PHYSICAL REVIEW B 71, 125134(2005

Ab initio linear response and frozen phonons for the relaxor PbMgsNb,,505

Narayani Choudhury? Zhigang Wu! E. J. Walte® and R. E. Cohéeh
1Geophysical Laboratory, Carnegie Institution of Washington, 5251 Broad Branch Road N.W., Washington, DC 20015, USA
2Solid State Physics Division, Bhabha Atomic Research Centre, Trombay, Mumbai 400 085, India
SDepartment of Physics, College of William and Mary, Williamsburg, Virginia 23187, USA
(Received 9 September 2004; published 31 March 2005; publisher error corrected 7 Apjil 2005

We report first principles density functional studies using plane wave basis sets and pseudopotentials and
all-electron linear augmented plane wat&\PW) of the relative stability of various ferroelectric and antifer-
roelectric supercells of PMNPbMg; ,5Nb,,505) for 1:2 chemical ordering alonpl11] and [001]. We used
linear response with density functional perturbation theory as implemented in thegode to compute the
Born effective charges, electronic dielectric tensors, long wavelength phonon frequencies and longitudinal
optic-transverse optit. O-TO) splittings. The polar response is different for supercells ordered aldrigand
[001]. Several polar phonon modes show significant coupling with the macroscopic electric field giving giant
LO-TO splittings. For{111] ordering, a polar transverse optic mode wilsymmetry is found to be unstable
in the ferroelectrid®3ml structure and the ground state is found to be monoclinic. Multiple phonon instabilities
of polar modes and their mode couplings provide the pathway for polarization rotation. The Born effective
charges in PMN are highly anisotropic and this anisotropy contributes to the observed huge electromechanical
coupling in PMN solid solutions.
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[. INTRODUCTION ies using the codeBINIT (Ref. 21) for ordered supercells
with 1:2 ordering along th¢111] and [001] directions in
Lead magnesium niobate fbg,;5Nb,5)O3 (PMN) is a  PMN. Whereas the first principles calculations yield some
relaxor having a large, broad and frequency dependent pedRsight on the behavior of ordered PMN, real PMN is a dis-
in the dielectric constant versus temperatue¢ around ©rdered solid solution on average. Studies of ordered super-
300 K. This diffuse behavior in relaxors is unlike ordinary Cells are important for developing interatomic potentfals
ferroelectrics, which exhibit an abrupt change in the structur@nd effective Hamiltonian®, required to study finite tem-

and properties at the Curie temperatyfMN is the relaxor perature effects of relaxor ferroelectrics as well as their be-
end member of the large strain piezoelectric solid solutio avior over larger length and time scales. Using techniques

PMN-PT which is a relaxor ferroelectric below certain K& Molecular beam epitaxy, one can in principle make or-
PbTIO; (PT) concentratior? dered PMN, which would be ferroelectric according to our

. . N results. Thus our calculations are also predictions for the
PMN has the perovskite structdirevith the Mg’ and behavior of ordered PMN, which might someday be synthe-

Nb°* cations present in the correct ratio for charge balancesized

but located randomly on th& site which has only short  pg gals of the present study dieto determine the role
range order. Similar to other relaxors, PMN is heterogeneouss the crystal structure and bonding in promoting ferroelec-
with respect to chemical, compositional and polarization oric relaxor and enhancing piezoelectric behavior and to un-
der on a nanometer scale, but it is typically cubic on a mi-gerstand the role of phonon instabilities, afiid to under-
crometer scale at room temperature. The effects of this disstand the factors that lead to piezoelectric enhancement with
order manifest in all physical observations and havepolarization rotation. LAPW calculations involving several
therefore spurred extensive experimental studies of the struerdered supercells of PMN were used to explore the energy
tural heterogeneiti€s'® and phase transitiofs! diffuse  landscape to understand the relative energies of possible
scatterin§ and spin-glass type behavior of relaxé?sThe  ferroelectric(FE) and antiferroelectrid AFE) states. Norm
dynamical properties of relaxors reveal anomalies in theiconserving pseudopotentials were developed for first prin-
observed specific he&t high pressure Ramé&mnd inelastic  ciples studies of the structural and vibrational properties, and
neutron spectr®1% The degree of order observed experi- comparisons of the energy landscape with LAPW computa-
mentally depends on the length and time scale of the expertions helped develop accurate pseudopotentials required for
mental probe. Detailed theoretical first principles studies tahe linear response studies.
understand and analyze the dynamical behavior and their re- First principles theoretical calculaticis3” using all elec-
lationship to the observed properties of these systems ateon LAPW?*—2° as well as plane-wave basis sets and
therefore desirable. pseudopotentiat8=3> have been successfully used to under-
Due to the complexity of relaxors, theoretical studies necstand fundamental aspects related to crystal structure, bond-
essarily have to adopt a multiscale approach using severalg and ferroelectric properti€4, spontaneous polarization
techniques to cover the length and time scales involved. As and piezoelectric constars;2”-37 polarization rotation and
first step, we have performed first principles all-electron lin-observed high electromechanical coupling coefficiénis,
ear augmented plane wa(leAPW) and linear response stud- frozen phonof?-3! and linear response studi®s3233struc-
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TABLE |. Parameters used in the codeium (version beta.B PMN [111] FE
(Refs. 45—-4Yfor generating the norm conserving pseudopotentials.
Reference o
Atom configuration r. (bohn g.(VRyd)
Pb &2, 6p°, 5d'° 1.7,2.0,1.75 6.05, 5.52, 7.07
Mg 257, 2p6, 3d°1 1.2,15,1.8 9.0, 9.5, 9.0
Nb 4sl, 4p3S5 4d37 1.9, 2.0, 2.0 6.8, 6.7, 6.8
0 2¢%, 2p* 1.16, 1.16 9.5,9.5

tural response to macroscopic electric fieltlstc., for a
wide variety of ferroelectric materiaf$.First principles fro-
zen phonon studies for various ordered supercells in PMN
have been reported previously by Prosandetest 33! using
ultrasoft pseudopotentials. We have built on the previous
work by performing first-principles lattice dynamics compu-
tations including longitudinal optic-transverse ogli©-TO)
splittings, and have studied a variety of different structures,
following a cascading set of soft modes towards the ground
state.

PMN-PT attracts interest as a giant piezoelectric single
crystal material with enhanced piezoelectric and electrome-
chanical coupling coefficients and finds important
application$ in piezoelectric transducers and actuators, non-
volatile ferroelectric memories, pyroelectric arrays, dielec-
trics for microelectronics and wireless communication, non-
linear optical applications, etc. Here we report first principles
density functional ground state and linear response studies of
phonon instabilities, anisotropic Born effective charges, elec- G, 1. The polyhedral representation of the supercell§zof]
tronic dielectric tensors, long wavelength phonon frequensg and[001] AFE structures. The coordination polyhedra around
cies and LO-TO splittings for various ordered supercells ofthe Mg(light) and Nb(dark) are shown. The Pb atoms are shown as
PMN. spheres (distinct shade and sizes represent different Wyckoff

Sections Il and Ill give details about the techniquespositions.
adopted and results obtained, respectively, while Sec. IV

gives the summary and conclusions. method with the local-orbital extensié_ﬁ.Core states are
treated fully relativistically. The Hedin-Lundqvist local-
Il. TECHNIQUES density approximation was used for the exchange-correlation
. energy. The muffin-tin radii are 2.1, 1.7, 1.7, and 1.6 Bohr
A. LAPW studies for Pb, Mg, Nb, and O, respectively. The LAPW conver-

The calculations were performed using the first-principlesgence parameter RK,=7.5, corresponding to about 2400
all-electron linearized augmented plane-wayeAPW) LAPWSs, was found to be well converged. The special

TABLE II. The space group, relative energieéaRyd/15-atom cell and lattice vectors for the supercells studiaetk=7.575 05 bohr,
a’=7.500 78 bohr, and”=7.581 bohr. TheCm (E) structure was obtained from thHe& symmetry unstable phonon mode eigenvector in
the FEP3mL structure, while theCm (R) structure was obtained via constrained structural relaxation. The ground state has a monoclinic
C2 structure with primitive lattice constants=10.67688 bohr,b=10.67688 bohr,c=13.08546 bohr,«=90.5518°, 3=89.4482°, and
v=119.0456°.

