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Abstract 

We used density functional theory to assess the stability of nonpolar tetragonal (P42/nmc) 

HfO2(110) reconstructed surfaces and the effect of polarization on the stability of the 

corresponding surfaces of polar orthorhombic (Pca21) HfO2(001). The models consisted of nine-

formula-unit-thick slabs with two-formula-unit surface unit cells. We determined an oxygen-

terminated surface reconstruction to be the most stable surface for the nonpolar HfO2 slab, with 

one oxygen atom per formula unit on both sides of the slab (1.0-O/1.0-O). For the same surface 

composition, the ferroelectric displacements in the polar orthorhombic slab result in band bending 

that leads to the migration of charge carriers to the surface (with sign opposite to that of the surface 

polarization charge) which metallizes the surface to eliminate or reduce the net out-of-plane dipole. 

Ionic passivation also is effective at screening the polarization charge, which therefore alleviates 

band bending leading to stabilization. This is achieved via a nonstoichiometric surface 

reconstruction, in which the most stable positively polarized side is oxygen-terminated with 1.5 
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oxygen atoms per formula unit, while the negatively polarized side has one oxygen atom per 

formula unit (P+:1.5-O/P-:1.0-O). This work establishes a link between the stability of the surface 

reconstruction and the ferroelectric polarization in HfO2, which is important for the technological 

need to control ferroelectric performance at the nanoscale. 

 

I. Introduction  

Ferroelectric HfO2 and HfO2-based materials have garnered great interest among 

researchers for next-generation electronic devices, e.g., as a component of ferroelectric random-

access memory or ferroelectric field-effect transistors [1-3]. The discovery of ferroelectricity in 

HfO2 thin films is fortuitous as hafnia is integrated already in existing silicon technology and its 

ferroelectric properties can scale well below 10 nm, which circumvents conventional size 

limitations of perovskite ferroelectrics [4,5]. The robust ferroelectric behavior in nanoscale HfO2 

originates in part from the small depolarization field and energy cost of domain wall formation 

compared to conventional perovskite ferroelectrics [6]. Researchers ascribed the observed 

ferroelectricity in thin film HfO2 to the formation of the polar orthorhombic (Pca21) phase [7,8]. 

Although other polar phases of HfO2 exist in the bulk that are comparable in thermodynamic 

stability, e.g., Pmn21 and Pbca, as identified by prior computational and experimental 

investigations [9-14], none of the polar phases is more stable than the monoclinic (P21/c) HfO2 

phase at low temperatures and pressures [9,15]. In general, multiple reasons may contribute to the 

emergence of unexpected ferroelectricity in HfO2, with various studies exploring the effects of 

dopants [7,16-18], oxygen vacancies [19-22], applied electric-fields [10,12], and strain [10,13,23]. 

Several prior studies have sought to understand the role of the surface in stabilizing 

ferroelectricity in HfO2 thin films. Materlik et al. first used a phenomenological model to predict 
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the surface energy and found that one can stabilize ferroelectric HfO2 grains (Pca21) below 5 nm 

[24], although the authors provided no direct empirical or first-principles quantum mechanics 

evidence. Batra et al. studied the role of film thickness [25] and found that at small dimensions (~ 

5 nm), certain surface planes may stabilize the polar orthorhombic (Pca21 & Pmn21) phases over 

the nonpolar monoclinic (P21/c) or tetragonal (P42/nmc) phases because they yield lower surface 

energies. However, the above-mentioned studies did not consider the influence of a range of 

surface stoichiometries on the surface stability of ferroelectric and nonferroelectric HfO2. 

Experimentalists also have investigated interfaces that HfO2 forms with different electrode 

materials. The chemistry and concentration of oxygen vacancies at the boundaries depend on the 

choice of the electrode, which can impact strongly the resulting ferroelectric properties after 

annealing [26-29]. Recent examples include a study by Szyjka et al. finding that exposure to 

oxygen before deposition of the HfO2 can control the initial oxidation of a TiN bottom electrode, 

which directly correlates with the strength of the remnant ferroelectric polarization after annealing 

[30]. A similar study by Fields et al. on Hf1-xZrxO2 also highlights that the relative stoichiometry 

of a TaNx electrode interfaced with Hf1-xZrxO2 impacts the resulting fraction of the orthorhombic 

phase and strength of the remnant ferroelectric polarization after annealing [31]. During electric 

field cycling, researchers also observed oxygen vacancy redistributions toward or away from 

electrodes, leading to stabilization of the orthorhombic phase and increased ferroelectric 

polarization, the behavior of which strongly depends on the electrode interface chemistry [32-34]. 

Evidently, the stability of ferroelectricity in HfO2-based ferroelectrics is sensitive to the interfacial 

chemistry, and an increased understanding of the relationship between the surface composition 

and ferroelectric polarization can help guide the design and optimization of devices containing a 

ferroelectric component.  
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To explore the effect of polarization on the surface stability and reconstruction, here we look 

at the closely related paraelectric tetragonal (P42/nmc) and ferroelectric orthorhombic (Pca21) 

HfO2 phases, where small ferroelectric displacements facilitate a nonpolar to polar transformation 

between the two phases. Specifically, we investigated the (110) and (001) surfaces of the tetragonal 

and orthorhombic phases, respectively, where the [110] direction in the nonpolar tetragonal phase 

corresponds to the [001] direction in the ferroelectric orthorhombic phase, which in turn follows 

the same direction as the maximum polarization vector in the latter phase.   

The presence of a surface/vacuum or air interface presents the need for electrostatic charge 

compensation mechanisms to avoid electrostatic potential divergence due to unscreened 

polarization. In a stoichiometric ferroelectric surface, we can expect charge compensation to occur 

through electronic reorganization (electrons moving from the surface facing negative polarization 

to the surface facing positive polarization) often leading to surface metallization. This is because 

the electrostatic potential drives the surface bands to become partially occupied. Formation of 

nonstoichiometric surfaces also can provide the required electron and hole screening of surface 

bound charges [35-37]. Thus, because both stoichiometry and polarization themselves contribute 

to the surface stability, here we decouple the effect of surface polarization and surface 

reconstruction by first identifying the most energetically stable tetragonal HfO2 slab surface 

stoichiometry. We then turn on the polarization in the bulk of the tetragonal slab through the 

displacements that characterize the tetragonal to orthorhombic phase transition. This enabled us to 

determine the effect of ferroelectric polarization on surface stability and composition.  
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II. Methods 

A. General parameters in periodic planewave DFT 

 To model HfO2 surfaces, we carried out density functional theory (DFT) calculations under 

periodic boundary conditions using the Vienna ab initio simulation package (VASP) version 5.4.4 

[38]. We employed the Perdew-Burke-Ernzerhof generalized gradient approximation exchange-

correlation (PBE XC) functional [39].  

 We used Monkhorst-Pack meshes [40] for k-point sampling of the Brillouin zone and a 

kinetic energy cutoff of 800 eV for the plane wave (PW) expansion of the wave functions, in 

conjunction with the projector augmented-wave (PAW) method [41]. The latter utilizes projector-

based potentials to describe the effect of the nuclei and (frozen atomic) core electrons on the outer-

core/valence electrons, where the latter’s energy and spatial distributions are solved for self-

consistently within DFT. Here, we used standard VASP PAW potentials where the 2s and 2p 

electrons for O and the 5s, 5p, 6s, and 5d electrons for Hf are treated self-consistently. We used 

Gaussian electronic smearing with a width 0.01 eV to aid the electronic convergence. 

