuring one-
dimensional open channels, thus favoring ionic conductivity in the host material, i.e., oxygen migration. The
band gap of such structures is systematically lowered with increasing oxygen deficiency, resulting in metallic
behavior when oxygen migrates out of the channels. Moreover, we find that the solubility of oxygen in metallic
Hf is very high, up to one oxygen per six metallic atoms, the concentration corresponding to a thermodynamically
stable and ordered metallic compound, Hf6O. Therefore, thick enough metallic capping of Hf could play the role
of an active electrode for hosting oxygen which migrates out of HfO2. In combination with reversible oxygen
migration in predicted suboxide phases, this should lead to robust resistive memory cells with high endurance
and long retention.
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I. INTRODUCTION

Recent interest in redox-based resistive random-access
memories (ReRAM) is driven by their potential applications
in future information technology as components of memory
cells, active elements for multistate logics, neuromorphic
computing, etc [1,2]. Those components are nonvolatile, fast,
and scalable alternatives to the current flash-memory devices.
The typical ReRAM device is based on a functional material
(which is, in a very simple case, a binary oxide) placed
between two metallic electrodes. The nanoscale size of
the device allows for complex mixed conductivity, including
the ionic, electronic, and quantum tunneling components, in
materials which are typically good insulators in their bulk
form [3]. Furthermore, during the forming step the material
undergoes changes in highly nonequilibrium conditions that
are a consequence of high temperatures arising from strong
electric currents. Local heating in a strong electric field
enables ionic transport, leading to strong deviation of the
stoichiometry in the active area of the device, and, possibly, to
formation of multiple phases and/or extended defects. More-
over, local high-temperature conditions facilitate internal re-
dox reactions, which could appear in the bulk of the functional
material, as well as in the area of the interface with conductive
electrodes. Therefore, one can distinguish two fundamentally
different mechanisms: (i) operability of the device is driven
by redox processes on the electrode metal in the so-called
electrochemical metallization memory (ECM); (ii) the oxide
layer is serving as a (nano)electrolyte in the case of valence
change memories (VCMs). In reality one can expect a mixture
of both mechanisms [4,5].

Active areas of VCMs with significantly modified con-
ductivity take the shape of extended filaments. The structure,
composition, and control of the formation processes that lead
to well-defined filaments are some of the important unknowns

of the field. Understanding the microscopic mechanisms of
processes involved in forming and switching is not an easy
task, due to the small size of the active area, typically of
the order of a few tens of nanometers. Standard x-ray based
experimental methods to study the filaments, such as pho-
toelectron spectroscopy (XPS) and absorption spectroscopy
(XAS), typically face problems due to complex preparation of
samples, difficulties in locating the filament position, and lim-
ited spatial resolution, which leads to measurements averaged
over the whole sample. Transmission electron microscopy
(TEM) is further complicated by the necessity of preparing
very thin samples containing lateral cuts through the filament
in required geometries. With a new experimental method, the
scalpel scanning probe microscopy [6], one gains the ability
to locate the filaments and to measure electric properties
of individual active areas [7]. However, the structure of the
filament is not accessible by this approach and, therefore, our
understanding of it is still lacking.

Due to the aforementioned difficulties, the details of the
mechanisms driving the switching are still under debate, de-
spite the fact that ReRAM devices are intensively investigated
and already commercialized. So far, several important points
are commonly accepted [1]. It is now well-established that the
resistance switching in metal oxide memristors is mediated by
oxygen migration [8,9], resulting in formation of the conduc-
tive filaments, while the details of the filament formation as
well as the type of switching (bipolar vs unipolar) depend on
the nature of electrodes [10] and on the interfacial metal-oxide
interactions [5].

Numerous materials have so far been investigated and
shown to posses the resistive switching properties. For ex-
ample, a lot of work was dedicated to Ti-containing oxides
[11–16], but also many other transition-metal oxides that show
similar behavior (see Ref. [1] and references therein). In par-
ticular, for TiO2-based ReRAM it was observed [17] that the
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switching occurs by the formation of the suboxide crystalline
Ti4O7 Magnéli phase (conductive above 149 K [18]) in the
filament. Magnéli phases, with a generic formula TinO2n−1
(4 � n � 10) [19]) are easily obtained from the rutile form
of TiO2 [20]. However, when starting from its anatase form,
Ti4O7 is only an intermediate product during the reduction,
while the materials are finally reduced to Ti2O3 and Ti3O5 in a
prolonged reduction time [21]. Therefore, the formation of the
conductive filament in TiO2 can be seen as a local reduction of
the stoichiometric oxide to one of its metastable forms [22,23]
from the Magnéli series. During the forming cycle, metastable
suboxide phases can thus be formed by quenching the host
material under nonequilibrium conditions, possibly resulting
in the desired switching properties.

