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Pronounced anomalies in the SrTiO; dynamical structure factor, S(Q, E), including the disappearance of
acoustic phonon branches at low temperatures, were uncovered with inelastic neutron scattering (INS) and
simulations. The striking effect reflects anharmonic couplings between acoustic and optic phonons and the
incipient ferroelectric instability near the quantum critical point. It is rationalized using a first-principles
renormalized anharmonic phonon approach, pointing to nonlinear Ti-O hybridization causing unusual
changes in real-space phonon eigenvectors, frequencies, group velocities, and scattering phase space. Our
method is general and establishes how 7 dependences beyond the harmonic regime, assessed by INS
mapping of large reciprocal-space volumes, provide real-space insights into anharmonic atomic dynamics

near phase transitions.
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An archetypical perovskite, SrTiO; (STO) has attracted
interest for decades, with a recent resurgence of efforts
investigating complex emergent phenomena near compet-
ing orders. Understanding the strong phonon anharmonic-
ity in STO is of central importance to gain a deeper
microscopic understanding of its unusual thermal transport
properties, including hydrodynamic transport [1,2], effects
of distortions [3], and the recently reported thermal Hall
effect [4,5], as well as coupling of atomic dynamics to
superconductivity [6—-10], strain induced ferroelectricity
[11], temperature-dependent electron-phonon coupling
[12], and potential application in thermoelectrics [13,14].
Moreover, recent studies suggest an enhancement of
superconductivity in FeSe films via the interaction with
STO substrate phonons [15,16]. Of central importance, the
strongly anharmonic lattice dynamics in STO reflect its
incipient ferroelectric (FE) behavior, suppressed by quan-
tum paraelectric fluctuations near a quantum critical point
(QCP) [17-21]. Further complexity in dynamics arises
from competition between FE and antiferrodistortive
(AFD) orders [17,22-24].

Fundamentally, signatures of anharmonicity in solids are
encoded and often analyzed through the frequency shifts
and lifetime broadening (linewidths) of phonon modes in
reciprocal space. Such shifts and linewidths are intrinsically
temperature dependent as phonon occupations increase
with 7, and have triggered extensive research over the
past decade to understand and control thermal transport
properties of solids. While useful, phonon linewidths and
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shifts only inform us indirectly about real-space atomic
motions. On the other hand, still in the phonon picture, the
polarization eigenvectors provide an intuitive real-space
understanding of collective ionic motions, which can be
related to the electronic bonding to rationalize the sources
of anharmonicity. Here, we show how phonon anharmo-
nicity in STO is reflected in its 7-dependent phonon
eigenvectors, causing striking anomalies in S(Q, E) inten-
sities measured with inelastic neutron scattering (INS),
in particular the disappearance of transverse acoustic (TA)
branches.

The ABOj; perovskite structure exhibits inherent insta-
bilities with respect to tilts and rotations of BOg octahedra
and off-centering of ions. Intrinsically, these instabilities
arise from anharmonic potential energy surfaces that induce
soft-mode transitions. Perovskites exhibit a cubic structure
at high temperature, and tend to distort to lower-symmetry
phases on cooling [18,25], through BOg rotations and tilts,
and off-centering of B cations inducing ferroelectric order
[18,26]. Those transitions typically represent small dis-
tortions and involve soft phonon modes [25-28]. In SrTiO;
the (incipient) FE instability originates from a doubly
degenerate I' point TO mode, moving cations and anions
in opposite ways. The AFD instability involves oxygen
octahedra rotations, in opposite directions in adjacent
unit cells, corresponding to the lowest phonon branches
at the R point of the Brillouin zone (BZ). The AFD phase
transition occurs at ~105 K, lowering the symmetry from
cubic to tetragonal on cooling, with R-point phonons
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condensing [25]. In parallel, the zone-center transverse
optic (TO) FE mode continually softens on cooling but
never fully condenses, leaving the FE distortion incipient.
While a Curie-Weiss fit predicts condensation at 7'~ 37 K,
the FE mode frequency plateaus at about ~2 meV below
~30 K [29,30], reflecting the nearby QCP [17-20].

