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Three-mode coupling interference patterns in the dynamic structure factor of a relaxor ferroelectric
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A longstanding controversy for relaxor ferroelectrics has been the origin of the “waterfall” effect in the phonon
dispersion curves, in which low-energy transverse phonons cascade into vertical columns. Originally interpreted
as phonons interacting with polar nanoregions (PNRs), it was later explained as an interference effect of coupling
damped optic and acoustic phonons. In light of a recently discovered PNR vibrational mode near the “waterfall”
wave vector [M. E. Manley, J. W. Lynn, D. L. Abernathy, E. D. Specht, O. Delaire, A. R. Bishop, R. Sahul,
and J. D. Budai, Nat. Commun. 5, 3683 (2014)], we have reexamined this feature using neutron scattering on
[100]-poled PMN-30%PT [0.6Pb(Mg; 3Nb,,3)O3 —0.3PbTiO;3]. We find that the PNR mode couples to both optic
and acoustic phonons and that this results in complex patterns in the dynamic structure factor, including intensity
pockets and peaks localized in momentum-energy space. These features are fully explained by extending the
mode-coupling model to include three coupled damped harmonic oscillators representing the transverse optic,

acoustic, and PNR modes.
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I. INTRODUCTION

Crystal lattice dynamics are normally well described by
harmonic dispersion curves that are broadened to account
for the finite lifetimes of the phonons. Shortened phonon
lifetimes are caused by anharmonic phonon-phonon [1],
electron-phonon [2], and/or disorder [3] induced phonon
scattering and can normally be modeled using uncoupled
damped harmonic oscillators. Important exceptions include
intrinsic localized modes (a.k.a. discrete breathers) resulting
from strong anharmonicity [4-9] and Anderson localized
modes resulting from a high degree of disorder [10-12].
Another exception is the so-called “waterfall” effect in phonon
dispersion curves, in which the measured phonon dispersion
cascades into vertical columns of intensity at particular wave
vectors [13]. The “waterfall” effect is not fully understood
but has been observed in several technologically important
materials, including relaxor ferroelectric actuator materials
[13-19], conventional ferroelectrics [20], and in a strongly
anharmonic thermoelectric material [21]. Because the feature
was first identified in a relaxor ferroelectric material [13] and
because the “waterfall” wave vectors appear to be matched to
the size of polar nanoregions (PNRs) [13], it was originally
proposed that the “waterfall” effect results from an interaction
between the phonons and PNRs [13]. However, because the
effect also appears in materials not bearing PNRs and because
the “waterfall” wave vector depends on which Brillouin zone is
measured, doubt was cast on this interpretation [22]. A simple
alternative model proposed by Hlinka ef al. [22] explains the
“waterfall” effect and its dependence on Brillouin zone in
terms of two-mode coupling between damped transverse optic
(TO) and transverse acoustic (TA) phonons, without the need
for PNRs.