In this paper, we keep in mind both the example of TiO2
and the fact that the metastable phases have not, to our
knowledge, been confirmed so far in the filaments of other
investigated resistively switching oxides, and we conduct a
computational study in order to shed light onto the filament
structure and its relation to the (electronic and ionic) conduc-
tance as well as the switching mechanism. Since the phase
space to be sampled grows rapidly with the number of atoms,
we focus here on a binary compound. Our choice is hafnia,
HfO2, that is in use as a gate oxide and thus is well integrated
in the processing of the semiconductor industry, and for which
a significant experimental background is available.

Previously, it was theoretically shown [24–26] that a chain
of vacancies in the insulating hafnia host results in a con-
ductive channel. The conductivity can be destroyed by re-
combination with oxygen, which restores the insulating state.
Recent first-principles simulations were performed to identify
an optimal HfOx stoichiometry, where 1.5 < x < 1.75, and
the critical radius for the nucleation and growth of a stable
conductive Hf-rich cluster [27]. It was further predicted theo-
retically that the stability of oxygen vacancies in monoclinic
HfO2 is enhanced at grain boundaries as compared to the bulk
crystal, which helps the formation of the conductive filaments
[28]. This prediction is well in line with the experimental
observations of the enhanced oxygen deficiency near extended
defects in polycrystalline HfOx films [5,29]. Structure and
electronic properties of various hafnium suboxides HfOx were
studied by means of ab initio simulations in a wide range of
concentrations. In Ref. [30] a cluster expansion method was
used for a ground state analysis and for the calculation of the
phase diagram for the hexagonal close packed (hcp, α phase)
octahedral-interstitial solid solution system αHfOx .

An investigation of the full range of Hf-O binary com-
pounds [31] by means of an evolutionary algorithm [32–34],
which was devoted to a search for new phases stable at high
pressures in order to characterize their mechanical proper-
ties, shows that Pnnm-Hf2O, Imm2-Hf5O2, P 3̄1m-Hf2O,
and P 4̄m2-Hf2O3 high-pressure phases become metastable at
ambient pressure. P 4̄m2-Hf2O3 structure was also predicted
in Ref. [35], where first-principles DFT calculations were em-
ployed to search for stable metallic oxygen-deficient hafnium
and zirconium oxides, which may be reachable at normal
conditions from monoclinic hafnia and zirconia with assis-
tance of an applied electric field. It should be noted, however,
that the mentioned theoretical structural studies [30,31,35]
were performed with the generalized gradient approximation
for exchange and correlation energies [36]. This approach
neglects possibly strong correlation effects within the Hf d

shell, which may affect the Hf-O interaction and bonding
[25].

With the goal of investigating the filament’s structure and
its role in the resistive switching, we investigate possible
crystalline structures of the those phases which may form
the filaments with electronic and/or ionic conductance, and
analyze their importance for the reversible resistive switching
mechanisms in HfO2. We apply state-of-the-art theoretical
methods, combining density functional theory (DFT) with an
evolutionary compositional and structural algorithm, as used
in Ref. [31], to collect information about the crystalline struc-
ture of possible metastable states in HfO2 off-stoichiometric
binary oxides, which could be formed and consequently
quenched in an electroforming process by programming the
memory cell. Since strong correlation effects within the d
shell of Hf have the potential to alter the stability of individual
phases, we take them into account in a DFT+U approach [37].

We obtain a composition diagram, which contains new
metastable crystalline phases with one-dimensional open
channels, which can accommodate oxygen in different
amounts. The oxygen concentration in these channels can
be easily changed, which goes along with a changing elec-
trical resistivity. The prediction of new crystal phases in
substoichiometric HfO2 with one-dimensional channels and
their interrelation with ionic and electrical conduction prop-
erties shed new light on the microscopic mechanism of
reversible resistive switching, and can help develop strate-
gies for increasing the endurance and retention of hafnia-
based ReRAM devices, assuming that these metastable phases
emerge as nanophases during the formation of the filament
under nonequilibrium conditions.

