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First-principles study of the (001) surface of
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Using first-principles techniques, we investigate the (001) surfaces of cubic PbHfO3 (PHO) and BaHfO3 (BHO)

terminated with both AO (A=Pb and Ba) and HfO2. Surface structure, partial density of states, band structure, and

surface energy are obtained. The BaO surface is found to be similar to its counterpart in BHO. For the HfO2-terminated

surface of cubic PHO, the largest relaxation appears on the second-layer atoms but not on the first-layer ones. The

analysis of the structure relaxation parameters reveals that the rumpling of the (001) surface for PHO is stronger than

that for BHO. The surface thermodynamic stability is explored, and it is found that both the PbO- and the BaO-

terminated surfaces are more stable than the HfO2-terminated surfaces for PHO and BHO, respectively. The surface

energy calculations show that the (001) surface of PHO is more easily constructed than that of BHO.
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The surfaces of ABO3 perovskite materials have

been intensively investigated both experimentally[1−3]

and theoretically[4−10] due to their numerous high-

tech applications such as oxygen sensors, optical wave-

guides, substrates for high-Tc superconductors, etc.

Because of their wide range of technological and in-

dustrial applications, the lead-based oxides have been

extensively studied. However, only a few studies ex-

ist about the synthesis of lead hafnate PHO, despite

the fact that it is structurally similar to lead zirconate

(PbZrO3, PZO) at room temperature and, therefore,

has potential ferroelectric applications.[11−13] In addi-

tion, its mixed crystal-like PbHf1−xTixO3 (lead haf-

nate titanate, PHT)[14,15] and PbZr1−xTixO3 (lead

zirconate titanate, PZT)[16] which have similar phase

diagrams, exhibit intriguing properties within differ-

ent phases. BHO has been well known as high melt-

ing temperature material[17] and confirmed to have

a very high melting temperature (2893K) as well as

high thermal expansion coefficient (6.93×10K) in a

range between 300 to 1500K.[18] Besides, it has a po-

tential attraction for thermal barrier coatings (TBCs)

because of its thermoelectricity and thermalconduc-

tivity properties.

As is known, surfaces may possess some special

physical properties different from those of the interior

of corresponding bulk due to the surface effects. Thus,

it is important to investigate the surface properties of

PHO and BHO by using experimental and theoretical

methods. However, to our knowledge, there is no the-

oretical study on the (001) surface properties of cubic

PHO and BHO by using the first-principles technol-

ogy. In the present paper, we present electronic and

atomic structures of the (001) surfaces of cubic PHO

and BHO by using the density functional theory. We

chose the cubic phase because it is most extensively

studied in other compounds, and from the comparison

between the two, we can deduce how the difference

between atoms affects their surface properties. The

other low symmetry phases are left to be studied as a

future problem.

The calculations presented in the present work

are performed within the local density approximation

(LDA)[19] and the generalized gradient approxima-

tion (GGA)[20] based on the density functional the-

ory (DFT), by using the Vienna Ab initio Simulation

Package (VASP).[21] The projector augmented wave

(PAW) method[22] with plane waves up to a cutoff en-

ergy of 500 eV is used. We use a 10×10×1 mesh for the

Brillouin zone integration based on the Monkhorst–

Pack scheme.[23] In our calculations, two types of ter-

minations are considered: AO (A=Pb or Ba) termi-

nation and HfO2 termination. For the AO-terminated

surface, the slab is composed of five AO layers and
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four HfO2 layers and for the HfO2-terminated one,

five HfO2 layers and four AO layers. In both cases,

the slabs with nine-lattice-constant thickness are sep-

arated by a three-lattice-constant thick vacuum re-

gion. The supercells are tetragonal with space group

P4mmm. For the AO-terminated surfaces (type-I),

the first, second, third, fourth, and central layers are

AO, HfO2, AO, HfO2, and AO, respectively while

for the HfO2-terminated one (type-II), the first, sec-

ond, third, fourth, and central layers are HfO2, AO,

HfO2, AO, and HfO2, respectively. For both cases,

the first layer refers to the surface layer. During the

surface structure optimization, all atoms are fully re-

laxed with forces less than 0.2 eV/nm. Our calcula-

tions show that the vacuum region and the number of

layers are large enough for these systems.

Before starting the surface calculation, we opti-

mize the bulk structure by using the same method

under the same computational conditions with a

10×10×10 k-point mesh. The computed lattice con-

stants of cubic PHO and BHO with the GGA (LDA)

are 0.416 (0.408) and 0.420 (0.412)nm, respectively,

which match closely the experimental ones, 0.414 and

0.417nm. We use the theoretical lattice constants in

all calculations presented here.