Ordering Space AE AE

direction group LAPW ABINIT a b c
[111] P3m1 0 0 (-a’,a’,0) (a’,0,-a’) (-a’,-a’,-a’)
[111] Paml 12.6 11.7 (-a’,a’,0) (@',0,-a’) (-a’,-a’,-a’)
[111] Cm (E) -1.11 (-a’,a’,0) (a’,0,-a’) (-a’',-a’,-a’)
[117] Cm(R) -6.67 (-a’,a’,0) (a’,0,-a’) (-a’',-a’,-a’)
[111] C2 -9.36
[o01] P4/mmm 22.4 19.2 (@,0,0 (0,2”,0) (0,0,3.0%9")
[100] PmnR 20.3 18.4 (3a”,0,0 (0,2”,0) (0,0,1.012")
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TABLE lll. Relaxed atomic positiongfractional coordinatesfor the AFEP3m1 structure. The Wyckoff positionsal 2d, 1b, 6i, and &
have fractional coordinate®, 0, 0, (1/3,2/32), (0,0,0.5, (x,—x,2) and (0.5,0,0, respectively, with ideal positions Bi,z)=1/3,
Nb(2d,z)=5/6, Q6i,x)=1/6, and @6i,z)=2/3. Thedecompositions of the group theoretical irreducible representati®is) for the
given Wyckoff position at the zone centErpoint are also given.

Relaxed Relaxed
positions positions
WP Equivalent positions LAPW ABINIT IRD
Pb la 0,0,0 AxtEy
Pb m (1,22 (21 - 0.3370(2) 0.3355(2) AagtAoutButEy
Mg 1b (0,0,0.5 Ay +E,
Nb 2d (2,2, (2,12 0.8215(2) 0.8206(2) Arg+Ag+E+Eq
(@] 6i (X,-%,2),(X,2%,2),(-2%X,-X,2), 0.1694(x) 0.1703(x) 2Aqg+Agy+Aggt+ 2A5,+ 3E,+ 3E,
(=X,X,=2),(2X,X,=2),(=X,=2X,-2) 0.6725(2) 0.6730(2)
o} 3e (0.5, 0,0 A+ 2A5,+3E,

k-point method with a & 4 X 4 mesh was used to sample the I. A kinetic energy cutoff of 100 Ryd was used and the Bril-
Brillouin zone; selected computations with &® X6 mesh louin zone(BZ) integration were performed using ax4

showed that the former mesh was sufficient. X 4 k-point mesh.
B. Linear response studies Il. RESULTS
The linear response computations used the density func- A Structural relaxation

tional perturbation theoryDFPT)?1:3%-44with a plane-wave

basis and norm conserving pseudopotentials as implemented The structures of the ordered superceffbles 1I-V)

in the codeaBINIT (Ref. 21) within the local density approxi- Used in the present studies are shown in Fig. 1. The ideal
mation (LDA) for electron exchange and correlation. We Positions for the 15-atom cell with 1:2 ordering along the
generated norm conserving pseudopotentiddble ) using  [111] have hexagondlPsm1) symmetry. All our calculations
the codeoPiUM.454” The Ph(5d, 6s, and ), Mg (2s, 2p,  were done at the LDA zero pressure volu(®804 boh?) for

and 31), Nb (4s, 4p, and 4l) and the O(2s and 2) were  the Psml structure. Symmetry preserving structural relax-
treated as valence and the parameters used are listed in Tallon starting from the ideal positions in tfiRsm1 structure

TABLE IV. Relaxed FEP3ml structure. The Wyckoff positionsal 1b, 1c, and 31 have fractional
coordinateq0,0,2), (1/3,2/32), (2/3,1/3 z), and(x,-X,2), respectively.

Fractional Fractional
Equivalent coordinates coordinates
WP positions LAPW ABINIT IRD?
Pb la (0,0,2 0.03062) 0.02722) A+E
Pb b (3.2,2 0.37742) 0.37542) A+E
Pb I (2,12 0.69242) 0.69402) A+E
Mg la (0,0,2 05 (2 05 (2 A +E
Nb 1b (3,22 0.82342) 0.8211(2) A+E
Nb 1c (2,12 0.17652) 0.17662) A+E
(@) 3d (X,=X,2), 0.1751x) 0.1735%x) 2A1+A,+3E
(X,2X,2), 0.65272) 0.65142)
(-2x,-%,2)
(0] 3d (X,—X,2) 0.3299x) 0.3309x) 2A;+A,+3E
(x,2%,2) 0.30762) 0.30472)
(-2x,—X,2)
(0] 3d (X,—X,2) 0.505Qx) 0.5043x) 2A+A,+3E
(x,2x,2) -0.02032) -0.02292)
(-2x,—X,2)

aDecomposition of the group theoretical irreducible representation df thant.
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TABLE V. Relaxed AFEP4/mmmestructure. The Wyckoff positionsal 2g, 1d, 2h, 1c, 2e, and 4 have fractional coordinateg®,0,0,
(0,0,2, (0.5,0.5,0.5, (0.5,0.52), (0.5,0.5,9, (0,0.5,0.5, (0.5,0.57), and(0,0.5 2), respectively, and the ideal positions haealues of
1/3,1/6, 1/3, and 1/6 for the P2g), Nb(2h), O(2h), and Q4i).

Relaxed Relaxed
positions positions
WP Related positions LAPW ABINIT IRD2

Pb 1a (0,0,0 A tEy
Pb pol (0,0,2, (0,0, 0.36992) 0.36942) Agt+Ay+E,+Ey
Mg 1d (0.5,0.5,0.5 Ay tE,
Nb 2h (0.5,0.52), (0.5,0.5,%2) 0.16982) 0.16972) Arg*Any+Ey+Ey
0 1c (0.5,0.5,0 Ay tE,
0] 2e (0,0.5,0.5, (0.5,0,0.5 Ao+ By, +2E,
0] 2h (0.5,0.52), (0.5,0.5,2) 0.32172) 0.31992) Agt+Ay+EgtHE,
(0] 4 (0,0.572), (05,02, 0.15612) 0.15692) Ajg+Ag+Byg+Byy+ 2B+ 2E,

(0,0.5,%), (05,0,

a8Decomposition of the group theoretical irreducible representation df {haint.

leads to a nonpolar antiferroelectf&FE) Psml structure ~computedCm (E) andCm (R) structures are shown in Table
(Tables Il and 1l). Polar displacements along the softestVl. The Cm (E) and Cm (R) monoclinic structures have an
mode in thePsm1 AFE structure alongj111] lead to a polar A" symmetry unstable phonon and the ground state is found
P3ml symmetry. to be monoclinicC2 having an energy difference of 2.69
Using this as a starting structure, we relaxed the atomi¢nRyd/15-atom with respect to tfem(R) structure. Struc-
positions and cell parameters and the relaxed structure ob-
tained with P3m1 symmetry is given in Table IV. The re-
laxed FE and AFE structurgables II-IV) obtained using
the LAPW and pseudopotential techniques are found to be in
good agreement.
The polar ferroelectridc®3ml structure(Table V) has a
lower energy than the nonpolar antiferroelectanl struc-
ture (Table Ill), with an energy difference of
12 mRyd/15-atom. The AFE to FE double well at theoretical

volume obtained from LAPW and pseudopotential calcula- &
tion are compared in Fig. 2. The difference in energy be- o] |® P3ml
tween the AFE and FE provides a stringent test and signifi- =
cant effort was required for deriving accurate %
pseudopotentials that yield results in agreement with these ‘E

LAPW results. The AFE structure in Fig. 2 corresponds to a
maximum in energy and the associated lattice instability
drives it to the lower energy FE3ml structure.

