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Mn ions’ doping site and valence were studied in PbTiO3 (PT) with the native vacancy defects by the first-
principles calculations. Firstly, the native vacancy defects of Pb, O and Ti in PT were investigated and it was
found that Pb vacancy is preferred to others. And then the growth of Mn doped PT should be preferred to
Mn ion substituting for an A-site Pb ion with +3 valence when Pb is deficient under equilibrium conditions
driven solely by minimization of the formation energy, and this could result in a larger lattice distortion of PT.
In addition, when Mn enters the Pb site, the electronegativity of O becomes weaker which makes the domain
movement easier in PT to improve the performance of PT, while Mn ion substitution for a B-site Ti ion is the
opposite.
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1. Introduction

The advantage of lead titanate PbTiO3; (PT) and lead zirconate titanate PbZr;_,Ti, O3 (PZT) as
Pb-based ferroelectric materials, has been well exhibited in infrared pyroelectric sensors, piezoelectric
transducers, nonvolatile memories and so on [1-4]]. Furthermore, some cations were also introduced to
modify their properties and improve their applications [5H15]]. Mn doped PT and PZT exhibiting different
characteristics with dopant concentration have attracted a lot of interest [14H18]]. Especially, Mn can have
a softening effect on PT and PZT at a small concentration [[14}/16,117]. It was deemed that the occurrence
of a small amount of Mn ions entering the A site was compatible with small differences between the
calculated and measured x-ray absorption near-edge structures (XANES) [[19]. Then, it acts as a B-site
dopant to decrease the relative permittivity and loss tangent with the concentration increasing. The effect
of Mn doping on the structure of PT and PZT is still not well understood.

Mn defects could always occur with native defects simultaneously during the formation process
of Mn doped PT and PZT. Several native defects have been reported, such as Pb vacancy (Vpy) [20],
O vacancy (Vo) [20] and Ti vacancy (VT;) [21], which may affect the role of Mn in PT and PZT. Thus,
the study of Mn doped PT and PZT should be carried out based on the native defects. In this paper Mn
defect in PT is studied by the first-principles calculation due to their similar structure, which would be
helpful to clarify the influence of Mn doping on PZT.

In this paper, the native vacancy defects of PT were investigated by the first-principles calcula-
tion firstly. Their stability was analyzed through the defect formation energy which is a function of
Fermi-energy under different growth conditions. Then, Mn defect position and valence state in PT were
determined based on the most probable native vacancy defects. Additionally, the electronegativity of O
was investigated in PT without and with Mn doping at different sites, and its effect on the performance
of PT was discussed too.
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2. Model structures and computational methods

2.1. Model structures

The cubic phase of PT (space group Pm3m), which is often used in the first principles simulations,
was chosen as a model to simplify the calculation [22]]. For simulations, a 3 X 3 x 3 supercell [shown in
figure[T](a)] composed of 135 atoms and 27 primitive PT unit cells was established by repeating the unit
cell. Then, one vacancy defect (such as Vpy,, Vo and V) was introduced into the 3 X 3 X 3 supercell for
the calculation of the native vacancy defect. It is difficult to show the structure of defects in PT with the
dense ion arrangement. Thus, 2 X 2 x 2 supercells were used to illustrate the structure of defects in PT
in figures ] (b) to (h). Additionally, the model structures of Mn defects in PT were built by adding one
Mn ion into two kinds of host supercells, one 3 X 3 x 3 perfect supercell of PT [marked with model #1 in
figures[T](e) and[I](f)] and the other containing one vacancy defect [marked with model #2 in figures[T|(g)
and [I](h) where Vpy, was taken as an example]. The concentrations of native defects and Mn defects are
all 3.7% in the calculation, while it is about 3% for Mn doping in the experiment [16].
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Figure 1. (Colour online) The model structures PT without and with different defects, (a) 3 X 3 X 3 perfect
supercell, (b) to (h) 2 x 2 x 2 supercells for different defects, (b) Vi, (¢) Vo, (d) Vpy, and (e) to (h)
schematics showing Mn doping into Pb site and Ti site in two kinds of host supercells, respectively,
(e) and (f) perfect supercells marked with model #1, (g) and (h) supercells with one Vp, marked with
model #2. Red balls, blue balls, grey balls, hollow yellow balls and a green ball denote O, Ti, Pb ions, Pb
vacancy (Vpp) and a Mn ion, respectively.