II. COMPUTATIONAL DETAILS

To study structures at various compositions in Hf-O binary
solid solutions we utilized an evolutionary algorithm as imple-
mented in the USPEX code [32–34,38]. The method uses series
of variation operators to produce offspring structures based
on the previous generations: the heredity operator, which
defines and conserves spatially coherent pieces of the parent
structures to produce the next generation candidate structures;
softmutation, which uses low-energy phonon mode eigenvec-
tors to produce new optimized structures; lattice mutation,
which incorporates the ideas of metadynamics [39], where
new structures are found by building up cell distortions of
some known structures; and transmutation, when randomly
selected atoms are transmuted into other chemical species.
Random structures with random space-group (SG) symmetry
were used for the initial generation. Subsequent generations
were obtained by variation operators including heredity (with
the ratio 40% of all structures), lattice mutation (20%), ran-
dom structures (20%), and transmutation (20%). Initially, we
allowed up to 48 atoms in the calculation cell in the whole
composition range Hf-O and started from 60 random struc-
tures. Subsequently, focusing on the range of compositions
HfO-HfO2, we performed additional calculations, allowing
for up to 96 atoms per calculation cell, in order to obtain
a better sampling of the near suboxide region of HfO2. In
this region we used the seeds technique as implemented in
the USPEX code, where the seed structures were based on our
previous results obtained with maximum 48 atoms per cell.
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Ground state properties and structure relaxations in Hf-
O systems during the evolutionary algorithm runs were
obtained with the Vienna Ab initio Simulation Package
(VASP) [40–42], utilizing projector-augmented wave poten-
tials [43] with the following valence-electron configurations:
5s25p66s05d45f 0 (with 4f 14 electrons frozen in the core)
for Hf and 2s22p4 for O. In total, we performed ab initio
calculations for about 5500 different structures with varying
content of oxygen. We used the Perdew-Burke-Ernzerhof ex-
change and correlation functional revised for solids (PBEsol)
[44], with DFT+U correction on the Hf d shell choosing
U = 7 eV and J = 1 eV, as in Ref. [25]. In order to check
whether the calculated composition diagram depends on the
particular choice of the Hubbard U , we recalculated the
diagram with a large set of U parameters, 0 � Ueff � 6 eV
(where Ueff = U − J ) [45]. Although the absolute numbers,
as expected, do vary from case to case, the most important
results presented in this paper remain valid (see the discussion
of the results for details). A plane-wave energy cutoff of
600 eV was used for all calculations. Uniform �-centered
k-point meshes with resolution 2π × 0.03 Å

−1
were used to

sample the Brillouin zone. To confirm the dynamical stability
of relevant phases, we calculated the phonon dispersions
by means of the finite-displacement method employing the
PHON code [46]. Migration barriers for ionic diffusion were
calculated with a standard nudged elastic band (NEB) method
[47] as implemented in the USPEX code.

III. RESULTS AND DISCUSSIONS

A. Energetics and structure of metastable HfOx phases

The stability of various phases of a compound (in our
case, Hf-O binary compound) can be presented in the form
of a so-called convex hull [38] or, alternatively, in a fitness
plot [32]. In the former form, the enthalpy of formation
(i.e., the cohesive energy of a HfOx phase relative to the
composition-weighted average cohesive energies of pure Hf
and O in their stable forms) is plotted, versus the atomic
ratio x of oxygen to hafnium. A newly determined phase is
considered thermodynamically stable if its formation enthalpy
is lower than that of any other structure, or any combination
of structures that gives the proper composition. The name
“convex hull” refers to the line connecting thermodynamically
stable compounds found in the calculation for varying x.
In the latter form (fitness plot), δH , the formation enthalpy
of HfOx phases with respect to the convex hull lines (also
referred to as the “fitness” of these phases), is plotted versus
x. Thermodynamically stable phases have δH = 0, whereas
for all metastable ones δH > 0. This presentation is more
convenient for evaluating metastable phases, since δH is, in a
sense, the figure of merit showing how probable the formation
of the corresponding metastable compound is.

Figure 1 summarizes our ab initio calculations in the form
of a fitness plot, showing the calculated structures in the low-
est range of δH < 0.2 eV/atom. The calculations yield pure
metallic Hf in its hexagonal close packed (hcp) P 63/mmc

crystalline structure and oxygen in its molecular form, along
with several thermodynamically stable compounds. For ox-
idized Hf, we find HfO2 with its monoclinic P 21/c crystal
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FIG. 1. Composition diagram in the Hf-O system. Energies are
given in eV per atom as a distance δH from the convex hull to the
metastable phase. Hexagonal Hf and molecular O2 form boundaries;
hexagonal Hf6O and monoclinic HfO2 are thermodynamically stable
compounds. The blue line indicates a boundary of phases with hexag-
onal structure, where oxygen atoms occupy vacant octahedral posi-
tions in a hexagonal close packed structure of metallic Hf. The red
line indicates a boundary of suboxide phases with fluorite structure.
The dotted red line defines region of fluorite structures with ordered
one-dimensional chains of oxygen vacancies. The dashed green line
indicates crossover between hexagonal and fluorite structures (see
text for discussions). Diamonds are structures obtained in Ref. [31].
Lines are given as a guides for the eyes. Black dots are the relaxed
phases of trial structures at the end of the evolutionary algorithm
search. The lower scale shows the atomic ratio of oxygen to hafnium
(i.e., the concentration of O, x, in the compounds HfOx), whereas the
upper one defines the atomic percent of oxygen in the compounds.
In the plotted energy range no metastable structures were found for
concentrations above x � 2.

structure as the most stable compound, in agreement with
experiment [48]. In addition, along the line connecting Hf-
HfO2 we find another stable compound, Hf6O with SG R3̄,
also in agreement with experiment [49] as well as with pre-
vious theoretical works [30,31]. However, for the purpose of
getting microscopic insight into resistive switching processes,
it is important to analyze the crystal structure not only of
the thermodynamically stable compounds, but also of the
metastable compounds with (possibly strong) deviation from
stoichiometry in the vicinity of the stable compounds.

