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Possible antiferroelectric-to-ferroelectric transition and metallic antiferroelectricity
caused by charge doping in PbZrO;
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Using linear-response density functional calculations we study how the soft modes at both the zone center and
the zone boundary are influenced by charge doping in cubic PbZrO;. We find (i) upon the electron doping of
n = —0.5 per unit cell, the soft-mode frequency at zone-center I" becomes considerably lower than that at the
zone-boundary R, showing that electron doping may turn antiferroelectric PbZrO; into ferroelectric. (ii) On the
other hand, when the hole is doped into PbZrO3, the soft mode at R or M remains to be the lowest in frequency,
and therefore antiferroelectric instability is robust and persists after hole doping. Since hole doping makes
PbZrO; metallic, the coexistence of metallicity and antiferroelectricity demonstrates the feasibility of metallic
antiferroelectricity. (iii) Electron doping and hole doping are revealed to impact the atom-atom interaction very
differently. The origin responsible for these charge-doping phenomena is provided.
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I. INTRODUCTION

Antiferroelectrics (AFEs) are of significant importance
both fundamentally and technologically [1,2]. Fundamentally,
it is a long-standing challenge to formulate theoretically the
antiferroelectric phase transitions [1,3,4]. Unlike ferroelectric
phase transition, it is nontrivial to define an order parameter
in AFE phase transformations. Furthermore, AFE materials
exhibit multiple structural instabilities at different regions of
the phonon Brillouin zone [5-7], and the intriguing compe-
tition among different instabilities often leads to unexpected
structure phases and new phenomena [5—10]. Technologically,
AFEs could drastically enhance the energy storage [11,12]
by possessing double hysteresis and high saturated polariza-
tion under external electric fields [13]. Also, antiferroelectric
PbZrO; can be alloyed with ferroelectric PbTiO; to form
the morphotropic phase boundary between the rhombohedral
phase and the tetragonal phase of Pb(ZrTi)O; [14,15], which
is critical in producing the ultrahigh electromechanical re-
sponse caused by polarization rotation [16—18].

Recently, another and separate subject is attracting much
attention in the field of ferroelectricity, that is, charge dop-
ing in ferroelectrics (FEs). Ferroelectricity is caused by the
delicate balance of long-range (LR) and short-range (SR)
interactions [19-21]. Charge doping profoundly reduces the
LR interaction in FEs by effective charge screening, which
may entirely eliminate the polar instability and ferroelectric-
ity [22]. Metallicity and polar distortion thus mutually repel,
and are not anticipated to coexist in the same material [23].
That explains why the coexistence of polar instability and
metallicity, such as in polar metals proposed by Anderson and
Blount [24], is an intriguing phenomenon. Polar metals were
indeed discovered in experiments, where metallic LiOsO3; was
shown to undergo a ferroelectriclike structural transformation
when temperature is lowered [25]. Another common route to
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generate polar metals is by charge doping in FEs [26,27].
While the origin of polar metals is still unsettled, previous
studies have pointed to the possibilities of short-range inter-
action [26,28,29], the Jahn-Teller effect [27], the decoupling
of the electron states near the Fermi level from ferroelectric
displacements [30,31], the meta-screening effect [32], and the
charge-induced strong mode-mode coupling [33].

Compared to charge doping in FEs, charge doping in AFEs
is much less understood and potentially more interesting,
since in AFEs there are strong competing structural insta-
bilities at zone boundaries as well as at zone center [5-7],
and the subject on how charge doping affects these multi-
ple instabilities and their competitions is intriguing. Indeed,
many questions of profound relevance remain to be answered
regarding charge doping in AFEs:

(i) How does charge doping alter the antiferroelectricity?
Will it drastically strengthen, or weaken, the AFE instability?

(i) Is there any interesting possibility that charge doping
may turn antiferroelectricity into ferroelectricity?

(iii) How can charge doping be used to tune the relative
instability of soft modes at different parts of the Brillouin
zone, and thus potentially control the structural phases?