2.2. Computational methods
2.2.1. First-principles

All the total energy calculations were performed in VASP code using the projector-augmented
wave (PAW) method 24)]. Generalized gradient approximations (GGA) were used in the form of
Perdew-Burke-Ernzerhof (PBE) exchange-correlation function for the electron-electron interaction [25].
A Monkhorst-Pack mesh and a plane-wave cutoff energy were determined at 6 X 6 X 6 and 500 eV,
respectively, through calculating the total energy. The convergence of the electronic self-consistent
energy less than 107> eV and the force on each atom less than 0.01 eV/A were defined for full relaxation
of the positions of all atoms.

The optimized lattice constant of PT is 3.972 A, which is very close to the experimental value
of 3.97 A [22]. The band gap of PT was calculated to be 2.40 eV in this paper, which is lower than the
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experimental value of 3.40 eV [26]]. The band gap is always undervalued with the first-principles [27,128]],
so the experimental value of 3.40 eV was used in calculation presented below.

2.2.2. Defect formation energies

The defect formation energy E¢(D9) of a defect D in the charge state g is defined as [29} 30]:

Ep(D?) = Eq(DY) = Eot £ Y miti + qler + Ey + AV), @1
i

where Ey, (D7) and Ey are the total energy of the supercell with and without defect, respectively, n; is
the number of i atoms which are removed from (or added to) the supercell corresponding to plus (or
minus) sign, y; is its chemical potential, ¢ is the charge state of the defect, e is Fermi-energy which
is calibrated to O at the top of the valence band Ey . Finally, a correction term AV is added to align the
reference potential in the defect supercell with that in the bulk.

When the defect formation energies E¢(D4') and E¢(D%) in two charge states of | and ¢ are equal,
the defect transition Fermi-energy &4, _4,, which is defined as the thermodynamic transition level [29],
can be determined as the following form according to equation (2.1):

Eo((D9") — Eioi(D®
Eqi-gp = tot( ) tot( ) _ EV — AV. (2.2)
92— q1

To grow the crystal of PbTiO3 in thermodynamic equilibrium conditions, upy, uti, o and upptio,
(the chemical potentials of Pb, Ti, O and PbTiO3) must be satisfied as follows:

MPb + UTi + 340 = UPbTIO; - (2.3)

PbO,, PbO and TiO, are considered to be major competing phases. The following conditions need to be
further taken into account in order to inhibit the undesired phases in PbTiO3 [31]

upy <0, pri <0, po <0,

Hpb + 2U0 < UPLO,

Hpb + HO < HPbO,

HTi + 20 < HTiO,s

HPb + UTi > UPbTIO;s» (24)
where upho,, upbo and prio, are the chemical potentials of corresponding competing phases. Their
corresponding bulk energies of per formula unit are listed in table [T}

The chemical potentials of Pb, Ti and O, upy, y1i and uo, could be determined from equations

and (2.4) for stable PbTiO3 growth, which were shown on the upy-pti plane in figure 2] with a shaded
region. Then, the chemical potentials at four vertices (labeled with A, B, C, and D in figure[2] respectively)

of the quadrilateral shadow region, listed in table[2] were selected to analyze the defect formation energies,
which correspond to four different growth conditions of stable PT growth. A and B points represent the

Table 1. Bulk energies of per formula unit of competing phases of PT.

System Epuk (eV)

PbTiO3 -13.00
TiO, -9.95
PbO -2.85
PbO, -3.66

23705-3



H. Xin et al.

n(eV)

(V) b
42 10 -8 -6 "\-4 2 0o 9 8 7 6 5 4
e 0 o : ; : 0
(a A
=127, #1938 {2
B S12M 222

—— gy =13.00 7" 14
—— 1, =2%, #15.02

(eV)

-3

Figure 2. (Colour online) Region of stability (shaded) for PbTiO3 in the 2D space spanned by p; and upy,,
(a) full scale and (b) the magnified stable region. The (colored) lines are the limits from the compound
of interest and the competing phases. A, B, C, and D are four vertices of that region corresponding to
four different growth conditions of stable PT growth.

