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The discovery of ferroelectric polarization in HfO2-based ultrathin films has spawned much interest
due to their potential applications in data storage. In 2018, an R3m rhombohedral phase was proposed
to be responsible for the emergence of ferroelectricity in the [111]-oriented Hf0.5Zr0.5O2 thin films, but
the fundamental mechanism of ferroelectric polarization in such films has remained poorly understood.
In this paper, we employ density-functional-theory calculations to investigate structural and polarization
properties of the R3m HfO2 phase. We find that the film thickness and in-plane compressive-strain effects
play a key role in stabilizing the R3m phase, leading to robust ferroelectricity of [111]-oriented R3m HfO2.
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I. INTRODUCTION

HfO2-based materials have aroused much interest in
recent years due to their promise in nanoelectronics
[1–5]. Compared with conventional perovskite ferro-
electrics, HfO2-based ferroelectric thin films exhibit a
range of properties that are appealing for low-power high-
density memory applications [6,7], such as compatibil-
ity with silicon-based semiconductor technology, robust
switchable ferroelectricity at the nanoscale (<10 nm), and
a large band gap of about 5–6 eV.

The atomistic origin for the emergence of switchable
ferroelectric polarization in HfO2-based ultrathin films,
however, remains unclear [8]. The ground-state mon-
oclinic P21/c phase of HfO2 is centrosymmetric, and
thus, does not support ferroelectric polarization. There-
fore, considerable prior efforts have been focused on
identifying a ferroelectric HfO2 phase that is stable and
displays pronounced ferroelectricity at the nanoscale,
as observed experimentally [3,8–11]. For example, by
employing a group theoretical analysis, in combination
with density-functional-theory (DFT) calculations, Huan
et al. have previously identified two noncentrosymmet-
ric polar orthorhombic phases with Pca21 and Pmn21
space groups that could be responsible for ferroelectric-
ity in HfO2-based films [8]. In particular, the Pca21 phase
is most widely accepted as the ferroelectricity origin,
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based on numerous experimental and theoretical studies
[3,8–11], which is also found to exhibit sizable spin-
orbit coupling [12] and magnetoelectric effects at the
ferroelectric-ferromagnetic interface based on DFT cal-
culations [13]. However, the phases Pca21 and Pmn21
are less stable thermodynamically than that of monoclinic
P21/c in the bulk. Though many factors, such as strain
(stress) [11,14,15], doping [16–18], defects [19], electric
field [20], and surface energy [21], are found to be helpful
for the stabilization of the orthorhombic Pca21 ferroelec-
tric phase, a convincing and widely accepted mechanism
for the stability of the possible ferroelectric phase of
HfO2-based thin films is still required.

Recently, Wei et al. reported a rhombohedral ferroelec-
tric phase with R3m space group, which is different from
previously described polar orthorhombic phases [22]. The
R3m phase is identified by using a combination of x-ray
diffraction and transmission electron microscopy in the
predominantly [111]-oriented Hf0.5Zr0.5O2 thin film epi-
taxially grown on the La0.7Sr0.3MnO3/SrTiO3 substrate.
One of the structural features of the observed phase is
that the atomic plane spacing along the out-of-plane direc-
tion (d111) is markedly larger than that along the [−111],
[1−11], and [11−1] directions (d−111= d1−11= d11−1) that
are consistent with a rhombohedral unit cell. The remnant
polarization (Pr) reaches a significant value of 34 µC/cm2

for the Hf0.5Zr0.5O2 film thickness of about 5 nm. How-
ever, according to DFT calculations, the total energy of the
rhombohedral R3m phase turns out to be even higher than
that for orthorhombic Pca21. Moreover, substantial strain
is required for HfO2 (or Hf0.5Zr0.5O2) to display ferro-
electric polarization comparable with experimental values.
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It is also observed experimentally that both the polarization
magnitude and d111–d11−1 difference for the rhombohe-
dral ferroelectric thin film increase upon decreasing the
film thickness, which is important for the application of
nanoscale HfO2-based ferroelectrics. These experimen-
tal findings stimulate our present study, focusing on the
behavior of the identified R3m ferroelectric phase through
the analysis of strain and size effects.