(iv) How does the charge doping alter the atom-atom in-
teraction in AFEs? Answers to these questions not only yield
a better understanding of the charge-doping physics, but also
provide insight on how to engineer AFE materials for better
functionalities.

In this paper we perform first-principles linear response
calculations to investigate how charge doping may alter soft
modes and structural instabilities in (centrosymmetric) cubic
PbZrOj, which is an important and prototypical antiferro-
electric material. Structural instabilities both at the zone
center and at the zone boundary are examined. We find that
doping electrons and doping holes in PbZrO3 have very dif-
ferent effects. Under hole doping, PbZrO; remains to be
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strongly AFE while being metallic, and thereby the system
becomes a metallic antiferroelectric. On the other hand, elec-
tron doping weakens the antiferroelectricity and enhances
the ferroelectricity. As a consequence, electron doping may
cause an interesting phase transition by turning antiferroelec-
tric PbZrOj3 into ferroelectric. We further unveil that charge
doping could significantly change the atom-atom interaction
in PbZrOj3. These results show that there is rich and interesting
physics to learn about charge doping in AFEs.

II. THEORETICAL METHODS

The structural instability under charge doping is investi-
gated theoretically by determining the properties of the soft
modes throughout the phonon Brillouin zone in cubic PbZrOs.
When a solid is in the unstable centrosymmetric structure
phase, soft modes with imaginary frequencies occur. By com-
paring the soft modes at the zone center (which often lead
to ferroelectricity) and at the zone boundary (which may
lead to antiferroelectricity) in terms of their frequencies, one
may infer which structural instability is likely to prevail [6].
Obviously soft modes alone may not fully determine the struc-
ture phase, since other factors such as strain-mode coupling
and multimode interaction may play roles when the solid is
relaxed according to the soft modes [5,7]. It is also worth
pointing out that soft modes at the zone boundary do not
always lead to antiferroelectricity; for instance, the soft modes
at the zone boundary may lead to the rotation of oxygen
octahedra rather than antiferroelectricity.

We use the density-functional perturbation theory (DFPT)
to calculate the frequencies and phonon eigendisplacements
of lattice vibration [34-36]. When atoms vibrate, the shifts
of atoms induce a deformation potential AV (r) of bare ions,
which is treated as perturbation. The linear response of elec-
tron state Ay,(r) is computed by solving the Sternheimer
equation [34,35]

(Hyer — e)|AYi) = —(AVier — Aed)|¥i), (D

where Hy., is the Kohn-Sham Hamiltonian, ¢; is the
eigenvalue of Hyp, AVis(r) = AV(r)+e [ 225 dys 4

|r—r/|
%| Ap(r) is the first-order correction to the Vi r(r)
P p=p(r

potential, and Ag; = (Y;| AV,.r(r)|¥;) is the first-order cor-
rection to eigenvalue ;.

We consider a five-atom cubic cell to study soft modes.
An alternative approach is to use the centrosymmetric atom
positions in orthorhombic Pbam structure of v/2 x 24/2 x 2
unit cell with 40 atoms [37]. For the centrosymmetric phase,
two different approaches are equivalent due to the folding
effect of phonon bands [38]. We would also like to point out
that, by doping an electron or hole in a five-atom bulk cell,
the system becomes metallic by construction. There is a pos-
sibility that charge doping might introduce defects, polarons,
or charge density waves, which are not considered here since
they require large supercells.

We add (or remove) a given amount of electron per five-
atom unit cell, denoted as n, to PbZrO; in order to study
the electron doping (or hole doping), where n is negative
for electron doping and positive for hole doping. # is cho-
sen to range from —0.5 to +0.5 per unit cell. To avoid the

diverging Coulomb energy in a charged system with period-
icity, a compensating uniform charge jellium is added [39].
It should be pointed out that charge doping may alter the
lattice constant and volume of cubic PbZrOj;. For each charge-
doping concentration n, we optimize the lattice constant by
minimizing the total energy while constraining the system to
be cubic.