Table 2. Chemical potentials of Ti, Pb and O (uj, upp and up) at A, B, C and D four vertices of the
shadow region in figure[2]

Chemical potential uti (€V) upp (€V) uo (V)
A -8.56 -2.05 —-0.80
B -8.73 -2.43 -0.61
C -3.86 0 —-3.047
D —4.44 0 -2.85

oxygen-rich growth of PT, where o is higher, while C and D points are oxygen-poor, which correspond
to uo in table 2] However, they are just opposite for Ti and Pb. Since the amount of Mn doping was very
small, the change of chemical potential of Mn was neglected and the energy —5.16 eV of Mn atom in their
bulk crystal phase was used in the calculation. For simplicity, Mng" and Mn7,” were used to represent
the defects of Mn ions in +x valence state entering the Pb site and Ti site, respectively, in this paper.

3. Results and discussion

3.1. Analysis of native vacancy defects

The dependence of the formation energies on e for native vacancy defects was shown in figure
in four different growth conditions which were illustrated with A, B, C and D in figure 2] These
results were obtained from the first-principles calculations according to equation (2.1I)) and the slope
of the line represents the charge state of the native vacancy defect. There is a little difference between
figures [3] (a) to (d) which can be attributed to the chemical potentials of Pb, Ti and O in four growth
conditions. It could be seen that the vacancy formation energy for Pb is generally lower than those for
others at all growth conditions as shown in figure |3} It could be concluded that Vpy’s, usually caused by
Pb volatilization, are most likely to be formed during the growth process of PT. Our results are consistent
with the conclusion drawn in the experiment [20]].

3.2. Analysis of Mn defects
3.2.1. Energies

Since Vpy, is the most probable vacancy defect during the growth process of PT, usually it is possible
that a few Vpy’s still exist in PT though the excess Pb is added during preparation process of PT. Thus,
Mn defects in PT should be studied based on the Pb vacancy defects. In order to study the effect of Vpy
on Mn doping in the PT crystal, one Mn impurity is added into Pb site and Ti site in the two kinds of
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Figure 3. Formation energies as a function of Fermi level for vacancy defects in PT in four different growth
conditions which were illustrated with A, B, C and D in figure 2] The zero of Fermi level corresponds
to the top of the valence band. The slope of these lines indicates the charge state. (a), (b), (c¢) and (d)
correspond to A, B, C and D, four different growth conditions, respectively.
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Figure 4. (Colour online) Formation energies as a function of Fermi level for Mn in different configurations
(Pb-substitutional, Ti-substitutional) in the host supercell without Vpy, in different growth conditions.
Kinks in the curves indicate transitions between different charge states. Red solid circles and black solid
squares represent the defect formation energies of Mnp, and MnT; at corresponding Fermi levels in
different charge states respectively. (a), (b), (c) and (d) correspond to A, B, C and D, four different growth
conditions in figure 2] respectively.

3 x 3 x 3 host supercells, respectively. The perfect supercells were marked with model #1 and those with
one Vp, were marked with model #2 as shown in figures|[T] (e) to (h).

In model #1, Vpy, is not considered in Mn doped PT. The formation energies of Mn defects in different
valence states and sites were investigated and discussed in this case firstly. Figure 4] shows the formation
energy as a function of &g for Mn in different configurations with four different growth conditions. The

23705-5



H. Xin et al.

Table 3. Transition levels 4,4, (€V) of different charge states for Mn defects which are the kinks on the
curves in figure[d (Mn doped PT without Vpy,) and figure 5] (Mn doped PT with Vpy,).