Here, we employ DFT calculations to provide further
insights into the origin of ferroelectric polarization and
phase stability of the R3m ferroelectric polymorph of
HfO2. To this end, we focus on the experimentally relevant
system of [111]-oriented HfO2 thin films and analyze both
strain and size effects. We find that an in-plane compres-
sive strain is essential for reproducing the experimentally
observed d111–d11−1 difference and polarization enhance-
ment in the [111]-oriented R3m HfO2 films. The size effect
is also found to facilitate phase stabilization under in-plane
compressive strain of the film. The calculated results pro-
vide insights into the emergence of stable ferroelectric
polarization in HfO2 thin films, which should be useful
for a better understanding of the behavior of nanoscale
ferroelectric films based on HfO2.

II. COMPUTATIONAL METHODOLOGY

Here, we focus on the rhombohedral R3m, tetragonal
P42/nmc, ferroelectric orthorhombic Pca21, and nonfer-
roelectric monoclinic P21/c phases of HfO2 (see Ref.
[20] for more details on the P42/nmc, Pca21, and P21/c
HfO2 phases). All DFT calculations are performed using
the projector-augmented-wave (PAW) method, as imple-
mented in the Vienna ab initio simulation package (VASP)
code [23]. The Perdew-Burke-Ernzerhof generalized gra-
dient approximation (GGA PBE) is used to describe
exchange-correlation interactions [24]. The plane-wave
cutoff energy is chosen to be 450 eV. The atomic coor-
dinates of the R3m phase are taken from Ref. [22]. The
strain effect on ferroelectric polarization and phase stabil-
ity of bulk HfO2 is examined using hexagonal cells (12
Hf and 24 O atoms) with their [0001] directions along the
[111] directions of conventional unit cells (4 Hf and 8 O
atoms). The [111]-oriented periodic slabs are constructed
with a vacuum gap of at least 18 Å in the out-of-plane
direction. The 5 × 5 × 4 and 5 × 5 × 1 Monkhorst-Pack
k-point meshes [25] are used for the bulk and thin-film
calculations, respectively, to ensure energy convergence.
Structural optimizations are carried out until the Hellmann-
Feynman forces on each atom are less than 5 meV/Å. The
magnitude of ferroelectric polarization for the R3m phase
is calculated within the Berry phase approach by taking the
cubic Fm3m phase as the nonpolar reference state [26].

III. RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show the atomic structure and lat-
tice vectors, respectively, of the R3m rhombohedral phase
of HfO2 in its conventional unit cell (with 4 Hf and 8 O
atoms). The hexagonal cell of rhombohedral R3m HfO2
(with 12 Hf and 24 O atoms), which is employed to
examine the strain effects, is depicted in Fig. 1(c) with
its out-of-plane direction along the [111] direction of the
conventional unit cell [Figs. 1(a) and 1(b)]. The calcu-
lated lattice constants, a and c, of the stress-free hexagonal
cell of R3m HfO2 are 7.184 and 8.810 Å, respectively.
While there are no available experimental lattice constants
for bulk R3m HfO2 for comparison, the chosen computa-
tional scheme utilizing the PBE functional provides good
agreement between the computed and experimental [22]
interplanar crystal spacing. In our simulations, the equiax-
ial strain is applied on the (001) plane of the hexagonal
cell [i.e., the (111) plane of a conventional cell, as shown
in Fig. 1(b)] with the out-of-plane lattice fully relaxed
to stress-free, to be consistent with previous experimen-
tal work [22]. Figure 1(d) shows the change of the d
spacing as a function of the in-plane compressive strain.
Under the strain-free conditions, the conventional unit
cell of R3m HfO2 shown in Fig. 1(a) is nearly cubic,
with d111 ≈ d11−1 (d−111= d1−11= d11−1). When the in-
plane strain is increased, d111 gradually goes up and d11−1
goes down [see Fig. 1(d)]. According to the scanning
transmission electron microscopy (STEM) measurements,
d111 for the R3m Hf0.5Zr0.5O2 phase ranges between 2.98
and 3.27 Å for film thicknesses between 9 and 1.5 nm
[22]. From the d111-strain relation for HfO2 [Fig. 1(d)]
found in this work, the in-plane compressive strain is esti-
mated to be between 1.5 and 5% to provide experimentally
measured values of d111.