We have also examined whether charge doping will alter
the cubic shape of the five-atom cell by performing calcu-
lations to optimize the cell shape under a given n. More
specifically, we start with an orthorhombic cell, and constrain
atoms to be at centrosymmetric positions (since our purpose
is to investigate the soft modes). Then we optimize the cell
shape using the stress tensor. We find that, for n = —0.5 and
n = +0.5, the cell shape is relaxed to the cubic structure,
which justifies to some extent the optimization of cell volume
while constraining the cubic symmetry.

Technically the first-principles density functional theory
(DFT) within the local-density approximation (LDA) is em-
ployed [40]. Computations are performed using Quantum
Espresso [41,42]. Troullier-Martins pseudopotentials are used
to mimic the effects of core electrons [43]. Details of pseu-
dopotentials were described in Ref. [44]. The cutoff energy
for the plane-wave expansion of single-particle Kohn-Sham
orbitals is 80 Ry, which is tested to be sufficient. Monkhorst-
Pack k-point mesh of 6 x 6 x 6 is used.

III. RESULTS AND DISCUSSIONS

A. Undoped PbZrO;

Since undoped PbZrO; is technologically important it-
self and is of considerable relevance to readers, we first
describe our calculation results for undoped PbZrOs. For cen-
trosymmetric (cubic) PbZrOj3 without doping (i.e., n = 0), our
total-energy calculations yield a lattice constant of a = 4.10 A
and a bulk modulus of B = 183 GPa. These values agree
well with the previous result of @ =4.12A and B = 180
GPa obtained from LAPW calculations [5]. Our theoretical
lattice constant is slightly smaller than the experimental value
(4.15 A) [45]. The underestimation of our theoretical lat-
tice constant may drive the phonon modes harder, and will
slightly modify the charge carrier concentration that causes
the AFE-to-FE phase transition to be described below. Our
linear-response calculations of cubic PbZrO3 produce a soft-
mode frequency wr = —138 cm™! at the zone center I' and
wg = —191 cm™~! at the zone boundary R. Here the imagi-
nary frequencies of soft modes are denoted as negative values
throughout the paper. These frequencies are in accord with the
values wr ~ —140 cm ™! and wg &~ —199 cm™!, respectively
[6]. Furthermore, in our calculations, the high frequency di-
electric £, constant of undoped PbZrO; is 6.88 while the
effective Z33 charges are 3.91,5.92, —2.48, —2.48, and —4.85,
respectively, for Pb, Zr, Oy, O,, and O3, where O; is directly
beneath Zr along the ¢ axis. These Zz3 values agree well with
the results in Ref. [46]. Therefore our calculations are rather
reliable.

It worths pointing out that, after doped by electron or hole,
PbZrOj3 then becomes metallic. In the modern theory of polar-
ization [47,48], the rigorous definition of electric polarization
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FIG. 1. Phonon dispersions of PbZrOs under three different dop-
ing concentrations: (a) n = 0.0 (undoped, the middle panel), (b) n =
—0.5 (electron doping, the left panel), and (c) n = +0.5 (hole dop-
ing, the right panel). The cubic Brillouin zone and high-symmetry I,
X, M, and R points are shown in the inset.

hinges on the adiabatic connection between ferroelectric state
and paraelectric state via a path in which the system must re-
main to be insulating. The electric polarization, Born effective
charges, and dielectric constant are thus ill-defined in metallic
systems, so is the nonanalytical contribution in the theory of
lattice dynamics [36]. Consequently, the longitudinal-optical
(LO) phonon as well as the longitudinal-optical/transverse-
optical (LO/TO) splitting are not well defined and cannot be
calculated in metallic systems [49]. In order to make a valid
comparison in phonon dispersion between undoped PbZrO;
(which is insulating) and doped PbZrO; (which is metallic),
we thus should not include the LO/TO splitting in phonon
calculations for undoped PbZrOs;. We recognize that, when
metallic heterostructures exhibit a strong anisotropy in Fermi
surface, an interesting scheme was proposed to calculate the
electric polarization [50].