Recently, however, an extra vibrational mode asso-
ciated with PNRs was found to exist between the
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TO and TA phonons in relaxor ferroelectrics PMN-
30%PT [0.6Pb(Mg1/3Nb2/3)O3 —0.3PbTiO3] and PZN-5%PT
[0.95Pb(Zn, ;3Nb,/3)03 —0.05PbTiO3] [12]. Above the Curie
temperature (7¢ = 405K for PMN-30%PT) the PNR mode
appears well localized (dispersionless) and merges with the
TO phonon near ¢ = 0.2 reciprocal lattice units [12], which is
close to the “waterfall” wave vector [16,17]. Below T¢ the PNR
mode avoids crossing the TO phonon by bending downward
towards the zone center and into the “waterfall” feature [12].
The avoided crossing can be understood in terms of a linear
coupling of the PNR vibrational modes and the transverse
phonons [23]. It was also shown that coupling of PNRs to the
TA phonons induces a large shear softening in the [110]-TA
phonon [24]. This is the same shear softening known to
enable the giant electromechanical coupling in relaxor-based
ferroelectrics, which have revolutionized sensor and ultra-
sound applications [25]. Hence, understanding the coupling
of PNR modes to transverse phonons is central to the most
technologically important property of relaxor ferroelectrics
[25]. In this article, we investigate the anharmonic contribution
to this coupling by observing the “waterfall” feature interact
with the PNR vibrational mode [12] using inelastic neutron
scattering. We make use of the fact that the PNR modes align
with [100] poling [26] to isolate the effects of the PNR mode
in PMN-30%PT. Perpendicular to the poling direction no PNR
mode appears, and the two-mode coupling model proposed by
Hlinka et al. [22] fully captures the waterfall feature. Along
the poling direction, however, the PNR mode appears more
intense [26] and couples anharmonically to both the TO and TA
phonons. The resulting three-mode anharmonic coupling pro-
duces complex dynamical features, including intensity pockets
and peaks localized in small regions of momentum-energy
space. These features are fully explained by an expanded
version of the Hlinka model [22] that includes three coupled
damped harmonic oscillators representing the TO, PNR, and
TA modes. The damping models phonon lifetime broadening
resulting from anharmonic phonon-phonon scattering and
disorder scattering, while the coupling accounts for mode

©2016 American Physical Society


http://dx.doi.org/10.1038/ncomms4683
http://dx.doi.org/10.1038/ncomms4683
http://dx.doi.org/10.1038/ncomms4683
http://dx.doi.org/10.1038/ncomms4683
http://dx.doi.org/10.1103/PhysRevB.94.104304

MANLEY, ABERNATHY, SAHUL, STONAHA, AND BUDAI

synchronization effects resulting from mode coupling. The
combined effect of damping (broadening) and coupling create
the complex patterns in the dynamic structure factor. To explain
the presence of strong damping in all three modes, we note
that in addition to disorder there are three distinct instabilities:
(i) a soft anharmonic TO phonon related to the ferroelectric
instability [27], (ii) a soft anharmonic TA phonon related to
a shear instability associated with the nearby morphotropic
phase boundary [28], and (iii) for the PNR mode there is a
local Pb atom off-centering instability [29,30].

II. EXPERIMENT

Single-crystal boules of PMN-PT were grown using a mod-
ified Bridgman growth method (http://www.trstechnologies.
com/Materials/single_crystals.php). The boules were oriented
for the major crystallographic orientations [001]., [011],, and
[[111]. using a Laue x ray and x-ray diffractometry. Sections
of crystals 0.5 cm thick were sliced from the ~5 cm diameter
boule using an one-dimensional saw. The composition of the
crystal, PMN-30%PT, was first estimated from the positions
in the crystal boule and then later confirmed by measuring the
transition temperatures using high-temperature x-ray diffrac-
tion on the individual crystals and comparing these to the
known phase diagrams using a method described in detail
elsewhere [12]. For poling, two 0.5-cm-thick ~5-cm- diameter
slices were cleaned and metallized with an ~500-A layer of
chromium and 2000-A layer of gold using a sputtering process.
The metallized section was then poled using a polarization
bath. The crystal slice is immersed in a bath of Fluorinert oil
(silicone oil with a high dielectric strength) and a dc electric
field is applied. For the rhombohedral PMN-30%PT crystal,
the crystal samples were poled by application of a dc electric
field of 4 kV/cm at room temperature. The piezoelectric
charge coefficient (ds3) was measured using a ds3 meter to
determine if the crystal slices were poled into a piezoelectric
state. After poling, polarization changes as the function of
applied electric field were observed on batch qualification
samples using a hysteresis loop device that works based on
a Sawyer-Tower circuit. This measurement uses an integrator
to determine the charge per unit area formed on the electroded
surface of a dielectric subjected to an electric field. The voltage
is applied in the form of a biased (unipolar) triangle wave (0
to peak) for a small number of cycles (~3). The hysteresis
area between the field ascending and field descending portions
of the curve is proportional to the energy lost as heat during
a charge-discharge cycle, and this hysteresis loop represents
characteristic behavior that is typical of ferroelectric materials.