The P3ml FE structure has a doubly degenerate un- -1
stable phonon mode. Displacements of atoms using a linear
combination of the doubly degenerate unstaBlesymm-
etry phonon mode eigenvector vyields the monoclinic m (E)
Cm (E) structure which has a slightly lower energy
(~1.1 mRyd/15-atomthan theP3ml structure. Symmetry
preserving structural relaxation of th€ém (E) structure
yields the lower energCm (R) structure having an energy
difference of 6.7 mRyd/15-atom with respect to thdml -6
FE structure(Table Il). The structural differences between
the Cm (E) andCm (R) structures are that the displacement &

pattern involving theP3ml to Cm (E) structure(obtained FIG. 2. Frozen phonon energy surfaces for various ordered su-
from the unstable phonon eigenvecjadses not involve any percells. () The changes in total energy involving structural
displacement of the Pb, Mg, and Nb atoms along the hexchanges fronPsm1 AFE to P3ml FE obtained using all electron
agonalc-axis (cubic [111]). It is possible to have a lower LAPW and pseudopotentiaBiniT. In (b) and(c) the double wells
energy monoclinicCm (R) structure, which allows displace- corresponding to the lattice instabilities froR8m1 to Cm (E) and
ment of the Pb, Mg, and Nb along the hexagarakis. The  from Cm (E) to Cm (R) are shown.

Cm(E)

AE (mRyd)
&
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TABLE VI. The computed monocliniCm (E) and Cm (R) TABLE VII. The computed charge tensors for tfizll] FE
structures involving polarization _rotatilon in PMN. Tiem (E)  p3m1 structure. The principal axes are along the Carteflad,
structure was obtained from thei4&m ™+ E unstable TO phonon [1L], and[111] directions for all the Pb, Mg, and Nb atoms, re-

mode elgenvectorl In thg FESmllstructure, while theC.m (R pectively. The oxygen atoms have their major principal axes
structure was obtained via constrained structural relaxation. The Cefhearly along the pseudocubic directions
constants are identical to the FBm1 structure and are given in '

Table II.

Principal Principal Principal
WP value 1 value 2 value 3
X y z
cm(E Pb la 4.16 4.16 3.06
rgé ) 0.0083 0.0166 0.0288 Pb b 3.09 3.09 4.54
Pb 0 5389 0 6778 0.3768 Pb o 380 380 325
Pb 0.6578 0.3156 0'6956 Mg ta 280 2.80 283
M 0 6041 0 .0082 0 .5016 ND 1 087 0.87 641
th) 0.3355 0.6710 0.8227 Nb e 0.83 0.83 >91
Nb 0.6700 0.3400 0.1782 0 % ~2:56 ~2:38 7359
o1 0.1955 0.8528 0.6520 0 & ~2:06 -24l 414
' ' ' (@) 3d -2.18 -2.22 -5.52
02 0.1827 0.3653 0.6551
03 0.6573 0.8528 0.6520
04 0.3403 0.1828 0.3079 Pb, Mg, Nb, and O atoms moving to Wyckoff positions in
05 0.8425 0.1828 0.3079 the P4/mmmsymmetry(Table V). We were una_ble to find a
06 0.8416 0.6832 0.3032 stable polaf001] ordered structure with polarization along
o7 0.5203 0.0407 0.0247 [oo1]. However, for displacements alond00], a polar
orthorhombic FE structuréspace grougPmnR) (Table 1))
o8 0.0075 0.5308 -0.0196 was obtained.
09 0.5233 0.5308 -0.0196 Experimental x-ray diffuse scattering studies of antiferro-
cm(R) electric fluctuati(_)ns in PMNRef. 5 _have been reported;
these however involve octahedral tilts. Some effort to ex-
Pb -0.0214 —0.0428 ~0.0008 plain the origin of relaxor behavior based on these observed
Pb 0.3145 0.6290 0.3374 results have been attemptedvore systematic theoretical
Pb 0.6411 0.2822 0.6747 studies with larger cells, volume, pressure, and temperature
Mg 0.0004 0.0008 0.4979 dependence, including effects of disorder, etc., are required
Nb 0.3330 0.6660 0.8179 for comparison with these experiments on real disordered
Nb 0.6696 0.3392 0.1810 PMN. It is likely that by having supercells with a larger
number of atoms, other antiferroelectric phases involving ro-
8; 8'1222 g'gggz 8'2;22 tation of the MgQ@ and NbQ octahedral as seen in PbZz0O
' : : (Ref. 29 may also be obtained; such phases are hindered in
03 0.6721 0.8709 0.6736 the present calculations where some atoms are constrained to
04 0.3533 0.2084 0.3274 be fixed by symmetry and the periodic boundary condition.
05 0.8551 0.2084 0.3274 Our computed relaxed structures and relative energies are
06 0.8467 0.6934 0.3054 in agreement with the results of Prosandet\al° for the
o7 0.5236 0.0472 -0.0079 P4/mmmand Psml supercells. Detailed comparisons how-
08 0.0210 0.5415 ~0.0054 ever are difficult as their computations are at different vol-
09 0.5206 0.5415 -0.0054

TABLE VIII. The computed dynamic charge tensors for the
[111] AFE structure. The principal axes directions are as given for
tural relaxation of PMN at the experimental volume the FEP3ml structure in Table VII.
(1343 boh¥) also yields similar results. Prosandeshal 30-31
also found a low symmetry triclinic ground state when relax- Principal Principal Principal
ing a 30 atom ordered supercell of PMN. WP value 1 value 2 value 3

The ideal positions with 1:2 ordering along tf@01] cor-

responds to tetragonal symmet{y4/mmmn) (Table V). Pb 1a 4.34 4.34 3.04
Symmetry preserving structural relaxation give an antiferro- Pb a 3.76 3.76 4.39
electricP4/mmmestructure. Although, an FB4mmstructure Mg 1b 2.82 2.82 2.92
(involving symmetry lowering displacements of atoms in- Nb d 6.95 6.95 6.32
volving loss of inversion symmetyypossibly exists, symme- 0 6i -2.49 -2.52 -3.92
try preserving structural relaxations starting from the FE 3e —2.41 —2.32 -5.59

P4mm structure do give the higher AFE symmetry with the
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TABLE IX. The computed dynamic charge tensors for [A81] P4/mmmstructure obtained in the present study and its comparisons
with the reported charge tensors for th@01]ynv supercell of PMN by Prosandeeat al. (Ref. 30, and average charge tensor values
reported(Ref. 37 for PMN-PT using tetragond001] ordered supercells.