The full-zone phonon dispersion of undoped PbZrOs,
obtained from the linear-response calculations, is given in
Fig. 1(a). The plotted dispersion is along the path ' —
X - M — I' - R— M, where the reciprocal-space coor-
dinates of the high-symmetry phonon wave vectors are (in
units of 27”) rao,0,0), x(1/2,0,0), M(1/2,1/2,0), and
R(1/2,1/2,1/2).

Figure 1(a) shows that (i) the soft mode at R has the lowest
frequency (—191 cm™"). The soft mode at zone-center I' is
significantly higher in frequency (—138 cm™!). This is con-
sistent with the fact that antiferroelectric instability prevails
in undoped PbZrOj; [5,7]. (ii) The soft-mode frequency at M
(—185 cm™") is comparable with that at R, and the dispersion
of the lowest phonon band is notably flat along the line from
R to M in Fig. 1(a). Furthermore, the lowest-frequency soft-
mode dispersions are rather steep along the M — X, M — T,
and R — T directions. (iii) The whole phonon dispersion in
Fig. 1(a) can be roughly separated into two frequency regions:
one is below 400 cm~! (which will be denoted as “region I”
and which includes many different phonon bands), and the

other is above 400 cm~! (which will be denoted as “region
).

B. Electron doping

When a concentration of 0.5 electron per unit cell (i.e.,
n = —0.5) is doped into PbZrOs3, the phonon dispersion of
electron-doped PbZrOs is depicted in Fig. 1(b). Electron dop-
ing of n = —0.5 per bulk cell will produce a charge concentra-
tion of 7 x 10?'¢/cm?3. By contrasting the phonon dispersion
of electron-doped PbZrO; [Fig. 1(b)] with that of undoped
PbZrO; [Fig. 1(a)], we see several marked differences.

(i) First, Fig. 1(b) shows that, under electron doping of n =
—0.5, the lowest-frequency soft mode in PbZrOj; is located
at the zone-center I'. This is in difference with Fig. 1(a) for
undoped PbZrO; where the lowest-frequency soft mode is at
zone-boundary R.

(ii) Furthermore, the soft modes at R (or M) in Fig. 1(b)
are significantly higher in frequency than at I'. The relatively
large frequency difference between I' and R signals that, un-
der n = —0.5, the FE instability at I' will be dominating in
PbZrOj3, while the instability at R or M is only secondary. This
is interesting and it reveals that, under n = —0.5, PbZrO; may
become ferroelectric (not antiferroelectric). We thus predict a
possibility that electron doping could cause a AFE-to-FE tran-
sition which turns antiferroelectric PbZrOjs into ferroelectric.
Furthermore, we find that the dominance of instability at "
can be further tuned by doping more electrons into PbZrOs3.
In-plane strain may also turn PbZrOj3 into ferroelectric [8].

(iii) Moreover, in Fig. 1(b), the frequencies of the lattice
vibration in region I vary from —100 to 300 cm~! under n =
—0.5, which amounts to a frequency range of about 400 cm ™.
This frequency range of region I is considerably reduced, as
compared to the counterpart range of 600 cm~! in Fig. 1(a)
for undoped PbZrO; (where frequencies vary from —200 to
400 cm™~! in region I). Therefore, the electron doping alters
both soft modes and nonsoft modes in a significant manner.
It may worth mentioning that the frequency range of phonon
dispersion is relevant since it is related to the strength of
atom-atom interaction, similar to the fact that the bandwidth
in electron band structure is correlated with the strength of
chemical bonding.

Meanwhile, for phonons in region II [i.e., when frequencies
are above 300 cm ™! in Fig. 1(b)], we observe that the frequen-
cies in region I under n = —0.5 are notably lower than those
in Fig. 1(a) for undoped PbZrOj3. Namely, the frequencies in
region II shift down upon electron doping.