Inelastic neutron-scattering measurements were performed
on the large (~20cm? for two stacked 0.5-cm-thick plates)
[100]-poled PMN-30%PT crystal using the Angular-Range
Chopper Spectrometer (ARCS) at the Spallation Neutron
Source of Oak Ridge National Laboratory [31]. Measurements
where performed at room temperature with an incident neutron
energy of 25 meV and with the crystal oriented in the (H K0)
plane. Comprehensive four-dimensional Q-E volumes of data
were obtained by rotating the angle between the [100] axis
and the incident beam in 0.5-degree steps and combining the
data using MSLICE in the Data Analysis and Visualization
Environment (DAVE) software [32]. Data were collected at
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each angle from —70 to 55 deg to obtain a complete data set
that includes @ values in directions both perpendicular to and
parallel to the [100]-poling direction in the (H K 0) plane.

III. CALCULATIONS

Mode-coupling calculations were performed for models
containing either two or three coupled damped harmonic
oscillators representing the TO and TA modes, or the TO,
PNR, and TA modes, respectively. For two-mode coupling the
model described by Hlinka et al. [22], which involves 2 x 2
matrices, is used directly. For three-mode coupling the model is
expanded to 3 x 3 matrices as follows: The dynamical matrix
D, is defined as

0 (@)  Aar(q)  Aso(q)
D, = | Aar(@)*  ohr(q)  Aopr(q) |, (1
Aro(@)*  Aop(@)*  @35(q)

where wra(q), wpnr(q), and wro(g) represent the bare TA,
PNR, and TO mode dispersion curves, with ¢ being the reduced
phonon wave vector. The off-diagonal terms Aap(gq), Aao(q),
and App(gq) describe the bilinear interaction [22] between the
TA and PNR (AP), TA and TO (AO), and TO and PNR (OP)
modes, respectively. For simplicity, in this paper these off-
diagonal interaction terms are assumed to be all the same and
are set equal to the single off-diagonal interaction term used
in the two-mode coupling model [22]. The damping matrix is

Italg)  Tar(g) Taolg)
I, =1Tar(@) Tenr(g) Tor(g) |, (2)
I'aolg)  Tor(g) T1o(gq)

where I'ta(q), I'enr(q), and TI'to(g) are the bare-mode-
frequency—independent damping [22], and the off-diagonal
terms ['Ap(q), 'a0(q), and I'pp(gq) are the viscous interaction
terms [22]. Using the same approximation used in the
two-mode coupling model of Ref. [22], the viscous interaction
terms are all assumed to be negligibly small, so ['ap(q) =
I'ao(q) = I'op(q) = 0. The inelastic neutron-scattering spec-
trum in the high-temperature limit (k > hw) is given by [22]

I(w,9) = kT 'f(q) Im[G(w,q)1f(g), 3)

G(w.q) = (D, — iwl, — o’E) ", )
where E is a 3 x 3 unit matrix, and f(g) is a three-component
vector characterizing the structure factors of the bare TA, PNR,
and TO modes. In this paper the dispersion in the waterfall
is sliced into sections showing the out-of-plane direction
along Q =[0,0,L] for Q =[2,K,0](K = 0.2,0.3, and 0.4)
in order to give a higher-dimensional view of the feature.
Along L the bare dispersion curves are well described using

®ia(q) = A+ Bsin’*(nq), (5)
wing(q) = C + Dsin’(rq), (6)
o10(q) = E + Fsin*(rq), (@)

Aap(@) = Ano(q) = Aop(q) = dsin*(mq), ®)

where A, B, C, D, E, and F define the shape of the bare
dispersion curves and d describes the strength of the mode
mixing [22]. The bare-mode independent damping terms
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I'ra(g), Tenr(g), and T'to(g) are fixed at constant values
along the out-of-plane direction. To account for the strong
q dependence of the structure factor for the PNR and TO
modes, the structure factors are modeled using