Using this experimentally relevant range of compressive
strains, we then calculate the out-of-plane spontaneous
polarization (P), as plotted in Fig. 1(e). It is clearly seen
that polarization is small for the in-plane strain below 3%,
while it increases rapidly beyond 3% and reaches about
25 µC/cm2 at 5% strain. This result is in full agreement
with the DFT-computed polarization of the R3m phase of
Hf0.5Zr0.5O2 as a function of d111 reported previously [22].
Thus, we conclude that a large in-plane strain is needed
for R3m-phase HfO2 to exhibit a pronounced ferroelectric
polarization.

We next provide insights into the origin of the increase
of polarization as a function of strain for the R3m phase
of HfO2. To this end, we first examine the atomic struc-
tures of the strain-free and compressively strained R3m
phase. For the strain-free case shown in Fig. 1(c), every
O atom is coordinated with four Hf atoms to form an
O-Hf4 tetrahedron. This atomic structure is similar to
that of the nonpolar tetragonal P42/nmc phase, and
therefore, the spontaneous polarization of the stress-free
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(d) (e)

(b) (c)

FIG. 1. Atomic structure (a) and lattice vectors (b) of R3m-phase HfO2 in conventional cell. (c) Atomic structure of the [111]-
oriented R3m phase in hexagonal cell. (d) The d spacing (d) of R3m-phase HfO2 versus in-plane compressive strain. (e) Spontaneous
polarization (P) of strained R3m-phase HfO2. Upper and lower horizontal coordinates show the magnitudes of in-plane compressive
strain and lattice constants, respectively. Atomic structures are plotted using VESTA software.

rhombohedral R3m phase is negligible. For strained R3m
HfO2 (Fig. 2), we observe that, due to the in-plane com-
pression and out-of-plane extension, the vertical Hf—O
bonds become contracted and elongated, respectively, rel-
ative to the strain-free case. Specifically, by inspecting
Hf-O2 layers of the strained compound, we find that one
of the four O atoms above Hf forms the O-Hf4 tetrahedron
with the upper Hf-O2 layer, while three of the four O atoms
below Hf form the O-Hf4 tetrahedron with the lower Hf-
O2 layer. This bonding order causes structural asymmetry
and leads to polarization pointing upward in strained R3m
HfO2.

The structural changes induced by the in-plane strain
can be quantified by computing the bond-length varia-
tions for the vertical Hf—O bonds. In R3m HfO2, there
are two types of Hf—O bonds in the vertical direction,
as shown in Fig. 2(a). For the primary Hf—O bonding
order, denoted by the dashed ellipse in Fig. 2(a), the upper
Hf—O bonds are shorter than the lower ones. It is seen
that under stress the length of the upper (shorter) Hf—O
bonds remains almost constant, whereas the length of the
lower (longer) Hf—O bonds increases substantially as the

strain goes from 3%to 5% [red open circles in Fig. 2(b)].
This is consistent with the observed polarization enhance-
ment under the in-plane strain shown in Fig. 1(e). The
trend for the behavior of the second type of the Hf—O
bonds, denoted by the dashed rectangle in Fig. 2(a), is
opposite to that of the primary bonding order. Since the
length of the upper (longer) Hf—O bonds with the sec-
ondary bonding order begins increasing rapidly when the
strain reaches 1.5% [blue solid squares in Fig. 2(b)], a very
small negative polarization can be seen in Fig. 1(e) under
this strain.

