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Lattice dynamics for five ordered Pblyg\Nb,,303 supercells were calculated from first principles by the
frozen phonon method. Maximal symmetries of all supercells are reduced by structural instabilities. Lattice
modes corresponding to these instabilities, equilibrium ionic positions, and infrared reflectivity spectra were
computed for all supercells. Results are compared with our experimental data for a chemically disordered PMN
single crystal.
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I. INTRODUCTION in inhomogeneous media are determined by the range of in-

Lead magnesium niobate PbigNb,:05 (PMN) is an teratomic forces, typically a few lattice parameters, angl they
ABO-perovskite that exhibits relaxor ferroelecti@FE) ~ d not depend on the wavelength of the probing radiation.
properties, such as a broad, frequency sensitive, dielectrfgoWever. the probing radiation wavelength does determine
permittivity peak atT, near room temperatut It was e volume in which the spectroscopic response is averaged.
originally suggested that RFE properties are associated wity @S in PMN, the inhomogeneities are smaller than the
a “diffuse phase transition” that reflectsrandom spatial ~ Wavelength, an effective medium approach is justified.
distribution of Curie temperaturdspriginating from chemi- Room-temperature IR reflectivity spectra of PMN single

. . . .
cal inhomogeneities; however, the implied chemical segrege&'Ystals were first published in the 19705 Karamyan re-
tion of Mg?* and NB* ions on perovskite B-sites has not ported three polar modes, characteristic of cubic perovskites.
been observed. Rather, transmission electron microscogyUMs and Dacol, however, reported many more modes,
(TEM) indicates chemical short-range ord&RO) such that h'c_h they explained as two-mode_ behavior. Sl:lbsequent
1:1 ordered domains, 20—50 A across, are embedded in Judies of PMN ceramic$ agreed with Karamyan's spec-
disordered matri®. Thus, the microstructure is characterized UM but the resolution was poor. .

by fluctuations of a 1:1 chemical order parameter on the 1he€ interpretation of Raman spectra from PMN is also

_ . ; ontroversial(e.g., Refs. 16 and 37The Raman spectra of
zgoustoM%el\ng :szcya;(‘asb?g\;jionuostl)k/) ilj:gg;g?es%gonal fluctuation MN and PST are simildf;’®and it was assumed that the

The *“random site model(RSM)” for the ordered main features of both refleétm3m symmetry(locally for
domainsi~*®has NaCl type Mg/Nb ordering with one B-site PMN) as in the 1:1 phase. IfFm3m, the Raman active
occupied by NB*, and the other by a random mixture of modes arely, Eg, and Fy,: Ay andEy modes are observ-
1/3 NB*+2/3 Mg?*. Note that the term ‘random-site able in parallelVV) geometry; E,, modes are observable
model” is only used for an idealized model. The term “1:1in crossed-polarize@VH) geometry. Polarized Raman stud-
phase” is used for real crystals that presumably have somies and Raman spectral intensities support TEM results sug-
SRO chemical correlations which are deviations froan-  gesting that PMN has 1:1 chemical SRO in a disordered
domnes®on the Md*-rich sites. matrix.

Burns and Dacél observed that the refractive index of  The objectives of this study ar¢l) to perform a com-
PMN departs significantly from a linear temperature depenparative supercell stability analyses in PMN, including
dence below a characteristic temperatdig;-630 K (Burns  symmetry-breaking relaxationg.e., finding ground states
temperaturg They interpreted these data as indicating thatGS) with symmetries that are lower than those dictated by
polar nanocluster@NC) condense al <Tg; andTg is now  chemical ordering (2) to compute the lattice dynamics for
generally accepted as the crossover between RFE artle same set of ordered PMN supercells, and to compare the
paraelectric(PE) states. Recent TEM studiés® have at- results with experimental data, e.g., by comparing simulated
tempted to correlate chemical SRO with PNC. IR reflectivity spectra with the experimental one. The goal is

Chemical SRO makes PMN inhomogeneous at a lengthto find which ordered supercell most closely approximates
scale that affects vibrational mode activities. Mode activitiesthe experimental case of local 1:1 order.
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TABLE |. Parameters of the polar phonon modes in PMN, from fits of IR and THz spectra at 20 and
300 K. Mode frequenciesrq;, v oi and dampingsyroi,yioi are in cm?, Ag; is dimensionlesss.,=5.83.

20 K 300 K
No V10 Yroi VL oi YLoi Ag; V10 Yroi VL oi YLoi Ag;
CM 36.2 44.8 62.5 56.2 129.2 24.2 69.2 539.1
1 65.0 15.2 67.1 18.2 0.6

(TOD) 2 88.2 22.0 122.9 32.7 15.7 54.3 38.3 102.0 17.3 79.6

3 245.5 76.9 264.1 49.0 11.8 227.7 85.1 282.6 65.0 17.7
4 272.3 59.4 382.1 60.9 4.1 287.7 55.0 334.2 45.0 0.9
5 385.1 412 4063 214 0.1 3362 475 397.7 75 0.13
6 434.0 93.7 455.3 22.0 0.3 427.9 55.7 442.3 354 0.2
7 547.9 80.6 703.0 22.9 1.8 545.4 105.1 703.0 62.5 2.0
[l INFRARED SPECTRA and phonon frequency shifts from 88 that 20 K down to