S1a
fenr[1 = sin*(q)] |, )
froll — sin®(q)]
where fra, fpnr, and fro are dimensionless factors that

account for the differences in structure factors between the
TA, PNR, and TO modes, respectively.

f(q) =

IV. RESULTS

Figure 1 shows image plots of both the in-plane and out-of-
plane dispersion of the TO, PNR, and TA phonons measured
on the ARCS spectrometer on [100]-poled PMN-30%PT at
300 K. The in-plane dispersion of all three modes in Fig. 1(a)
can be seen to repeat in going from zone to zone along
0 = [2,K,0], with maxima occurring at the zone boundaries
at K = +40.5 and —0.5 (X points) and minima at the zone
centers at K = —1,0, and 1 (I" points). The dispersion of
the TO, PNR, and TA modes are in good agreement with
those measured on a triple-axis spectrometer on the same
PMN-30%PT crystal at the same temperature (300 K) in
Ref. [12]. The TO and TA phonon dispersion are also similar
to those measured previously in PMN-32%PT [33,34]. An
extra-soft optic mode was also identified previously in PMN
[35-37], but that mode only appears at high temperatures [36]
and was only at wave vectors near the zone center beneath
the TO mode. By contrast, the PNR mode identified here is
observed dispersing across multiple zones (Fig. 1) and at a
wide range of temperatures, including below T¢ (~405 K),
between T¢ and the Burns temperature (7, =~ 650K), and
above T, [12]. The appearance of an isolated splitting in the
TO phonon near the zone center needs to be considered with
care. The reason is that recent experimental and theoretical
work shows that a similar feature can emerge owing to an
anharmonic contribution to the phonon self-energy [38]. In
this case, although the splitting of the TO phonon may be real
and temperature dependent; it only appears in a narrow region
of reciprocal space and does not represent a true extra-soft
mode [38].

Ferroelectric domains introduce a crystal mosaic that
releases the extinction of Bragg scattering, which leads to
more prominent spurious scattering effects that need to be
carefully avoided or corrected. At high temperatures, where
the PNR local mode was first observed [12], Bragg extinction
happens because the angular acceptance for Bragg diffraction
is much narrower than the ~0.6-deg incident neutron beam
divergence on the ARCS instrument. With the formation of
ferroelectric domains, however, the angular acceptance for
diffraction expands and Bragg scattering intensities increase
by about a factor of 20 for our crystal on the ARCS instrument.
This has the effect of enhancing parasitic scattering effects
(depletion of the primary beam by diffraction) and accidental
multiple scattering processes. The dashed red lines in Fig. 1
indicate data collected at constant crystal angles corresponding
to various Bragg diffraction conditions. Because the Bragg
scattering is strong, the incident neutron beam suffers a ~15%
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FIG. 1. Inelastic neutron-scattering measurements of the phonon
dispersion curves for [100]-poled PMN-30%PT. (a) In-plane disper-
sion along Q = [2,K,0], which selects for transverse modes with
atom displacements parallel to the [100] poling direction. The TO,
PNR, and TA mode dispersion curves form arcs that are symmetric
with respect to positive and negative values of K, and all three
peak at the zone boundaries at K = + 0.5 and —0.5. The red lines
indicate the trajectories of data collected at fixed crystal angles
corresponding to Bragg conditions. These trajectories do not follow
the crystal symmetry (see text). (b) Out-of-plane dispersion along
Q0 =[2,—-0.4,L]. The TO, PNR, and TA modes are symmetric with
respect to positive and negative values of L. The multiple scattering
with flange features is a spurious scattering effect and is not symmetric
with respect to positive and negative values of L. These slices of the
data, and other similar ones, are used to separate real features from
spurious effects.