Next, we analyze the charge-density redistribution under
different in-plane strains. Figures 2(c) and 2(d) show the
computed electron densities of strain-free and 6% com-
pressively strained R3m HfO2, respectively, across the
(110) plane of the hexagonal cell. It can be seen that,
in the 6% compressively strained case, the electron den-
sity between Hf and the lower O atoms marked by the
dashed ellipses (primary Hf—O bonding order) in Fig.
2(d) becomes depleted compared with that of the strain-
free case due to considerable elongation of these Hf—O
bonds. Thus, it is determined that ferroelectric polarization

014068-3



YUKE ZHANG et al. PHYS. REV. APPLIED 14, 014068 (2020)

(a) (b)

(c) (d)

FIG. 2. (a) Atomic structure of 6% compressively strained [111]-oriented R3m HfO2 plotted using VESTA software. Two types of
Hf—O bonds are indicated by the dashed ellipse and rectangle. (b) Hf—O bond length for the two types of bonds as a function of
compressive strain, with vertical arrows marking the positions of a rapid increase of the bond lengths. Charge densities of strain-free
(c) and compressively strained (d) R3m HfO2 along the (110) plane of the hexagonal cells.

of the compressively strained [111]-oriented R3m HfO2
phase originates from the disruption of the Hf—O bonding
order, which is similar to that of perovskite-structured fer-
roelectrics, such as BaTiO3 and PbTiO3 [27,28]. The same
electron density depletion is also found between Hf and the
upper O atoms marked by the dashed rectangle (secondary
Hf—O bonding order) in Fig. 2(d), which have weak and
opposite contributions to that of the main polarization.”

It is known from previous DFT calculations that the
energy of R3m HfO2 lies above the ground-state P21/c bulk
phase by almost 160 meV/f.u. [22]. It is also determined
that the compressive strain required for pronounced ferro-
electric polarization of [111]-oriented R3m HfO2 should be
relatively high [∼5%, Fig. 1(e)]. Therefore, we next exam-
ine how the stability of the bulk HfO2 phases changes as
a function of applied volumetric and in-plane stress. To
this end, we consider tetragonal P42/nmc, orthorhombic
ferroelectric Pca21, and the most-stable nonferroelectric
monoclinic P21/c phases of HfO2 and compare their sta-
bility with that of the R3m phase. The volumetric stress
is applied to a conventional cell of HfO2 (with 4 Hf and
8 O atoms) by fixing the cell volume and fully relax-
ing the cell shape and atomic coordinates. Figure 3(a)
shows the calculated phase-stability diagrams relative to

the ground-state P21/c phase under volumetric stress. It is
seen that, regardless of the applied stress, the bulk R3m
HfO2 phase turns out to be the highest-energy polymorph.

We next analyze the phase stability of the [111]-oriented
HfO2 films under the in-plane equiaxial strain [Fig. 3(b)].
The in-plane strains are imposed on the (001) planes of
the constructed hexagonal cells (i.e., the {111} planes
of the conventional cells, see Fig. 1) of the considered
R3m, P42/nmc, Pca21, and P21/c phases, with fixed lat-
tice angles and fully relaxed out-of-plane lattice constants
and all atomic positions. For each HfO2 polymorph, there
are four possible 〈111〉 crystal orientations ([111], [−111],
[1−11], and [11−1] directions in conventional cells) that
should be taken into consideration, when investigating the
effects of epitaxial strain.

The monoclinic P21/c phase displays the same energy
when strain is applied in the planes perpendicular to the
[111] and [1−11] directions, but exhibits different ener-
gies when strain is applied in the planes perpendicular to
the [−111] and [11−1] directions. Also, the orthorhom-
bic Pca21 and tetragonal P42/nmc phases are character-
ized by the same energies when the in-plane strains are
applied perpendicular to any of the 〈111〉 directions. For
the rhombohedral R3m phase, we only plot results for
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(a) (b)

FIG. 3. (a) Total energies of different phases of HfO2 in conventional cells (with 12 atoms) under volumetric strain. (b) Total energies
of different phases of 〈111〉-oriented HfO2 (per 12 atoms) under plane strain.

