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Relaxor ferroelectric behavior occurs in many disor«%}ied o¢lectric materials, but is not
well understood at the atomic level. Recent expefiment theoretical arguments
indicate that Anderson localization of phono g&gat‘e) relaxor behavior by driving the
formation of polar nanoregions (PNRs). H ;}ﬁeﬁﬁelasﬁc neutron scattering to
observe phonon localization in relaxor, fer:\%s PZN-5%PT (0.95[Pb(Zny/3 Nby3)O; -
0.05PbTi03) and detect additional featu % localization process. In the lead up to

phonon localization on cooling, the h resonant modes that drive phonon localization

increase in number. The increas esonpant scattering centers is attributed to a known

increase in the number of lo centered Pb atoms on cooling. The transition to
phonon localization o when these random scattering centers increase to a
concentration where t u':%Regel criterion is satisfied for localizing the phonon. We
also model the tsfof d; ped mode coupling on the observed phonons and phonon

localization ure.
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Publishing Recent theoretical? and experimental® work suggests that Anderson localization
of phonons initiates relaxor ferroelectric behavior by driving the formation of polar
nanoregions (PNRs)". It has long been known that conventional ferroelectric transitions
are controlled by a soft phonon, where a zone center transverse optic (TO) phonon slows
and “freezes” in the ferroelectric atomic displacements™ ®. Relaxor ferroelectric behavior
and PNRs can emerge in ferroelectric materials when disorder igfpresent&. Anderson
localization describes the mechanism by which waves become spatially localized by
constructive interference in disorder-scattered waves'’. Althqugh«irstdescribed to explain
the localization of electron wave functions'', Anderson loealizatien has been extended to
other types of waves, including phonons'’. Given that ferroelectric atomic displacements
are controlled by phonons™ ¢ and that ferroelectsi€ displaeemients become spatially
localized as PNRs in the presence of disorderfAnderson/localization is a natural
consideration.

Anderson localization applied to relaxor ferroelectrics has emerged only recently.
First-principle simulations by Akbarzadéheer al." first suggested the possibility that
Anderson localization drives PNRs. Shefrington expanded on this by showing that
equations used to describe relaxox, fegroélectric behavior can be mapped onto the Anderson
localization problem®. Experimentalevidence of Anderson localized phonons was found
using inelastic neutronSeattering by Manley et al.” in a search for intrinsic localized
modes'*"* in PMN£0%PT (0.7[Pb(Mg, 5 Nby3)O3 ]-0.3PbTiOs). Intrinsic localized
modes had beenpropdsed as‘a mechanism for PNRs'>", but the theory did not match the
modes observied% The stability of intrinsic localized modes is predicated on the idea that
nonlinearity shifts a local vibration out of the normal phonon spectrum, where it exists out
of resofiance with phonons'. Localization in PMN-30%PT occurs in the phonon bands
andawith eharaéteristics matching Anderson localized transverse optic (TO) phonons®.

3,18, 19 .
77, provide the random

Loeal resonant modes, attributed to local Pb atom off centering
scattering centers driving nanoscale localization'”.

Here, we demonstrate phonon localization in PZN-5%PT. On cooling below the
Burns temperature®, local (atomic) resonant modes first increase in number, followed by
an abrupt increase in intensity and a shift of local mode intensity towards the ferroelectric

TO phonon, signifying a transition to nanoscale localization. In previous experiments’ too
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Publishing few temperatures were measured to observe this increase in resonance modes. The
transition to phonon localization occurs when these random scattering centers reach a
critical density on cooling set by the Ioffe-Regel condition'®. This increase in scattering
centers is attributed to an increase in locally off centered Pb atoms below the Burns
temperature™. The phonon-localization temperature corresponds todn intermediate
temperature associated with an elastic component of the PNR diffuse scattering®'. This
elastic diffuse scattering indicates PNRs “freezing” well below the Burns temperature.
PNR diffuse scattering that appears above this temperatuge’is_quasielastic and exhibits
diffusion®'. The halting of the diffusive motion of the PNRs i feminiscent of the halting
of electron diffusion in Anderson’s original work''. §low diffusing PNRs just prior to
localization are consistent with weak localizatiofl, @ precussor to Anderson localization'.
It has been argued that the Burns temperaturefgshould be redefined to the lower PNR
“freezing” temperature™”. Here, both températures have meaning; the Burns temperature
the onset of weak localization and the PNRieezing temperature the onset of Anderson
localization. While the phonon localization appears similar to PMN-30%PT>, mode
damping is larger in PZN-5%PT, and,this requires a coupled-damped harmonic oscillator
model® to fully explain.