Mn doped PT without Vpy, Mn doped PT with Vpy,
Mn?fb’z - Mn4T]T3 — Mn?rj; — Mn?fb’z — Mn4T+3 — Mn?r;; —

+ + + + + +

Mng, Mnz Mnp; Mng, Mnz Mnp;

Eq1-q> 1.46 1.85 2.32 1.46 0.98 1.05
2
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Figure 5. (Colour online) Formation energies vs Fermi energy for the defects of Mnpy, and MnT; at each
relevant charge state in the host supercell with Vpy, in different growth conditions. Red solid circles and
black solid squares have the same meaning as in figure[d (a), (b), (c) and (d) correspond to A, B, C and
D, four different growth conditions in figure 2] respectively.

line segments of a different slope were displayed corresponding to different charge states and they connect
each other at the corresponding transition level for the same doping defect. The corresponding transition
levels are listed in table [3] The formation energies increase with er and decreasing of Mn ion’s valence
for Mnpy, while those are contrary for Mnt;. Furthermore, the neutral charge states have obviously higher
energies than other charge states for both Mnpy, and Mnr;. It indicated that Mn ion doping into Pb site at
a higher valence is more stable, while it is more stable for Mnr; at a lower valence, only considering the
defect formation energies. It is also noted that the formation energies of Mnr; are always much lower than
those of Mnpy, in figures [] (a) and [] (b) corresponding to the oxygen-rich growth, while they increase
and get close to each other in figures ] (¢) and [ (d) corresponding to the oxygen-poor growth, which
results from the varieties of the chemical potentials of Pb, Ti and O in four growth conditions illustrated
in figure|2| The formation energies of Mn%;r still become lower than those of Mnpy, in this case.

In another case (as described in model #2), Vpy, is considered in the study of Mn doped PT. When a
Mn ion enters the A site, it could compensate Vpy, while if it enters the B site, the Vpy, will be left. The
formation energies for Mn in different configurations are analyzed as a function of Fermi energy, and are
shown in figure[5] Comparing the formation energies of model #1 (not containing Vpy,) in figure[d] it can
be found that those of Mnt; have an increase corresponding to the same growth conditions which results
in the formation energies of Mnp, that are obviously lower than those of Mnr; in figures 5| (c) and [5] (d),
while they get close to each other in figures 5] (a) and[5] (b).

The defect formation energies were calculated at corresponding Fermi levels for Mn in different
configurations, and listed in table ] with Fermi levels and the values in [32] too. Their positions are
marked with red solid circles for Mnpy, and with black solid squares for Mnt, respectively, in figures
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Table 4. Formation energies E (eV) of different defects at corresponding Fermi levels e (V) which have
been calibrated with the top of the valence band for Mn in different configurations. E Jf‘, EfB, Ef and E}D
represent defect formation energies in A, B, C and D, four different growth conditions in figure [2| E1,

E% and E ; represent those in three different growth conditions in [32].

Defect e EJé EfB E]? E}? E} E}% EJ%
Mnz? 1.704 3850 3470 5900 5900 ~23  ~46  ~4.6
MnZ} 1.095 3485 3.105 5535  5.535 - - -
MnZ 2298 0594 0424 5294 4714 - - -
Mn3F 1.996 0.874 0704 5574  4.994 - - -
Mn7 1.594 1.020 0850 5720 5140 ~05 ~-13 ~0.1
MnZt with Vp, 1472 4336 3786 11.086  10.506 - - -
Mn3t with Vp,  1.206 5.024 4474 11774 11194 - - -
Mnit with Vp,  1.009 5250 4700 12,00 11420 - - -

and |5} except that for Mn%jr due to too short line segment in ﬁgure which agree with the line segment
of their charge state in the diagrams. Since the defect formation energies have a close relationship with
the chemical potential selecting, the values in this paper are slightly different from those in the [32]. The
stable charge state is the one which has the lowest formation energy for a given Fermi level [29]. The
neutral charge states have obviously higher energies than other charge states, and the formation energies
of Mn%;r are the lowest in model #1 (not containing Vpy), while those of Mnf;l; are the lowest in model #2
(containing Vpy). Thus, considering minimization of the defect formation energy, it could be concluded
that (1) the neutral Mn defects are more unstable than those of other charge states [33]]; (2) Mn ions prefer
the B sites in +2 valence state in PT without Vpy,, while Mn ions prefer A sites in +3 valence state in PT
with Vpp, which shows that A sites are more favored by Mn ions when Pb is deficient.