Based on the results of our simulation, the composition
diagram of the Hf-O system can be divided into four regions,
as shown in Fig. 1: (i) The vicinity of pure Hf, where the
hcp structure is preserved and the extra content of oxygen
is distributed among the interstitial positions octahedrally
coordinated by Hf atoms. This region extends up to the
concentration x = 1/2, which corresponds to the metastable
crystalline compound Hf2O. Crystal structures are character-
ized by different space groups, depending on the ordering of
the oxygen interstitials in the hcp matrix. The phases of this
region are shown in blue color. (ii) A crossover region is
found in the narrow range of 1 � x � 1.25, where monoclinic
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phases of HfOx with Cm symmetry are shown in green
color. (iii) The vicinity of HfO2 with suboxide stoichiometry
(1.25 � x � 2), shown in red color. Compounds in this region
originate from the cubic phase of HfO2 with a fluorite-type
crystal structure. (iv) A superoxide region for x > 2 and
above towards pure oxygen. The formation enthalpy differ-
ences, δH , for compounds in this region are much higher than
for the HfO2 suboxide regions, which, we believe, excludes
possible quenching of these structures during the electroform-
ing processes. We will, therefore, in the following focus only
on the previously mentioned three regions and discuss their
relevance for the resistive switching in detail.

Region (i). This region is as important for the resistive
switching as the suboxide regions (ii) and (iii), because
the processes in which oxygen diffuses into the metallic
electrodes and the subsequent formation of an interface layer
between the oxide and electrodes are both important for the
durability and reproducibility of cycle-to-cycle parameters,
as well as for the aging with subsequent device failure [9].
Recently, it was shown [5,7,50] that introducing an oxygen
scavenger layer results in a better device performance by
facilitating the formation of conducting filaments, and reduces
the dependence of device’s behavior on the microstructure in
its “on” state [51].

We find that metallic Hf can easily absorb oxygen up to
one oxygen atom per six Hf, when ordered Hf6O is formed.
Namely, in the range Hf-Hf6O, metastable compounds almost
follow the convex hull line, δH = 0. Moreover, many struc-
tures in this region are characterized with low δH , indicating
a strong degeneracy of the crystal structures and, correspond-
ingly, high configuration entropy. This result shows that the
Hf electrode acts as a reservoir for oxygen which migrates out
of the oxide region during electroforming and/or switching
cycles.

It is noteworthy that the most stable structures of this region
are those where oxygen interstitials form one-dimensional
chains along the hexagonal c axis, with alternating occupation
(i.e., only every second void along the c axis is occupied, lead-
ing to a structure with distinct oxygen-rich layers). Varying
the oxygen concentration leads to a variation of the density of
such chains in the plane perpendicular to the c axis, but the
chains are present already for the lowest calculated concen-
tration Hf16O and are also seen in Hf12O, Hf10O, and Hf8O.
Once Hf6O is reached, the formation of one-dimensional
chains along the hexagonal axis is not favored anymore, the
interstitial positions of the hcp Hf lattice contain oxygen
in every hexagonal plane [see Fig. 2(a)], and the structure
possesses R3̄ symmetry. Note that this result stands in full
agreement with the experimental observation of Ref. [49],
where the structure of the hypostoichiometric composition
HfO1/6− was found to possess R3̄ symmetry for the oxygen
concentration of 13.4%. In our calculations, the highest oxy-
gen concentration in the structures forming one-dimensional
O chains is 11.1% for Hf8O. Furthermore, when the content
of oxygen in experiment is increased to 15.8%, superstruc-
tures with P 3̄1c symmetry are formed [49]. This observation
is also in agreement with our calculations (see Hf3O in
Fig. 1(b).

Our calculations in region (i) agree with previous theoreti-
cal works [30,31], where the generalized gradient approxima-

FIG. 2. Crystal structures of (a) R3̄-Hf6O and (b) P 3̄1c-Hf3O,
showing the preferred occupation with oxygen in vacant octahedrally
coordinated positions (depicted by the red octahedra) in hcp Hf host
(yellow spheres).

tion PBE [36] was used (without taking into account strong
exchange-correlation effects on Hf d orbitals).