Phonons in SrTiO; have previously been investigated
with triple-axis INS at a limited number of Q vectors and
with Raman spectroscopy at I' [25,30-36]. Shirane and
Yamada in particular reported a striking anomalous temper-
ature dependence of the phonon intensity of a TA phonon at
low T [30]. However, the anomaly was reported at a single
Q point as a result of limitations of the triple-axis INS
technique, and the observations could not be rationalized,
remaining puzzling to this day.

Numerous experimental and theoretical studies have
investigated the AFD-FE coupling [17,24], quantum fluc-
tuation effects [22,23], electrical field and stress effects
[37-39], anharmonic phonon renormalizations and line-
widths [3,40,41], as well as thermal conductivity [3,12,42].
However, the T dependence of phonon eigenvectors has not
been quantified nor analyzed in detail, which is crucial to
understand the anomalous INS intensities in SrTiO;. In this
Letter, we explain the source of this striking behavior based
on time-of-flight INS over extended Q volumes and first-
principles simulations including anharmonic effects explic-
itly. The phonon softening and intensity anomalies in
S(Q, E) are clearly resolved and mapped across Q space,
and quantitatively reproduced and rationalized by simu-
lations, solving a longstanding puzzle and providing new
insights into the origins of anharmonicity in this important
quantum paraelectric.

Single-crystal INS experiments were performed with
the Hybrid Spectrometer (HYSPEC) [43] at the Spallation
Neutron Source (SNS), and the HB-3 triple-axis spectrom-
eter (TAS) at the High Flux Isotope Reactor (HFIR) at Oak
Ridge National Laboratory. In HYSPEC experiments, a
high-quality single crystal (mass = 15 g, mosaic < 0.25°)
was aligned in the HHL scattering plane and measured
with E; = 27 and 15 meV at temperatures 2 < T < 300 K.
At each T, the four-dimensional S(Q,E) was mapped
over multiple BZs by rotating the crystal over a wide
angular range (Q space coverage illustrated in
Supplemental Material [44] Fig. S4). Here, Q and E =
ho denote the momentum and energy transfer from the
neutrons to the sample, respectively. In TAS experiments,
the same crystal was mounted on HHL plane and measured
in constant-E; = 14.7 meV mode. An additional 6.1 g
crystal was aligned in the HKO plane, and measured with
E; = 30.5 meV. TAS measurements used collimation set-
tings of 48’ x 20" x 20/ x 120'.

First-principles phonon calculations were performed for
both the cubic and tetragonal phases. We note that regular
density-functional theory (DFT) phonon calculations based
on the harmonic approximation yield unphysical results for
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FIG. 1. Temperature dependence of S(Q, E) in SrTiO; showing

disappearance of the TA branch at low 7. (a) and (b) INS data
from HYSPEC; (c) and (d) simulation results. Simulation for
300 K (c) is from the AIMD + TDEP method on the cubic phase,
while the DFT result in (d) is from harmonic phonon calculation
in tetragonal phase. In (a)—(d), S(Q, E) intensities from both INS
and simulations are integrated over £0.05 rlu along [0,0,1], and
over +0.1 rlu along [1,-1,0]. Intensity is plotted on a log;, scale.
(e) HB-3 energy scans at Q = (—0.07,-0.07,2) at different
temperatures. The original data are markers, and solid lines are
the fitted curves.

the cubic phase, which is dynamically unstable with insta-
bilities at both I" and R points (Supplemental Material [44]
Fig. S1), in agreement with previous harmonic calculations
[24,51-53]. However, both distortions are suppressed by
anharmonic renormalization of these modes a high T
[12,40-42,54,55]. In this study, we combine ab initio
molecular dynamics (AIMD) with the temperature-
dependent effective potential (TDEP) method to extract
renormalized effective force constants at 120, 200, and
300 K for the cubic phase [54,55]. AIMD simulations were
performed using VASP [56-58], within the generalized
gradient approximation (GGA) in the Perdew-Burke-
Emzerhof (PBE) parametrization [59]. For the tetragonal
phase, dynamically stable in the harmonic approximation,
harmonic DFT calculations and the finite displacement
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approach were used as implemented in Phonopy [60] (details
in Supplemental Material [44], Secs. I and II).