IR and THz measurements were performed on a PMNA cmit at 300 K (Ref. 9. Therefore we can call it a soft
single crystal, down to liquid helium temperatures, where allMcde:
polar modes are well distinguished. A disk of 9 mm diameter 1€ low-frequency parfso-called central modeCM)] of
and 3 mm thickness was cut from a PMN single crystal, and"€ 300 K spectrum, below polar phonon frequencies, was fit
polished for specular IR reflectivity measurements. A time-0 an overdam.ped three parameter oscillator model. Th's fit
domain THz spectrometer was used to determine the conﬁo?s not explain the EXperlmentaI !ow-frequgncy permittivity
plex dielectric response (v) in the submillimeter and near- Which is one order of magnitude higher, owing to broad dis-
millimeter ranges. This spectrometer uses femtosecond |a58fer5|on9_2bletvyeen the audio- and _mlgrovyave-frequency
pulses to generate THz radiation via optical rectification on a{apgesl. It IS W?” k.”OW.” tha'; the distribution of relax- .
ZnTe single crystal, with an electro-optic sampling detectio ation frequencies in this d|sperS|onlreaches up to the submil-
technique. Low-temperature spectra were taken in transm;’%')-meter range at room temperatufe: The CM slows down,
sion configuration from 100 to 900 GHz, where the thinProadens on cooling and, at 20 K, is beyond our spectral
(100 um thick) plane-parallel plate was semitransparent.range(REf' 19. At 2_0 K, a new he_aV|Iy damped excitation
Room temperature dielectric response up to 2.5 THz wa ppea_rls near 30 cth together with a weak mode near
calculated from the THz reflectance d&falhe unpolarized 5 cnt® (Table ).
near-normal reflectivity spectra were taken with a Fourier
transform IR (FTIR) spectrometer Bruker IFS 113v at 20
<T=<300 K in the spectral range 20-650 tm room- Ill. RAMAN SPECTRA
temperature spectra were measured up to 4000.cm Raman spectra were excited with polarized light from a

IR reflectivity spectra were fitted together with complex coherent INNOVA 99 Ar laser(A=514.5 nm and analyzed
dielectric THz spectra using a generalized-oscillator modelyith a Jobin Yvon T64000 spectrometer, that was equipped
with the factorized form of the complex dielectric function: with a charge coupled devi¢€CD). Polarized Raman spec-

tra were measured in backscattering geometry on(the2

— , (1) *x3 mn?) sample.
j=1 Vo ~ V" T 1V ¥10) Incident light was focused to a spot size of3 um in

where the dielectric function is related to reflectivityuR by g:ghm_fé%b;sau:?ga;uié?g_ggmzzt'ﬁgarghcr?;?n‘g ng;’;' rﬁgge

n _2 24
) Vioj ~ V" T 1Yo
EW=e'(n)-ic"(W=e]] 57—

ve'(v) -1 2 with a Linkam FDCS 196 cryostat and Linkam TS1500 hot
(v) = \m +1 ) stage, respectively. Measured Raman spectra were corrected

for the Bose-Einstein temperature factor.

vro; andy o) are the transverse optic and longitudinal optic ~ Figure 1 shows the temperature dependence of parallel
(LO) frequency of thgth mode, respectivelyyo; and y o, (VV) and crosse@VH) polarized Raman spectra in the tem-
the corresponding damping constants. The high-frequencgerature interval 77—700 K. The main feature is that the fre-
(electronig permittivity e., was obtained from the frequency- quencies of all observed peaks are only weakly temperature-
independent 300 K reflectivity above the phonon frequendependent. Below 270 K, a partial depolarization occurs, due
cies. The temperature dependence.ofs usually very small  to the leakage of intense peaks from the VV spectrum to VH.
and was neglected in our fits. The TO1 mode was fit to the All peaks are best resolved at low temperature, though
more accurate FTIR reflectivity. Below 30 ¢hithe THz  most of them can be traced up to 1000 K. As shown in Fig.
data are more accurate than the FTIR data, so they werkthe VV spectrum exhibits: a band at 54 ¢man envelope
given greater weight in the fit. The results are shown in Tablef strongly overlapping bands between 100 and 350'cm

. In particular, the TO1 frequency follows the Cochran law very weak broad band at about 430 ¢pthat is clearly seen
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FIG. 2. PMN supercellf001]ynm (@), [110lynm (b), [111nnm
(©), [001nce (@), [113n7 (8).

lated with the local density approximatighDA). Lattice-
dynamical force constants were calculated via the frozen
phonon method. Berry’s phase analyses were used to com-
pute dynamical charges, as implemented in VASP by Mars-
man. In all cases, we used a 495 eV cutoff for the plane
wave energy, 10 eV per cell convergence of total energies,
4x 4 X 4 Monkhorst-Pack k-point grids for the 30-ion super-
cells, and 66X 6 grids for the 15-ion supercells.

only at low temperature; strongly overlapping bands in the

500-600 crii* range; and a very intense band at 780°tm
In the VH spectrum the low-frequency band is a doublét
and 62 cm?) and intermediate bands in the 100—350tm