Region (ii). As follows from our results, the solubility
of oxygen in the hcp structure is limited to ∼30 mol %. At
higher concentrations, we find that the metallic Hf oxidizes
and probably forms Cm-Hf4O5, which has a lower fitness
energy, δH , than the aforementioned Hf2O (see the structures
shown in green color in Fig. 1). This “crossover” region found
in our simulation is different from the results obtained in
previous studies. For example, in Ref. [30] it was assumed that
oxygen occupies interstitial octahedral positions of the hcp
structure of metallic Hf up to the concentration x = 1.0 (i.e.,
HfO). However, as it can easily be seen by extrapolating the
fitness energies of hcp-like structures in region (i) (blue solid
line in Fig. 1) the resulting structures have higher energies
than the ones obtained in our work. Furthermore, the P 6̄2m-
HfO structure, obtained in Ref. [31] (see orange diamonds in
Fig. 1), is also higher than the monoclinic Cm-HfO structure,
identified in our calculation.

The low-δH compounds of the crossover region are char-
acterized by the same structural frame, based on the mon-
oclinic Cm-HfO, which is different both from the hcp and
from the monoclinic hafnia structure (see Fig. 3). Namely,
Cm-HfO could be seen as consisting of layered building
blocks, connected by covalent bridges. From the point of view
of the resistive switching, the most important feature of this
structure is the presence of one-dimensional vacant channels,
which can be filled up by extra atoms of oxygen as the O
concentration rises, resulting ultimately in Cm-Hf4O5 where
all previously vacant positions of the chain are filled [compare
structures in Figs. 3(a) and 3(b); their symmetry, composition
and structural parameters are given in Tables I and II]. The
two endpoints of the crossover region, i.e., Cm-HfO with
ordered vacant channels and Cm-Hf4O5 with the channels
completely filled by oxygen, are connected by the green
dashed line in Fig. 1. Between these two points, compounds
with different filling of the channels (depending on particular
O concentration) can exist. The electrical conductivity of
these structures depends on the channel filling: Cm-HfO is
a metal, Cm-Hf4O5 is a band insulator, while structures with
incomplete channel-filling show varying band-gap widths (or
metallic behavior).
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FIG. 3. Crystal structures of the monoclinic phases of (a) Cm-
HfO and (b) Cm-Hf4O5, in the crossover region of the Hf-O com-
position diagram. Both structures share the same structural frame;
however, Cm-Hf4O5 contains extra oxygen (shown by small blue
spheres), which occupies the vacant positions present in Cm-HfO
structure, forming one-dimensional chains. Hf atoms are depicted
with yellow spheres. Oxygen atoms which are the constituents of
the structural frame are shown as red spheres.

Here we should note that in Ref. [25] the conductive path
in HfO2 ReRAM was attributed to negatively charged oxygen
vacancy chains, which are responsible for the formation of
partially occupied defect states in the electronic density of
states. It was shown that the electroforming process is initiated
by a supply of neutral oxygen Frenkel defect pairs, and the
accumulation of the oxygen vacancies results in the formation
of local metallic suboxide phases, HfOx , which remain con-
ductive even as ultranarrow filaments in the insulating matrix.
Therefore, our findings are in full agreement with this view
on the conductivity of filaments, adding the knowledge that
accumulation of the oxygen vacancies is a natural process,
which results in the formation of vacancy chains.

The described properties of the compounds in this region
could facilitate the migration of oxygen from the inner part of
HfOx films to the electrodes, leading to resistive switching
behavior for strongly oxygen-deficient hafnia. However, it
is more probable that the resistive switching is enabled by
the structural properties of the compounds from region (iii),
i.e., from the near-suboxide region of HfO2, which is, in our
calculation as well as empirically, the most stable compound
of the composition diagram.

Region (iii). Interestingly, aside from a different structural
frame characterizing the compounds of this region, the func-
tional features we observed in region (ii) are also present here.
We find in this region a sequence of crystalline phases derived
from cubic HfO2 with fluorite-like structure, where oxygen
vacancies form different patterns (see the solid red line in

FIG. 4. Crystal structures of (pseudo)tetragonal fluorite-like
phases of (a) Ibam-Hf2O3 and (b) I 4̄2m-Hf4O7 in the suboxide
region of hafnia. In metallic Ibam-Hf2O3 one-dimensional chains of
oxygen vacancies are clearly seen. These chains are partially filled up
by oxygen (shown by small blue spheres) in Hf4O7, resulting in an
insulating state. The ordered Ibam-Hf2O3 phase is clearly split off
from the rest of the structures of region (iii) (see the solid red line
in Fig. 1), indicating the natural preference of oxygen vacancies to
form one-dimensional chains.

Fig. 1). The presence of oxygen vacancies embedded into the
cubic HfO2 frame leads to a variety of structures, which (on
average) could be seen as a tetragonal phase in experiments
[52]. In all the metastable structures of this region, Hf atoms
are at the positions which correspond to the cubic HfO2 phase.
Therefore, these structures can easily be realized by only
extracting oxygen from the stoichiometric host during the
electroforming process.