Slices through S(Q, E) from HYSPEC are compared with
simulations in Figs. 1(a)-1(d) and 2. Both INS data and
simulations show the pronounced softening of the ferro-
electric TO mode at I' on cooling, congruent with incipient
FE. Strikingly, as the FE mode softens, the intensity of
S(Q, E) is dramatically suppressed over large portions of the
TA branches around Q = (2,2,0) and (0,0,2), and nearly
disappears at base temperature. Figure 1(e) shows the
corresponding strongly anomalous behavior in 1D spectra
at @ = (-0.07,—-0.07,2). Markers are the INS data while
solid lines are fits convolved with the instrument resolution
function [61]. It is obvious that the TA intensity is dramati-
cally suppressed on cooling, while the TO peak shifts to
lower frequency without much change in its intensity.
A similar anomaly was reported by Yamada et al at
0 = (4,0.1,0), but has so far remained unexplained [30].
Additional HB-3 energy scans at different Q) are shown in the
Supplemental Material [44] Figs. S7(a)-S7(d). It is worth-
while to point out that, for INS on harmonic phonons, modes
of lower energy should retain more intensity at low 7 than
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FIG. 2. S(Q,E) of StTiO; along Q = [22L] directions at
different temperatures. Panels (a)—(c) show the INS data from
HYSPEC at 300, 120, and 2 K. (d)—(f) Simulation results for the
AIMD and TDEP method on the cubic phase at 300 (d) and
120 K (e), and DFT harmonic calculation on the tetragonal phase
(f). S(Q.E) intensities from both INS and simulations are
integrated over £0.05 rlu along [1,1,0], and over £0.1 rlu along
[1,-1,0] and results are plotted in a log;, scale.

higher-energy ones, owing to Bose-Einstein statistics, and
opposite to the present observation [62].

Our INS data also show a significant anomalous soft-
ening (energy decrease) of the TA branches on cooling,
as seen in Fig. I(e) and Supplemental Material [44]
Figs. S7(c)-S7(e), which is captured by our renormalized
phonon simulations, shown in Supplemental Material [44]
Fig. S1. This anomalous softening of TA frequencies and
group velocities (v,) on cooling (counter to normal
quasiharmonic trend) is also expected to directly impact
the thermal conductivity, k & vé. Further, the renormaliza-
tion of dispersions also impacts the phase space for
anharmonic phonon-phonon scattering, as described in
the Supplemental Material [44]. We note that anharmonic
couplings between TA and TO modes were discussed in
other ferroelectric incipient perovskites [63—66], although
without clear effects on INS intensities in those cases.

For quasiharmonic phonons, the frequency @ depends
only on volume, but not explicitly on temperature.
Experimentally and theoretically, many studies have focused
on investigating the 7" dependence of phonon frequencies,
@(T), and the phonon linewidths [2I'(T) « 7=!(T)] to probe
phonon anharmonicity beyond the quasiharmonic effects
associated with volume change. Importantly, the coherent
phonon scattering cross section measured with INS is
directly proportional to the dynamical structure factor

S(Q.E) [62]:

si.5) « F@P "1,
FO =X ) ;—ATQW (1)

in which j refers the jth atom in the unit cell, e; is its
eigenvector component, b; the neutron scattering length, M ;
the atomic mass, R; is the atomic position, and W; the
Debye-Waller factor. Most investigations of phonon anhar-
monicity in materials have focused on temperature shifts of
frequencies (T), which lead to 7 changes in INS mea-
surements via (n + 1)/w(T). However, and crucial here,
thermal renormalization also affects the phonon eigenvec-
tors, which become 7' dependent [¢;(7')] and thus modulate
F(Q,T), providing another window into anharmonic effects
on atomic vibrations. We proceed to show how anharmonic
effects on e;(T) lead to the spectacular thermal changes of
INS intensities seen in Figs. 1 and 2.