A. Ordered supercells

Ordered supercells with PMN stoichiometry requiren15

range are also strongly overlapping. The intensity of theatoms(n=1,2,..). The calculations presented here are for
780 cm?! band increases abruptly at about 270 K, just belowthree 15-atom cells, and two 30-atom ce{Big. 2): (a)

Tmax The 780 cri* band was interpreted as a fully sym-

[001]ynm: () [110Iynms (©) [111]news (d) [001]ynes (€)

metrical (A,g) stretching vibration of oxygen octahedra that[111]yr. Here: subscripfN=a Nb layer parallel tah,k,1);

originates from 1:1 chemically ordered regidAsThe
500-600 crit wide band, usually associated wiy Raman
active vibration, increases splitting wha@hdecreasé< be-
low 350 K, and as would occur with locédimm symmetry
but notR3m (Ref. 23. Actually, any monoclinic distortions

M=a Mg layer parallel tdh,k,l); C=a chessboard ordered
layer, i.e., a Mg;,Nb,,,-layer or(001).,-layer; C’' =a chess-
board ordered001),.,-layer that is displaced byl1/2,0,q
relative to an adjacent C-layef,=a (111),.;-layer of com-
position Mg,sNb;;53, which is triangularly-ordered[Fig.

split this mode 'also. Perfect 1:1 chemical ordering implies@(a)]. The [001]yce structure(d) has (001)y, layers that
four Raman-active modesq+Ey+2F;;. The measured Ra-  gjternate withCC' double layers(NaCl-type blocks This
man spectra are much more complicated, however, whicGctyre was propos&tas a possible cation ordering GS for

suggests that both chemical SRO, and local symmetry redug)N, however the stability analyses reported below indicate
tions from lattice instabilities, activate Raman modes that argy, ;¢ the[111]yr structure is lower in energy. ThEL1L]yr

inactive undeiFm3m selection rules.

IV. COMPUTATIONAL METHODS

Density functional theoryDFT) calculations for PMN
were done with the Viennab initio simulation package
(VASP).2425 A plane wave basis set was used for electroni

CcC —

structure hag111),, layers alternating Witf(11DMgz,3Nbl,3
layers, and, as such, is an ordered approximate of the 1:1
“random-site model.” Although labeled “NT” for Nb layer/
triangular layer alternation, the cation arrangement in the 2:1
layers depends on the layer’s orientation. In Fige)2there

are triangularly-ordered layers perpendicular[id1] and

wave functions and ultrasoft pseudopotentials werd-111 and striped layer¢Fig. 3(b)] perpendicular td111]
employed?® Exchange and correlation energies were calcuand[111].
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T (r.Hs= M(0)£(0)s+ M( &g+ M(2, D2, D -

+M(8)£(8)s. 3

AYAYAYAVAYAS _
AVAVAVAVAVASS Here, I1(r,t)g is the product between multiplicitie$(r,t),
b for r-body clusters of typé and correlation functiong(r,t),
for the clusters. The parameter1,2,..., is thenumber of

sites in the clustef1=site 2=pair...8=cube, andt is an

arbitrary index(e.g.,t=2 for anr-body cluster of type 2 In

a two-component system, there is a one-to-one correspon-

dence between symmetrically distinct clusters ént) clus-

ters (symmetrically distinct in the high-symmetry phase

The correlation function for any cluster is&(r,t)

=(0i0y---0y), where:(ojoj---0,) is an ensemble average;

=1 for Mg; and o=-1 for Nb. In general:£0)=1; -1

< ¢(1) <1 for the site(point) correlation; -1 ¢&(2,1) <1 for

£ the first nn pair; -k £(2,2) <1 for the second nn pair, etc.

The{&(r,t)} sets listed in Table Il are truncated at the cube-

FIG. 3. Filing the Mg/sNb, 5 layers in the[111]yt structure  approximation; i.e., only the correlations for cubes and their

with Mg (black circles and Nb(open circleg in the direction of  subclusters, are included. Indices in column 1 identify sym-

(a-b [111], (c-d [001], and(e-f) [110]. metrically distinct subclusters of the cube in space group

P3m, labeled as in Fig. 4; column 2 lists thv(r,t); columns
For each ordered supercell, two space group symmetrieg9 list the&(r,t) for the random state, RSM, and tf@01],
and two corresponding energies, are given in Tabl&¢sem  [111], [110], and[111]ycc supercells, respectively.
indicates the space group symmetry dictated by chemical The {&(r,H)} sets for the[001], [111], [110], and
ordering without additional displacive instabilitie§ggg is [111yce Structures were calculated by counting the distri-
space group of the lower symmetry “structurally stabley,iongs of distinct cube-cluster configurations in each struc-
state.” The SSS was determined by applying random pertui, e and the distribution of subclusters therein. Correlation

bations to the atomic positions, and then relaxing the systeynciions for the random configuration were calculated using
until full convergence. The differenc®Eggs AEchem iS re-

ferred to as the relaxation energy. X(8)ijkimnop= X(1); X(1); X(1)i X(1); X(1) i X(1)pX(1)o X(1)p,
In general,GgsssC GepemC PM3m, and AEgss< AEchem (4)

Randomness of the initial perturbation does not guarantee . o
that the SSS is in fact the ground-state of the systGays Wherex(8)ijumnop S the probability that a cube-body clus-