loss of intensity after it travels through the crystal at the (200)
Bragg angle, and this reduces the scattered intensity for all
data collected at this angle. The result is an intensity shadow
running along the dashed red line crossing (200), and similar
intensity shadows occur for the other dashed red lines. Any
accidental Bragg—first multiple scattering process involving
one these particular crystal angles must also fall on one of
the dashed red lines. Unlike real excitations, these lines to
do not conform to the symmetry of the crystal when viewed
across multiple zones, so artifacts can be easily separated
from real modes. Also, the equivalent parasitic scattering lines
are very different on a triple-axis spectrometer (which uses
fixed final neutron energy rather than fixed incident neutron
energy), yet the TO, PNR, and TA modes all appear the same
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FIG. 2. Inelastic neutron scattering of the “waterfall” feature sliced into out-of-plane sections in energy-momentum space. The in-plane
image plots shown for reference at the top are after Ref. [26]. (a)—(c) Perpendicular to the poling direction, near (0, —2,0), no PNR mode [12]
is detected between the TO and TA modes and a single “waterfall” feature appears. (d)—(f) Along the poling direction, near (200), a separate
PNR mode appears between the TO and TA modes. (e) A “mini-waterfall” feature appears between the TO and PNR mode. (f) TO-TA coupling
dominates the main “waterfall” feature. (g) “Mini-waterfall” appearance changes in (300) zone.

[12]. The PNR mode dispersion can also be observed in the measurement can also be seen at around 2 meV. Although
out-of-plane direction along Q = [2, —0.4,L] in Fig. 1(b). this is elastic multiple scattering, it appears at a finite energy
A multiple scattering feature coming from a diffracted beam  because the increased path length mimics the time delay
scattering off of a flange located above the crystal during the of a neutron inelastic event on a time-of-flight instrument.
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FIG. 3. Mode-coupling model calculations describing the “waterfall” feature sliced into out-of-plane sections in energy-momentum space
in Fig. 2 (see text for details). The panels (a)—(g) correspond to the experimental results with the same labels shown in Fig. 2.

This scattering process was positively identified during the
experiment by eliminating it by covering the flange with a
neutron absorber (cadmium foil). Note again that, unlike the
real modes, this accidental multiple scattering does not follow
the crystal symmetry. The feature appears at L = —0.15 but
not at L = +40.15. To avoid spurious scattering effects in the
following analysis, we chose the region between K = —0.4
and K = —0.2(Q = [2,K,L]) at energies above ~3 meV to
investigate the role of the PNR mode on the “waterfall” feature
in the phonon dispersion.

The image plots shown in Fig. 2 display the waterfall feature
sliced into out-of-plane sections, viewed both perpendicular
[Figs. 2(a)-2(c)] and parallel [Figs. 2(d)-2(g)] to the [100]
poling direction of the PMN-30%PT crystal. Perpendicular to
the poling direction, near (0,-2,0), no PNR mode [12] is de-
tected between the TO and TA modes. Inthe Q = [0.4, —2,L]
slice [Fig. 2(a)], the TO and TA modes appear separated

with only a weak vertical column of intensity extending
between them near L = 0. Moving toward the zone center, the
modes become closer in energy and the O = [0.3, —2, L] slice
[Fig. 2(b)] shows a more intense vertical column extending
between the TO and TA modes. In the Q =[0.2, —2,L]
slice [Fig. 2(c)], the vertical column becomes comparable
in intensity to the modes themselves. Figure 2(c) exhibits
a fully formed waterfall feature, since the two modes are
no longer clearly separated near L = 0. Along the poling
direction, near (200), a separate PNR mode is clearly observed
between the TO and TA modes in the Q = [2, —0.4,L] slice
[Fig. 2(d)]. The main difference between Figs. 2(a) and 2(d)
is the presence of the PNR mode [12,26]. On moving toward
the zone center, the PNR mode couples to both the TO and
TA phonons, see the @ = [2,—0.3,L] slice in Fig. 2(e). The
three-mode coupling results in some unusual features in the
dynamic structure, including intensity pockets localized in
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TABLE I. Mode-coupling parameters used in the calculations of
the inelastic intensities displayed in Fig. 3. See Eqgs. (5)—(7) for the
meanings of mode shaping parameters, A—F, and Eq. (8) for the
meaning of the coupling parameter, d. The parameters I'ta, I'pngr,
and I'ro are the values of the bare mode damping, and f1a, fpngr, and
fro are the scale parameters for the structure factors, Eq. (9).