As the surface is in equilibrium with its surround-

ings (HfO2 and AO), the surface stability can be deter-

mined from the fundamental thermodynamic poten-

tial F as a function of the chemical potentials of HfO2

and AO, µHfO2
and µAO, respectively.[24] In principle,

F should be a function of the chemical potentials for

A (Pb or Ba), Hf, and O2, respectively. Since A and

Hf are easily oxidizable, we just define F as a function

of the chemical potentials of their oxides for each type,

expressed as

F (I or II) =
1

2

[

Eslab(I or II) − NHfO2
(µHfO2

+ EHfO2
)

− NAO (µAO + EAO)

]

, (1)

where Eslab, EHfO2
, and EAO are the total energies

of the relaxed surface structure, HfO2 has the mono-

clinic structure, BaO the rocksalt structure, and PbO

the hexagonal structure. NHfO2
and NAO are the num-

bers of HfO2 and AO layers in surface structures. For

the type-I surface, NHfO2
and NAO are 4 and 5, respec-

tively. NHfO2
and NAO are 5 and 4 for the type-II one.

The surfaces of PbHfO3 and BaHfO3 can be stable, no

matter what type they are, under the conditions of

−Ef = µHfO2
+ µAO (2)

and
−Ef ≤ µHfO2

, µAO ≤ 0, (3)

where Ef is the formation energy of cubic bulk PHO

or BHO and obtained from the monoclinic HfO2 and

AO (hexagonal PbO or rocksalt BaO) as

−Ef = EAHfO3
− EAO − EHfO2

. (4)

Figure 1 shows the calculated values of F for the

surface structures of PHO and BHO. The calculated

formation energies of cubic PHO and BHO are –0.21

and 1.22 eV, respectively. From both PHO and BHO

in Fig.1 we can see that the type-I surface is more

stable than the type-II one in a wide range of µHfO2
,

and the type-I surface of PHO is more stable than the

type-I one of BHO.

Fig.1. Curves for fundamental thermodynamic potential F as a function of the chemical potential of HfO2,

µHfO2
for the two types of surfaces of the PHO and BHO as shown in panels (a) and (b), respectively.
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In the following, we will discuss the surface en-

ergy. We define Es as the average surface energy of

two types of surface terminations, i.e.

Es =
1

4

[

Eslab(II) + Eslab(I) − 9Ebulk

]

, (5)

where Eslab(I), Eslab(II) and Ebulk are the total ener-

gies of the relaxed AO-terminated slab, the relaxed

HfO2-terminated slab, and the bulk crystal per unit

cell, respectively. A factor of four comes from the fact

that we create four surfaces during the cleavage pro-

cedure. The number 9 in expression (5) means that

in our calculations, the two nine-layer AO- and HfO2-

terminated surfaces together represent nine bulk unit

cells. The cleavage energy (Ecle) and the relaxation

energy (Erel) are defined respectively as

Ecle =
1

4

[

E
(unrel)
slab (I) + E

(unrel)
slab (II) − 9Ebulk

]

, (6)

Erel(I) =
1

2

[

Eslab(I) − E
(unrel)
slab (II)

]

, (7)

where E
(unrel)
slab (I), E

(unrel)
slab (II) and Eslab (I) are the

total energies for the unrelaxed AO-terminated slab,

the unrelaxed HfO2-terminated slab, and the relaxed

AO-terminated slab, respectively. The average sur-

face energy, the cleavage energy, and the relaxation

energy of PHO and BHO are listed in Table 1. We

can see that the cleavage energies of the two materi-

als are in a similar scale, while the relaxation energies

are in different scales. The absolute value of the re-

laxation energy of PHO is larger than that of BHO,

while the surface energy of PHO is smaller than that

of BHO. The smaller surface energy means the eas-

ier cleavage under the condition where the migration

of atoms can be neglected. Thus we obtain the con-

clusion that the surface of PHO is easier to construct

than that of BHO.

Table 1. Theoretical average surface energies for

PHO and BHO (in eV/a2
0
). The Ecle (in eV) denotes

the cleavage energy and the Erel (in eV) represents the

relaxation energy.

