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Observation of polarization density waves  
in SrTiO3
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The nature of the incipient ferroelectric transition in SrTiO3 has been 
a long-standing puzzle in condensed matter physics. One explanation 
involves the competition between ferroelectricity and an instability 
characterized by the mesoscopic modulation of the polarization. These 
polarization density waves, which should intensify near the quantum critical 
point, break local inversion symmetry and are difficult to characterize 
with conventional X-ray scattering methods. Here we probe inversion 
symmetry breaking at finite momenta and visualize the instability of the 
polarization at the nanometre scale in SrTiO3 by combining a femtosecond 
X-ray free-electron laser with terahertz coherent control methods. We found 
polar-acoustic collective modes that are soft, particularly at the tens of 
nanometre scale. These precursor collective excitations provide evidence 
for the conjectured mesoscopic-modulated phase in SrTiO3.

SrTiO3 exhibits characteristics typical of an incipient ferroelectric (FE) 
material, such as an increase in the dielectric constant1 and polar-mode 
softening2 upon cooling. However, quantum fluctuations at low tem-
peratures prevent long-range polar order in this material, rendering it 
a quintessential example of a quantum paraelectric material3. Never-
theless, SrTiO3 exhibits mesoscopic fluctuations of the FE polarization 
and develops polar nanoregions at low temperatures, which have a 
substantial impact on the properties of the material4–7. An FE phase 
in SrTiO3 can readily be obtained by various methods such as strain8,9, 

calcium substitution10 or oxygen isotope substitution11. More recently, 
experimental and theoretical studies have shown that FE features can 
be induced by driving vibrational modes using ultrafast terahertz and 
mid-infrared (IR) pulses12–15. These properties of SrTiO3 indicate its close 
proximity to an FE instability at low temperatures.

The FE instability is well established and is associated with the 
softening of an optical polar mode at zero wavevector. However, several 
susceptibility and neutron-scattering measurements have led to specu-
lation that fluctuating polar-acoustic modes with finite wavevectors 

Received: 29 April 2024

Accepted: 10 March 2025

Published online: xx xx xxxx

 Check for updates

1Stanford PULSE Institute, SLAC National Accelerator Laboratory, Menlo Park, CA, USA. 2Stanford Institute for Materials and Energy Sciences, SLAC 
National Accelerator Laboratory, Menlo Park, CA, USA. 3Department of Applied Physics, Stanford University, Stanford, CA, USA. 4Department of Physics, 
University of Illinois at Urbana-Champaign, Urbana, IL, USA. 5Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA, USA. 
6Department of Physics, Arizona State University, Tempe, AZ, USA. 7Linac Coherent Light Source, SLAC National Accelerator Laboratory, Menlo Park, 
CA, USA. 8Department of Materials Science and Engineering, University of Pennsylvania, Philadelphia, PA, USA. 9Max Planck Institute for the Structure 
and Dynamics of Matter, Hamburg, Germany. 10Department of Physics, Massachusetts Institute of Technology, Cambridge, MA, USA. 11Condensed 
Matter Physics and Materials Science Department, Brookhaven National Laboratory, Upton, NY, USA. 12School of Applied & Engineering Physics, Cornell 
University, Ithaca, NY, USA. 13Institute for Quantum Electronics, Physics Department, ETH Zurich, Zurich, Switzerland. 14SwissFEL, Paul Scherrer Institut, 
Villigen PSI, Switzerland. 15Department of Physics, Harvard University, Cambridge, MA, USA. 16These authors contributed equally: Gal Orenstein,  
Viktor Krapivin.  e-mail: mtrigo@slac.stanford.edu

http://www.nature.com/naturephysics
https://doi.org/10.1038/s41567-025-02874-0
http://orcid.org/0000-0002-5453-7722
http://orcid.org/0000-0001-9569-9800
http://orcid.org/0000-0002-5897-8576
http://orcid.org/0009-0000-3469-3704
http://orcid.org/0000-0002-0812-9832
http://orcid.org/0000-0002-8940-3556
http://orcid.org/0000-0003-2202-0910
http://orcid.org/0000-0002-3596-9853
http://orcid.org/0000-0002-3143-0850
http://orcid.org/0000-0002-1069-9973
http://orcid.org/0000-0001-5139-3543
http://orcid.org/0000-0002-7762-3244
http://orcid.org/0000-0002-8057-4826
http://orcid.org/0000-0001-6074-4894
http://orcid.org/0000-0002-0102-0391
http://orcid.org/0000-0003-4620-6496
http://orcid.org/0000-0002-1576-7533
http://orcid.org/0009-0001-4941-9799
http://orcid.org/0000-0001-7804-5418
http://orcid.org/0000-0003-4655-188X
http://crossmark.crossref.org/dialog/?doi=10.1038/s41567-025-02874-0&domain=pdf
mailto:mtrigo@slac.stanford.edu


Nature Physics

Article https://doi.org/10.1038/s41567-025-02874-0

work, we show that when combined with diffuse X-ray scattering, this 
method is an incisive probe of polar modes and inversion symmetry 
breaking (Fig. 1a) at the nanoscale.