We have also performed calculations for another electron-
doping concentration at n = —0.25. The soft-mode frequen-
cies at high-symmetry I', X, M, and R points for n = —0.25,
in addition to n = —0.5, are given in Table I and are plotted
in Fig. 2. Figure 2 (also Table I) shows that, at n = —0.25,
the soft-mode frequencies wr, wg, and wy, are comparable,
and the competition and interplay of these soft modes will
be strong. In addition, Fig. 2 reveals that, for electron dop-
ing (i.e., when n is negative), the soft-mode frequency at
X does not change significantly, while frequencies at R and
M increase drastically as n becomes more negative. As a
consequence, at n = —0.5, the frequency ordering follows the
sequence wr < wy < wy < wg, and the frequency at R or M
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TABLE I. Phonon frequencies of the lowest soft modes at I',

X, M, and R in PbZrO; under different doping concentration n. All

frequencies are in units of cm™'.

n wr wyx wy WR

—0.50 -98 =51 -56 —48
—0.25 —111 —48 —116 —-122
0.00 —138 —55 —185 —191
+0.25 —147 —47 —220 —223
+0.50 —180 —126 —255 —243

is only about half of that at I, as informed by Table 1. The
structural instability caused by wr at the zone-center I is thus
predominating.

To obtain the microscopic insight on which atoms are re-
sponsible for causing the ferroelectric instability under n =
—0.5, we examine the phonon eigendisplacement of the soft
mode at I". The phonon eigendisplacement |u!) at wave vec-
tor q is related to the phonon eigenvector |€/%) by |ul®) =
J#M—ile;i“)eiq'Rl, where M; is the mass of atom i, « is the
direction index, m is the mode index, and R; is a lattice
vector. Since the three Cartesian directions are equivalent
in cubic PbZrOs, we will focus on the soft mode vibrating
along the z axis. We find that, under n = —0.5, the nor-
malized phonon eigendisplacement of the soft mode at T is
(—0.18, 0.11, 0.61, 0.61, 0.46), in the sequence of Pb, Zr,
01, O;, and O3 atoms, where subscript z means that the vibra-
tion is along the z axis, and atom Os is located directly beneath
the Zr atom along the z axis. The eigendisplacement of this
soft mode at I" is shown in Fig. 3. From the eigendisplacement
in Fig. 3, we see that Pb and three O atoms are vibrating along
opposite directions, showing that the soft mode is indeed fer-
roelectric. Meanwhile, Zr and O atoms vibrate along the same
direction, and the Zr-O relative motion is thus not responsible
for the ferroelectricity. Therefore, ferroelectricity in PbZrOs

under n = —0.5 is mainly caused by the opposite motions of
T T T T T
-50 -
-100
-
E
S -150
8
-200 -
-250
T T T T T T T T
-0.50 -0.25 0.00 0.25 0.50
n

FIG. 2. Soft-mode frequencies at high-symmetry I', X, M, and R
points as a function of charge-doping concentration »n. n is negative
for electron doping, and positive for hole doping.

a

FIG. 3. The eigendisplacement of the soft mode at I" in electron-
doped PbZrO; under n = —0.5.

Pb and O. The eigendisplacement further reveals that the soft
mode at I" in PbZrO; under n = —0.5 is a Last mode [51,52],
which differs from BaTiO5; and PbTiOs; where the soft mode
at I is a Slater mode [53] and ferroelectricity predominately
comes from the opposite motion of Ti-O atoms.

To confirm that the AFE-to-FE transition will indeed occur
in AFE PbTiO; by electron doping, we have performed calcu-
lations by starting with the Pbam structure of antiferroelectric
PbZrO3 with 40 atoms per supercell, doping the system with
four electrons per supercell (which is equivalent to n = —0.5
per bulk cell), and optimizing the atomic positions and cell
shape. Then we use the optimized atomic positions and deter-
mine the relative atomic displacements with respect to those in
the centrosymmetric cubic structure. We find that, after dop-
ing, the average displacements are 0.25, 0.02, and —0.15 A for
Pb, Zr, and O atoms, respectively. In Pbam structure of AFE
PbZrOs;, the supercell is a ﬁ X Zﬁ x 2 multiple of bulk
cell. The above displacements are along the lattice vector of
length 24/2. The results show that (i) the average displace-
ment of Pb atoms is large and nonzero, in contrast to the
AFE structure where the average displacement of Pb atoms
is zero, and (ii) the Pb atoms and the O atoms move along
opposite directions, indicating that antiferroelectric PbZrO;
indeed becomes ferroelectric after electron doping.