A ~10 cm’ single crystal 0fRZN-5%PT was measured on the HB3 spectrometer at
the High Flux Isotope Reagtor at Oak Ridge National Laboratory (ORNL). The
spectrometer was operated with pyrolitic graphite filtered fixed final neutron energy of
14.7 meV with horizofital collimation 48’: 60°: 80’: 120°, and the instrument used
pyrolitic graphite PG(002) for the monochromator and analyzer. The crystals were
mounted if) a furnace with the (HKO0) reflections in the scattering plane in a vanadium
holder Measurements were made along Q = [2, K, 0] at 21 equally spaced values of K
between O.andd.5 at four temperatures above the Curie temperature (7¢ =425 K): 500 K,
688 K, 788 K, and 888 K. The strong Bragg extinction indicates a crystal mosaic of <
0.038° above T, and results in Bragg-phonon multiple scattering processes that are of
order™~ 0.2% of a normal phonon, which is much less than the intensity of the observed
local mode. Time-of-flight measurements were performed on the same crystal using the
‘Angular-Range Chopper Spectrometer (ARCS) at the Spallation Neutron Source of
ORNL?* at 688 K with the crystals oriented in the (HK0) plane and with incident neutron
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Publishing energy of 25 meV. Rotating the angle between the crystal [100] axis and the incident

beam from 0 to 60 degrees in 0.5-degree steps and combining the data® provides
comprehensive Q-F volumes of data.

The PZN-5%PT single crystal was cut from a boule grown using a modified
Bridgman growth method. The boule was oriented using a Laue X-ray diffractometer. The
composition of the crystal used in the measurements was confi @S‘b$m§asuring the
transition temperature using high-temperature x-ray diffractign.

The mode-coupling model includes coupled dam armgnic oscillators
representing the TO and transverse acoustic (TA) modes, plus an«uncoupled local mode

—
(LM). LM is used as the generic label for both the re@::i cal mode (atomic) and the
Anderson localized TO phonon (nanoscale), wit the disti

profile. The dynamical matrix, D, is defined‘as ,D
wia(q 0 A(q)
0 wr 0 ,
Alg)™ 0

tion being the intensity

D, = (1)
\ w3o(@)
where wr4(q), wry, and wro(q) r MQ‘( ¢ bare dispersion curves, with ¢ the phonon
wavevector. The local mode en 1w, 1s matched to the experiment at 10.6 meV. The

off diagonal term, A(q), deé\ e interaction between the TA and TO modes. The

damping matrix is

Q ba(@) 0 0
& q= 0 Iim(q) 0 ) (2)
0

£
/ y. 0 Iro(q)
where I'tp )Shﬁql, and I'tq(q) are the bare mode frequency independent damping. As

off-diagonal terms are assumed to be negligible. The inelastic neutron

in the high temperature limit (k7 >> i) is

I(w,q) = kTw™(q)* Im[G(w, 0)]f(q), 3)
G(w,q) = (D, — iwl, — w?E)~1, 4)