Ecle (I) Erel (II) Es

PHO-GGA 1.16 –0.15 0.95

BHO-GGA 1.30 –0.07 1.17

Tables 2 and 3 summarize the calculated values

of atomic relaxation parameters for terminations of

the (001) surfaces of cubic PHO and BHO. The pos-

itive displacement denotes the relaxation toward the

vacuum and the magnitude is measured with respect

to the bulk truncated atomic positions. For the AO-

terminated surfaces, the largest relaxation occurs for

the surface-layer atoms, as expected. In the case of

the HfO2-termination of PHO, the largest relaxation

is for the second-layer atoms but not for the first-layer

ones, which is different from that of BHO. Rumpling

parameter s measures the outward displacement of the

first-layer oxygen with respect to the first-layer metal

atoms, and ∆d12 is the change of the first interlayer

spacing, measured from the surface to the subsurface

metal z-coordinate, and a similar definition is given

to ∆d23 between the second and third layers. For the

HfO2-terminated surfaces, the absolute values of s and

∆d in PHO are larger than that of BHO, which means

that the surface rumpling in PHO is larger than that

of BHO. In the case of AO-terminations, our calcu-

lated values of s show that the rumpling for PHO is

two times larger than that of BHO. This phenomenon

is attributed to the fact that the large displacement

of the first-layer Pb atoms results in its great surface

rumpling.

Table 2. Calculated values of atomic displacement (relative to the ideal position) δz for the BaO (PbO)- and

HfO2-terminated surfaces of BHO (PHO). Units are in percent of the theoretical lattice constant (a0=0.412

(0.420) and 0.408 (0.416) nm for LDA and GGA, respectively). δz is positive for the displacement toward

the bulk.

δz δz

layer BaO (PbO) LDA GGA HfO2 LDA GGA

1 Ba (Pb) 2.8(5.3) 2.6(4.5) Hf 2.5(3.2) 2.8(3.2)

O –0.2(–0.6) –0.0(–0.6) O 1.3(1.3) 1.2(0.7)

2 Hf –1.4(–2.2) –1.5(–2.4) Ba (Pb) –2.4(–4.4) –2.5(–4.8)

O –0.6(–0.5) –0.7(–1.0) O –0.4(–0.2) –0.2(–0.3)

3 Ba(Pb) 0.2(1.4) 0.3(1.4) Hf 0.2(0.8) 0.5(1.0)

O 0.2(–0.2) 0.0(–0.2) O –0.2(0.0) 0.1(0.2)

4 Hf 0.2(–0.4) 0.2(–0.4) Ba (Pb) –0.5(–0.9) –0.3(–0.6)

O 0.0(–0.1) 0.0(–0.1) O –0.1(–0.1) 0.0(0.0)
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Table 3. Surface relaxation parameters (in percent of lattice constant a0) for BHO (PHO).

s ∆d12 ∆d23

BaO(PbO)-termination

BHO(PHO)-LDA 2.92(5.95) –4.21(–7.52) 1.61(3.62)

BHO(PHO)-GGA 2.63(5.08) –4.10(–6.81) 1.75(3.74)

HfO2-termination

BHO(PHO)-LDA 1.21(1.93) –4.89(–7.59) 2.55(5.16)

BHO(PHO)-GGA 1.63(2.5) –5.32(–7.92) 2.99(5.76)

In order to understand the reason why the dis-

placement of the Pb atoms for PHO is larger than that

of the Ba atoms in BHO during surface rumpling, we

calculate the total energies of the (001) surface sys-

tems for PHO and BHO with different displacements

of the Pb and Ba atoms in the surface layer, and the

results are shown in Fig.2. The figure shows that the

total energy of the surface structure for PHO decreases

more quickly than that of BHO with the same dis-

placement of the Pb and Ba atoms, which means that

the Pb atoms in the PbO-terminated surface of PHO

can move more easily or that the Pb atoms of the PHO

surface with PbO-termination are more flexible.

Figure 3 illustrates the band structures of PHO.

The top of the upper valence band (VB) and the bot-

tom of the lowest conduction band (CB) for PbO-

terminated surface are located at X and Γ points,

respectively, and the band gap is reduced compared

with that of the bulk system, 3.6 eV. The top of the

upper VB for HfO2-terminated surface is located at M

point, while the bottom of the lowest CB is located at

the K point, yielding an indirect gap of 2.4 eV. To fur-

ther understand the behaviours of the band structures

Fig.2. Curves for total energy as a function of the displace-

ment δz relative to the lattice constant a0. Pb and Ba atoms

are in the first layer along the [001] direction for the AO-

terminated surface structures of PHO and BHO, respectively.