The finding of the AFE-to-FE transition by electron doping
in PbZrOj; is interesting. We now provide an explanation to
understand the origin why electron doping causes the tran-
sition. We find that the reason is rather simple, and can
be attributed to the lattice expansion triggered by electron
doping. In Fig. 4 the lattice constant of cubic PbZrOs as a
function of doping concentration # is depicted, as determined
by LDA optimization of total energy while constraining the
cubic symmetry. Figure 4 reveals that, when electrons are
doped into PbZrOs (i.e., when n is negative), PbZrO3 expands
and the lattice constant increases. Quantitatively, the lattice
constant (a) is calculated to be 4.100, 4.185, and 4.271 A,
respectively, for n = 0.0, n = —0.25, and n = —0.50. The
lattice constant is found to expand about 4% from n = 0 to
n = —0.5, which is rather substantial. It is known that larger
cell volume tends to favor ferroelectricity while inhibiting
the antiferroelectric distortion [54]. Furthermore, we have
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FIG. 4. LDA-optimized lattice constant a (solid squares, using
the left vertical axis) and calculated bulk modulus B (empty circles,
using the right vertical axis) of PbZrO; as a function of charge-
doping concentration 7.

computed the phonon frequencies for n = —0.5 while keeping
the lattice constant to be the same as undoped PbZrO3, and
we find that the soft-mode frequencies wr = —83 cm™! and
wr = —122 cm~!. In other words, if the lattice constant is
artificially assumed to be unchanged, the AFE instability will
remain to be predominating at n = —0.5. Therefore, the lattice
expansion caused by electron doping is indeed responsible for
turning antiferroelectric PbZrO; into ferroelectric.

We next attempt to explain why electron doping may
cause the frequency width of the phonon bands in region I
to shrink, as observed in the above by comparing Fig. 1(b)
with Fig. 1(a). For this purpose we recognize that the width
of phonon bands is related to the atom-atom interaction, sim-
ilar to the fact that the width of electron bands is related to
electron-electron interaction. The width of the phonon bands
in region I can be attributed to the decrease in interatomic
interaction induced by electron doping. To confirm this, we
calculate the bulk modulus of cubic PbZrOs at its optimized
lattice constant under different electron-doping concentra-
tions, since bulk modulus is related to the overall strength
of interatomic interaction. The bulk modulus of PbZrO; is
plotted as the empty circles in Fig. 4, showing that when
n is negative, the bulk modulus declines substantially, from
183 GPa at n =0 to 136 GPa at n = —0.5. Therefore we
find that the atom-atom interaction is indeed weakened by
electron doping, which leads to the reduction of the frequency
width of phonon bands in region I. Furthermore, for lattice
vibration in region II [with frequencies larger than 300 cm ™!
in Fig. 1(b)], these vibrations mainly originate from oxygen
atoms, and the weakening of atom-atom interaction shall also
lower the frequencies in region II, which is consistent with the
calculation results in Fig. 1(b) as compared to Fig. 1(a).

Meanwhile we notice that the bandwidth of region II in
Fig. 1(b) is slightly larger than in Fig. 1(a). One possible rea-
son that the electron doping slightly enlarges the bandwidth of
region II is the following. In region II the maximum phonon
frequency wmax 1S located at R, while the minimum frequency
Wmin 18 located at M as shown in Fig. 1(b). The difference

between wmax and wpin, determines the phonon bandwidth. By
examining the phonon eigendisplacements, we find that, at
®max, the phonon eigendisplacements are identical for n = 0
and for n = —0.5 due to symmetry. However, at wp,;,, there is
a weaker participation of Zr at n = —0.5 (with a Zr amplitude
of merely 0.018) than at n = 0 (with a Zr amplitude of 0.102).
The weaker participation of Zr at n = —0.5 may be explained
by the fact that part of the doping electrons occupy the Zr
site, which causes an additional Coulomb repulsion between
Zr and O atoms. The repulsion lowers the frequency wp, in
Fig. 1(b), and makes the phonon bandwidth larger in Fig. 1(b)
than in Fig. 1(a).