When moving into the HfO2 suboxides, we find the
Ibam-Hf2O3 (or, in the corresponding suboxide notation,
HfO1.5) structure, as the lowest-δH phase for x = 1.5. In
Fig. 1, this phase is connected by the dashed red line to Hf4O7
(HfO1.75). Importantly, these two structures are related to each
other in the same way in which the two lowest-δH structures
of region (ii) are related. Namely, in the crystal lattice of
Ibam-Hf2O3, oxygen vacancies are ordered into periodic,
one-dimensional channels incorporated into a fluorite-like
structure (see Fig. 4 and Table II). When the channels are half
filled with oxygen, which is equidistantly distributed along the
channel, the resulting structure is that of Hf4O7. The conduc-
tivity again depends on the channel filling: the structure with
partially filled channels (Hf4O7) is a band insulator, while
the one with empty channels (Ibam-Hf2O3) is metallic (see
Table I). For varying oxygen concentration between these two
structures (i.e., for varying channel filling), we obtain varying
widths of the band gap (or metallic behavior for low filling).
Thus, although in regions (ii) and (iii) the structural frame
and the associated lattice symmetry are different, ordered one-
dimensional empty channels exist in the lowest-δH metallic
structures of both regions, allowing for the possibility of easy
oxygen migration and resistive switching.
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TABLE I. Short summary of structural and electronic properties
of HfOx phases.

Fitness (δH ) Band gap
Phase Composition SG No. SG (eV/atom) (eV)

Hf6O HfO0.16 148 R3̄ stable metal
HfO HfO1 8 Cm 0.114 metal
Hf4O5 HfO1.25 8 Cm 0.068 0.28
Hf2O3 HfO1.5 72 Ibam 0.107 metal
Hf4O7 HfO1.75 121 I 4̄2m 0.079 0.54
HfO2 HfO2 14 P 21/c stable 4.43

In contrast to region (i), where DFT+U results coin-
cide with previously reported PBE studies [30,31], sequences
of the low-energy phases in region (iii) differ from the
ones reported in Ref. [31]. For example, we find that the
P 4̄m2-Hf2O3 phase reported in Refs. [31,35] is situated
significantly higher than the phase Ibam-Hf2O3 with or-
dered one-dimensional channels (see Fig. 1) reported here.
In Ref. [45] we address the question of the choice of ex-
change and correlation functional, choosing the PZ [53], PBE,
and PBEsol functionals (i.e., using both local density and
generalized gradient approximations) in combination with
different Ueff values up to 6 eV, as well as the hybrid B3LYP
[54,55] and Heyd-Scuseria-Ernzerhof (HSE) [56,57] func-
tionals, and investigate in more detail the influence different
approaches have on the composition diagrams in Hf-O, Zr-O,
and Y-O systems. Here we note that the relative position
of Ibam-Hf2O3 and P4̄m2-Hf2O3 strongly depends on the

choice of U . However, for all reasonable values [25] of
Ueff above ∼3 eV with the PBE functional (and ∼4 eV for
PBEsol), the Ibam-Hf2O3 phase has a lower energy than
the P 4̄m2-Hf2O3 one. For Ueff � 3 eV (or Ueff � 4 eV for
PBEsol) including the calculations performed with Ueff =
0 eV, P 4̄m2-Hf2O3 has the lowest energy, as reported pre-
viously [30,31]. The position of the Cm-HfO and Cm-Hf4O5
phases from region (ii) is less sensitive to the choice of U ,
and they remain the lowest-energy structures of this region
in the range of Ueff from 0 up to 6 eV (i.e., the phase Cm-
HfO has always a lower energy than the previously reported
P 6̄2m-HfO phase [31]).

B. Functionality with respect to forming and switching

It should be emphasized that the structures we are dis-
cussing here are actual metastable phases (aside from the
two thermodynamically stable phases of the binary compound
that were also found), i.e., they show dynamic stability and
are likely to be quenched during the electroforming process
as the most stable phases for a given stoichiometry, with-
out decomposing to thermodynamically stable compounds.
Even the phases that contain lattices of completely empty
one-dimensional channels show stable phonon structures (see
Fig. 5 for the phonon spectrum of Ibam-Hf2O3). One should,
however, bear in mind that in a real sample the channels are
most probably not equally filled, which makes it experimen-
tally difficult to identify the crystal symmetry and yields an
overall picture of random vacancy distributions already in a
single crystal, but even more so in polycrystalline samples.

TABLE II. Structural properties of selected phases in the Hf-O system.