WP Z, z, z, Z,, (Ref. 30 zZ,, (Ref. 30 Z,, (Ref. 30 Z* (Ref. 37)
Pb 1a 3.92 3.92 3.41 3.90 3.90 3.33 3.6
Pb 3 3.81 3.81 3.53 3.8 3.8 3.42
Mg 1d 2.01 2.01 2.42 1.9 1.9 2.56 1.9
Nb 2h 8.38 8.38 7.74 8.76 8.76 7.64 7.4
0 1c -2.76 -2.76 -5.26 -2.75 -2.75 -5.18 -2.1,-5.1
0 2e -3.99 -1.87 -2.85 -3.99 -1.76 -2.91
0 2h -2.18 -2.18 -4.78 -2.15 -2.15 -4.62
o 4i -2.15 -6.51 -1.96 -2.18 -6.84 -1.94

umes. Their studié8 also suggest that the total energies are Both the hexagonal and tetragonal systems are uniaxial
lower for 1:2 chemical ordering along th&ll] as compared systems, having the hexagonal or tetragonal axis as the axis
to the[001], in agreement with our results. of symmetry. The principal axis values of the Born tensors

for the various atoms for th@3ml, Psm1, and P4/mmm
) supercells have similar symmetry with only two independent
B. Born effective charges diagonal elements for the Pb, Mg, and Nb, and three unequal
giagonal elements for the oxygen atoms. The principal axes

The Born effective charge tensor gives a measure of th X :
local dipole moment which develops when the nuclei areof all the cations are along the hexagoaandc axes in the

moved and corresponds to the variation of the polarizatiorn€X@gonal FE and AFE structures. The major principal axes
of all the oxygen atoms are along the Nb—O bond directions

with atomic displacements. As the Born effective charge ten:

s i a med secon derave of h ol enrgy. 1 1500008 oo e Mg
with respect to macroscopic electric field compongpand along the Nb—O bonds than in other directions and this an-

ﬁfgnmtl(t:hg,lstﬂgiz:]n;?tb?g/ﬁ:;i?%{: There is no require- isotropy i$ d_ue to the covalency of the Np—O bonds.

The computed components of the Born effective charge? Trr:e pr|nC|p|z_aI_vaIues of the Born effgctwg chag?e tens”ors
are completely symmetric for all the atoms with all nondi- orthe monoc inicCm (R) structure are given n Table X. A
agonal elements vanishing in the tetragoR4l/mmmAFE the cations and the oxyge@@?, O‘.S’ and _O)7|n Wyckoff .
structure, where the Cartesian axes coincide with the principoSltlon I, have t_he.monoc.:hnlc unique axis along Cartesian

(1,-1, 0 as a principal axis. The direction of spontaneous

pal axes directions. For the hexagonall1JFE and AFE

structures, the Born effective charges in the Cartesian fram@0larization is also a principal axis for some of the cations
have (i) small nonvanishing off-diagonal elements, afiid and oxygens. The principal values of charge tensors are quite

the tensor is symmetric for the Pb, Mg, and Nb atoms andimMilar in the Cm (R) and [111] FE P3ml structure, the
(iii ) the tensor is not symmetric for the oxygen atoms for the TABLE X. The computed dynamic charge tensors for 1]

P3m1 andPaml symmetry. For the hexagond11] FE and FE monoclinicCm (R) structure
AFE structures, we have obtained the principal values of the '

charge tensors and the principal ax@ables VII-X). The Principal Principal Principal
Cartesian Born effective charges for th&4/mmm value 1 value 2 value 3
tetragonal®3’ and hexagon&! Psm1 symmetry have been

reported previously, and are in good agreement with our re- Pb 2.85 3.71 4.11
sults. These are the first studies of the principal axes contri- Pb 3.07 3.89 4.36
butions. Pb 3.05 3.60 3.96

The average changes in charge tensors betweeR3ma Mg 278 286 3.00

(FE) and Psm1 (AFE) structures for the Pb, Mg, Nb, and O Nb 582 6.48 6.62
are small. The computed charges are consistent with the val-

ues typically reported for other perovskit€sThe effective Nb 573 6.49 6.52
charges of Pb, Nb, and O are significantly larger than their 01 -3.59 —2.60 —2.29
nominal ionic valueg2, 5, and -2, respectivelyhich has 02 -4.12 -2.25 -1.96
been found to be a universal feature of nearly all of the 04 -4.11 -2.27 -2.08
ferroelectric perovskite® The origin of this behavior has 05 -3.59 -2.49 -2.36
been traced to the ionic-covalent character and specifically o7 -5.01 —2.95 -201
the hybridization between Op2and B-atom 8 or 4d orbitals 08 -522 -233 -1.96

in the ABO; type materialg328

125134-6



AB INITIO LINEAR RESPONSE AND FROZEN. PHYSICAL REVIEW B 71, 125134(2005

(d)

FIG. 3. Representation quadric of the Born effective charge tensor as a “charge ellipsoid” generated from thextaftinang Ref. 50.
(a) and(c) denote th¢111] FE structures, antb) and(d) are[111] AFE. (a) and(b) give the view with the hexagonataxis as vertical, and
viewed down thea-axis, while(c) and(d) show the view in the horizontalb-plane. The lightest shade corresponds to Pb atoms, and the Mg
atoms are located midway between the Pb atoms.

orientation of their principal axes are however different andresponse and vibrational characteristics. The computed Born
this brings about important changes in their spontaneous p@&ffective charge tensof3able IX) are found to be in excel-
larization and piezoelectric properties. lent agreement with the reported values for #Bé¢/mmm
The charge tensors as well as their principal values artetragonal®3” and Psm1 hexagond symmetries; there are
significantly different for thg111] ordered supercell and the no earlier studies of the FE3m1 and monoclinicCm struc-
[001] ordered tetragonal supercells. Although the Mg atomgures.
have charge values close to their nominal ionic values for the In Fig. 3, we display the Born effective charge tensors of
[111] supercells (as predicted earlier using supercell the [111] ordered supercells as charge ellipsoids. Quadric
calculationd’), they are significantly enhanced in thil1] representatidif as ellipsoids is generally possible for sym-
ordered supercells. On the other hand, the Nb atoms haveetric second rank tensors. While the Born effective charge
larger charges for ordering alo§01]. These changes are tensor is completely symmetric for the Pb, Mg, and Nb at-
also reflected in the oxygen atoms and these differencesms in the hexagonal structure, it is not symmetric for the
bring about important changes in their polarization, polaroxygen atoms in the?3m1 and Psml structures. We first
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PbMg, Nb, O, @) sum over equivalent atoms must be consistent with the crys-
[001] AFE P4/mmm tal point group symmetry, so fully symmetric phonon modgs
S IEEEEEEEE = - have no enhancement of the polarization from the effective
charge asymmetries. However, for less symmetric modes or
[111]FE Cm(R) 4 ; i
s Em = under strain, the anisotropies promote enhancement of the
. piezoelectric response oblique to thel1] axis. Thus, rota-
(111] AFE P3ml : Y S .
s s mmE = tion of pplapzauon towards dlre_ct|ons vyh|ph are allong. the
major principal values and which maximize contributions
[L11]FE P3ml from the cations and anions with corresponding ferroelectric
I B = . . . . .
displacements can give rise to significant enhancement of
Raman data>> piezoelectric properties. As the anisotropy of the charges of
W dohw Vv X the cations are much smaller than the corresponding values
Infrared data’ for oxygen, significant enhancement can be expected along
-t o e 4 the major principal oxygen axgslong pseudocubic direc-
T T . tions), particularly in the basal plane where the majority of
400 0 400 800 the cations also have major principal axis contributions.
Frequency (cm ) . .
Maximum enhancement can be expected by alignment of the
1FE  Piml Nb and the oxygen atoms, owing to their large Born effective
(1] " (b) charge values.
A
1000000 O L;
Y YV Wy v v 102 C. Electronic dielectric tensor
NH AAA A M LOI . ) ) .
e 000 o ®» Both the electronic dielectric tensor and Born effective
charges are required to understand the influence of the mac-
£ roscopic electric field on phonon properties. We have studied
SR OO X O L03 the variations of the high-frequency electronic dielectric ten-
R Ave m oA Lo2 sor for the various ordered supercells in PMN. For both the
Lot .
CB GE®E 00 o T hexagonal and tetragonal systéfthere are only two inde-
0 200 00 pendent diagonal components: parallel and perpendicular to