Figure 1b shows the equilibrium X-ray intensity around the (3, 3, 3)  
Bragg peak along the [001] direction (pseudo-cubic notation), at a 
temperature of T = 20 K. Below T = 105 K, SrTiO3 adopts a tetragonal 
structure whose twin domains can be identified in the scattering26–29 
(Supplementary Fig. 2). We focused on domains that have their c axis 
oriented in the direction of the sample normal, [001]. The reciprocal 
space map in the inset of Fig. 1b shows that the intensity is character-
ized by strong directional scattering along the sample normal, which 
represents heterogeneity in the lattice mostly in the [001] direction.

Figure 1c shows the differential X-ray intensity ΔI(t)/I0 as a function 
of the pump–probe delay at different representative wavevectors along 
the [001] direction, where ΔI(t) = I(t) − I0 and I0 is the X-ray intensity 
before the terahertz excitation. Most of the signal was localized in the 
range ξ = 0.03 to 0.06 reciprocal lattice units (rlu) (Fig. 1b), correspond-
ing to length scales of 10–20 nm, whereas the ξ = 0 signal at the Bragg 
peak (grey line) did not show an appreciable dynamic response. This was 
surprising, as the strongest resonance to the spatially uniform incident 
field was expected to be from the transverse optical (TO) mode at ξ = 0 
(ref. 12). The lack of signal at long wavelengths (grey line) means that we 
did not observe a strong uniform response of the system as a whole. Fur-
thermore, momentum conservation forbids direct terahertz excitation 
at high wavevectors in a homogeneous sample. Thus, these signals arose 
from inhomogeneous excitation by the pump, which can occur only 
through pre-existing inhomogeneities in the sample. The 10–20-nm 

strongly affect the quantum paraelectric regime at low temperature16–20. 
These results may indicate the existence of another structural insta-
bility in SrTiO3 that is different from the homogeneous FE state, with 
strong lattice fluctuations on the nanometre scale, potentially herald-
ing a new phase with spatially modulated polarization16,19,21. However, 
the crucial element of this putative polar-acoustic regime—the meso-
scopic polar characteristics of SrTiO3—could not be determined by 
these measurements and had to be indirectly inferred from models.

Here we probe the mesoscopic polar dynamics of SrTiO3 at fem-
tosecond timescales using ultrafast hard X-ray diffraction and diffuse 
scattering22 at the Linac Coherent Light Source23. Ultrafast hard X-ray 
scattering allowed us to resolve the polar dynamics as a function of the 
wavevector and to unravel the evolution at nanometre scales. By con-
trast, optical second harmonic generation, which has been used in sev-
eral previous studies12–14, is a highly sensitive measurement of the polar 
excitation. However, it typically probes only the near-zero wavevector 
response. To induce the transient states12, we used single-cycle pulses 
of terahertz radiation resonant with the soft modes of SrTiO3, as illus-
trated in Fig. 1a (see Methods for details). Previous femtosecond X-ray 
diffraction measurements have directly revealed the atomic displace-
ments driven by terahertz pulses in SrTiO3 thin films24. We developed 
an approach for probing inversion symmetry breaking to explore the 
enigmatic low-temperature quantum paraelectric regime in bulk single 
crystals. To characterize the polar properties of the transient lattice 
distortions, we devised a scheme for switching reproducibly between 
opposite polarities of the generated terahertz field. Related methods 
have demonstrated the ability to manipulate ferroic orders25. In this 
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Fig. 1 | Ultrafast hard X-ray scattering under strong terahertz excitation.  
a, Left: schematic illustration of the experimental set-up. Pulses with a spectrum 
centred at 0.5 THz (Supplementary Fig. 1) and electric field waveform denoted 
by ETHz were produced by optical rectification of 100-fs NIR pulses centred 
at 800 nm. Two LiNbO3 crystals with FE polarizations pointing in opposite 
directions enabled the polarity of the emitted radiation to be swapped by 
vertically translating the LiNbO3 prisms into the incident NIR beam. The terahertz 
pulse was focused onto the SrTiO3 sample using a parabolic mirror. This pulse 
was collinear with the X-ray probe pulse and had a photon energy of 10 keV. Right: 