C. Hole doping

The phonon frequencies at high-symmetry I', X, M, and
R points under two different hole doping concentrations (i.e.,
n = +0.25 and n = +0.5) are given in Table I and are plotted
in Fig. 2. First we need to point out that, under hole doping of
n = +0.25, PbZrO3; becomes metallic, since the Fermi level
is located within the valence bands and there is mobile hole
available. Table I shows that, under n = +0.25, the soft-mode
frequency at R continues to be much lower than that at I", and
the AFE instability continues to dominate, which is similar
to the undoped case of n = 0. This similarity indicates that
PbZrOj; remains to be antiferroelectric under hole doping. Our
calculations thus reveal that metallicity and antiferroelectric-
ity coexist in hole-doped PbZrOs3, or in other words, PbZrO3
under n = +0.25 is a metallic antiferroelectric. It is likely
that “metallic antiferroelectrics” may stimulate widespread
interest in the future as “metallic ferroelectrics.”

Furthermore, several observations of important relevance
can be made from Fig. 2 about hole doping. As hole-doping
concentration increases from n = 0 to n = +0.25 and finally
to n = +0.5 in Fig. 2, we see (i) the soft-mode frequencies
at R, M, and I become more negative, and therefore we
find that, as a general rule, hole doping tends to enhance the
structural instability which includes the AFE instability at R
as well as the FE instability at I". (ii) As n increases, wy
decreases slightly faster than wg. As a result, at n = +0.5,
wy becomes the lowest-frequency soft mode. (iii) In Fig. 2,
the soft-mode ordering in terms of frequency, at n = +0.5 of
hole doping, is wy < wgp < wr < wy, which is different from
the ordering sequence wr < wy ~ wy ~ wg at n = —0.5 of
electron doping, showing that electron doping and hole doping
produce very different effects.

It is no surprise that hole doping and electron doping
should generate different effects. In PbZrOs3, the states at the
low conduction bands are mainly contributed by Pb 6s orbitals
and Zr 4d orbitals, while the states at the upper valence bands
are mainly contributed by O 2p orbitals [5]. Therefore, the
doped electrons will largely stay at Pb and Zr sites, and in
contrast, the doped holes will largely stay at the O sites, which
in turn produces dissimilar impact on how atoms interact with
the others.

The full-zone phonon dispersion of PbZrO; under n =
+0.5 of hole doping is depicted in Fig. 1(c). Figure 1(c) shows
that (i) the soft-mode frequency at R (also M) is significantly
lower than at other phonon wave vectors (such as at I'), con-
firming that the dominating structural instability is at R (and
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M) under hole doping. (ii) Near zone-center I, several phonon
bands anticross with each other, for instance, at frequencies
of about —125 and +150 cm™!, leading to the characteristic
waterfall-like phonon dispersion. The waterfall-like disper-
sion is caused by the mode-mode interaction [55,56]. (iii) By
comparing Fig. 1(c) with Fig. 1(a), we see that hole doping
increases significantly the frequencies in region II. Mean-
while, the width of phonon bands in region I is comparable
in Fig. 1(c) and in Fig. 1(a).