C

~ 0.5

actors of the bare modes. The bare dispersion curves are given by*

—
%@2 o
Y E is a 3 x 3 unit matrix and f(q) = | 0.06 ] is a vector characterizing the structure

w%4(q) = Asin?(mq), (5)
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Publishing w2,(q) = B + C sin?(nq), (6)
A(q) = dsin(nq), (7)
where 4 = 100 meV?, B =90 meV?, and C = 100 meV? define the strength of the
dispersion and d = 100 meV? defines the strength of the mode mixing®. The bare mode
independent damping terms are defined as™ [ya(q) = g sin?(mq), /I m(q) = h,
I'ro(q) =1, where g=4 meV, h=1meV, and /=5 meV. The m»ﬁiona orms used for
the mode mixing parameter and the TA mode damping parametet«are chosen to give the
correct asymptotic behavior for g 2 0%, r;\
Figure 1 shows the phonon dispersion curves mea ¢d ateng Q = [2, K, 0], which

probes transverse modes. The TO and TA phonons ate strort%]y damped. The LM
dispersion, which is nearly flat at all temperaturés from K (Fig. 1(a)) down to 500 K

(Fig. 1(d)), shows a slight softening in coolingJfrom %??K (Fig. 1(c)) to 500 K (Fig. 1(d)),
eV. Peak positions are determined by

where it decreases from 10.9+£0.1 meV t %
fitting the peaks to three Lorentzian ngiix\g\ e is also a more complete flattening of
the LM dispersion at 500 K, whiclyis indieative of localization. At the higher

temperatures the LM bends slightly TO phonon in an expected avoided crossing®” .
Similar to PMN-30%PT°, t i\q atic increase in the LM intensity towards the LM-
TO intersection near 500 K, a%ﬂ&ed from the fits to the neutron scattering intensities

—

c

(see fits to data in rig Is in Fig. 1). The change in the LM intensity profile indicates
a transition to nang$§caléghonon localization.
Figuy shawfs th/e transition to phonon localization for in the LM intensity

2

}&,Rho‘ example fits to the inelastic neutron scattering profiles using
Lorentzia f@tions a

688 and)ael the transition at 500 K. Figure 2(b) summarizes the LM intensity profile
as 4 functi of K. For 688 K and higher the LM intensity profile is essentially flat as a
funetion o? K. This is the same behavior as the LM in PMN-30%PT, and is attributed to

—
localgesonant modes associated with Pb-atom off centering’. These modes are well

profile. Figu
K=0.3,0.35, 0.45 above the transition to phonon localization at

w ized to off-centered Pb atoms, analogous to resonant impurity modes®. As shown in
FTQ 2(b) the intensity of these flat modes increases on cooling below the ~750 K Burns

temperature (7). This is consistent with the reported increase in Pb atom off centering on

19,2

cooling below 7,'*?° and is expected from theoretical considerations'®. An increase in
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Publishing resonant scattering centers leading up to localization makes sense since localization only
occurs when the scattering centers become sufficiently dense to trap a phonon wavelength
on the nanoscale'’. At K = 0.35 for 688 K the LM intensity (integrated peak area) is
10+£2% the strength of the TO phonon. Anderson localization is expected when distance
between scattering centers, /, becomes comparable to the phonon wévelength, which can
be expressed as the loffe-Regel criterion, g/ < 1 [10]. At 10% thé distancedbetween
resonant modes is about 2 lattice units (2a). Taking K = 0.154n reduced lattice units (bare
phonon estimate®, see below) ¢ = K(2n/a), so gl = 0.15@n/a)(2a)<1.88, which is close
to the 1.8 value found for localizing ultrasound shear#vayesiu an elastic network™. At
500 K, rather than being flat, the intensity concentrates towatds the LM-TO crossing. The
profile is similar to that attributed to TO-phonon localization in PMN-30%PT?.

The phonon dispersion curves shown in“Eig. 3. have been extracted from the
phonon peak positions measured along Q.= [2,K, 0} and Q = [3, K, 0], which are
equivalent locations in the crystal but$ave.different structure factors. The solid points
were measured using constant Q séans on the HB3 triple axis spectrometer (circles) or
equivalently constant @ slices @f the ARCS time-of-flight data (diamonds). The open
symbols were extracted from constantignergy slices of the ARCS data. The result for the
“waterfall” effect for PZN-5%P¥, measured here are essentially identical to that reported
for PZN-8%PT?. Alghg 0<[2, K, 0] the waterfall and descending branch of the TO
phonon appear to Be at slightly higher values of K than for Q = [3, K, 0], even up near 10
meV where phdnon‘gcaliZation occurs. The TA phonon also appears to be shifted to
higher energy along O = [2, K, 0] compared to Q = [3, K, 0]. The overall effect is that the
TO and I Asphonons appear closer together in the (200) zone, which shows a more
pronotinced effeet of the TO-TA mode coupling®™. The part of the TO phonon that
beConies loealized is determined by the intersection of the LM and the TO dispersion
curves’. Since the intersection appears to depend on zone while the modes themselves
cannot be different by symmetry, a more sophisticated approach must be taken to interpret
the Spectral intensities. To address this issue we apply the coupled damped harmonic
oscillator approach®.