 

B. Bulk simulations 

We used a 6×6×4 k-point mesh for the two-formula-unit bulk primitive tetragonal cell and 

a 4×4×4 k-point mesh for the four-formula-unit bulk orthorhombic unit cell to maintain 

comparable k-point spacing between the structures. The convergence of the total energy with 
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respect to the k-point mesh density and PW kinetic energy cutoff for bulk orthorhombic HfO2 

confirm that our chosen parameters are sufficient to achieve convergence to within 1 meV/atom 

(Fig. S1) [42]. During lattice-vector and atomic-coordinate optimization, all atoms relaxed until 

the absolute atomic force components were less than 0.001 eV/Å and the absolute value of the 

pressure was less than 0.03 kbar. The equilibrium lattice parameters thus obtained for the 

tetragonal phase are a= b= 3.594 Å, c= 5.230 Å, and α, β, γ = 90° whereas for the orthorhombic 

phase, they are a= 5.274 Å, b= 5.056 Å, c= 5.086 Å, and α, β, γ = 90° (conventionally, the longest 

axis is assigned as c; here we swap the conventional a and c axes so that the polarization vector is 

along c, vide infra). Hereafter, these bulk vector assignments will be used. The calculated lattice 

parameters compare well to the measured or previously computed lattice parameters (using VASP 

with the same PBE XC functional; Table S1) [42]. 

We calculated the bulk orthorhombic structure to be 82 meV/HfO2 lower in energy than 

the bulk tetragonal structure, which agrees well with previously reported DFT results also using 

the PBE XC functional [9]. The phonon densities of states of the bulk structures (Fig. S2) confirm 

these relaxed structures to be energy minima [42]. We present further validation of the method 

choice with respect to bulk phase transformation thermodynamics in Table S2 of the SI [42]. 

We also plot the densities of states for the bulk tetragonal and orthorhombic structures in 

Fig. S3 [42]. Despite the good agreement between experiment and DFT-PBE (i.e., DFT with the 

PBE XC functional) for the structural parameters and relative thermodynamic stability of the HfO2 

phases, their measured band gaps as expected are underestimated by pure DFT eigenvalue gaps 

[43]. Recall that DFT gaps do not correspond directly to measured band gaps, which involve 

excited states (for optical or photoemission-derived gaps). DFT only delivers the difference 

between conduction and valence band edge ground-state energies and formally is expected to yield 
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a lower bound due to the lack of derivative discontinuity of the XC functional [44,45]. For HfO2, 

the DFT-PBE eigenvalue gaps are respectively 4.67 and 4.34 eV for the tetragonal and 

orthorhombic phases whereas the measured band gap of HfO2 thin films using X-ray photoelectron 

spectroscopy and spectroscopic ellipsometry is between ~5.25-5.95 eV [46-49]. These large 

eigenvalue gaps are a consistent lower bound for the actual gap and are sufficient to represent 

properly the insulating nature of hafnia. Hybrid XC functionals, e.g., B3LYP or B3PW, could be 

utilized instead, as they often fortuitously achieve eigenvalue gaps that are closer to experimental 

band gaps, largely through a cancellation of errors (Hartree-Fock gaps being too large and with 

pure DFT gaps too small, a linear combination can be “just right”). More properly, post-DFT 

many-body theory (GW, Bethe-Salpeter equation, etc.) can calculate actual band gaps, e.g., for 

transition-metal-based ferroelectrics [50-53]. However, both hybrid DFT and post-DFT many-

body theories are significantly more computationally expensive than pure DFT, which is sufficient 

for our purposes here. 

C. Surface simulations 

 We constructed the HfO2 slab supercell structures composed of approximately nine 

formula units of HfO2 layers (17 - 19 Hf and O "half-layers": here we define a full layer to consist 

of an Hf half-layer and an O half-layer) along the surface normal direction. Each half-layer consists 

of either two Hf or four O atoms, except for the outermost surface layers. The surface area of each 

side of the slabs corresponds to two bulk formula units. We constructed them initially from their 

relaxed bulk tetragonal and orthorhombic structures. The tetragonal slab has in-plane lattice 

vectors of 5.230 × 5.083 Å2 or c × a√2, where a and c are the lattice vector lengths of the tetragonal 

phase reported above. The corresponding vectors of the tetragonal slab with respect to the bulk 

are, namely, �̂�(slab) = �̂�(bulk), �̂�(slab) = �̂�(bulk)−�̂�(bulk), and �̂�(slab) is parallel to 
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�̂�(bulk)+�̂�(bulk), with the bulk tetragonal vectors defined above. The orthorhombic slab has in-

plane lattice vectors of 5.056 × 5.274 Å2 or b × a, where b and a are the lattice vector lengths of 

the orthorhombic phase reported above. The corresponding vectors of the orthorhombic slab with 

respect to the bulk are, namely, �̂�(slab) = �̂�(bulk), �̂�(slab) = −�̂�(bulk), and �̂�(slab) is parallel to 

�̂�(bulk), with the bulk orthorhombic vectors defined above. We introduced a vacuum width of ~15 

Å along the surface normal direction. We used a 4×4×1 k-point mesh for the supercell slabs. We 

allowed all atoms to relax until the absolute atomic force components were less than 0.01 eV/Å. 

 We fixed the middle five half-layers (three Hf and two O half-layers) during relaxation of 

the supercell slabs to simulate a bulk-like interior boundary condition for the surfaces. We 

introduced dipole corrections (both energy and potential) for the slabs constructed from the bulk 

orthorhombic phase to further eliminate spurious interactions between periodic images across the 

vacuum layer. Table S3 shows calculations of the surface vibrational mode frequencies for the 

three lowest-energy surface compositions of the tetragonal and orthorhombic slab surfaces and 

confirms the ionically converged structures to be energy minima with no imaginary frequencies 

persisting along the relaxed coordinates [42].  

To verify that the orthorhombic phase in the polar HfO2 slabs persists towards the surface 

beyond the fixed middle layers, we plot in Figure S4 the interlayer distances between each Hf 

half-layer to the next and the intralayer polar displacements of O atoms within each O half-layer 

for select stable surface compositions (vide infra) [42]. The spacings remain close to the bulk 

orthorhombic values except for the surface layers (which would be expected to deviate due to the 

presence of vacuum), validating the boundary condition choice we imposed.  