Compound Space group Lattice constant (Å) Wyckoff position x y z

HfO Cm (No. 8) a = 11.822 Hf1 2a 0.25584 0.0 0.71509
b = 3.381 Hf2 2a 0.76940 0.0 0.26785
c = 6.283 Hf3 2a 0.03806 0.0 −0.02261

β = 103.08 Hf4 2a 0.53579 0.0 0.44462
O1 2a −0.04495 0.0 0.25389
O2 2a 0.23073 0.0 0.04559
O3 2a 0.86218 0.0 0.83056
O4 2a 0.35296 0.0 0.46527

Hf4O5 Cm (No. 8) a = 11.921 Hf1 2a 0.25813 0.0 0.71763
b = 3.315 Hf2 2a 0.76477 0.0 0.2781
c = 6.436 Hf3 2a 0.03815 0.0 0.0006

β = 103.42 Hf4 2a 0.53579 0.0 0.44462
O1 2a 0.94715 0.0 0.25282
O2 2a 0.2289 0.0 0.04275
O3 2a 0.86765 0.0 0.83649
O4 2a 0.35258 0.0 0.47193
O5 2a 0.06918 0.0 0.68136

Hf2O3 Ibam (No. 72) a = 5.055 Hf 8j 0.25126 0.62524 0.0
b = 9.998 O1 4b 0.5 0.0 0.25
c = 5.160 O2 8g 0.0 0.2425 0.25

Hf4O7 I 4̄2m (No. 121) a = 5.070 Hf 8i 0.75 0.75 0.375
b = 5.070 O1 4c 0.0 0.5 0.0
c = 10.216 O2 4e 0.0 0.0 0.25

O3 4d 0.0 0.5 0.25
O4 2a 0.0 0.0 0.0
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FIG. 5. Calculated phonon spectrum of the low-energy
Ibam-Hf2O3 structure with ordered vacancies revealing its
dynamical stability.

We conjecture that, during the electroforming process,
Ibam-Hf2O3 is likely formed in the filaments, offering the
stable frame, which allows for oxygen migration through the
one-dimensional channels inherent to its structure. Filling up
the channels with oxygen would then lead to the “off” state,
i.e., Hf4O7 phase, whose narrow band gap can explain the
significantly lower resistivity of the electroformed material in
comparison to the host HfO2. In the “on” state, oxygen anions
migrate out of the channels; if a metallic Hf electrode is used,
according to our analysis of region (i), it acts as a natural
reservoir for the anions arriving from the oxide region. In
order to provide an additional checkpoint for this hypothesis,
we have calculated the energy barrier for oxygen migration
through the one-dimensional channels of Ibam-Hf2O3, which
amounts to 0.51 eV (see Table III). This barrier is significantly
lower than both that for the migration of a neutral oxygen
vacancy in the monoclinic HfO2 (∼2.5 eV) [58] and even
that of a positively charged vacancy (∼0.7 eV, Ref. [59]).
Studying the structure of Ibam-Hf2O3 in detail (see Fig. 4)
we find the need for one further check. Namely, the structural
frame (i.e., the Ibam-Hf2O3 phase itself), which we assume
provides the channels for oxygen migration, also contains
oxygen. If this frame is to be rigid against a collapse in case its
constitutive oxygen migrates out of it, the energy cost for this
process needs to be significantly higher than the one of oxygen
migrating through a channel. We therefore also calculated the
barrier for an oxygen migrating out of the frame and into a
channel, and find that it is indeed much higher, ∼1.73 eV.
We therefore conclude that this is a valid hypothesis and
investigate its further practical consequences.

Despite the fact that HfO2 is well integrated in the semicon-
ductor industry, applications of HfO2 in commercial ReRAM

devices are still limited, due to its unstable resistive switch-
ing behavior, although the conductive filaments formed by
the electric-field induced oxygen vacancies were investigated
extensively. One of the critical nonuniform parameters of re-
sistive switching is the random conductive filament formation
and rupture process. A large effort of experimental works is
directed to finding ways of confining the conductive filament
in the host oxide insulator, in order to improve the unifor-
mity of resistive switching characteristics. It was found that,
aside from embedding nanocrystals and multilayer structures,
doping with foreign elements is an easy and effective way
to improve resistive switching properties [60–62]. Therefore,
in order to better understand the ionic conduction properties
of the predicted Ibam-Hf2O3 phase, we calculated migration
barriers for the most important elements, typically used for
doping HfO2 and as electrodes (see Table III). The barriers
were calculated in a 2 × 2 × 2 supercell of Ibam-Hf2O3

structure. Transition metal atoms were treated as nonmag-
netic cations. As mentioned above, the migration barrier for
oxygen (self)diffusion in Ibam-Hf2O3 is about 0.5 eV. The
corresponding barrier for Hf atoms (self)diffusion along voids
is found to be higher than for oxygen, indicating preferable
role of oxygen vacancies in ion migration during switching
processes. So far, this finding is in full agreement to the widely
accepted mechanism of the resistive switching, with the dom-
inant role of oxygen migration, supported experimentally [8].
Surprisingly, migration of cations with much bigger radii than
that of oxygen, such as Os and Pt, was found to be even easier

than for oxygen. Therefore, the role of these cations in resis-
tive switching should be reconsidered (although, admittedly,
it is unlikely that Pt would leave an electrode and get into
the channels in the first place). Migration barriers for Zr, Ru,
Zn, Cd, and Ag are higher than that for oxygen diffusion, but
smaller than that of Hf. Finally, we found a set of “heavy
to move” cations, Y and La, with migration barriers higher
than 2 eV. Doping with these cations would block the ionic
conductivity in HfOx suboxides. This fact could be used for
creating preferential sites for forming conductive filaments.
This, in turn, should improve endurance of the device, as
was observed in the case of nanotip confinement of geometric
conductive filament in HfO2-ReRAM [63].