_ . . ter) has configurationjkimnop, andx(1); is the probability
=Ggg), but it does guarantee that it is, at least, metastable.Of finding atomi on the site labeled in Fig. 4. That s,

x(1);=2/3when Nb occupies site andx(1);=1/3when Mg
occupies sitei. Cluster algebrdrelationships between the

Chemically ordered, disordered, and random configurax(r,t) and£(r,t)] for a two-component system was fully de-
tions can be quantitatively analyzed with respect to theiscribed by Sanchez and de Fontathend the extension to
short-range orde(SRO) correlations, and one can answer multicomponent systems was described in Sanetesd
such guestions as: which configuration is most similar to the The set{£(r,t)}, for the RSM, was approximated numeri-
random stat&—30 or, more relevant for this work, which is cally by generating a 399399x 399 site simulation box
most similar to the random site mod@SM)? The proce- with ideal NaCl-type ordering of Nb and Mg, randomly
dure is to calculate a lattice averaged spin prodqugétSP), changing 1/3 of the Mg ions to Nb, and counting cube-, and
II(r,t), for each structuréS) and cluster(r,t): cube-subcluster, correlations in the simulation box.

B. Short-range order and lattice averaged spin products

TABLE II. Supercell space group symmetri€s formation energiedE (kJ/mol, where mol is the Avogadro’s number of a primitive
ABOj unit cell), and cell parameters.

System GChem AEChem a b C [e% B b4 GSSS AESSS a b C o ,3 Y

[001]yym P4/mmm 16.16 3.977 3.977 12.277 90 90 90Pm 12.27 4.050 3.965 12.250 90 90 89.84
[110lynw AmnR 1433 5.664 17.087 4.008 90 90 90Cm 550 5.660 16.998 4.092 90 90.68 90
[110wwvw P3mML 1411 5.650 5.650 6.941 90 90 120P1 533 5682 5759 6.964 89.97 90.48 120.43
[00lyce P4/nmm 1151 5.646 5.646 12.044 90 90 90P1 299 5645 5665 12.197 90.15 89.93 89.85
(112Nt Immm 7.66 5.615 17.050 8.022 90 90 90P1 0.00 (5.613 16.995 8.085 89.99 89.85 9000

aNot the primitive P1 cell; 60-atom cell allows comparison witmmmlattice parameters.
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TABLE Illl. Multiplicities and correlation functions for a random distribution; the random-site model
(RSM), the five ordered supercells.

Cluster M(r,t)2 Random RSM [007] [111] [110] [111])nce [121]n

o 1 1 1.00000 1 1 1 1 1
i 1 -1/3  -0.33330 -1/3 -1/3 -1/3 -1/3 -1/3
ij 3 1/9 0.10686  5/9  -1/3  1/9 -1/3 -1/9
ik 6 1/9 0.02985  1/9 /3 -1/9 5/9 0
i 4 1/9 0.06944  -1/3 0 1/3 -1/3 1/3
ijk 12 ~1/27 0.03190 -1/3  1/3  -1/9 1/9 219
ikn 8 ~1/27 0.05100 -1/3 -1/3  1/3 -1/3 0
ijo 24 -1/27  -0.00544  -1/3 0 1/9 1/9 0
ijkl 3 1/81 0.05259 1 -1/3  5/9 1/9 -1/9
ikmo 12 1/81 0.05528 1 /3 1/9 1/9 -1/9
ijim 8 1/81 -0.04396 -1/3 -1/3  1/3 -1/3 0
iknp 1 1/81 0.00030 1 -1/3  -1/3 1 1/3
ijlo 24 1/81 -0.03173  5/9 0 -1/3 -1/3 0
ijko 48 1/81 -0.07826  1/9 0 -1/9 1/9 -1/9
ijkim 24 -1/243  -0.02746  -1/3 0 -1/9 1/9 -1/9
ijknp 8 -1/243  -0.00626 -1/3  2/3 1/3 -1/3 -1/3
ijkmo 24 -1/243 009270  -1/3 -1/3  1/9 1/9 1/9
ijkimn 12 1/729 0.06074  5/9 1/3 1/9 -1/3 1/9
ijkimo 12 1/729  -0.00138  1/9  -1/3  -1/9 5/9 2/9
jkimnp 8 1/729  -0.28448 -1/3  2/3 1/3 -1/3 -1/3
ijkimno 8 -1/2187  0.01467  -1/3 0 -1/3 -1/3 0
ijkimnop 1 1/6561  -0.04489 1 -1/3 1 1 -1/3
Rs randord 0 0.776 1.165 0.653  0.582 0.690 0.401
RsRrsu 0.776 0 1.297 1.006  1.080 1.201 0.747

aM(r,t) is the multiplicity, per site, of the-body clustenr=1,2,...,8sites of typet.
bResults from a 399 399x 399 site simulation.
“The zero- or empty cluster.