Frequency (cm™)

the hexagonaltetragonagl symmetry, with all nondiagonal
elements vanishing.
The electronic dielectric tensor has;=6.79, andej;

FIG. 4. (a) The computed zone center phonon frequencies of

various ordered supercells and their comparisons with available Ra:-6'43 in theP3m1 structure and their corresponding value-

man[star (Ref. 30, triangle (Ref. 8] and infrared(Ref. 30 (hex-  Sare 7.24, 6.91 in thBsml structure. The electronic dielec-
agonal TO, triangle LOdata.(b) The polar phonon frequencies and tric tensor for the tetragonal symmetry hag=7.23, £33
mode assignments {i111] FE structure. The\; andE modes are =7.08. The electronic dielectric tensor in the monocli@im
both Raman and infrared active. LO1 gives the LO frequenciegR) structure has principal values of 6.40, 6.42, and 6.63 with
using the IR oscillator strengttRefs. 43 and 4@approach, and their principal axes along the Cartesiarl,-1,0, (0, 0,1
LO2 and LO3 give the LO frequencies obtained from linear re-and(1,-1,0 directions, respectively. The computed average
sponse of electric field perturbations. LO3 involves symmetrizedelectronic dielectric constant in tHg8m1 andCm (R) struc-
charge tensors for the oxygens. tures is overestimated as compared with experim&hiia
frared observations of around 5.83. These can however be
resolved the tensor into an isotropic, symmetric and a tracednderstood as the LDA generally overestimates the dielectric
less antisymmetric part as described in Ref. 49. It was vericonstant. Nevertheless, the LDA results are still expected to
fied that the symmetrized charge tensor gives the LO and T®e qualitatively correct with regards the relative variations of
frequencieqFig. 4) correctly within 4 cmi!, and the charge the dielectric constants for different ordering schemes along
tensor was symmetrizetfor the oxygens atoms onlyfor  various directions, making such studies useful for material
display. The computed charge tensors were converted fromesign.
Cartesian to hexagonal coordinates and then suitably scaled
to give ellipsoids appropriate for typical values of mean
square atomic displacements. The ellipsoids were rotated ap-
propriately for the equivalent atoms according to the crystal
symmetry, and displayed in Fig. 3 using the software Group theoretical analySiswas undertaken to derive the
xtaldraw>0 symmetry vectors for classification of the zone center pho-
In Fig. 3 we compare the charge tensors in the hexagonalon modes into their irreducible representations for 1:2
P3ml andPsml structures viewed along and perpendicularchemically ordered supercells of PMMables 111-V) having
to the direction of polarization. The macroscopic polarizationspace groug®3ml, Psml, Cm, and P4/mmm This analysis
direction in the[111] FE structure is a principal axis for the will help in determining Raman and infrared contributions
Pb, Mg, and Nb atoms but not for the oxygen atoms. Thdrom ordered regions to the observed spectra. Although all of

D. Symmetry analysis of phonon modes: Group theoretical
details
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these structures are saddle points on the energy surface, they 3. [111] FE Cm structure

can be stabilized by finite temperature and anharmonicity. pe to the low symmetry of the monoclin@m structure
Anharmonicity will break the selection rules, but it is still {06 are only two representatiosé and A” at the zoné

useful to understand the underlying symmetry of the har'center, and the phonon modes can be classified as
monic contributions.
I:27A" + 18A".

1. [111] FE P3m1 struct .
[111] M- structure All the zone center optic phonon modes are Raman and IR

The phonon modes at thE point for the ferroelectric active.
P3m1 structure with 1:2 ordering alorid.11] can be classi-
fied as 4. [001] AFE P4/mmm structure

The phonon modes at tHé point can be classified as

T:4A4 + 8Ag, + Byg + 2By, + BE, + 10E,.

:12A, + 3A, + 15E.

The polar A; and doubly degenerat& modes involve
LO-TO splittings and 39 of the total 42 optic modes in this The Ay, and doubly degeneratg, phonon modes are polar
symmetry are polar. Thé; and E phonon modes are both infrared active, and thé,4 andEy modes are Raman active,
Raman and IR active, while th&, modes are optically inac- while the B,y and B,, modes are nonpolar and optically in-
tive but can be measured from inelastic neutron scatteringactive. While theA,, polar modes involve in-phase displace-
The A; modes involve in-phase displacements along the hexments of atoms along theaxis, theg, modes involve dis-
agonalc-axis, while the doubly degenerate polErmodes placements along the tetragomahndb axis. By symmetry,
involve displacements along the hexagomaand b direc-  the B,y andB,, modes have no displacements of all the Pb,
tions. By symmetry, the displacements on the Pb, Mg, andig, and Nb atoms, and involve only out-of-phase displace-
Nb atoms vanish and th®, modes involve only out-of-phase ments of the oxygen atoms along thelirection.
displacements of the oxygen atoms. The decompositions of

the group theoretical irreducible representatigi®D) for E. Phonon frequencies

the given Wyckoff position at thd" point are shown in

Tables Ill-V, for these various supercells. The computed long wavelength phonon frequencies for

the[111] FE P3m1, [111] FE Cm (R), [111] AFE Psm1 and
2. [111] AFE Psm1 structure [001] AFE P4/mmmsupercells are compared with available
Ramaf3°and infrared® data in Fig. 4. In Fig. &) we show
For the AFE[111] Psml structure, the phonon modes at the unassigned zone center TO modes and the Raman active
the zone center can be classified as and IR active modes with their symmetry assignments. The
corresponding LO frequencies in tHé3ml structure are
shown in Fig. 4b). There is a single unstable phonon mode
[i4A + 2Ay, + Agg + BAy, + SE4 + 10E,,. havingA” symmetry in the monoclini€m (R) and a doubly
degenerate unstablemode in theP3ml structure, while the
The higher symmetry of the AFE structure increases théther supercells have multiple phonon instabilities. The pho-
number of irreducible phonon representations. Inspecting theon spectral ranges in these supercells are found to be in
character tables for these irreducible representations, one cgaod agreement with the available Ranféfinfrared® and
write the compatibility relations between the phonon modesdnelastic neutron datk, as well as the phonon frequencies
in the FE and AFE structures. These give the following cor-obtained from frozen phonon calculations on P#NThe

respondences: phonon frequencies of PMBm (R), P3m1 andPsm1 struc-
tures using supercells with 1:2 ordering alddd1] are quite
12A;(P3m1) — 4A4 + 8A,,(Paml), similar, although the FECm (R) and P3ml structures are

significantly more stable than thiesml AFE structure. Al-
though the spectra with ordering alofll] and[001] are

3A2(P3m1)—>A29+2A1u(P§m1), similar, there are important differences in the long wave-
length frequency distributions and polar behaviors which
15E(P3mi) — 5E,+ 10E,(Pami). correlate well with the differences in their Born effective
charge tensors.
The Ay andE; modes are Raman active, and g and The comparison between the computed frequencies in the