In order to gain a more quantitative understanding, we
examine 1D spectra from which we extract the 7-dependent
intensities of specific modes (see methods in Supplemental
Material [44]). In Fig. 3(a), the measured 7-dependent
intensity of the TA phonon at Q = (—0.07,—0.07,2) is
compared with (n 4+ 1)/w(T), after scaling to coincide at
300 K (results for additional TA and TO phonons are shown
in Supplemental Material [44] Figs. S8 and S9). From these
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FIG. 3. (a) Intensity of TA phonons with temperature. On

cooling, the TA intensity falls below (n+ 1)/w, indicating
that |F|? decreases at low T. (b)-(d) |F|* of TA and TO modes
of SrTiO5 at different temperature at different Q points. At
0=1(2,2,0.1),(-0.07,-0.07,2), and (4,0.1,0), |F|> of TA
decreases on cooling and that of TO increases. At Q =
(4,-0.9,0), |F|> of TA increases on cooling while that of TO
decreases due to the change in eigenvector phase. An arbitrary
scaling was chosen to bring data to coincide at 300 K. Small error
bars are inside markers.

figures, it is obvious that intensities of TA and TO modes
exhibit clear discrepancies with Eq. (1) for quasiharmonic
phonons. This implies that the structure factors of TA and
TO modes exhibit an intrinsic temperature dependence. On
the other hand, the simulation results in Fig. 3(a), corre-
sponding to the product of the simulated 7-dependent
|F|>(T) and the experimental (n+1)/w(T), captures
the trends very well. To further analyze anharmonic
effects, |F(Q,T)| for the TA and TO modes are plotted
in Figs. 3(b)-3(d) (scaled to coincide at 300 K). In
Figs. 3(b) and 3(c), the |F| of TA strongly decreases
on cooling and |F| of TO increases on cooling, while in
Fig. 3(d), |F| follows the opposite trend, which we now
rationalize.

The evolution of |F(Q)| with T reflects changes in the
respective phonon eigenvectors. Since - [e;|* = 1, it is
apparent that the relative magnitudes of components of e; for
Sr, Ti, and O atoms determine |F(Q, T)|?. The eigenvector
components obtained from our simulations are plotted in
Fig. 4. Tt is obvious that for the TA mode, |ey;| increases on
cooling, while |e,| decreases. The TO eigenvector compo-
nents follow an opposite trend. Considering that Ti has a
negative neutron scattering length, b, = —3.438 fm (fem-
tometers), while Sr and O have positive scattering lengths
(beoh = 7.02 and 5.803 fm, respectively, see Supplemental
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FIG. 4. The TA and TO eigenvector modules of different atoms
vs temperature. The 300, 200, and 120 K data are from the AIMD
and TDEP method on the cubic phase, and the 0 K data are from
harmonic phonon calculation on the tetragonal phase. For both
reduced wave vector ¢, |er;| of TA increases and |ey| of TA
decreases as cooling. |ep;| of TO decreases and |ey| of TA
increases as cooling. For 0 K simulation, the tetragonal phase has
anisotropy, and the differences between orientations are shown as
error bars.