9R< randomiS the averagedivided by the number of correlation functions,)Zythagorean distance between
the LASP of structureS, and the LASP for a random alloy; and similarly fBgrsm

Becauseﬁ(r,t)s for any ordered state or random en- V. STRUCTURALLY STABLE STATES
semble is a vector, one can unambiguousiycept for trun- AND LATTICE DYNAMICS
cation _errory compare average Pythagorean distances be-
tweenII(r,t)g for different types of ordering. The last two  Lattice dynamical force constants were calculated by the
rows of Table Ill list average Pythagorean distances relativd’0zen phonon method; i.e., in turn, displacing each ion by

to the random configuratiofR: and the RSMR : 0.01Ain each o_f the three ort_hogo_r@artes_iamdirec’FiQns;
g S Random SRS the force matrix iR, j5; Wherei and] index ionic positions,

Rsrsm= 2%{['\/'(0)(5(0)5‘ EO0)rsw 12+ [M(1)(&(1)s
~ &Drsw P +[M(2,D(&2,Ds~ &2, Drsw) I

j— K
i !
+[M(2,2)(42,2)s= &2,2rsw >+ [M(3,1)
X(&(3,Ds— &3, Drsw 2+ -+ Pb
+[M(8)(£(8)s~ &(8)rsm 2. (5)
n o)
m——— P

A smaller value ofRgrgy implies a structure, S, that is
more similar to the RSM, so clearly tHa11]y is a better
approximate of the RSM than any of the other supercells
listed in Fig. 2. FIG. 4. 8-site configuration.
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TABLE IV. The ionic coordinategin units of a, b, andc, respectively for the [111]y supercell[(30

-ion primitive cell, space groupl; a=9.817,b=9.816,c=5.613,0¢=73.45,3=73.45,y=111.91.

Type X y z Type X y z
Mg 0.1700 0.8370 0.4896 Mg 0.8385 0.1711 0.4884
Nb 0.4959 0.4962 0.5017 Nb 0.9937 0.9935 0.0065
Nb 0.6740 0.3384 0.9870 Nb 0.3371 0.6747 0.9865
(@) 0.9323 0.5741 0.7733 O 0.7420 0.7693 0.2492
O 0.4212 0.1121 0.2513 O 06054 0.9012 0.7715
(0] 0.0864 0.4443 0.2460 (0] 0.2739 0.2475 0.7461
(0] 0.2913 0.7794 0.7056 (0] 0.6238 0.4465 0.6974
(@) 0.7316 0.2611 0.2892 (0] 0.0918 0.9137 0.7774
(@) 0.4275 0.5719 0.7837 (0] 0.6086 0.4615 0.2011
(0] 0.4011 0.5826 0.2947 (0] 0.2905 0.7932 0.1934
(@) 0.9600 0.1112 0.7030 (0] 0.0697 0.9286 0.2809
(0] 0.7551 0.2377 0.7893 (0] 0.9528 0.1276 0.1877
Pb 0.9208 0.5699 0.2145 Pb 0.5714 0.9220 0.2120
Pb 0.2194 0.2166 0.2698 Pb 0.7528 0.7623 0.7318
Pb 0.4062 0.0663 0.7244 Pb 0.0590 0.3966 0.7460

«a and B are the Cartesian directions. The dynamical matrixMg-Mg pairs; nonetheless, each Pb ion in an asymmetric
DM is Dia,jB=Rm,jB/(MiMj)l’2, where M; is theith ionic  environment of Mg and Nb is displaced off-center by a non-
mass. Vibrational mode frequencies were found byzero “local field”3® The magnitude of these displacements

diagonalizing the DM, and used to compute IR reflectivity ranges from 0.25 A to 0.27 A for tH®01]yce and[111yr

spectra(2):

2
SMaﬁV

a, = o + . ’ 6
SB(V) Fezap Eﬂvi—vzﬂyﬂv ( )
€ af = Z:az* 21 (7)
" 4772\/30”‘()1’#
* _ x /
Z,0= 2 Z o (MM P, ®
iy

HereV is unit cell volume,M; atomic massZ;, the Born
effective chargemy=1 atomic mass units,,.=5.83, the ex-
perimental electronic dielectric permittivityy is the fre-
quency of the incident radiatiom,, is the frequency of mode
u, anda,;, the component of the DM eigenvector for théh
mode, ith ion, andy direction. All damping constants were
set to 60 crit, the approximate average of damping con-
stants that were fit to experimental resyltable ).

A. lonic relaxation

We first consider the relaxation of ions with respect to
ideal perovskite positions in th&qpem, Structures. In every
structure exceptl1ll]yny, the largest displacements involve
Pb. In[001]ynm, the Pb ions with 4 Mg neighbors displace
by 0.47 A toward the001)y,4 layers in which the O-ions are
underbonded (coordinated by two Mg ions®34. In
[110]ynw: the Pb ions with 2 M§ neighbors displace by
0.47 A toward the underbonded O-ion between the Z'Mg

structures, but is only 0.04 A for tH&11]y\y Structure. The
small Pb displacements in thé&11]ynu Structure result be-
cause of a special local environment of Pb in this structure.
The largest ionic motion is by the Nb-ions, which shift
0.09 A towards nearest neighb@i11)y, planes. In the
[111]yy structure, Pb deviates from thi&l1] axis; a net dis-
placement 0f(0.17,0.17,0.08A occurs. Table IV presents
the coordinates of the atoms in the rela&d 1]y structure.
Next, we consider the nature and result of symmetry-
breaking relaxations leading to th&sgg structures. All the
15-ion supercells have multiple instabilities. While the dif-

0.01 1

0.00 9~

-0.014 \ .
-0.02 \

Energy [eV]
l/
—

-0.03+

T T T 1
0.00 0.05 0.10 0.15 0.20

maximal Pb displacement [A]

FIG. 5. Computed potential relief for the Last-type soft mode in

The other structures do not contain nearest neighbothe[001]yco Structure.
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TABLE V. Estimated polarization(in C/m?) of structurally
stable states of PMN supercells.