E, phonons involve polar infrared modes, while thg, and  P3ml FE structure and experimental long wavelength fre-
A,, modes are optically inactive. The decompositions of thequencies is satisfactory, especially as these are ordered su-
group theoretical irreducible representatidable Ill) reveal  percells, whereas real PMN is disordered. Except for the ob-
that there is no Raman activity from the Pb atoms @ 1 served mode at 88 crh the other phonon modes including
Mg 1b, and O 2, and the optically inactive modes involve the LO and TO frequenciésare even in good quantitative
only the vibrations of the oxygen atoms. THg, and E,  agreement with experiments. In the IR experiméftthe
phonons involve polar modes and thg and E, modes are observed low frequency 88 ¢MTO mode is a soft mode
doubly degenerate. with very strong temperature dependence. The inelastic neu-
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tron powder dat®® and the observed infraréland Raman
spectrd3® show
30-50 cm?, which are also obtained in the8m1 andCm
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G. Long wavelength frequency distribution

low frequency phonon peaks around 1 nderstand the differences in vibrational properties be-

tween the[111] and[001] ordered supercells, we computed

(R) FE structures. These Iow_ frequency spectra can contr_ibme long wavelength frequency distributiofi&g. 5) for ana-
ute to the observed anomalies in low temperature SPeC'f'B/zing the dynamical contributions from various atoms.

heat!?

F. Phonon instabilities and polarization rotation

The doubly degenerate mode eigenvectors of the un-
stable phonon mode in tH@3ml structure involve displace-
ments of all the cations along the hexagoaalxis (or along
b, having degenerate frequenand displacements of oxy-

gens consistent with this symmetry. By using different Iinearfre

combinations of these eigenvectors, one can rotate the pol
ization in the basal plane. THem (R) structure have super-
posed on thes& type displacements, additional displace-
ments along the hexagonahbxis of the cations having aky
phonon mode character. This coupl&gA; phonon mode

These are conceptually similar to the total and partial phonon
density of stateg>>* but do not include effects of phonon
dispersion. In the present studies, which involve only long
wavelength excitations, the corresponding equations for total
and patrtial frequency distributions do not involve the wave-
vector related Brillouin zone summation in the definition of
the phonon density of states.

In Fig. 5, the unstable phonon modésith imaginary
quenciep are indicated as negative frequencies, and the

%éak at zero frequency is from the acoustic phonon modes.

Contributions from TO and LO modes have been included in
Fig. 5. The spectra have been broadened using Gaussians
with full-width at half-maximum of 8 cm. It is noticed that

(i) despite the complex structure of PMN, the vibrational

again rotates the polarization. The combination of these thregzpeCtra of the cations are clearly well separated and span

modes can give monoclinic or triclinic symmetry.

distinct spectral ranges. The Pb atoms contribute in the

For the P3ml structure, we computed the spontaneousy_oqq cmt range, and the Nb atoms contribute in the

polarization using the Berry’s phaZemethod with a 4< 4

150-300 crit range. The Mg atoms have a very sharp peak

X 16 k-point mesh. The computed spontaneous polarizatio ;ond 320 et in the[111] FE and AFE structures but get

along the ferroelectric directioriCartesian[111]) in the
P3ml FE structure is 0.47 C/M(LAPW) and 0.52 C/rA

spread out in the tetragonal structu(e) The unstable pho-
non modes in th€l11] ordered supercells involve mainly the

(ABINIT), and the two values are in good agreement. Thesp_ vibrations, while the unstable modes of fi8®1]

polarizations of the monoclini€m structures were evaluated

structure involve the Nb and O atom@i) The vibrational

from the computed Born effective charges and the atom disgpecira and relative contributions from various atoms in

placements from ideal positions. Tkan (E) structure has a
polarization P,=P,=-0.43 C/nf, and P,=-0.095 C/m,
which gives a polarization magnitude of 0.62 C/mt an
angle 27° with the cubi€111] direction. The polarization of
the relaxedCm (R) structure yieldsP,=P,=-0.33 C/nf,
andP,=0.45 C/n%, which gives a polarization magnitude of
0.65 C/nt at an angle of 79° with the direction of spontane-
ous polarizationalong[111]) for the P3m1 structure.

In the PS3ml [111] FE structure, the polar transverse
modes havé& andA; type symmetries. Thg, andA,, pho-
non modes in the tetragonB4/mmmsupercell for ordering
along [001] similarly involve polar displacements perpen-
dicular to and along the tetragonal axis, respectively, an

unstable phonon modes with these symmetries can rotate tfée

polarization.

We show the frozen phonon surfaces in Fig. 2 for succes-

thg111] ordered supercells witP3m1, Cm (R), and Pam1
structures are quite similar. The relative changes in the fre-
quency distribution of th¢111] FE P3ml and[111] AFE
Psml structures arise mainly from the softening of the un-
stable phonon modes in the AFE involving Pb and O vibra-
tions. In the monoclinicCm (R) structure, theE phonon
mode degeneracies in tiR8ml structure are lifted and the
spectra have broadenegd@) The Mg atom is more ionic in
the [001] structure with higher high frequency Mg vibra-
tional spectra, which comes from the shorter ionic bois.
The frequency distribution for thgEl11] and[001] ordered
upercells are quite distinct for all the atoms, and these dif-
erences largely bring out the corresponding changes in their
orn effective charges giving rise to significant changes in
their bonding and associated vibrational spectra.

sive displacements starting from the AFE structure to the FE

structure. The lattice instability drives tHesml to P3mil
transition. TheP3ml structure has ak type unstable mode

H. Polar response

There are several polar modes in PMN with very large

and its eigendisplacements involve a phase transition frormode effective chargeg€rables IX—XIV), and these modes

the P3ml to the Cm (E) structure along with polarization

involve significant coupling with the macroscopic field. To

rotation. These multiple phonon instabilities and their assodetermine the correspondence between the LO and TO
ciated phonon mode couplings provide the pathway for pomodes, we computed the overlap matti®->¢between the

larization rotation.

For the[001] ordering we found no polar state with po-
larization along[001], but we did find an orthorhombic
Pmn® state with[100] ordering having a polarization along
[001] with value 0.503 C/rh In this orthorhombic structure,

LO and TO eigenvectors. To understand the LO-TO splitting
better, we also compare the LO frequencies computed using
DFPT (LO1) with those obtained from oscillator strengths
(Fig. 6) and the TO frequenci¢$:*457:58The latter method
(LO2) neglects the different eigenvector mixing for LO and

the polarization is perpendicular to the chemical orderingTO modes. The difference between the LO1 and LO2 fre-

direction.

guencies is a measure of the eigenvector remixing.
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PMN [111] FE Total (a) PMN [111] FE Total () [PMN [111) AFE Total (k) IPMN [001) AFE Total (p)
Cm (R) P3ml P3ml
Paimmm
[PMN [111] FE Pb (b) PMN [111] FE Pb (2) PMN [L11] AFE PMN [001] AFE Pb (@)
Cm(R) P3ml P3ml Pdimmm
PMN 111 FE Mg (© PMN[]]]]FE j "Mg () PN_IN'[]I]fAFE j Mg (m) PMN [001] AFE Mg ©®
g |CmR) 8 g |P3mi & | Paimmm
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FIG. 5. The long wavelength frequency distributitintal) and the displacement weighted spectra giving the dynamical contributions
from various atoms in th€m (R) (a)—(e), P3m1 (f)—(j), Paml (k)—(0), and P4/mmm(p)—(t) structures. These provide a graphical repre-
sentation of the long wavelength phonon eigenvectors and show that despite the complex structure of PMN, the vibrational contributions
from various cations are quite well separated.