The mode-coupling model in Fig. 4 shows the effect damped phonon coupling has

on the normal phonons (Fig. 4(a)) and the phonon localization structure (Fig. 4(b)). The
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Publishing main effect of coupling the normal phonons is a column of shared intensity extending

between the TA and TO phonons®. To characterize the “waterfall” feature in Fig. 4(a) we
plot the position of peak intensity deduced from constant energy cuts along [2, K, 0], as
was done with the experimental “waterfall” in Fig. 3. The coupling shifts apparent the
LM-TO intersection to higher values of K. The bare TO phonon (daShed line) crosses the
LM around K = 0.15 compared to an apparent crossing of K = 0.2+solid%ine), see Fig.
4(a). A lower value of K implies a longer wavelength for thedocalized TO phonons, and
longer wavelengths imply larger PNRs. For PMN-30%PT«the value of K at the LM-TO
intersection is about 0.2 and this corresponds to about 2 nm, Whieh is about the size of the
PNRs in PMN-30%PT>. Accounting for mode coupling, thed_ M-TO intersection in PZN-
5%PT must occur at a longer wavelength, which(is qualitatively consistent with the
narrower PNR diffuse scattering (larger PNR$), in PZN-PT*'. The mode coupling
correction makes it difficult to obtain a preeige sizéfor the Anderson local modes.

The ideal un-localized bare TQ phonen 1s'mfinitely extended in space and time,
which means sharp in both momentum and energy. A finite phonon lifetime broadens the
mode in energy while spatial logalization broadens the mode in momentum. For Anderson

localization, the spatial localizatigm'is exponential® "

. In the transformation to reciprocal
space this becomes a Lorentzian breadening function in momentum. The characteristic
length scale is the wayelength of the localized phonon. For PMN-30%PT the width of the
LM profile in moménttm gives a coherence length (size) that is equal to the localized TO
phonon wavelength’. he bare TO phonon localization (what localization would look like
without broadening/damping) shown in Fig. 4(b) meets this condition. Unlike for PMN-
30%PT, however, this‘localization broadening is less than the inherent broadening of the
obseryed TO phonon. In this case it is not appropriate to represent the starting TO phonon
with.a shagp lide in momentum, but rather the broad profile of the TO phonon must be
conyoluted with the bare localization function. The TO profile was estimated by removing
the LM from the model and then using the constant energy cut at 10.6 meV (the LM
energy). The LM profile for phonon localization with mode broadening shown in Fig. 4(b)
1s obtained by convoluting the extracted TO profile with the bare phonon localization.
This result agrees well with observed LM intensity profile for the localized phonon

observed at 500 K, Fig. 4(b).
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Publishing In his classic 1959 paper on the theory of ferroelectricity Cochran’ concludes that,
“the onset of ferroelectric properties in any crystal is a problem in lattice dynamics”. In
1959 relaxor ferroelectric behavior32, PNRS4, and Anderson localized phononslo had not
been discovered. The evidence herein of Anderson-localized phonons explains how lattice
dynamics may initiate relaxor ferroelectric behavior in the presenc?/of disorder. On
cooling, the local off centering of Pb atoms'®* introduces an in ing number of
disordered scattering centers, which manifest as resonant local eaés (Figs. 1 and 2).
Eventually, the density of scattering centers (resonant mo 3&%{1’1@ high enough to