5 Structure Py Py P, |P|
o [001]nnm 0.525 0.191 0.000 0.558
d [110lynm -0.158 -0.158 -0.547 0.591
(11T 0.474 0.476 0.016 0.672
e [001nce -0.228 -0.243 0.385 0.509
Mg [111yr -0.238 -0.221 0.346 0.474
[111]\ -0.212 -0.185 0.288 0.403

FIG. 6. Atomic shifts in the equilibrium structure ¢111]yr.
The average shift of the Pb ions is approximately alonidlac]
direction.

AVhole matrix of dynamical charges was computed.

tion functions(PDF for the [001]yce in P4/nmm(dotted
and P1 (solid) structures are shown in Fig. 7. The peak at
ferent shapes of the supercells studied prevents direct con-8 A is already split by the different Pb displacements in the
parison of the modes between the different cells, there arg, . structures, and the splitting is significantly enhanced
both ferroelectric instabilities of the Last ty@®b motion  in the Ggggstructures. The agreement between the predicted
against the other iopsand antiferrodistortivetilting) insta-  and experimental PDF is quite good.
bilities dominated by O motion. Figure 5 shows the potential Wwe obtained a wide distribution of Pb-O distances in each
barrier for the Last mode in thEDOIlyce structure. With  of the supercells. For instance, in tfi@11]yr structure,
respect to the primitive perovskite cell, every supercellph-O distances range between 2.4 A and 3.3 A, the shorter
shows wide dispersion of Pb- and O-dominated instabilitieh-O distances giving rise to the shoulder seen in Fig. 7.
across the Brillouin zone. Nb motion opposite O in Egamiet al3® deduced from their experimental PDF that the
Nb-O-Nb... chains and planes also plays a role in the FEPh jons in PMN are displaced about 0.4 A from their nomi-
instabilities. We note, however, that Iong Nb-O-Nb... ChainSna| perovskite positionsassuming that the oxygen ions are
and planes are unlikely to form experimentally. In the 15-fixed). We find, in contrast, that the rms displacement of Pb
atoms cells, all of the oxygen octahderal tilting angles argons in the fully relaxed structures are only about 0.2 A. Our
between 0° and 4°. In thf001]ycc structure, one of the results are consistent with the PDF measured by Egami
checkerboard planes has tilting angles of 10°. In[ttkl]yr et al, however, because coordinated relaxation of the O
structure, the tilting angles are between 8° and 9° for alions occurs in a manner which enhances the splitting in the
octahedra. Pb-O distances. The rms displacement of the B cations
Given the existence of multiple instabilities in PMN su- (Mg;Nb) from nominal perovskite positions is of order
percells, it is not surprising that tB8sssstates involve the 0.1 A, independent of the Mg-Nb ordering.
freezing of multiple modes. Figure 6 shows the complexity We estimate the polarizations of our stable structures by
of the local structure in fully relaxepl11]yy. Pair distribu-  using the displacements of each ion from its position in
Gchem and estimated Born effective charges determined
from averaging the calculated Born effective charges for the
oxp [001)xce Structuré”38 Zp,~4.0; Zyy~2.6; Zy,~7-4: Zo,
~-4.8; Z*OLx—Z.S. Here the subscripts andll denote the

(=]
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'
!
1
'
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[}
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\

0.0

d
A N ’ A\
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E T T T T T T T
18 20 22 24 26 28 30 32 34
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directions of the oxygen displacements perpendicular and
parallel to the B-O bond, respectively. The results are shown
in Table V. The estimated polarization magnitudes are simi-
lar, though about 10% smaller than the zero-temperature po-
larizations estimated from first principles for PbEiCRef.

39) and PbSg,Nb,;,05.%° Remarkably, three of the five
structures have SSS polarizations that are pseudomonoclinic
(close to anfaalj-type direction.

B. IR Spectra and lattice dynamics of relaxed structures

The IR reflectivity spectra are shown in Fig. 8, and com-
pared with our experiment. We shifted the curves in the fig-
ure vertically so to have them all in a compact form. The
scale was maintained. The position of the origin can be in-

FIG. 7. Computed pair distribution functiogPDF in the  ferred from the high-frequency minimum position. It is.seen.
[001]yce and [111]yr structures of PMN. PDF's are compared that the best agreement between the theory and experiment is
with experimental results of Egarst al. (Ref. 36. for the [111]yr structure. The complex dielectric spectra in
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4 PMN[001],.. A
24 ,
04

41 PMN [111],,

Reflectivity

o
>

Phonon States Density [arb.un.]

[T 14
0 r r s
0 200 400 600 800 1000
0

Wavenumber (cm™ T ; T r
(em’) 0 200 400 600 800

frequency [cm™]

FIG. 8. Computeda—e and experimentalf—g) IR reflectivity
of PMN: (a) [001]xnwm; (0) [01 1w (€) [11 T () [00Lnncs
(e) [111]yT; (f) 20 K; (g) 300 K. Dotted lines are damped oscillator
model fits(see Table)l to the experimental IR reflectivity spectra
(solid lineg and THz spectrasolid points.