illustration of the polar displacement of the Ti atom upon excitation with fields 
of opposite polarity. b, Integrated intensity around the (3, 3, 3) Bragg peak, as 
a function of ξ, in the [3, 3, 3+ξ ] direction at a temperature T = 20 K. Inset: X-ray 
scattering intensity in a section of reciprocal space around the (3, 3, 3) peak, as 
a function of h and l, in the [3+h, 3+h, 3+l ] plane. c, Relative change in intensity 
(ΔI(t)/I0) for representative wavevectors along the [001] direction indicated by 
the colour-coded dots in b. The wavevectors are labelled next to each trace. 2D, 
two dimensional; XFEL, X-ray free-electron laser.
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length scale was not determined directly by the non-uniformity of the 
propagating terahertz beam, as the attenuation length of the terahertz 
radiation was of the order of 500 nm and the lateral profile has a ~1 mm 
diameter (see Methods for details). Furthermore, the spectrum of the 
pulse extended at most to 3 THz (Supplementary Fig. 1), which corre-
sponds to a wavelength of λmin ≈ 100 μm, so non-uniformity was diffrac-
tion limited to λmin/2 ≈ 50 μm. As we discuss below, the 10–20-nm length 
scale coincides with wavevectors at which the transverse acoustic (TA) 
and TO modes are most strongly coupled17,20,30.

To characterize these terahertz-induced excitations, we devised a 
scheme to invert the polarity of the generated terahertz field by switch-
ing between two LiNbO3 prisms mounted with their FE polarizations 
pointing in opposite directions, as shown in Fig. 1a. Figure 2a shows the 
electro-optic sampling traces of the two terahertz pulses generated 
by this set-up. The pulses are inverted and otherwise nearly identical. 
Figure 2b shows ΔI(t)/I0 following excitation by the two terahertz wave-
forms and integrated over wavevectors ξ = 0.03 to 0.04 rlu, using the 
same colours as Fig. 2a to reference the corresponding field polarity. 
For better comparison, Fig. 2c presents the same data with one of the 
traces flipped, which shows that ΔI(t) was inverted when the terahertz 
field was inverted, directly revealing that these oscillations originated 
from polar collective modes. These polar modes break both local inver-
sion and translational symmetry (conservation of crystal momentum) 
as they evolve on their natural timescales, and they enable direct dipole 
coupling to the long-wavelength terahertz radiation. We associated this 
inhomogeneity with polar nanoregions, which play an important role 
in the quantum paraelectric phase of SrTiO3 (refs. 4–6).

Further insight into the nature of these excitations was gained 
by identifying how the different frequency components of the oscil-
lating signals disperse with the wavevector. The colour map in Fig. 3a 
represents the absolute value of the Fourier transform of ΔI(t)/I0 for 
different wavevectors along the [001] direction. We observed two dis-
persive modes around 0.4 and 1 THz, which we assigned to the TA and 
TO branches, respectively17,20,30. The spectral intensity was strongest 
in the TA branch, which played a prominent role in the polar response 

reported in Fig. 2b,c. Figure 3b shows the dispersion relations at 20 K 
(blue) and 50 K (red) obtained from our measurements (Fig. 3a). The 
black dashed line shows the linear dispersion of the TA branch meas-
ured by Brillouin scattering31 extrapolated to high wavevectors. The 
TO branch in Fig. 3b shows softening with decreasing temperature 
characteristic of the incipient FE2,20. Notably, the acoustic dispersion 
deviated from the extrapolated speed of sound at ξ > 0.03 rlu at 20 K, as 
can be seen in the zoomed-in trace of the TA branch in Fig. 3c. A similar 
anomaly has been observed by neutron scattering in equilibrium17,20,30 
and was associated with some form of coupling between the TO and TA 
branches. Compared with Fig. 3a, it is clear that ξ > 0.03 rlu is also where 
the TA branch had the strongest response to the pump and, hence, the 
strongest polar character. These results indicate that there was a com-
mon physical origin for the frequency softening of the acoustic modes 
and their strong polar character observed here.