IV. CONCLUSIONS

Using an evolutionary algorithm combined with ab initio
calculations, we investigated the Hf-O composition diagram
on the basis of about 5500 calculated (structural and chem-
ical) configurations, and analyzed the crystal structures of
metastable phases, focusing on their role in resistive switch-
ing. Aside from the energetically unlikely superoxide region,
the obtained composition diagram revealed three distinct im-
portant regions:

TABLE III. Migration barriers (in eV) for important cations calculated for the Ibam-Hf2O3 phase with one-dimensional open channels.

O 0.51 Al 1.06
Sc 0.93 Ti 0.94 V 1.37 Mn 1.21 Fe 0.62 Co 0.99 Ni 0.98 Cu 1.1 Zn 0.56
Y 2.29 Zr 0.59 Nb 1.42 Ru 0.52 Ag 0.68 Cd 0.49
La 2.81 Hf 0.72 Ta 0.76 Os 0.39 Pt 0.48

115002-7
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(1) Metal-rich phases, based on the hexagonal close
packed lattice of metallic Hf, where some of the octahedral
voids are occupied by oxygen atoms. We find that the solubil-
ity of oxygen in metallic Hf is very high, indicating that Hf
can be used as an active electrode which hosts oxygen atoms
that migrate out of the oxide region during the switching.

(2) Region 1 � x � 1.25. Intermediate phases of HfOx

with monoclinic structure.
(3) Region 1.5 � x � 1.75. Suboxide phases with

fluorite-like (pseudo)tetragonal structure.
In the latter two regions, all the structures with lowest

formation energies are characterized by the common fea-
ture of periodic lattices of one-dimensional oxygen vacancy
channels embedded in the respective monoclinic or tetragonal
frame. The oxygen concentration determines the degree of
oxygen filling of the channels, whereas channels that are
either completely filled or empty are either insulating or
metallic, respectively.

We investigated the migration barriers for metallic cations
through the channels in the ordered Ibam-Hf2O3 phase and
found that some cations, like Y, La, V, and Nb, have very large
migration barriers and would block the ionic conductivity in
the oxygen deficient phases.

Finally, we relate our findings obtained in a study dealing
with crystalline phases at the microscopic level to the broader
picture of a macroscopic sample (a ReRAM device) with
localized filaments of diameters between approximately 5 and
20 nm. Our results suggest that during the nonequilibrium
process of filament formation and depending on the oxygen
concentration there is a great tendency of the formation of
meta-stable nanophases of the type discussed in O-deficient
hafnia regions with one-dimensional vacancy channels. Al-
though the boundary of the nanophase to the HfO2 host cannot
be fully neglected, the existence of such one-dimensional con-
ductance channels is supported by a recent experiment [64]
where a conductance quantization in Pt/HfOx/TiN structures
was observed.

The ReRAM devices based on hafnia with metastable
nanophases containing one-dimensional vacancy channels
may operate over a wide range of oxygen concentrations

involving the monoclinic as well as the fluorite-like suboxide
phase, separated in the phase diagram by a gap in the range of
oxygen concentrations, where no phases with low formation
energy exist. Therefore, a well controlled content of oxygen
in “set” and “reset” guarantees operations within the same
structural frame and minimizes the mechanical degradation
of the crystal structure during the switching processes, thus
increasing the endurance of the ReRAM devices.

Care has to be taken when using electrodes of difficultly
migrating cations, as ions may diffuse from the electrode into
the channels of the formed filament, which could impair or
possibly completely destroy the functionality of the memory
cell. On the other hand, controlled doping of hafnia with
such cations could possibly be used in order to increase the
information density of memory cells by predetermining the
position of the conductive filaments in a “controlled” forming
process.

Our results invite experimental efforts to structurally
analyze filaments in HfO2 with respect to channel-like
nanophases. This is a challenging problem as the open chan-
nels likely contain different amounts of randomly distributed
oxygen. We further suggest the dedicated growth of specific
metastable phases as single crystals, with the purpose to attain
a better understanding of the ionic migration through these
structures with open channels, of the electrode behavior in the
switching process, and of the role of dopants. On the basis
of such a systematic knowledge, more reliable devices with a
high information density high endurance and retention could
be engineered. We note that the major trends found here for
HfO2 are also valid for ZrO2 and partly in Y2O3 [65].
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