FIG. 10. Computed zone-center phonon density of states in
structurally stable states. Three acoustic modes having zero fre-
guency were not included.

Mode assignments were then made at several levels of
the phonon frequency range are plotted in Fig. 9 togethe@pproximation by averaging tHé11]y; DM.*® The lowest-
with experimental data obtained. We have qualitative agreefrequency modes of the supercell are related to the folded
ment for high frequencies. At low frequencies, experimentacoustic modes of the parent 5-atom cell: excluding zero
shows very high values of permittivity connected with relax- frequency zone center acoustic modes, eigenvectors of the
ations of PNC. These frequencies are below the phonon frdoW-frequency modes in the frequency interval 19-100%tm
quencies. Relaxation contributions to dielectric permittivity '€ Significant only on Pb. This corresponds to extremely
were not included in our theoretical consideratiove dis-  0W-frequency acoustic antiphase Pb displacements, which
cussed these problems in a previous public&liéh. Notice ~ 2/S€ due to a very small diagonal element of DM for Pb.

different scales in the experimental and theoretical plots. Thehc’)\lne(;(rg’ tfougggitﬁﬂgl?%w Igcﬁ;#{é a(l)rrcrlfz;rt r?;axazﬁ;(/:;rt_he
total zone-center phonon density of states of thellyce - prop ’ Nt Y

and[111]y7 structures are shown in Fig. 10. It is seen fromaged with respect to a 1:1 ordered structure. ThEl]yy

structure is the only one studied which is commensurate with

this plot that the high energy phonon band is not very dis-S ch averaging. Effectively, thEﬂ-ll]MgZI3Nbl,3 layers were

persive compared to the low frequency bands and compar : :

to the bands known for ABQperovskites. This can be ex- 1 e_ated as though they contained gnly one av\_eF'agetl_on,

plained by the band folding due to ordering of Mg and Nb. T_‘(Mg2/3Nb1/9' Symmetry analysis of111Jyr in Fm3m,
yields the following modes: Aj4(R)+Ey(R)+F4(S)

100 +2F,4(R) +4F 1 (IR)+F,,(s). Here, IR andR indicate IR-
and Raman-active modes respectively, anaddicates silent.
Computed eigenvectors of tHa11]yr P1 structure were
150 projected onto vectors of the averaged computation to obtain
the modes expected to have the highest infrared and Raman
activity. The results are shown in Fig. 11, and compared with
Jo experimental data from inelastic neutron scatteffhgaman
scattering and FIR reflectivity measuremegitss study.

Polar TO modegF,,(IR)] are labeled TO1, TO2, TO3,
TO4, and TO5. The relative contributions from Pb, T, Nb,
O,, and O, in the TO1 modeg100 cn1?) are: -0.16, 0.21,
0.27, 0.32, and 0.41 A; where:,@s displaced along B-O
20 bonds; Q is displaced perpendicular to B-O bonds.

The TO2 mode at 270 cth is predominately of the
- S 0 Slater-type. Neutrdtt and our IR measurement3able )
o “":"r . [‘21_‘] 100 1000 exhibit bands near this frequency. The TO3 and TO4 modes
eauency % near 340 crit are from Nb moving opposite t®. Experi-

FIG. 9. Experimentala—b and computedc—d) dielectric per- ~mental evidence for this band is not definitive, although a
mittivity and losses{a—b circles and squares denote experimentaimode is found near this frequency in the fit to room-
THz data at 300 and 20 K, respectively, the solid and dashed linetemperature IR data. The TO5 mode near 580'corigi-
are the results of the fits to IR reflectivity at 300 and 20 K, hates from @(T, Nb) stretching, and it is clearly observed in
respectively. the IR and neutron data.
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30

d [ 1000 VI. DISCUSSION
] ! All the PMN supercells studied he(€ig. 2) are unstable
25 | Aig [ 0 with respect to lower energy strupturally stable states, i.e.,
H — AEchem™> AEgss Relaxation energiesAEgss AEchen are
% s large relative to the thermal vibrational energy, which sug-
gests that locatlisplacivesymmetry breaking should persist

E ToS — [ 600 to high temperatures, generating local strain fields. Some in-
E 9 L 3 stabilities, however, have barriers of the order of thermal
€15 € energy, especially Last-type modes corresponding to
= | 2 Pb-BQ; stretching vibrations in finite-size chemically or-
> . - 400G dered regions. The softest vibrations are exhibited by Pb ions
5 49 103 Téi = = that' are coordingted by a highly symmetrjc array of Mg- and
,qu L _Nb-lons, or Pb ions surrounded _by Nb-ions only. Such Pb
102 —— ions have diagonal Pb-frequenciébe square root of the
5 o[ ratio of the spring constant and mass only ~80 cnit.
T01 Of the supercells studied held,11]yr, in Gss<=P1, has
Fzg: the lowest energy, and with respect to chemical SRO, it is the
[ R N [ best approximate of the RSM. This suggests that it is also a
00 02 040 3000 0 50 100 good approximate for chemically ordered domains in a PMN
ale0)  Raman Intensity  ¢” crystal withPm3m global symmetry. Egarfit and Naberezh-