the [111]-oriented case, since strain imposed along the
(11−1), (1−11), and (11−1) planes results in phase insta-
bility. Figure 3(b) shows the estimated energy variation
upon changing the in-plane area of the hexagonal cells for
the corresponding HfO2 phases. It is seen from Fig. 3(b)
that the P21/c phase remains the most stable, and the R3m
phase is the least stable under the considered strains. We
note here that Liu and Hanrahan previously found that the
Pca21 and Pbca phases were more stable than the P21/c
phase for [111]-oriented HfO2 under compressive strain
[14]. The disagreement with our results could be because
the difference of the in-plane areas of the P21/c phase with
different 〈111〉 orientations was not considered in their
study.

From the above calculation, the R3m phase of HfO2 is of
higher energy than that of the other considered competing
polymorphs under either volumetric strain or plane strain
in the bulk form. Considering another experimentally

observed fact that ferroelectric polarization of the R3m
HfO2 film is more pronounced at smaller thicknesses [22],
we further investigate the effect of thin-film size on the
phase stability of [111]-oriented HfO2. The 〈111〉-oriented
HfO2 thin films are constructed with the Hf-O2 layer num-
bers (N ) varying from one to nine, as shown in Fig. 4(a). In
these calculations, both the lattice and atomic coordinates
are allowed to fully relax to obtain stress-free configura-
tions of the HfO2 thin films for each phase. Although the
symmetry of bulk phases is reduced for the corresponding
films, we keep the same notation for both bulk and film
phases. Figure 4(b) shows the total energy of a thin film
normalized per one Hf-O2 layer (4 Hf and 8 O atoms) as
a function of film thickness across the three HfO2 poly-
morphs. Overall, it is seen that the energies of the HfO2
thin films increase upon reducing the film thickness for all
phases, due to the increasing proportion of surface energy.
The energy of the P21/c phase increases rapidly when the

(a) (b) FIG. 4. (a) Atomic structure of
[111]-oriented R3m-phase HfO2
thin film with N = 5 plotted using
VESTA software. (b) Total ener-
gies of different phases for 〈111〉-
oriented HfO2 thin films per Hf-O2
layer. Total energy of stress-free
bulk P21/c HfO2 per 12 atoms set
to be zero. Since the P42/nmc phase
for many thicknesses is not stable,
their energies are not given here.
Pca21 phase is also not stable for
N = 1 and 2.
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(a) (b) FIG. 5. (a) Average d111 and
d11−1 of R3m HfO2 thin films with
different thicknesses. (b) Total
energies per Hf-O2 layer and in-
plane lattice constants of 〈111〉-
oriented HfO2 thin films with dif-
ferent thicknesses. Symbols on
each line from the left to right
denote N = 1 to 9, and the last
point is the data of bulk for each
phase. Error bars denote length
difference of the two in-plane lat-
tices of each phase.

film thickness decreases from nine to one Hf-O2 layers,
while the variation of the energy for the R3m phase is
much slower. From the computed energies of thin-film and
bulk HfO2, the surface energies for R3m[111], Pca21[111],
P21/c[111], and P21/c[11−1] are estimated at 2.48, 3.10,
3.65, and 2.79 eV per surface unit cell (i.e., 0.91, 1.10,
1.20, and 1.02 J/m2), respectively, according to formula
(3) of Ref. [29], where En is the total energy of the thin
film with nine Hf-O2 layers; �En is the energy difference
between the thin films with eight and nine Hf-O2 layers,
and n equals the maximum Hf-O2 layer number, which is
nine. Generally, these surface energies of the {111} planes
are much lower than those of the {100} planes in Ref.
[21], which make the 〈111〉-oriented epitaxial growth of
HfO2 films more favorable. It is interesting to observe in
Fig. 4(b) that the R3m phase is more stable than that of
the Pca21 phase if the film thickness is less than five Hf-
O2 layers. Moreover, R3m HfO2 becomes the most stable
phase under extreme film thicknesses (N = 1, 2). This sug-
gests that the R3m HfO2 phase may be stabilized under the
small thickness due to its lower surface energy displaying
robust ferroelectric polarization.