(Fig..2(b)). Within the
Anderson localized spatial regions, the average distottion of>th local structure results in

the more commonly observed static component 61 the 4

Mode damping originates with phono&{;rira, by disorder® and/or anharmonic
-

drive nanoscale localization'® of the ferroelectric TO pho
4

phonon-phonon interactions™*. Strong anhfk%;; attering with other phonons
undermine localization by depleting the ;Mm fore they can travel along paths to
\

constructively interfere'’. That localization occurs suggests that disorder scattering

harmonic lattice by superimposi

dominates the broadening. Disorder hd@ning of phonons can be constructed in a
gx ¢ lattice dynamical solutions for a large number of

pseudo-random supercell co Mnszg. In this view, a distribution of phonon

localization widths co nds to localization varying within the different spatial regions
with slightly differ; QO\awavelengths.

no
Our resul uﬁpo?r cent theoretical" > and experimental’® arguments that
Anderson loz ion On the nanoscale initiates relaxor behavior by driving the formation
of polar no@ions.
£
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Publishing Figure Captions

FIG. 1. Triple-axis inelastic neutron scattering measurements of the phonon dispersion
along Q =[2, K, 0] in PZN-5%PT as a function of temperature. Right hand panels show
examples of fits to data used to determine the dispersion data points overlaying the
intensity dispersion maps (data sets are offset for clarity). At all temperatures there is a
local mode (LM), a transverse acoustic (TA) phonon, and a transVegse optic (TO) phonon.
(a) Shows measurements above the conventional Burns temg;?(T 7~ 750 K) at 888

d

K, (b) shows near 7, while (c) and (d) are measured bet d the Curie

temperature (7¢ ~ 415 K). However, (d) is measured near %}s'ohealled revised lower

—-—
Burns temperature (7* ~ 500 K) associated with the freezing in‘of static polar nanoregions
[21, 22]. The extra weak features highlighted ianiI: in nd (d) are probably associated

with the being near the leading edge of “wat&‘\%ffe}, in which intensity extends in a
A

vertical column between the TO and TA M{i‘ lower values of K [3, 23, 29]. Data
were collected on the HB3 triple-axis pe&lﬁme at the High Flux Isotope Reactor
(HFIR) at Oak Ridge National Lab rk\
<
FIG. 2. Intensity profile of the lo\w (LM) as a function of position in the (200) zone
along Q@ =[2, K, 0] in PZN- a function of temperature. (a) Shows fits to the data
at a few K points abov; below the transition to phonon localization, see text for
mfbﬂtensities as a function of K for all temperatures measured.

details. (b) The dedtice
For 688 K a:?b cthe i}t nsity appears nearly flat and a straight line has been fit to
At

each temper K the intensity becomes strongly peaked near the TO-LM

intersecti@pec d with TO phonon localization [3].
£
. n

FIG.3 oif dispersion curves deduced from measurements along Q =[2, K, 0] and Q
=8, K, Oj)in PZN-5%PT at 688 K. The solid symbols where determined by fitting peaks

QZzlgre in constant @ cuts. The open symbols where determined by fitting peaks
e

rved in constant energy cuts. The circle symbols are from data collected on the HB3
triple-axis spectrometer at the High Flux Isotope Reactor (HFIR) at Oak Ridge National

Laboratory. The diamond symbols are from data collected on the ARCS spectrometer at

11
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Publishing the Spallation Neutron Source (SNS) at Oak Ridge National Laboratory. The differences

between (200) and (300) zones are a consequence of damped mode coupling [23].

FIG. 4. Results of a damped mode-coupling model used to describe the phonon structure,
and the phonon-localization structure observed in PZN-5%PT. (a) Damped mode coupling
model intensities. The bare TO is the dispersion curve without Nng. The
“waterfall” feature is obtained using the same procedure app, igﬁﬁdma, which is to
plot the peak positions in constant energy slices. The da Bdico pling has the effect
of making TO-LM intersection appear to be at a higher v é}dﬁﬁ; (b) The LM intensity
profile for bare TO phonon localization and phonon (;iizasio with mode broadening,

see text for details. The measured data points fr@ ig. are repeated here (symbols).

12
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