. . nov et al*® reported that the local ferroelectric instability in
FIG. 11. Comparison of low-temperature experimental data ancf_.,MN below the Burns temperature is associated with Pb

computational results(a) 12 K neutron scattering datdref. 44 . - ” . L )
(full triangles and squares correspond to the longitudinal and trans@splaeements in opposition to the other ions and this is es

verse phonon dispersion branches; the bands show the frequencﬁ‘—.\%nf['a"y v_v_hat occurs in thel1l]yr Last-mode dominated
of continual neutron scatteriig(b) Raman scattering data in two £ instability,Immm-— P1. Note, however, that Last-mode-

geometriegV/V, solid line, and VH, dotted lingrecorded at 77 K; ~ dominated instabilities occur in all five supercells. Computed
(c) dielectric losss”(v) obtained from the fit of IR and THz spectra distributions of the interatomic distances in the 30-ion super-

ar cells show that Pb-O distances split into two main groups at
2.5 A and 3.2 A, in agreement with experiméfit.

Computed dynamical charges in PMN are not as large as
) ) — is typical for simple ABQ perovskites® the Nb charge var-

In first-order Raman scattering frofm3m crystals,Ayy  jes from 6.0 to 9.1. An FE-active ion that is surrounded by
and Eq modes should be visible in VV geometry, whitg;  |ess FE-active ions, e.g., Nb surrounded by Mg, typically has
modes should be visible in VH geometry. The calculaded 5 reduced dynamical charge, e.g., relative to Nb surrounded
Raman active mode at 810 Cthmatches quite well the in- by Nb; and the dynamical charge of the less FE-active ion
tense peak that is observed experimentally at 780'm  jncreasescf. Ref. 37. This happens because charge transfer
VV spectra. In[111]yt Fm3m, this mode corresponds to a is reduced when an ion of relatively low electronegativity is
fully symmetrical, IR inactive, O-breathing mode. The cal- surrounded by ions with higher electronegativitiés.
culated Raman activey asymmetrical breathing mode near ~ Computed phonons for all the structures shown in Fig. 8
590 cni! is broadened due to local symmetry breaking, andexhibit three similar feature$l) B-O-B stretching modes at
corresponds with experimentally observed bands at 500 ar600—900 cm'; (2) mixed B-O-B bending and O-B-O
600 cnTt. In all cases, we had some frequency overlap in-stretching modes at 150—500 ¢in(3) Pb-BQ; stretching
tervals(and even a multipeak structyrehen projecting the modes atv<150 cni®. Differences between the computed
modes obtained for GSS onto the modes derived from symR spectra for different superceli&ig. 8 are purely quanti-
metrized DM. tative, not qualitative. Thél11]yt spectrum is most similar

The calculated Raman actiVgy(2) mode near 360 cm to the experimental one: the 500—900¢rband is relatively
involves mostly symmetrical O displacements. A wide en- narrow, as in the experime(fig. 8); but the other computed
velope of the bands is seen in our Raman experiment at thisands are less intense than their experimental counterparts.
frequency. The calculated low-frequenBy, Raman mode This is an artifact of using the same damping constant for all
near 80 criit is mostly from Pb displacements. In the VH computed mode&0 cni? is an average of the experimental
spectrum, the low-frequency band is a doub{é6 and values. The 60 cm' damping constant, which we used in
62 cnil). Both components are close to the zone-boundaryur computation, is significantly larger than the usual value
frequency of the TA branck50 cni?) according to neutron for pure perovskites;-20 cni™. A large value for disordered
scattering datd (Fig. 11). PMN is expected because the random fields caused by

Experimentally, there are strong Raman peaks neathemical disorder broaden the phonon density of states. Ex-
150 cmt and 250 crit. These peaks probably arise from perimentally, howevercf. Sec. 1), some modes exhibited
local symmetry breakingoctahedral tilting and/or polar dis- extremely small damping constants, which implies sharper
tortions, and not from Nb-T ordering. features in the reflectivity spectrum.

at 20 K; (d) Results of first principles computations Em3m
symmetry.
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Taken together, the first principles results, and experimenhas short-range Mg-Nb correlations that are most compa-
tal data from neutron scatterirtRaman, and IR reflectivity rable to the RSM. Its Raman and IR spectra and pair distri-
enable assignments of specific vibrational modes to experbution functions are in qualitative agreement with experi-
mental phonon peaks. Following Akbas and Da¥@MN is  ment, allowing mode assignment of the dominant features of
approximated as the RSM. Positions of IR-active, Ramanthe spectra. In its lowest-energy state, it is polarized approxi-
active and silent modes, were calculated, and distributiomnately along gbbc] type direction, yielding pseudomono-
functions for all these modes have finite width, and some arelinic symmetry. Unphysical aspects of this perfectly ordered
split. [111]y supercell as an approximant for the 1:1 ordered re-

There are a few low frequency modes in the rangegions in experimental PMN, include the lack of a disordered
25-95 cm* (below the frequency of the soft moderhich  matrix, the fact that there is no experimental evidence for
are both Raman and IR active. They reflect antiphase Pbrdering on the MgsNb, ;3 sublattice, and the presence of
displacement$ that are allowed by the low supercell sym- infinite Nb-O-Nb... chains(which influence the lattice dy-
metry, and are all in the acoustic-mode range for the reducegamics.

(5-ion) unit cell.
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