9 
 

 

D. Surface energy  

 To compare the thermodynamic stability of various surfaces, we evaluated their surface 

energy (γ). Following the derivation for a transition metal oxide discussed in prior bodies of work, 

see ref. [54], we first defined an average surface free energy (top and bottom surfaces) using the 

Gibbs free energy of a slab, 𝐺𝑠𝑙𝑎𝑏(𝑇, 𝑝, 𝑁𝐻𝑓 , 𝑁𝑂): 

 𝛾𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =
1

2𝐴
(𝐺𝑠𝑙𝑎𝑏(𝑇, 𝑝, 𝑁𝐻𝑓 , 𝑁𝑂) − 𝑁𝐻𝑓𝜇𝐻𝑓(𝑇, 𝑝) − 𝑁𝑂𝜇𝑂(𝑇, 𝑝)) (1) 

where NHf and NO are the numbers of Hf and O atoms in the slab supercell, 𝜇𝐻𝑓 and 𝜇𝑂 are the 

chemical potentials of Hf and O atoms in the reservoir (environment), and A is the surface area of 

one side of the slab. Because the bulk phase must be in equilibrium with the chemical reservoirs 

in order to exist, the Gibbs free energy of bulk HfO2 must be: 𝑔𝐻𝑓𝑂2

𝑏𝑢𝑙𝑘 (𝑇, 𝑝)  =  𝜇𝐻𝑓(𝑇, 𝑝) +

 2𝜇𝑂(𝑇, 𝑝). Substituting 𝑔𝐻𝑓𝑂2

𝑏𝑢𝑙𝑘 (𝑇, 𝑝) − 2𝜇𝑂(𝑇, 𝑝) for 𝜇𝐻𝑓(𝑇, 𝑝) in the 𝛾𝑎𝑣𝑒𝑟𝑎𝑔𝑒 expression above, 

we have a surface energy expression that depends only on the chemical potential of O: 

 

𝛾𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =
1

2𝐴
(𝐺𝑠𝑙𝑎𝑏(𝑇, 𝑝, 𝑁𝐻𝑓 , 𝑁𝑂) − 𝑁𝐻𝑓𝑔𝐻𝑓𝑂2

𝑏𝑢𝑙𝑘 (𝑇, 𝑝) − (𝑁𝑂 − 2𝑁𝐻𝑓)𝜇𝑂(𝑇, 𝑝)) (2) 

We approximate the free energies of the bulk and the slabs using only DFT-PBE energies. This is 

because we expect that the vibrational free energy contributions from the bulk and surface mostly 

to cancel out. The chemical potential of oxygen, 𝜇𝑂(𝑇, 𝑝), can be expressed by the following 

Gibbs-Duhem equation for an ideal gas: 

 
𝜇𝑂(𝑇, 𝑝) =

1

2
𝜇𝑂2

(𝑇, 𝑝) =
1

2
𝜇𝑂2

(𝑇, 𝑝°) +  
1

2
𝑘𝑇𝑙𝑛 (

𝑝

𝑝°
) (3) 
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where 𝜇𝑂2
is the chemical potential of the O2 gas and we need to find the temperature dependence 

of 𝜇𝑂(𝑇, 𝑝) at a particular partial pressure of O2 (𝑝, with 𝑝° = 1 bar). In this case, we chose the 

reference state of 𝜇𝑂(𝑇, 𝑝°) with respect to an isolated (gaseous) O2 molecule:  

 

𝜇𝑂(𝑇, 𝑝°) =
1

2
𝜇𝑂2

(𝑇, 𝑝) =  
1

2
[{𝐻(𝑇, 𝑝°, 𝑂2) − 𝐻(0 𝐾, 𝑝°, 𝑂2)} −  𝑇𝑆(𝑇, 𝑝°, 𝑂2)] (4) 

We express 𝐻(0 𝐾, 𝑝°, 𝑂2) as: 

 
𝐻(0 𝐾, 𝑝°, 𝑂2) = 2(𝐸O

DFT − ∆𝐸𝑓,𝑂(0 𝐾, 𝑝°)) (5) 

where 𝐸O
DFT and ∆𝐸𝑓,O(0 K, 𝑝°) are respectively the DFT energy of an O atom in vacuum (in a 

periodic asymmetric 8.0 × 7.5 × 7.0 Å3 box to obtain the 3P ground state) and the empirically 

extrapolated formation energy of an O atom from O2 at 0 K and 1 bar. The DFT-PBE binding error 

for O2 can be as large as ~ 0.9 eV/O2 [39], therefore requiring an empirical correction to the 

simulation of an isolated O atom in DFT instead. To calculate 𝐻(𝑇, 𝑝°, 𝑂2) − 𝐻(0 K, 𝑝°, 𝑂2), we 

first use the tabulated data for the reference enthalpy of O2 at 1 bar for 0 K and 298 K to obtain 

𝐻(298 K, 𝑝°, 𝑂2) − 𝐻(0 K, 𝑝°, 𝑂2) [55], and then used the Shomate equation to determine the 

enthalpy at T relative to 298 K: 

 

𝐻(𝑇, 𝑝°, 𝑂2) − 𝐻(298 K, 𝑝°, 𝑂2) = 𝐴𝑇 + 𝐵𝑇2

2⁄ + 𝐶𝑇3

3⁄ + 𝐷𝑇4

4⁄ − 𝐸
𝑇⁄ + 𝐹 − 𝐻 (6) 

where Table S4 displays the constants 𝐴 to 𝐻 for 100 - 700 K and 700 - 1000 K (taken from Ref. 

[56]). Hence: 

𝐻(𝑇, 𝑝°, 𝑂2) − 𝐻(0 K, 𝑝°, 𝑂2)

= [𝐻(𝑇, 𝑝°, 𝑂2) − 𝐻(298 K, 𝑝°, 𝑂2)]  + [𝐻(298 K, 𝑝°, 𝑂2) − 𝐻(0 K, 𝑝°, 𝑂2)] 
(7) 
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Similarly, for 𝑆(𝑇, 𝑝°, 𝑂2) we used the Shomate equation: 

 

𝑆(𝑇, 𝑝°, 𝑂2) = 𝐴 ln 𝑇 + 𝐵𝑇 + 𝐶𝑇2

2⁄ + 𝐷𝑇3

3⁄ − 𝐸
2𝑇2⁄ + 𝐺 (8) 

using the same above-mentioned constants and an additional constant 𝐺 (also shown in Table S4) 

[42]. 

 

III. Results and Discussion 

A. Bulk Structures 

We used the conventional two-formula-unit structure shown in Figure 1(a) for the initial 

bulk structure convergence of the tetragonal (P42/nmc) phase. The orthorhombic (Pca21) HfO2 

unit cell can be regarded as a distorted tetragonal HfO2 unit cell where half the unit resembles, 

with minor distortion, the parent tetragonal phase while the other half exhibits significant polar 

distortions [6,57]. Reorientation of the tetragonal phase (Figure 1(b)) such that planes that consist 

exclusively of Hf and O atoms align with the analogous planes in the orthorhombic phase (Figure 

1(c)), which better illustrate the transformation from the nonpolar tetragonal to the polar 

orthorhombic HfO2 phase. The polarization along the [001] axis of the orthorhombic phase 

corresponds to the polarization along the [110] axis of the tetragonal phase accompanying the 

changes in the length of the lattice vectors (compare Figure 1(b) and Figure 1(c)). The bulk atomic 

structures (and the surfaces in the following sections) were visualized using VESTA [58].   
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Figure 1: (a) Structure of the conventional two-formula-unit nonpolar tetragonal (P42/nmc) HfO2 

phase. (b) Four-formula-unit supercell of the tetragonal phase shown in (a), re-oriented such that 

the new a, b, and c axes are now along [1̅10], [001], and [110] directions of the conventional 

tetragonal vectors, respectively. (c) Four-formula-unit supercell of the polar orthorhombic (Pca21) 

HfO2 phase. The polarization vector lies along the c-axis [001] direction, as indicated by the 

overlaid arrow. For all the structures, Hf and O atoms are shown as green (large) and red (small) 

spheres, respectively. The fainter atoms are farther away from the viewer.  