Considering the change of defect configurations in PT with the concentration of Mn doping, based
on the conclusion from model #2 (containing Vpy), a few Pb deficiencies caused by Pb volatilization in
PT could be relieved due to the compensation of Mn ions entering the Pb sites in +3 valence state, which
results in a decrease of the trapping electronic charge and makes the domain wall motion easier, thus
improving ferroelectric and piezoelectric properties of PT [14} [16]. Then, at a further increase of Mn
doping concentration, there will be no Vpy’s needing Mn ions to fill, based on the conclusion from model
#1 without Vpp, more Mn ions in +2 valence state are more likely to replace Ti** to increase oxygen
vacancy concentration in PT which results in a decrease of the relative permittivity and loss tangent
usually [14H18]]. The measurement of Electron Spin Resonance also shows that Mn ions coexist mainly
in the way of Mn?* and Mn>* in PZT ceramics [[14].

3.2.2. Structure

The volumes of 3x3x3 PT supercells with different defects are listed with their change rate compared
to that of pure PT in table[5] The supercell has a larger volume change for Mn doping at A site than that for
Mn doping at B site at the same valence state, which was also observed in the experimental result of 0.5%
Mn doped PZT [16]. Additionally, it becomes larger and larger with Mn ion’s valence. The ionic radii of
Pb?* and Ti** are 1.32 A, 0.64 A, while those of Mn?*, Mn** and Mn** are 0.91 A, 0.65 A and 0.53 A,
respectively [34]. Consequently, Mn substituting for Pb could produce a large lattice distortion while its
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Table 5. Calculated volumes of PT 3 x 3 x 3 supercells with different defects and their corresponding
change rates compared to that of perfect PT.

Configuration Volume (A)  Change rate
PT 1689.41 -

PT with Mn2} 1676.33 -0.77%

PT with Mn3* 1668.77 ~1.22%

PT with Mn2} 1694.70 0.31%

PT with Mn3¥ 1684.88 ~0.27%

PT with Mnf 1676.41 ~0.77%
PT with MnZ and Vp,  1688.36 ~0.06%
PT with Mn3} and Vpp, ~ 1680.00 -0.56%
PT with MnT and Vp,  1671.67 ~1.05%

Table 6. Average Bader charges (e) of Pb, Ti and O of PT for different Mn doping, respectively, and their
changes Ag compared with those of undoped PT, are given in parentheses.

Atoms undoping MnZ! (Ag) Mn3! (Ag) MnZf (Ag) Mn3! (Ag)
- 135644 1.340324 1.34888 1.334463 1.341407
: (—0.016116) (~=0.00756) (=0.021977)  (—0.015033)
T 18463502 1.856993 1.859499 1.840132 1.848042
! : (0.010491) (0.012997) (—=0.00637) (0.00154)
~1.06498 ~1.057343 —1.078887 ~1.072041
0 ~1.067647

(0.002667) (0.010304) (=0.01124)  (=0.004394)

substitution for Ti** causes a small lattice distortion due to a similar ionic radius between Mn and Ti
ions. Greater lattice deformation would lead to the structural change or unstable state of PT eventually
by more Mn entering the A site which is not actually found in the experiment. Therefore, it is inferred
that Mn ion may enter the A site only at a low concentration while it mainly enters the B site at a high
concentration.

3.2.3. Bader charge

Average Bader charges of Pb, Ti and O of PT with and without Mn doping at different sites are
listed in table [6] respectively. One Ti ion and one Pb ion correspond to three O ions according to
stoichiometric ratio in PT and the increase of positive charge of Ti and Pb ions always corresponds to
the increase of negative charge of O ions which could be verified by average Bader charges of Pb, Ti and
O (1.35644 + 1.846502 = 3 x 1.067647). The charge number of O ion is reduced for Mn entering the
A-site compared with undoped PT which indicates that the electronegativity of O becomes weaker. The
electronegativity of O could affect the binding force between ions. Thus, when Mn enters the A site, the
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Table 7. The Bader charges (e) of Mn ions in different valence states at A and B sites of PT. Ny, N, and
AN represent the electronic numbers of Mn atom, the Bader charges of Mn ions and N, — Nj.