We next examine how hole doping may alter the atom-
atom interaction. We realize that there are two competing
factors by which hole doping may influence the interaction
among atoms. As the first competing factor, we find that hole
doping shrinks the lattice constant. To illustrate this, we plot
the optimized lattice constant under different amount of hole
doping in Fig. 4. Figure 4 reveals that, when n is positive,
lattice constant is reduced froma = 4.100A atn = 0.0toa =
3.977A atn = +0.50, telling us that the interatomic distances
are considerably shortened by the hole doping. This will
increase the short-range (SR) atom-atom interaction. As the
second competing factor, we recognize that the hole doping
may weaken the long-range (LR) interaction, since the doping
allows mobile holes to be available in the valence bands,
which will screen the LR Coulomb interaction. Competition
between the enhanced SR interaction and the weakened LR
interaction in hole-doped PbZrOj3 breaks the delicate balance
which previously exists in undoped PbZrOs;, and the new
balance makes PbZrO3 under hole doping an interesting topic
to tune the microscopic interaction in AFEs. To examine how
the total (SR 4 LR) interaction is affected by hole doping,
we compute the bulk modulus under different hole-doping
concentration 7, and the result is shown by the dash line in
Fig. 4. Figure 4 reveals that, when n increases from 0 to 4-0.5,
the bulk modulus increases from 183 to 215 GPa. Therefore,
the total (SR + LR) interaction among atoms in PbZrO; is
significantly enhanced by hole doping.

We have also calculated the band structure of PbZrO;
under n = +0.5. The obtained band structure is shown in
Fig. 5(c), in comparison with those of undoped system
[Fig. 5(a)] and under electron doping of n = —0.5 [Fig. 5(b)].
For undoped PbZrOj3, we find that it has a direct band gap of
2.37 eV at X [Fig. 5(a)], which is close to the band gap of
2.34 eV obtained from LAPW calculations [5]. Under elec-
tron doping of n = —0.5, the band gap of PbZrO3; becomes
indirect between CBM at X and VBM at M, and the indirect
gapis 2.14 eV [Fig. 5(b)]. Under hole doping of n = +0.5, the
band gap is found to be 2.67 eV and is direct at X [Fig. 5(c)].

IV. CONCLUSIONS

We have performed first-principles linear response calcu-
lations to investigate the influence of electron doping and
hole doping on the structural instability in technologically
important antiferroelectric PbZrO3;. Our main findings are
summarized as follows.

(i) Electron doping is shown to possibly turn antiferroelec-
tric PbZrOs into ferroelectric. The transition occurs around
n = —0.25. The origin of this AFE-to-FE transition is simple,
and it results from the lattice expansion induced by elec-
tron doping. The lattice expansion causes the soft mode at

(b) (c)

15

=

¥

VAN

A\
%t i
1

J |

AN T LY A

''XM T RMTXMT RMIXMTIT RM

W= =

IR N TN
9§ =3

757
4

A7 AN

-5

W=
AN SN >
o
A I = U

E (eV)
A /Fﬁ\\\

-10

FIG. 5. Electronic band structures of PbZrO; under three differ-
ent doping concentrations: (a) n = 0.0 (undoped, the middle panel),
(b) n = —0.5 (electron doping, the left panel), and (c) n = +0.5
(hole doping, the right panel). The Fermi energy is set to be zero
in each band structure.

the zone-center I' to possess a significantly lower frequency
than at zone boundary, which disfavors the antiferroelectric
distortion at the zone boundary and favors the ferroelectricity
at the zone center.

(i1) Microscopically, ferroelectricity in PbZrOs under elec-
tron doping n = —0.5 is associated with the opposite motions
of Pb and O atoms. In contrast, the off-center displacements of
Zr and O atoms are along the same direction. In other words,
the soft mode which causes ferroelectricity in electron-doped
PbZrO; is the Last mode, which differs from PbTiO; and
BaTiO; where the soft mode is largely the Slater mode.

(iii) We further reveal that, under hole doping, antiferro-
electricity persists and is robust in PbZrOs. Since hole doping
makes the system metallic, our calculations thus suggest that
it is possible for hole conductivity (metallicity) and antifer-
roelectricity to coexist in the same system. The interplay of
metallicity and antiferroelectricity in PbZrOs is an interesting
new subject.

(iv) Electron doping is shown to weaken the atom-atom
interaction as demonstrated by the significant reduction in the
bulk modulus. In contrast, the hole doping increases the bulk
modulus, and may cause a new balance in atomic interaction
by enhancing the short-range interaction and weakening the
long-range interaction.

These results show that there is rich and interesting physics
to emerge by charge doping in antiferroelectrics. We hope that
this study will stimulate more theoretical and experimental
interest in this research field.
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