Material [44]), we can understand that when |e;| increases,
the total |F(Q)| decreases. Thus, dramatic TA and TO
intensity change are observed at Q = (2,2,0.1), (4,0.1,0),
and (—0.07,-0.07,2). The agreement between our model-
ing and measurements was further tested by checking the
effect of the change in spatial phase across a BZ. We can
compare Q = (4,-0.9,0) and (4,0.1,0), which are sym-
metry equivalent and thus have the same phonon eigenvector
magnitudes but opposite phases for the Ti atom and two
O atoms motions. As can be seen in Fig. 3(d), the measured
|F(Q)| of the TA mode at (4, —0.9, 0) actually increases on
cooling, opposite to the behavior at (4,0.1,0), and this is also
well captured in our simulations. We thus stress that the
different experimental trends at many Q vectors spanning
multiple BZs are all accounted for with our simulations.
It is worth noting that the transverse modes exhibiting
anomalous phonon intensities along I'— X or I' — M are
all polarized in x or symmetrically equivalent directions in
real space. On the other hand, the transverse modes
along I'— R (Supplemental Material [44], Fig. S5) or
(2—H,2+ H,0) [30] behave normally. To clarify the
origin of this anisotropy, we inspected the dynamical
matrix (Supplemental Material [44], Sec. IX). For a simple
cubic system with 5 atoms in the unit cell, the dynamical
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matrix is a 15 x 15 Hermitian matrix. Along high sym-
metry directions, it can be block diagonalized [34,63]. It is
found that the transverse modes polarized along x (or y, )
are determined by a block 5 x5 matrix (A,), which is
derived solely from diagonal components of force constants
and influenced mostly by the Ti-O interaction along [100].

We note that our model is based on a renormalized
phonon description, with the 7" dependence arising from the
anharmonicity of the crystal potential energy surface. Thus
sampling of larger atomic displacements results in stronger
renormalization (e.g., stiffening of the zone-center FE TO
mode). Interestingly, simulations within the quasiharmonic
approximation (QHA) in the cubic phase exhibit a related,
yet unphysical trend in INS intensities. Upon increasing the
lattice constant, the TO phonon softens and TA intensities
are suppressed (Supplemental Material [44], Fig. S11).
However, since the lattice actually contracts on cooling, the
QHA prediction is the opposite of experimental observa-
tions. This highlights the importance of including intrinsic
anharmonic effects in perovskites. In agreement with
reported experiments [38,39] and simulations [24,67],
pressure (compression) stiffens the anharmonic potential
well and thus suppresses the FE instability. At the same
time, the change in phonon eigenvectors leads to intensity
modulation. As is well known, the FE instability in
perovskites is strongly sensitive to the hybridization of
Ti and O orbitals [68,69]. Temperature and pressure both
modulate the overlap of Ti and O electronic orbitals and
thus interatomic force constants. As the system approaches
the FE transition, either upon cooling or volume expansion
(in QHA), the longitudinal Ti-O interatomic force constants
(FC) weaken, which results in the FE mode softening
and eigenvector renomalization. When the compensating
force constants no longer can prevent the instability, the
phase transition occurs [28,70]. By adjusting the FC of
the shortest Ti-O bonds, keeping other the FC unchanged,
the phonon softening and intensity anomaly is also repro-
duced (see Supplemental Material [44], Sec. XII), con-
firming the critical role of this 7-dependent FC. This also
explains why anomalous phonon intensities are more
pronounced for modes polarized along x, since these
directly involve atomic motions along the Ti-O bond.

In conclusion, a strongly anomalous 7" dependence of
phonon intensities and phonon energies was observed in
SrTiO5 across multiple directions in large S(Q, E) volumes
mapped with state-of-the-art INS experiments. This was
rationalized based on first-principles simulations account-
ing for anharmonic renormalization of phonon frequencies
and eigenvectors, which capture the experimental trend
quantitatively. By analyzing the 7" dependence of the force
constants and the dynamical structure factor, we identified
how the anharmonic renormalization of eigenvectors,
particularly Ti and O motions, is responsible for this
striking effect. Moreover, we show that the strongly
anharmonic modes are primarily determined by the

diagonal force constants in the Ti-O interaction. These
results establish how a striking 7" dependence of phonon
intensities beyond the harmonic picture can be quantita-
tively measured with INS mapping of S(Q, E) volumes,
providing direct insights into the anharmonic behavior of
phonon eigenvectors, and also show how first-principles
simulations including anharmonic effects can reproduce
and rationalize such effects. The identified 7 dependence of
force constants and dispersions will also be important to
quantitatively rationalize unusual thermal transport in
StTiO5. Our methods directly carry over to the study of
numerous other anharmonic materials.
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