Fig.3. Curves for band structure of PH, where panels (a) and (b) represent PbO- and HfO2-terminated

surfaces of PHO, respectively; panel (c) is for the bulk system, with solid and dotted lines representing

the band structure on the Γ → X → M → Γ and X → M → R → X axes, respectively, in the bulk

Brillouin zone.
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for the two types of surface structures, we calculate

the partial densities of states of different layers for the

two types, as depicted in Figs.4 and 5, respectively.

The central layers can be regarded as those in the

bulk, and the first-layer O atoms shift toward higher

energies, which indicates that the band gap reduction

of the PbO-terminated surface is mainly due to the

upward movement of the first-layer O 2p states. By

combining with the surface band structure, it is rea-

sonable to consider that the surface state appears at

the X point of the PbO-terminated surface. For the

HfO2-terminated surface, the third-layer O 2p states

shift toward higher energies and this layer is similar

to the central layer, while the first-layer O 2p states

move downward with respect to the central layer. By

comparing with the surface band structure, we can

deduce that the surface state appears at the M point

for the HfO2-terminated surface and at the X point

for the PbO-terminated one.

Fig.4. Partial DOSs for each layer of the PbO-terminated

surface of PHO, where the dotted line represents the Fermi

surface.

Fig.5. Partial DOSs for each layer of the HfO2-terminated

surface of PHO, where the dotted line represents the Fermi

surface.

The calculated band gaps for the BaO- and HfO2-

terminated surfaces for BHO are 2.6 and 2.8 eV, re-

spectively, which are reduced compared with the bulk

value, 3.6 eV. This reduction is small compared with

those for PHO as shown in Fig.6. The bulk and

the BaO-terminated surface energy bands look sim-

ilar to each other, and so it is difficult to distinguish

the surface states from the band structures. Com-

pared with the states in a bulk system, in the HfO2-

terminated surface, the states around the VB max-

imum tend to extend upward, especially at the M

point. The upward shift of the valence bands in the

HfO2-terminated surface is mainly attributed to the

states from the O atoms in the first layer. Thus,

the surface states appearing in the HfO2-terminated

surface are caused by the O atoms in the first layer.

The partial densities of states of different layers for

the BaO- and HfO2-terminated surfaces are given in

Figs.7 and 8, respectively. As indicated in Fig.7, the

peak of O 2p states in the surface layer has little con-

tribution, while the central layer shifts toward high

energies compared with the first layer, which indicates
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that the surface state is slender and the shapes of the

curves for the BaO-terminated band surface structure

and the bulk system are similar to each other: the

results fit the forgoing analysis well. For the HfO2-

terminated surface, compared with DOS of the O

atoms in the central layer, the surface layer of O 2p

states obviously shifts toward high energies, especially

at the M point. It can be deduced that the surface

state appears at the M point for the HfO2-terminated

surface of BHO.

Fig.6. Curves for band structures of BHO, where panels (a) and (b) represent BaO- and HfO2-terminated surfaces

of BHO, respectively; panel (c) is for a bulk system, with the solid lines and the dotted lines representing the band

structures on the Γ → X → M → Γ and X → M → R → X axes, respectively, in the bulk Brillouin zone.

Fig.7. Partial DOSs for each layer of the BaO-terminated

surface of BHO, where the dotted line represents the Fermi

surface.

Fig.8. Partial DOSs for each layer of the HfO2-terminated

surface of BHO, where the dotted line represents the Fermi

surface.
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In summary, the structure and the electronic

properties of the AO- and HfO2-terminated surfaces

of cubic PHO and BHO are investigated by using the

projector augmented wave method within the GGA

and the LDA. We find that for the HfO2-terminated

surface of PHO, the large displacement relaxation oc-

curs in the second-layer atoms, not in the first-layer,

which is different from the case of BHO. From the

analysis of the structure relaxation parameters, the

calculated surface rumpling of the PbO-terminated

surface for PHO is much stronger than that for BHO,

which is mainly due to the large displacement of the

first-layer Pb atoms in PHO. The rumpling of the

HfO2-terminated surface structure for BHO is smaller

than that for PHO. Comparing the band structures of

the PbO-terminated and HfO2-terminated surfaces of

PHO with those of the bulk systems reveals that the

surface states appear near the X and the M points

of their band structures, respectively. For the HfO2-

terminated surfaces of BHO, the surface state appears

at the M point. The calculated surface energies in-

dicate that the surface of PHO is more easily con-

structed than that of BHO.
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