Parameter (a) b) (¢) (d) (e) f) (€3]

A (meV?) 35 35 20 35 35 20 35
B (meV?) 100 10 10 10 10 10 10
C(meV?) N/A NA NA 135 135 36 135
D(@meV?) N/A NA NA -107 —107 -27 —107
E@meV?) 290 195 120 290 195 120 195
F (meV?) 150 200 250 150 200 250 200

d (meV?) 10 10 10 10 10 10 10
Cra (meV) 1 1 1 1 1 1 1

g meV) N/A N/A NA 1 1 1 1

Mo (meV) 14 14 14 14 14 14 14
Fra 07 07 07 07 07 07 07
feng N/A N/A NA 025 025 025 025
fro 1 1 1 1 1 1 0.4

small regions of momentum-energy space [see Fig. 2(e)] and
a “mini-waterfall” feature that extends between the TO and
PNR mode in Fig. 2(e). Along with the mini-waterfall comes a
focus of the intensity of the PNR mode near Q = [2,—0.3,0].
As with the usual waterfall effect this mini-waterfall effect
depends on the structure factor of the TO phonon [22] and
therefore appears different in the (300) zone [Fig. 2(g)] than
in the (200) zone [Fig. 2(e)]. All of these features can be
explained by the mode-coupling calculations shown in Fig. 3.

Perpendicular to the poling direction where no PNR mode
appears, the two-mode coupling model of the type proposed by
Hlinka et al. [22] captures the basic waterfall features; compare
the neutron experiments in Figs. 2(a)-2(c) with the related
mode-coupling calculations in Figs. 3(a)-3(c). To obtain
the basic “waterfall” behavior, the coupling and damping
parameters are held fixed while the modes are simply brought
closer together according to the experimental dispersion. The
two-mode structure factors, coupling, and damping parameters
are listed in Table I.

Parallel to the poling direction the PNR mode clearly
appears [Fig. 2(d)] and exhibits coupling to the TO and TA
phonons [Fig. 2(e)], and this can be described by the three-
mode coupling model [Figs. 3(d)-3(f)]. With well-separated
modes at Q = [2,—0.4,L] [Fig. 2(d)], the three-mode cou-
pling model shown in Fig. 3(d) captures the following features:
The TO, PNR, and TA modes all appear distinct, with a weak
diffuse intensity extending between all three modes [compare
Fig. 2(d) and Fig. 3(d)]. As the modes become closer at
0 =[2,-0.3,L] [Fig. 2(e)], the three-mode coupling model
shown in Fig. 3(e) shows a mini-waterfall extending between
the TO and PNR mode, the intensity of the PNR mode is
concentrated near L = 0, and intensity pockets appear near
q = +/—0.125 [compare Fig. 3(e) with Fig. 2(e)]. To obtain
these features in the three-mode coupling model, the TO
mode is just moved closer to the PNR modes; no changes
in the coupling parameters are necessary (see parameters
listed in Table I). As the three modes become even closer at
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0 = [2,-0.2,L] [Fig. 2(f)], the three-mode coupling captures
the feature, which is a full waterfall [compare Fig. 3(f) with
Fig. 2(f)]. In this case, the PNR mode is not observable in
the data. To estimate the position of the PNR mode in the
three-mode coupling calculation, we used the value observed
for unpoled PMN-30%PT in Ref. [12], which is 9.2 meV.
However, because the TO-TA coupling dominates the structure
in this case, the appearance of the waterfall feature is not
sensitive to the position of the PNR mode in Fig. 3(f). To
demonstrate that it is the reduction of the structure factor that
reveals the almost bare PNR mode in Fig. 2(g) compared to
Fig. 2(e), we reduced the TO structure factor in the three-mode
coupling model shown in Fig. 3(g). All that is required to go
from the complex structure in Fig. 3(e) to the three distinct
modes in Fig. 3(g) is a reduction in the structure factor of
the TO phonon (see parameters listed in Table I). Hence, the
difference between the complex pattern in Fig. 2(e) [or model
Fig. 3(e)] and Fig. 2(g) [or model Fig. 3(g)] is just the intensity
of the TO phonon as modified by the structure factor.