We next discuss the structural properties of the 〈111〉-
oriented HfO2 thin films. First, the d spacing for the
relaxed [111]-oriented R3m HfO2 thin films is analyzed.
It is seen from Fig. 5(a) that d111 is larger than d11−1
for the R3m HfO2 films for all thicknesses considered in
this study. The difference between d111 and d11−1 grad-
ually increases with a decrease in the film thickness,
which is in agreement with experimental data obtained
for Hf0.5Zr0.5O2 [22]. Figure 5(b) shows how the thin-film
energies and the in-plane lattice constants change when the
〈111〉-oriented HfO2 film thickness increases from N = 1
to 9. It is seen that the in-plane lattice constants decrease
and the average energies increase upon reducing the film
thickness. The decrease in the in-plane lattice constant of
R3m HfO2 with N is especially pronounced – it shrinks
by almost 4% for the N = 4 film relative to that of bulk
R3m HfO2. This indicates that the in-plane compressive
strain for the R3m HfO2 thin film is substantially facilitated
by size effects. In Fig. 5(b), we also depict the difference
between the two in-plane lattice constants for each phase

through the error bars to show their in-plane structural
asymmetry. It is seen that the two in-plane lattices are the
same for the R3m thin film, while the lengths for the two
in-plane lattices for the [111]-oriented Pca21 and P21/c
phases are different. Furthermore, the difference in length
for the two in-plane lattices for the [11−1]-oriented P21/c
phase is significant. The polarization magnitude of the thin
films is not calculated in this paper due to the disadvantage
of the Berry phase method in describing polarization of the
film.

From existing experiments and present calculations, it is
seen that a substantial in-plane strain (∼5%) is required
for [111]-oriented R3m HfO2 to exhibit a noticeable
polarization. From Fig. 5(b), it is expected that the R3m
phase would be favorable if the (doped) HfO2 film were
grown on a substrate with smaller in-plane lattice con-
stants. Besides the epitaxial strain, the structural symmetry
of the substrates is also believed to play an important role
on the phase stability of the HfO2 thin film from our calcu-
lations. The significant difference between the two in-plane
lattice constants of the 〈111〉-oriented P21/c HfO2 thin
film [shown in Fig. 5(b)], especially the [11−1]-oriented
one, indicates that the P21/c phase may be inhibited when
the (doped) HfO2 film is grown on a substrate with spe-
cific symmetry. Additionally, we believe that the interfacial
effects and electrostatic screening from the electrode-HfO2
interface can also be important factors for the stability of
the R3m phase, which have not been studied in this work,
since electrostatic screening would weaken the depolar-
ization electric field in the thin film and make the polar
phase, such as R3m, more stable. Furthermore, the effects
of doping and defects may also play important roles in the
stability and ferroelectric polarization of the R3m phase in
practical HfO2-based thin films.

IV. CONCLUSIONS

In summary, we examine the effects of strain and
film thickness on the emergence of ferroelectricity in
rhombohedral-phase-based HfO2 thin films. Through the
calculation of spontaneous polarization as a function of
applied strain, we demonstrate that relatively large strain
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(∼5%) is necessary for ferroelectric polarization of the
R3m phase to be comparable with the experimentally
observed value. We find that, under the in-plane compres-
sive strain, the [111]-oriented R3m phase exhibits a vertical
long and short Hf—O bonding order, which is the ori-
gin of significant ferroelectric polarization. However, the
bulk R3m phase is determined to be less stable than the
ground-state P21/c polymorph, regardless of the imposed
volumetric or plane strains. Nevertheless, it is found that
the R3m phase becomes the most stable phase at extremely
small thicknesses of thin films. The obtained results sug-
gest that the R3m phase responsible for the emergence of
ferroelectricity in HfO2 thin films can be stabilized under
the combined effects of size and strain.
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