 

B. Surface Structures 

We constructed supercell slab structures consisting of nine Hf and ten O half-layers (~ nine-

formula-units thick with each half-layer composed of either two Hf or four O atoms, i.e., two-

formula units) from their respective nonpolar bulk tetragonal ((110) surface) and polar bulk 

orthorhombic ((001) surface) phases such that the polarization vector points normal to the surface 

of the orthorhombic slab (as portrayed in Figure 1, see also Methods section for a more detailed 

description on how the slabs were constructed). Additionally, we fixed the middle three Hf and 

two O half-layers for all slabs to their bulk-like arrangement to simulate a semi-infinite-bulk-like 

boundary condition for the surface atoms and to avoid spurious phase transformations. 

We then generated slab supercells with surfaces of varying composition terminated with the 

following stoichiometric or off-stoichiometric terminations per surface unit cell: 2.0-O, 1.5-O, 1.0-

O, 0.5-O, 1.0-Hf, and 0.5-Hf. We named the surfaces according to the atoms that compose their 

outermost layer and their number per formula unit. Each surface unit cell has an area corresponding 

to two-formula units (see Figures 2 and 3 and their corresponding legend), therefore, an O-
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terminated surface with three O atoms per surface unit cell is named 3/2-O or 1.5-O, so that the 

names reflect the surface composition per surface formula unit. Among the compositions explored, 

the stoichiometric slabs are those with 1.0-O or 0.5-Hf terminations on both surfaces. We created 

the surfaces by removing O or Hf atoms starting from slabs with either 2.0-O or 1.0-Hf surfaces 

until we achieved the compositions listed above. We included slab supercells consisting of both 

compositionally symmetric and asymmetric surface terminations to explore the effect of the 

positive versus negative surface polarizations of the polar slabs in stabilizing different surface 

compositions. Therefore, along with compositionally symmetric slabs, namely, 2.0-O/2.0-O, 1.5-

O/1.5-O, 1.0-O/1.0-O, 0.5-O/0.5-O, 1.0-Hf/1.0-Hf, and 0.5-Hf/0.5-Hf, we studied a select set of 

compositionally asymmetric slabs, namely, 1.5-O/1.0-O, 1.5-O/0.5-O, and 1.5-O/0.5-Hf (we 

provide below a rationale on why we targeted these asymmetric slabs). We named the slabs 

according to the composition of their top and bottom surfaces (whose naming scheme is discussed 

above). For example, 1.0-O/1.0-O refers to a supercell slab with both top and bottom surfaces 

terminated with two O atoms per surface unit cell (recall a surface unit cell is composed of two 

formula units, therefore the designation 1.0-O shows surface composition in per surface formula 

unit basis as explained above). Surface 1.5-O/1.0-O refers to a supercell slab with three O atoms 

per surface unit cell at one surface and two O atoms per surface unit cell at the opposite surface. 

Note that for the orthorhombic slab, the top surface faces the positive polarization, while the 

bottom surface faces the negative polarization. 

It is possible to construct several unique permutations of the same surface composition when 

starting with an unrelaxed slab constructed from atomic positions in the respective bulk phase of 

the tetragonal and orthorhombic HfO2 crystals. The initial surface configuration influences the 

surface energetics and not all supercell slabs necessarily relax to the same final structure or energy. 
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For example, for a supercell slab constructed from the bulk orthorhombic phase, we can create a 

single O vacancy by removing an O from either the polar or nonpolar half-unit (see Figure 1(c)c). 

The data and structures presented here are calculated for the most thermodynamically stable of the 

multiple unique initial surface configurations explored. We explored other surface configurations 

of the same surface type; Tables S5 and S6 provide a tabulation of the number of configurations 

sampled and their average surface energies at 900 K and 1 bar O2 [42]. For some surface 

compositions, the surface energy is very dependent on the initial unrelaxed surface construction, 

e.g., for the orthorhombic 1.0-O/1.0-O slabs, surface energies varied by a range of 0.55 J/m2 (Table 

S6) [42].  

Figures 2 and 3 respectively show the surface views of the relaxed nonpolar and polar slabs 

for the range of surface compositions explored. We faded-out the atoms lying in deeper layers in 

the surface view for clarity and the atoms in the outermost layers within a 1×1 unit cell area are 

circled. Additionally, the full profile view shows the most stable compositionally symmetric and 

asymmetric slabs.  

For the polar orthorhombic slabs, we later discuss the need for construction of asymmetric 

surface terminations shown in Figure 3(b) to identify the thermodynamically most stable 

ferroelectric surfaces. For direct comparison to these asymmetric surface compositions, we also 

construct nonpolar tetragonal slabs shown in Figure 2(b) that parallel the asymmetric surface 

compositions of the polar orthorhombic slabs. 

The reconstructions after relaxation of both surfaces of the compositionally symmetric 

nonpolar slabs mirror each other, as expected. The reconstructions of the two surfaces of the 

compositionally asymmetric nonpolar slabs, on the other hand, do not lead to the same structural 

configuration as the surfaces from their equivalent compositionally symmetric slab counterpart. 
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For the polar slabs, two surfaces with a symmetric composition but with opposite polarization, 

positive (P+) for the top and negative (P-) for the bottom, did not reconstruct to be mirror 

configurations after relaxation. In almost all cases, the surface atoms roughly remain in their bulk-

like lattice positions in the surface plane with primary relaxations along the surface normal – this 

is true for both the tetragonal and orthorhombic phases (Figures 2 and 3). The only glaring 

exception is the 1.5-O/1.5-O orthorhombic slab where the P- O atoms undergo significant 

rearrangement, which will we discuss in more detail below. 

In the following sections, we discuss the relative stabilities of the surface structures and 

evaluate their electronic structures as a means to explain their stability or instability. We proceed 

with the nonpolar cases first; then we compare them with the polar cases.  

 

 

Figure 2: Relaxed structures for compositionally (a) symmetric and (b) asymmetric nonpolar 

tetragonal HfO2 supercell slabs. Profile views are shown only for the most stable compositionally 

symmetric and asymmetric slabs among all compositions studied. Top and bottom views of the 
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slabs are shown for the most stable configuration for a given composition. The composition of the 

outermost layers in terms of atoms per surface unit cell is labeled for the top and bottom layer 

above each structure. The fainter atoms are farther away from the viewer. Outermost atoms are 

circled within a 1x1 lateral unit cell that contains two formula-units (purple-dashed box).  