Zhonget al 33 studied several cubic perovskites and foundin the tetragonaP4/mmmsupercell due to larger values of
that the softest unstable phonon modes correlated with thihe Born effective charge tensor and the mode effective
largest LO modes give giant LO-TO splitting. While for charges. While in th¢001] ordered supercell the 166in-
simple perovskites, the soft mode is found to have the largestable phonon mode involves tiBesite Nb cations, the 45
mode effective charg®, it is interesting to see that in PMN unstableE mode in thg 111] FE P3m1 structure involves the
several polar modes have large mode effective charges, somesite (Pb) cations. The LO-TO splittings are distinct for
even larger than the soft mode for 1:2 ordering alohifl] ordering alond001] and[111] (Tables XI-XIV).

(Tables XI-XIV). Many phonon modes show significant cou-  Even in the[111] FE structures the large& and A; os-
pling with macroscopic field in PMN and these give rise tocillator strength and mode effective charges involve the Nb
giant LO-TO splittings, similar to that obtained for cubic atoms. In theP3ml structure, the 180 cth E mode and
perovskites’s 259 cmi! A; mode have larger mode effective charges and

The IR oscillator strengths for tj601] and[111] ordered IR oscillator strengthgFig. 6) than the unstable 45soft
supercells are compared in Fig. 6. The ilE§ TO unstable mode involving Pb vibrations. The 324 chMg mode has
phonon mode in thE001] P4/mmmitetragonal supercell has moderately polar Mg atoms with a mode effective charge of
the largest oscillator strengflmote the break in scale, Fig. 3.43. The higher frequency strongly polar modes have
6(a)] and this mode which modulates the covalent bonding ofnainly contributions from the oxygens. The lar§e mode
the Nb and O produces the largest polar response. The Té€ffective charges at 259 and 254 énnvolve the Nb vibra-
and LO frequencies of this mode are 1%fhd 665 cmi!,  tions. The 121 cit mode involve Pb, Nb, and O vibrations,
respectively, giving giant LO-TO splitting similar to cubic while the lower frequencies 69 and 66 Tirhave mainly
perovskites. The relevant LO-TO splittings are those correeontributions from the Pb atoms.
sponding to structurally stable states; the present studies The E (TO) mode at 49 crit in the P3ml FE structure
however are still useful to understafigithe large changes in with a mode effective charge of 5.58 is mainly from the Pb
the polar behavior and resultant dielectric enhancement dugtoms in Wyckoff positions 4, and this phonon mode is
to the phonon instabilities, angdi) the variations of polar stable unlike the unstable TO 4&m™ E mode involving
behavior with polarization rotation. vibrations of Pb in Wyckoff positionsaland X. The aniso-

The 238 cmi* A,, mode in theP4/mmmtetragonal struc- tropy of the charge tensor for this atom with larger principal
ture with large mode effective charge also involves the Nbvalues along the polarization direction is different from that
and oxygen vibrations. The polar strength of Nb is increasedor the other inequivalent Pb atoms, and this manifests in
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TABLE XI. The computed polar longitudinal optiLO) and TABLE XIlI. Computed long wavelength polar phonon frequen-

transverse optic(TO) phonon frequencies and mode effective cies and mode assignments in the APBmL structure(LO nota-
charges of{111] FE P3ml structure. The opt_lcally inactive and tions as in Table XL The nonpolar modes ark, (19, 250, 381,
nonpolar A, phonon modes have frequencies of 27, 98, andand 754 cmb), Ay, (51 cm b, Ay (65, 181 cntd) and the doubly

200 cn?, respectively. LO1 and LO2 are the LO frequencies Ob'degeneratég modes(41i, 59, 257, 320, and 564 ¢ih.
tained from linear response studies using electric field perturbation.

and the infrared oscillator strengths, respectively. The correspon- Mode
dence between the LO1 and TO modes is determined from the TO effective LO1 LO?2
correlation matrix and the LO1 frequencies listed correspond to the ot charge ot ot
phonon modes having the largest overlap.
=
Mode 110 8.78 94, 397 369
T(?l effective LO_:Ii LO—21 68i 0.12 68 68i
cm charge cm cm 38 0.32 38 38
E 155 7.15 183, 397 285
45 7.89 107, 404 261 192 3.73 326 250
27 2.49 35 52 256 1.95 315 257
49 5.58 107, 404 154 350 0.78 397 352
124 1.42 129 140 494 3.71 539 523
143 1.11 145 151 616 4.14 685 645
180 8.71 403 353 Aoy
250 101 261 254 90i 7.67 113, 409 292
272 3.43 317 301 17 1.28 17 o5
324 214 404 334 228 9.50 409 385
327 0.01 321 321 322 1.63 377 328
361 027 361 361 387 1.07 409 390
502 4.06 563 540 552 5.82 665 613
544 1.08 563 546 806 0.56 808 807
629 4.07 701 657
Ay . N .
66 101 67 69 phonon modes corresponding to the_ Nb vibrations in the
[111] FE P3ml structure are, respectively, at 1&5) and
69 3.36 n 85 228(A,,) cmt in the [111] AFE Paml structure.
121 5.98 153, 442 232 All the optical phonon modes are polar in tizm (R)
254 6.22 442 321 monoclinic structure. While all théd” modes(Fig. 6) have
259 8.89 442, 667 421 large IR oscillator strengths and macroscopic electric field
320 0.49 320 320 along the Cartesiafl,—-1,0 direction, the principal compo-
405 0.45 406 405 nents of theA” modes involve several directions perpendicu-
411 1.19 442 415 lar to this direction. The phonon frequencies at all these
564 519 667 618 wave vectorsapproachingg~0 from these various direc-
776 0.16 776 776 tions) were computed to obtain the correspopding LO fre-
811 0.46 811 811 quencies. Although the absolute LO-TO splitting has de-

creased in th¢111] Cm (R) monoclinic structure, there are
several polar modes with large oscillator strengtfig. 6)

their stability and corresponding LO-TO splittings. Subtle@nd the largest LO-TO splittings in the monoclir@en (R)
differences in the polar strengths of the crystallographicallyStructure involve the Nb-O vibrations.