Defect Ny N, AN

Mnz? 7.00 5723836 1.276164
Mn} 7.00 5.632596 1.367404
Mn3f 7.00 5.484108 1.515892
Mn3* 7.00 5431728 1.568272
Mn2t 7.00 5374644 1.625356

binding force between ions becomes weaker, which makes the domain movement easier in PT to improve
the electromechanical performance of PT, while Mn entering the B site is the opposite.

The bonding mode of Mn ion entering the different position of PT directly affects the charge distri-
bution of PT which results in the change of its performance. The Bader charges of Mn ions at different
lattice sites are listed in table[7} respectively. Mn ions lost more electrons entering the B site than entering
the A site, which shows that the ionicity of the chemical bond is stronger when Mn ion enters the B site.
In addition, the ionicity of Mn increases with its valence.

4. Conclusion

Mn defects in PT have been studied by the first-principles based on the native vacancy defects. The
defects of Mnp, and MnT; were analyzed in two different lattice models with and without Vp,s which are
the most probable vacancy defects to occur during the growth process of PT. It is found that whether Mn
ion enters A or B site of PT is related to its doping concentration. PT prefers to incorporate Mn on Pb
sites rather than Ti sites with the Pb deficiencies at a low Mn concentration, while a B-site Mn doping
is preferable at a high concentration. Mn ion entering the A site with +3 valence could result in the
lattice distortion of PT becoming larger and the electronegativity of O becoming weaker, which makes
the domain movement easier in PT to improve the performance of PT.
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Mn ions’ site and valence in PbTiO3

LLeHTpwn neryBaHHs i BaIeHTHicTb ioHiB Mn y PbTiO3 Ha ocHOBI
npupoaHnx aedekTiB BakaHCii

I. Cin, K. Nanr, 4.01. Tao, N1. Ai, M. XaHr

HaykoBuii Koneax yHiBepcuTeTy apxiTekTypu i TexHonoriii M. KesiH, KesiH, 710055, KHP

Ha oCcHOBI NepLIONPUHLMITHOTO MOZE/IIBaHHSA BUBYANNCA MiCLLe IeryBaHHS | BaJIEHTHICTL iOHiB Mn y cnonykax
PbTiO3 (PT) 3 npupogHnMu gedektamu BakaHcCii. CnepLuy 6ynun BUBYeHi NpUpoAHi AedekTun BakaHcii Pb, O Ta
Tiy PT, i 6yno BusiBneHo, Lo BakaHcia Pb € Halikpaloto. Mpu pocTi PT, nerosaHoi Mn, nepeBaxHuM Mae 6yt
3aMilleHHs ioHamy Mn 3 BaneHTHicTio +3 ioHiB Pb B A-LeHTpax, Konn koHueHTpauis Pb € HegoctaTHbOO B
yMoBax piBHoBaru. Lle 06yMoBAeHO BUK/IOYHO MiHiMi3aLli€to eHeprii yTBOPEHHS | MoXe Npu3BecTu Ao 6inbLuoi
ancropcii rpatku PT. Kpim Toro, ko Mn noTtpannsie Ha Micue Pb, enektpoHeraTusHicTe O cTae cnabLuoto, Lo
nonerwye pyx AoMeHis B PT i MOKpaLLy€e xapakTepucTuKu Li€i cnonyku, ToAl K 3aMilLieHHs ioHamu Mn ioHis Ti
B B-LleHTpi Ma€e NpoTunexHun epekr.

KniwouoBi cnoBa: sieryBaHHs Mn, criosnyku PT, IpUpoAHI AePeKTy, eHeprist yTBOPEeHHS AePeKTiB, 3apss
beiigepa
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