 

 

 

Figure 3: Relaxed structures for most stable compositionally (a) symmetric and (b) asymmetric 

orthorhombic HfO2 supercell slabs. Profile views are shown only for the most stable 

compositionally symmetric and asymmetric slabs among all compositions studied. Top and bottom 

views of the slabs are shown for the most stable configuration for a given composition. The 

composition of the outermost layers in terms of atoms per surface unit cell is labeled for the top 

(P+) and bottom (P-) layer above each structure. To disambiguate the nomenclature for the 

compositionally asymmetric slabs, we use P+ and P- to refer to the composition of the positively 

and negatively polarized surfaces, respectively. The fainter atoms are farther away from the 

viewer. Outermost atoms are circled within a 1x1 lateral unit cell that contains two formula-units 

(purple-dashed box).  

 

C. Surface Energies  

Figures 4 and 5 display the surface energies for the most thermodynamically stable 

configurations of tetragonal HfO2(110) and orthorhombic HfO2(001) slabs at each surface 
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composition explored as a function of both temperature (at 1 bar O2) and pressure (at 900 K). 

Experimentally relevant ranges for crystallization of HfO2 thin films were used for the choice of 

temperature and pressure: magnitudes of pressure experimentally explored range from ultra-high 

vacuum to high pressure annealing and temperatures up to near 1100 K have been applied to 

explore the tetragonal/orthorhombic phase boundary [21,59-61].  

 

Figure 4: Plot of surface energy as a function of (a) temperature from 100 K to 1100 K and (b) 

pressure from 10-12
 bar to 102 bar for compositionally symmetric and asymmetric tetragonal 

HfO2(110) slabs.  
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Figure 5: Plot of surface energy as a function of (a) temperature from 100 K to 1100 K and (b) 

pressure from 10-12
 bar to 102 bar for compositionally symmetric and asymmetric orthorhombic 

HfO2(001) slabs. To disambiguate the nomenclature for the compositionally asymmetric slabs, we 

use P+ and P- to refer to the composition of the positively and negatively polarized surfaces, 

respectively.  

 

The slope of the surface energies arises from off-stoichiometry from the bulk Hf:O ratio of 

1:2, which is reflected in the term (𝑁𝑂 − 2𝑁𝐻𝑓)𝜇𝑂(𝑇, 𝑝) in the reduced surface energy expression 

(section II-D). When 𝑁𝑂 > 2𝑁𝐻𝑓, then the average surface energy (𝛾𝑎𝑣𝑒𝑟𝑎𝑔𝑒) positively correlates 

with 𝜇𝑂(𝑇, 𝑝) whereas when 𝑁𝑂 < 2𝑁𝐻𝑓, a negative correlation between 𝛾𝑎𝑣𝑒𝑟𝑎𝑔𝑒 and 𝜇𝑂(𝑇, 𝑝) 

exists. On the other hand, 𝜇𝑂(𝑇, 𝑝) of the reservoir decreases with temperature T (primarily due to 

an increase in gas-phase entropy) but increases with O2 partial pressure p (as expressed in the 

Gibbs-Duhem relation for an ideal gas, section II-D). The former (off-stoichiometry) factor 

explains the varying dependence of surface energies with T and p among different compositions, 

while the latter (chemical potential) factor explains the opposite T and p trend for a given 

composition in Figures 4 and 5.  

For the compositionally symmetric tetragonal slabs (i.e., ignoring 1.5-O/1.0-O, 1.5-O/0.5-

Hf, and 1.5-O/0.5-O), the relative ordering of the surfaces with respect to stability for 100 <  T ≤

 1100 K and 1 bar Figure 4(a)) is: 1.0-O > 1.5-O > 0.5-Hf > 2.0-O > 0.5-O > 1.0-Hf, where “>” 

means more stable. Comparing to the compositionally symmetric ferroelectric orthorhombic slabs 

(Figure 5(a)), the same relative ordering of the surface stability holds at 400 - 1100 K and 1 bar 

except 1.5-O > 1.0-O (i.e., the 1.5-O/1.5-O line is lower in energy than the 1.0-O/1.0-O line within 

the entire temperature range investigated in Figure 5(a)). The relative stability of 0.5-Hf and 2.0-

O switches to 2.0-O > 0.5-Hf for T < 400 K (i.e., the 0.5-Hf/0.5-Hf line is higher in energy than 
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the 2.0-O/2.0-O line at lower temperatures). We discuss later the effect of having asymmetric 

stoichiometries between the top and bottom terminations on the surface energies.  

We can interpret the trends in stability of the surfaces primarily through electrostatics (in 

the absence of strong quantum mechanical influence, e.g., the breaking of covalent bonds 

producing “dangling bonds”). In general, a nonpolar surface is electrostatically stable without 

further surface modification or reconstruction needed (atomic or electronic). If one considers the 

tetragonal slab to be constructed from perfectly ionic equally spaced layers of pure Hf4+ and O2- 

building blocks, one should expect from simple charge accounting that the compositionally 

symmetric slabs that exhibit bulk stoichiometry (Hf:O = 1:2), namely, 1.0-O/1.0-O and 0.5-Hf/0.5-

Hf slabs to be stable [62]. Indeed, the stoichiometric slab with a symmetric 1.0-O/1.0-O surface 

composition is lowest in energy (Figure 4). We can attribute the higher instability of the 

compositionally symmetric 0.5-Hf/0.5-Hf terminated surface to the more significant loss in the 

coordination number (higher number of dangling bonds) of Hf compared to O at the surface 

compared to the bulk. Deviation from either of the above-mentioned compositions leads to higher 

energy. An excess of O is less destabilizing than a deficiency of O: compare 1.5-O/1.5-O and 0.5-

O/0.5-O in Figure 4. As expected, the former oxidizes surface O species while the latter reduces 

the Hf atoms in the layers below (vide infra). 1.0-Hf/1.0-Hf is very unstable (Figure 4) due to the 

surface Hf4+ being reduced to lower oxidation states and a higher number of Hf dangling bonds.     

Next, we consider stability trends for the polar orthorhombic slabs compared to the 

nonpolar tetragonal slabs. Despite similar composition between the tetragonal and orthorhombic 

phases, the non-centrosymmetric displacements of the Hf and O planes along the [110] direction 

of the tetragonal phase, which is along the [001] direction of the orthorhombic phase, result in a 

dipole and thus a polar (001) surface of the orthorhombic phase. We expect a polar surface to be 
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compensated by a surface charging mechanism which generally occurs through a modification of 

the number surface ions to form nonstoichiometric surfaces or through electronic reorganization 

and electron transfer towards or away from the surface, producing, e.g., surface metallization. We 

understand the former to be preferential as the compensation mechanism [35,36,63-65], given an 

available chemical reservoir that can exchange with ions or molecules. Here, the formation of polar 

orthorhombic slab surfaces resulting in a nonstoichiometric deviation from the bulk indeed leads 

to some degree of stabilization for the polar orthorhombic slab surfaces: compare 1.5-O/1.5-O vs 

1.0-O/1.0-O in Figure 5. Despite the compositional symmetry of the surfaces in 1.5-O/1.5-O, the 

distinct ability of O to form a bond with another surface O leads to formally compositionally 

asymmetric P+ and P- surfaces. As Figure 3a shows, the 1.0-O/1.0-O has all of its surface O 

coordinated only with Hf on both terminations – this in fact leads to surface metallization to 

(partly) screen the surface polarization (vide infra). In the 1.5-O/1.5-O, on the other hand, a pair 

of surface O on the P- surface form a bond of length 1.37 Å (Figure 3a), reminiscent of an average 

between a peroxide and superoxide bond [66]. This rearrangement does not appear in the 

corresponding 1.5-O/1.5-O tetragonal slab (Figure 2(a)). The formation of an O−O bond is 

favored on the P- because this surface would otherwise favor p-doping (O2
n- species are an 

oxidized form of O2- which may act as a positive localized surface defect). This eliminates the 

need for the P- to metallize (p-doped) to screen the polarization charge (vide infra).        