V. DISCUSSION

The complex dynamical features emerging in PMN-30%PT
reveal an unusually strong damping of three modes. While
part of this is likely from disorder scattering, we identify three
independent instabilities that likely drive strong anharmonicity
in each of the modes separately. For the TO phonon there is
the fact that the material is close to the ferroelectric transition
temperature, at which point there is a soft-mode instability in
the TO phonon near the zone center [27]. For the TA phonon we
note that the composition is on the edge of the morphotropic
phase boundary, and this has been shown to be associated
with an elastic shear softening instability [28]. For the PNR
mode we note that it originates with Pb atoms [12] that are
unstable to local off-centering displacements [29]. This local
instability has been shown theoretically to originate with an
attraction of the Pb>* atoms to underbonded O atoms resulting
from variations in the local chemical environment [30]. It is
this same local instability that allows the PNR modes to be
aligned along [100] with poling [26].

The interference patterns emerging from this three-mode
anharmonic coupling challenges conventional wisdom about
how inelastic neutron-scattering spectra are analyzed and
interpreted. In the conventional view, phonon dispersion
curves are assumed to be smooth and continuous surfaces.
Consequently, a feature appearing confined in a small region
of reciprocal space is usually dismissed as spurious. On a
triple-axis spectrometer, for example, it is customary to tilt the
crystal out of plane to determine if a feature is part of a real
dispersion curve or an artifact. The spectrum in Figs. 2(a)-2(g)
are measured in the out-of-plane direction and are similar to
doing tilt measurements. Tilting from the Q = [2, —0.4,0]
point would be similar to the slice shown in Fig. 2(d). In this
case, all three modes appear continuous out of the plane and
therefore appear to be real dispersion curves. On the other
hand, if the same tilting is done from the Q = [2, —0.3,0]
point [Fig. 2(e)], the ~11meV feature’s intensity quickly
decreases, and this might be incorrectly dismissed as spurious.
As shown in Fig. 3(e), however, this is a real feature that
emerges from interference in the three-mode coupling model.
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This is also confirmed by moving to the next zone out and
tilting from Q = [3, —0.3,0] [Fig. 2(g)]. Here, all three modes
appear continuous again, and this is also evident in the relevant
mode coupled calculation shown in Fig. 3(g). The model
shows that it is the decrease in the structure factor of the TO
mode in the (300) zone that allows the PNR mode dispersion
to be observed. Similarly, the intensity pockets [Figs. 2(e)
and 3(e)] may also be misinterpreted without including the
damped three-mode coupling interference effects. The full
four-dimensional Q-FE space view (three momentum + energy
coordinates) afforded by the ARCS time-of-flight spectrome-
ter, and other similar instruments, provides a distinct advantage
in identifying these subtle multimode-coupling effects.

VI. CONCLUSION

The transverse lattice dynamics of PMN-30%PT exhibit
complex patterns in the dynamic structure factor, including
extra peaks and pockets localized in Q-FE space. The patterns
emerge from interferences from coupling of three strongly
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damped modes. Two of the modes are the conventional trans-
verse optic (TO) and transverse acoustic (TA) phonons, while
the third arises from the local dynamics of polar nanoregions
[12]. Strong anharmonicity likely appears in all three modes
because of a collection of instabilities in both the average
[27,28] and local structures [29,30]. These same instabilities
also drive or enhance the technologically important giant
electromechanical coupling in this material [26-28]. Hence,
the process that optimized the ultrahigh piezoelectric response
for applications [25] also produces complex patterns in the
dynamic structure factor.
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