inequivalent Nb and O atoms are also noticed. As their av-

erage Born effective charges are quite similar, it is the dif- IV. DISCUSSION

ference in displacement pattern that changes their polar ap important aspect of the present study has been to ana-
strength. , , lyze the anisotropy of the Born effective charges to under-
It is interesting to see how the modes harden going fromang the observed enhancement of piezoelectric properties
the relaxed111] AFE Pamil structure to the relaxdd11] FE  with polarization rotation. The anisotropy of the Born effec-
P3ml structure(Fig. 6). The Pb vibrational 11QE,) and 90 tive charges and their strong orientation dependence contrib-
(Ay,) modes in thg111] AFE structure correspond, respec- ute to the enhancement of piezoelectric properties with rota-
tively, to the 45 (E) and 121A,) cmit modes in thg111]  tion of polarization. As can be seen from Fig. 3, several
FE P3mL1 structure. Similarly, the 18C) and 259A;) cm*  symmetry lowering directions which maximize the charge
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TABLE XIll. Computed long wavelength polar phonon frequen- 4
cies and mode assignments in &/mmmstructure(LO notations 4] g —E, PMN [001] AFE
as in Table XJ. The nonpolar modes ar,, (135, 172, 420, and LIS AL @ Pjmmm @
784 cniY), Byg (276 cil), By, (239, 260 crt), andE, (63, 43, _ .
127, 226, 471 ci). 3 2 |
S 154 I
Mode % | % g
TO effective LO1 LO2 w107 : v
cm? charge cm? cm? 5 Te oo i g
: R LN R
! 156 1202 665 £31 200 0 200 400 ) 600 800
73 3.93 58 67 2 Frequency (cm )
61 2.44 128 77 —_F PMN [111] FE
--- A 2 P3ml
130 0.521 130 132 154 % o )
216 1.01 227 220 ”; i
273 0.358 272 273 #ﬁ 104 A ! §
331 3.41 403 361 S = 8.
487 5.23 580 545 » s : g:' « i e
593 1.82 666 599 : N: :
Ag, 0 : ||. v . : ] - .: : :
200 0 200 400 600 800
54 6.43 195 184 -1
103 5.14 124 162 20 Frequency (cm )
188 3.56 260 232 gl —5& Ty AT
238 9.86 447 454 ~ o) | T ©
411 1.48 419 416 2 = i &
566 5.23 646 614 o] | 8 ! v
742 3.23 778 757 = ! ! ' o
2 s 2} ER
I I 1
contributions from the various atoms can give rise to the : : :
observed enhancement. These can explain why the polariza- 0 ! b !
tion and piezoelectric constants get enhanced in the mono- 200 0 200 400 600 800
clinic and triclinic structures obtained along these paths. As Frequency (cm’)
several possibilities exist, depending on the associated 20 ‘
atomic displacements, there can be several monoclinic j:., PMNR““]FE @
phases/~1® Such phases have been obtained both from 154 cm k)
experimentdl’ 18 and theoretical studie®;>® and it confirms 5
the enhancement of piezoelectric properties with polarization ;“ 10 ©
rotation. = 8 -
The orientation dependence of the piezoelectric and elec- e 23
tromechanical properties of PMN-Rfiaving average tetrag- 51 1S
onal and local rhombohedral structurehave been ol 1 f
measured®®land it is found that the maximum piezoelectric 04 o |
constant and effective electromechanical coupling coefficient -200 0 200 400 600 800
are respectively, in directions of 63° and 70.8° from the Frequency (cm’)

spontaneous polarization alof@11].%° These orientations

are nearly along the pseudocubic crystallographic directions g g (a) The computed infrared oscillator strengttatomic
(along the major principal axis of the oxygen atomalich  ypjts: 1 a.u.=253.263 84133 resolved along(perpendicular
are consistent with our observations. to) the tetragonal axes corresponding to phonon modes with

First principles calculatiod$ of the piezoelectric con- Ay, (E)) symmetry in theP4/mmm structure. (b) and (c) The
stants using tetragonal supercells with atomic ordering alongr oscillator strengths alon¢perpendicular tphexagonal axes as
[001] reveal significant enhancement of; in going from  dashed(full) lines, and they represent th& (E) and Ay, (E,)
PZT to PMN-PT due to the large response of the internatypes polar phonon modes in tiR8m1 and Psml structures, re-
coordinates of Pb, Ti, Nb, and O atoms to macroscopiGpectively.(d) The oscillator strengths alorerpendicular tpthe
strain. These studiéSalso report that Mg atoms contribute monoclinic axis in theCm (R) structure corresponding to the
little. The present computed Born effective charge tensors fon” (A’) modes. The associated TO phonon frequengies?) are
Mg in the lower energy{111] ordered supercell is signifi- indicated on top.
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TABLE XIV. Computed long wavelength phonon frequencies cantly different from that in thg001] ordered supercell,

and mode assignments in theL1] FE Cm (R) monoclinic structure
(LO notations as in Table XI The monoclinic unique axis is along
the Cartesian(1, -1, 0 direction (hexagonala-axis), and theA”
(A") phonon modes have their macroscopic field paraperpen-
diculan to this direction.

Mode
TO effective LO1 LO2
cmt charge cmt cmt
A
42 5.8 121, 405 174
62 55 121, 405 170
77 0.7 81 83
98 0.8 99 106
146 0.2 146 146
169 3.2 204 222
204 3.4 245 256
217 5.0 271 310
255 3.5 270 288
275 2.2 293 294
322 2.1 332 333
330 0.6 330 331
354 0.7 353 355
515 4.6 576 561
531 0.5 531 532
642 3.9 708 667
A
30 5.8 119, 161 124
47 0.8 47 49
67 5.6 160 178
69 1.5 69 74
81 3.9 118 108
126 4.1 149 192
139 1.4 149 154
147 2.3 160 174
227 6.7 425 339
251 4.6 379 315
257 7.3 425 371
267 2.6 282 289
276 6.9 416 390
317 1.2 317 320
325 1.2 330 329
350 0.1 350 350
368 0.3 368 368
387 1.0 387 390
402 0.7 402 403
536 4.1 560 571
552 4.1 584 587
597 4.3 604 631
632 4.0 697 660
797 0.9 797 798
810 0.6 811 811

which can yield additional enhancementsstg.

Monte Carlo simulations of R&r;_,Ti,) O alloys®? using
first principles derived Hamiltonian show that compositional
modulation causes the polarization to continuously rotate
away from the modulation direction, resulting in monoclinic
and triclinic states and huge enhancement of electromechani-
cal response. The orientation dependence of the dipole-
dipole interactiof? in the modulated structure was found to
be responsible for these anomalies. The anisotropy of the
Born effective charges will also enhance this orientation de-
pendence, in addition to the dipolar energy fluctuations due
to compositional modulatiof?

The polar response in PMN is of fundamental interest to
understand its spectacular dielectric properties. The phonon
instabilities and low frequency polar modes with strong
mode effective charges significantly enhance the dielectric
properties. Several polar modes are found to couple strongly
with the macroscopic field giving rise to giant LO-TO split-
tings; the splittings have a strong correlation with the phonon
instabilities. The largest polar responses are from phonon
modes which modulate the covalent bonding of the Nb and
O atoms. The anisotropy and significant changes of the Born
effective charges with polarization again influence the polar
strength leading to distinct vibrational spectra for ftié1]
and[001] ordered supercells.

V. CONCLUSIONS

First principles density functional studies have been ap-
plied to provide a microscopic understanding of ferroelectric
and antiferroelectric states, Born effective charges, electronic
dielectric tensor, phonon properties and their variations in
1:2 chemically ordered PMN supercells along [p81] and
[111] directions. The comparison between the computed and
experimental long wavelength phonon frequencies is very
satisfactory, especially as these are idealized supercells,
whereas real PMN is disordered. However, there is evidence
for small ordered regiod$® and our computations would
apply directly to understanding the dynamics of such re-
gions. The large polar response in PMN and their variations
for ordering alond001] and[111] have an important bearing
on their dielectric properties. The multiple phonon instabili-
ties which provide the pathway for polarization rotation shed
light on the atomistic mechanisms that govern ferroelectric
and piezoelectric enhancements. The principal axis studies of
the Born effective charges along with their visualization as
charge ellipsoids help understand the important role of the
anisotropy in the charge tensors in the observed piezoelectric
enhancement with polarization rotation. Detailed analysis of
the principal axes of the charge tensors reveal that the
maxima of piezoelectric properties are not along fth#&l]
direction of spontaneous polarization, but along the
pseudocubic directions which correspond to the major prin-
cipal axis orientations of the oxygens. A surprising result is
that the ground state of a simple well-ordeféd1] structure
appears to be monoclinic. These studies form an integral part
of an ongoing overall program on multiscale modeling of
relaxor ferroelectrics, and the present results will help de-
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