In fact, we can construct an orthorhombic slab with asymmetric composition between 

surfaces that has an even lower average surface energy which requires only half an additional O 

per surface-formula-unit at the P+ surface (to disambiguate the nomenclature for the 

compositionally asymmetric slabs, we use P+ and P- to refer to the composition of the positively 

and negatively polarized surfaces, respectively). For example, at 900 K and 1 bar, this asymmetric 
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orthorhombic slab with a surface composition of P+:1.5-O/P-:1.0-O has an average surface energy 

of 2.14 J/m2 compared to 2.22 J/m2 for the compositionally symmetric case of 1.5-O/1.5-O (Figure 

5). Although asymmetric reconstruction appears to be an effective mechanism to stabilize the polar 

phase, other examples of such modifications, namely, P+:1.5-O/P-:0.5-O and P+:1.5-O/P-:0.5-Hf, 

do not improve the average surface energy. The two latter examples expose more undercoordinated 

Hf, which also is unfavorable for the tetragonal phase. In P+:1.5-O/P-:0.5-O, the removal of O 

from, e.g., P-:1.0-O or P-:1.5-O to yield P-:0.5-O composition exposes the Hf in the layer below 

(Figure 3). 

The tetragonal slabs with an asymmetric surface termination have surface energies that are 

almost the average of energies of the surface stoichiometries from which they are derived. For 

example, the surface energy at 900 K and 1 bar is 2.09 J/m2 for the 1.5-O/1.0-O slab, which is 

roughly the average of 2.53 J/m2 and 1.49 J/m2 that correspond to the surface energies of the 1.5-

O/1.5-O and 1.0-O/1.0-O slabs (Table S5) [42]. In contrast, the average surface energy of P+:1.5-

O/P-:1.0-O (2.14 J/m2) is lower than that of the average (2.34 J/m2) of the surface energies of the 

orthorhombic slabs 1.5-O/1.5-O (2.22 J/m2) and of 1.0-O/1.0-O (2.46 J/m2) at the same 

temperature and pressure (Table S6) [42].  

D. Surface Bader Charges 

To obtain further insight into the electronic charge redistribution that leads to stabilization 

of the polar orthorhombic HfO2 slabs with 1.5-O/1.5-O and P+:1.5-O/P-:1.0-O surface 

terminations over the 1.0-O/1.0-O surface termination, we calculated the Bader charges of O and 

Hf in each layer. The Bader charge analysis [67,68] partitions the continuous charge density into 

atomic charges and because HfO2 is largely ionic, this analysis is an appropriate choice to assign 

atomic charges. Figure 6 displays the charge deviation layer-by-layer in both tetragonal and 
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orthorhombic slabs, where we see the major changes occur near the surface, induced by the 

ferroelectric polarization in the middle bulk layers in the orthorhombic slab. We calculated the 

deviation of the charge per atom within the slab with respect to the average Bader charge values 

of Hf and O in their respective bulk phases (tetragonal or orthorhombic). The calculated Bader 

charges in the tetragonal phase are 9.41 e for Hf and 7.30 e for O (corresponding to the outer 

core/valence electrons only, i.e., not including the electrons subsumed into the PAW potentials), 

and in the orthorhombic phase are 9.41 e for Hf and 7.31 e and 7.29 e for the two types of O. In 

comparison, the valence charges should be 12 e (5s25p66s25d2) for neutral Hf and 6 e (2s22p4) for 

neutral O. In the orthorhombic phase, the O takes two values that differ by 0.02 e depending on 

their location in the polar or nonpolar half-unit.  
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Figure 6: Layer-by-layer Bader charge deviation for (a) nonpolar tetragonal and (b) polar 

orthorhombic HfO2 slabs for three different compositions. The values correspond to the average 

Bader charge deviation per atom for each Hf and O half-layer relative to their respective bulk 

phase. Note that the left- and right-hand sides of the plots correspond respectively to the bottom 

and the top of the slabs. In the surface nomenclature, the composition of the top surface is given 

first. Figures 2 and 3 show the corresponding atomic structures of the compositions indicated. 

 

 The tetragonal HfO2 with a symmetric 1.0-O/1.0-O surface composition yields Bader 

charges of O at the surface closest to the bulk value, which indicates that they are fully ionized to 

a bulk-like oxidation state (Figure 6a). The symmetric cases (1.0-O/1.0-O and 1.5-O/1.5-O) have 

symmetric distributions of charge across the slabs, as expected. In the tetragonal cases with excess 

O, i.e., 1.5-O/1.5-O and 1.5-O/1.0-O, the surface O atoms on the 1.5-O surface contain fewer 

electrons (negative change deviation, oxidized) with some additional depletion of O charge 
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(although significantly less) within the inner layers across the slab (Figure 6a). For the asymmetric 

1.5-O/1.0-O termination, the charge deficiency of the O atoms is asymmetric, where the 1.5-O 

surface corresponds to the 1.5-O surface in the symmetric 1.5-O/1.5-O slab (0.41 e/atom and 0.42 

e/atom, respectively), and the 1.0-O surface has a charge deficiency of 0.12 e/atom which lies 

closer to the value of 0.06 e/atom in the symmetric 1.0-O/1.0-O slab. 

In compositionally symmetric orthorhombic slabs, we expected electrons to transfer from 

the P- to the P+ surface as a screening mechanism in order to eliminate the polarization field. 

Comparing the most thermodynamically stable nonpolar tetragonal 1.0-O/1.0-O slab to its 

ferroelectrically polarized counterpart in the orthorhombic 1.0-O/1.0-O slab, an additional 

deficiency of -0.19 e/atom exists at the P- surface. At the positive P+ surface, the charge deficiency 

(0.06 e/atom) equals to that of the tetragonal phase, instead, the excess electron (0.28 e/atom) 

accumulates in the Hf half-layer below (Figure 6b).  

The addition of an O to both surface unit cells of the orthorhombic 1.0-O/1.0-O slab to 

arrive at the more thermodynamically stable orthorhombic 1.5-O/1.5-O slab shows that the excess 

accumulation of electrons decreases at the P+ surface (Figure 6b). This indicates that the addition 

of O can adequately provide the ionic charge to screen the ferroelectric polarization with a smaller 

need for electronic charge redistribution across the slab (the excess O on the 1.5-O P+ surface also 

ionizes more than in the tetragonal phase). However, a large excess of O on the P- surface that is 

already electron-deficient yields even more electron-deficient surface O atoms (associated with 

the emergence of the surface O2
n- species, vide supra), decreasing by approximately 0.44 e/atom. 

This indicates that while the addition of O on the P+ surface is favorable, it leads to the 

destabilization of the P- surface. The removal of an O from the P- surface of the 1.5-O/1.5-O slab 
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to yield the P+:1.5-O/P-:1.0-O slab alleviates this electron deficiency and thus can explain further 

stabilization of the asymmetric slab compared to the symmetric 1.5-O/1.5-O (Figure 5). 

The charge deviation for the nonpolar and polar slabs relative to their respective bulk 

phases in Figure 6 is partially a result of the charge redistribution from the cleaved bonds at the 

surface and for some (1.5-O/1.5-O and 1.5-O/1.0-O) due to off-stoichiometry. To isolate and 

quantify the charge redistribution that occurs in the polar slabs to screen the ferroelectric 

polarization in the bulk-like middle layers, we plot in Fig. S5 the layer-by-layer Bader charge 

difference between the polar orthorhombic slabs and nonpolar tetragonal slabs of the same 

compositions shown in Figure 6 [42]. For the symmetric 1.0-O/1.0-O polar slab, this difference is 

0.16 e/atom (excess electron) for the Hf and O sub-layers at the P+ surface. A complementary 

deviation of -0.20 e/atom (electron deficiency) is calculated for the outermost O half-layer at the 

P- surface. These calculated charge deviations are consistent with the analysis in Figure 6b, in that 

charge carriers of the opposite charge to the polarization charge are expected (and observed) to 

migrate to screen the latter. Note that the polar slabs with symmetric 1.5-O/1.5-O and asymmetric 

P+:1.5-O/P-:1.0-O compositions also have excess and deficiency of electrons at the P+ and P- 

surfaces, respectively, as expected. In fact, the net charge redistribution based on Fig. S5 appears 

to be nearly independent of the composition [42]. The difference arises only as to where the excess 

electron resides on the P+ side. While Fig. 6b shows that for 1.5-O/1.5-O and P+:1.5-O/P-:1.0-O, 

the outermost O atoms are not fully ionized relative to the bulk, Fig. S5 shows they are more 

ionized on the P+ surface of the orthorhombic slab than on the non-polar tetragonal slab [42]. Of 

note, the negative screening charge on the P+ surface can be clearly ascribed to the excess O atoms 

on the 1.5-O surfaces (therefore, ionic in nature), whereas for the 1.0-O surface, the excess electron 

on the Hf sub-layer screens the P+ charge. In all cases, on the P- surface, the screening is due to 
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electron deficiency on the outermost O half-layer. The exact contribution from ionic charge cannot 

be fully quantified because the degree to which the adsorbates are ionized on the surface depends 

on both the overall stoichiometry of the slab and the ferroelectric polarization strength. Further 

illumination on the nature of polarization charge screening follows.  

E. Rationalizing stability via electrostatic potential and projected DOS 

 To study the electronic response of ferroelectric HfO2 to the built-in electric field, we 

calculated and plotted the plane(xy)-averaged electrostatic potential (blue lines) and its out-of-

plane running average (“z-averaged”, within 5.09 Å windows, red lines) along the direction normal 

to the slab (Figure 7). The flat electrostatic potential in the vacuum on each side of the slabs 

confirms that the vacuum thickness is large enough and that the dipole correction is effective in 

removing spurious interaction between slabs. The nonpolar 1.0-O/1.0-O tetragonal slab displays a 

symmetric profile across both surfaces from the center of the slab (Figure 7a). In contrast, for the 

polar 1.0-O/1.0-O slab, the ionic displacement associated with the tetragonal to orthorhombic HfO2 

phase transition in the bulk layers sets up a potential gradient across the slab (Figure 7b). As a 

result, a difference remains in the work function between the P+ surface and P- surface of -4.25 

eV. From the slope of the z-averaged electrostatic potential across the fixed middle layers of the 

slab, we approximate the electric field to be roughly -0.34 V/Å. This electric field drives the 

accumulation of excess charge observed in the Hf half-layer on the P+ surface (Figure 6b). We 

examine below how this large electrostatic potential leads to the dielectric breakdown, as 

visualized in Figure 8. 

The addition of O to both surfaces in the case of the polar 1.5-O/1.5-O slab (Figure 7c) serves 

to reduce the electrostatic potential difference, and we observe a reduction in the magnitude of the 

difference in the work function between the two surfaces and the electric field to 0.7 eV and 0.186 
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V/Å, respectively. Removal of an O from the P- surface of the 1.5-O/1.5-O slab to yield the P+:1.5-

O/P-:1.0-O slab (Figure 7d) alleviates the deeper potential on the P- surface and causes the slope 

of the electrostatic potential to vanish – the magnitude of the difference in the work function and 

the electric field decreases to -0.07 eV and 0.03 V/Å, respectively. 

 

Figure 7: Plane-averaged electrostatic potential comprised of the ionic and Hartree potentials 

(blue) and the z-averaged (5.09 Å window) potential (red), calculated along the surface normal for 

the tetragonal(110) surface with (a) symmetric 1.0-O/1.0-O composition and orthorhombic(001) 

surfaces with (b) symmetric 1.0-O/1.0-O, (c) symmetric 1.5-O/1.5-O, and (d) asymmetric P+:1.5-

O/P-:1.0-O compositions. The potentials are referenced to the Fermi level. The horizontal dashed 

lines mark the positions of the vacuum level for each surface. The difference in the work functions 

() is the difference in the vacuum potentials of the two surfaces multiplied by a unit of 

elementary charge e = 1. Note that the left- and right-hand sides of the plots respectively 

correspond to the bottom and the top of the slabs. In the surface nomenclature, the composition of 

the top surface is given first. For the corresponding structures, see Figures 2 and 3. 

 

Figure 8(a) shows a layer-by-layer projected densities of states (pDOS) for the most stable 

tetragonal slab with symmetric composition of 1.0-O/1.0-O and Figure 8(b) shows its 

orthorhombic counterpart with the same symmetric composition. The top pDOS in each panel of 

Figure 8 corresponds to the top (P+ for orthorhombic) surface O layer for each structure. Each 
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subsequent pDOS going downward in each panel corresponds successively to the Hf or O half-

layer below, with the lowest pDOS corresponding to the bottom (P- for orthorhombic) surface O 

layer. Note how the bands hardly shift relative to the band edges of the middle layers for the 1.0-

O/1.0-O tetragonal slab, except for the outermost layers as expected due to the change in their 

coordination environments (Figure 8(a)). An increased density of O states exists at the surface, 

but the O atoms remain fully reduced and closed shell. The nonpolar tetragonal slab also remains 

insulating throughout the slab as in the bulk (see Figure S3(a) for the bulk tetragonal electronic 

DOS) [42]. 

 

Figure 8: Layer-by-layer pDOS for the tetragonal HfO2(110) surface with (a) symmetric 1.0-

O/1.0-O composition and orthorhombic (001) surfaces with (b) symmetric 1.0-O/1.0-O, (c) 

symmetric 1.5-O/1.5-O, and (d) asymmetric P+:1.5-O/P-:1.0-O compositions. The electronic 

energies reference to the valence-band edge or the Fermi level (dashed vertical lines mark Energy 

= 0 eV). The top O layer of the polar orthorhombic slab corresponds to the P+ surface and the 

bottom O layer corresponds to the P- surface. Hf half-layer spin up/down: green/light green; O 

half-layer spin up/down: red/pink. The values are shifted so that the pDOS of the top and bottom 

layers correspond respectively to the top-most and bottom-most curves. Figures 2 and 3 show the 

corresponding atomic structures. 
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It is known that large electric fields originating from the spontaneous polarization of 

ferroelectrics induce band bending at ferroelectric surfaces and interfaces [64,69-72]. The net 

macroscopic field from the steep electrostatic field (Figure 7b) dramatically shifts the bands as a 

function of position across the slab in the polar orthorhombic slab (compare Figures 8a and 8b). 

Examining the pDOS starting at the top surface (P+) of the orthorhombic slab (Figure 8b), we see 

that the Fermi level is now above the conduction band edge of the outermost Hf sublayer, 

indicating that the interface is conducting (n-doped). Moving towards the bulk, the conduction and 

valence bands both rise in energy almost linearly, such that the Fermi level lies roughly in the 

middle of the bulk frontier states. The increase in energy of the frontier states continue while 

descending down the slab layers, where finally at the bottom surface (P-), we see that the Fermi 

level now lies below the (O-derived) valence band edge, making that surface also conducting (p-

doped). Additionally, spin polarization reveals induced magnetic moments for both the (reduced) 

Hf and (oxidized) O atoms near and at the surface of the orthorhombic slab. 

Figures 8(c) and 8(d) show the pDOS for the most thermodynamically stable compositionally 

symmetric (1.5-O/1.5-O) and asymmetric (P+:1.5-O/P-:1.0-O) orthorhombic slabs. In contrast to 

the 1.0-O/1.0-O orthorhombic slab in Figure 8(b), the more stable 1.5-O/1.5-O orthorhombic slab 

in Figure 8(c) exhibits a reduction in band bending across the sublayers, which we attribute to the 

additional ionic charge that screens the macroscopic electrostatic potential from the ferroelectric 

polarization in the bulk. In general, the accumulation of excess charge as a charge screening 

mechanism that leads to the filling of the surface conduction bands in ferroelectric oxides is 

energetically expensive as the potential across the slab (prior to charge redistribution) would need 

to be greater or equal to the band gap, which for HfO2 is at least ~4.34 eV (Figure S3, [42]) [65]. 

The emergence of nonstoichiometric polar HfO2 slabs provides the additional ionic charge that can 
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effectively screen ferroelectric polarization, avoiding the need for surface metallization as a charge 

screening mechanism.  

The addition of O on the P+ surface of the 1.5-O/1.5-O orthorhombic slab eliminates the need 

to n-dope the top Hf sublayer (compare the topmost Hf layer pDOS in Figure 8(c) to 8(b)). In 

Figure 8(c), the Fermi level of the top surface (P+) now lies at the valence band edge, making the 

surface insulating, although localized empty states exist above the Fermi level in this layer (a 

complete reversal compared to the orthorhombic 1.0-O/1.0-O termination where the Hf sublayer 

of the P+ surface is n-doped, Figure 8(b)). Although an excess O on the P- surface is in principle 

electrostatically unfavorable, the emergence of O2
n- on this surface of the 1.5-O/1.5-O 

orthorhombic slab (Figure 3(a)) provides a net positive defect (for n < 2, because it replaces an 

otherwise surface O2- ion) that is favored on the P- surface. This mechanism in fact eliminates the 

metallization of the P- surface (compare the bottom O layer pDOS in Figure 8(c) to 8(b)). 

However, at the P- surface, an O-derived state exists just above the Fermi level (Figure 8(c), 

associated with the O2
n- species). Spin polarization is also induced, especially for the P- surface O 

atoms (once again consistent with the O2
n- species).  

Finally, as previously highlighted, the most stable orthorhombic slab favors an asymmetric 

surface composition (P+:1.5-O/P-:1.0-O). Keeping the excess O on the P+ while removing it on 

the P- surface ultimately leads to enhanced stabilization and removal of band bending (Figure 

8(d)), although the p-doped metallic character of the P- surface persists as in the orthorhombic  

1.0-O/1.0-O case. The O atoms are fully ionized except for the outermost P+ and P- O atoms. The 

emergence of the empty gap states on the P+ surface indicate that more O is present than is needed 

to screen the positive polarization charge - a lower excess O coverage would suffice, although the 

limited simulation supercell size does not capture this effect.  
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The stability of asymmetric oxygen termination at the P+ and P- surfaces can partially 

explain the observed “wake-up effect” in HfO2-based ferroelectrics that increases the 

orthorhombic/tetragonal phase fraction and stabilizes the strength of ferroelectric polarization after 

electric field cycling [27,34,73-76]. After crystallization of HfO2 via a nonpolar tetragonal phase 

pathway, the instability of the stoichiometric surfaces (which the tetragonal nonpolar phase 

initially favors) would disfavor the persistence of polar ferroelectric grains after polarization with 

an electric field. In the context of these prior observations and proposed mechanisms of the wake-

up effect, redistribution of O vacancies near the surfaces or interfaces of HfO2 films through 

electric-field cycling then could contribute to the sustained stabilization of ferroelectric 

polarization after many cycles.  
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IV. Summary and outlook 

We constructed nonpolar slabs from the bulk tetragonal HfO2 phase composed of alternating 

pure Hf and pure O half-layers along the [110] direction. We found the most stable (110) surface 

to be O-terminated with only one O atom present per surface formula unit, instead of two O. The 

slab maintains overall stoichiometry and the stable reconstruction satisfies simple electrostatic 

requirements to eliminate electrostatic potential divergence when truncating along this direction 

where alternating positive (Hf) and negative (O) planes exist. 

For the corresponding (001) surface in the structurally related ferroelectric orthorhombic 

phase, we found polarization to have a nontrivial influence on the surface energetics. Surface-

polarization charge, due to the bound charge displacements within the slab, favors a deviation in 

the surface composition relative to the nonpolar surface. Specifically, the positively polarized 

surface remains O-terminated but favors a composition with 1.5 O per surface formula unit, while 

the negatively polarized surface still favors one O per surface formula unit.  

The ferroelectric polarization induces an increase in the electrostatic potential across the slab 

that leads to band bending (as illustrated in layer-by-layer pDOS) and is associated with an 

unstable surface configuration in slabs whose only means of polarization screening occurs through 

a major charge redistribution and electronic reorganization that metallizes the surface. Thus, ionic 

passivation of the excess surface charge screens effectively the internal polarization of the 

ferroelectric displacements and is more favorable than free carrier compensation through band 

bending, also yielding improved stability of the polar slab. In ongoing work, we are exploring the 

reciprocal effect to understand how the optimal surface composition can influence the stability of 

ferroelectric polarization across the entire thickness of HfO2 films (as was predicted recently for 

ferroelectric BaTiO3 and PbTiO3 [77]). 
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Our results, in the conjunction with prior work on ferroelectric HfO2, highlight the importance 

of the interaction between surface composition and stability of surface polarization. As surfaces 

and interfaces play emphasized dominant role at small scales, this points to the necessity to 

consider carefully the role of chemistry and surface engineering in the stabilization and 

implementation of ferroelectric HfO2 for technological applications.  
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