Our measurements offer a deeper understanding of the interplay 
between strain ε and polarization P in SrTiO3. In particular these results 
provide a robust characterization of their coupling and enabled us to 
build a new map of the precursor fluctuations of incipient orders, as 
presented in Fig. 4. SrTiO3 is centrosymmetric, which imposes con-
straints on the possible interactions between P, which is odd upon 
inversion, and ε, which is even. The inversion of the TA signal with field 
polarity indicates that the coupling is odd with P and must, therefore, 
strictly involve gradients of ε to respect the centrosymmetry. To leading 
order, this interaction is the flexoelectric coupling7,32–36, which is bilin-
ear in P and ε, 𝒪𝒪 (P∇ε) (ref. 21). The flexoelectricity vanishes near the 
zone centre (ξ = 0), where the leading coupling is electrostrictive and 
is quadratic in P (ref. 9), 𝒪𝒪 (P2ε). If electrostriction were the dominant 
interaction at the wavevectors k where we observe a dynamic signal, it 
would produce a non-inverting response and a quadratic dependence 
of the TA oscillation amplitude on the terahertz field strength. Instead, 
flexoelectricity explains our main observations: (1) the odd symmetry 
of both modes upon inversion, (2) the softening of the acoustic branch 
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at finite wavevectors and (3) the linearity of the TA oscillations with 
field strength (Supplementary Fig. 3). Importantly, a sufficiently large 
flexoelectric coupling gives rise to exotic modulated instabilities and 
phases21.

We summarize these results qualitatively in Fig. 4a, which illus-
trates the dispersion relation at different temperatures taking into 
account the flexoelectric coupling21,32,33. The TO branch softens con-
siderably at the zone centre upon cooling37 and corresponds to the 
order parameter of the incipient FE phase. Simultaneously, coupling 
between the TO and TA branches causes the softening and deviation 
from linear dispersion of the TA branch around the wavevector k* and 
an increase of its polar character.

Figure 4b is a schematic phase diagram of SrTiO3 (refs. 16,18,19,21) 
as a function of temperature and the flexoelectric coefficient that 
governs the TO–TA coupling strength. The diagram illustrates that 
the quantum paraelectric regime separates a homogeneous FE phase, 
where the zone-centre TO mode softens to zero frequency ω, from a 
putative polar-acoustic regime19, where the acoustic branch softens 
at k* and strongly enhances the polarization and strain modulation at 
this wavevector. While the soft TO mode is a precursor of the spatially 
homogeneous FE phase (light blue region in Fig. 4b), the polar-acoustic 
modes observed here are the precursors of a possible modulated 
polar-acoustic phase (orange region in Fig. 4b)19,21.

Our measurements have unveiled the local polar excitations in 
SrTiO3, which shape its quantum critical behaviour and could foster 
unconventional superconductivity38. These polarization density waves, 
which arise from a flexoelectric interaction, provide direct evidence of 
a modulated polar instability in SrTiO3, which may suppress its ferro-
electricity21. More generally, nanoscale instabilities often herald exotic 
and sought-after phases in materials with complex phase diagrams. Our 
results show that time-resolved measurements with access to finite 
wavevectors can reveal new instabilities that are key to unlocking and 
controlling new phases of complex materials.
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Methods
Experimental details
Single-crystal SrTiO3 was commercially obtained from MTI Corp and 
was like the sample used in ref. 12. The 10 × 10 × 0.5-mm3 sample was 
Verneuil-grown, with two sided epi-polished (001) surfaces. Meas-
urements were taken at sample temperatures of 20 and 50 K in the 
cryogenic-compatible vacuum chamber at the X-ray pump–probe end 
station at the Linac Coherent Light Source40. The sample was mounted 
inside a vacuum-compatible chamber with translation and rotation 
motions required to reach the desired X-ray diffraction and scattering 
conditions. A dedicated copper mount was fabricated for this purpose. 
The mount allowed us to pre-tilt the sample by 10° so that we could 
reach the (3, 3, 3) diffraction peak at 10.4 keV and measure the scat-
tering around it. The crystal was cooled by a helium flow cryostat. The 
cold finger was connected with flexible copper braids to the dedicated 
mount, and the temperature was measured by a diode fixed close to 
the sample position.

Intense terahertz fields were generated by optical rectification 
of 120 fs, near-IR (NIR) pulses centred at 800 nm in LiNbO3 using the 
tilted-pulse-front technique41–44. To generate terahertz fields with 
inverted polarities, two LiNbO3 prisms were mounted vertically one 
on top of the other outside the vacuum chamber and with their FE 
polarizations pointing in opposite directions. A motorized verti-
cal translation stage was used to switch between the prisms in the 
800-nm beam path. The temporal profile of the two inverted fields 
at the sample position was measured using electro-optic sampling in 
a 100-μm GaP crystal (Fig. 2a). The intensity and polarization of the 
terahertz pulses were controlled by a pair of wire-grid polarizers. An 
off-axis parabolic mirror inside the chamber with a focal length of 
76.2 mm was used to focus the pulses into an ~1-mm-diameter spot 
on the sample position. The beam profile was characterized with an 
Ophir Pyrocam IIIHR.

The lattice dynamics was probed by diffraction and scattering 
of 50-fs, 10.4-keV hard X-ray pulses focused to a 300-μm-diameter 
spot. A small hole in the terahertz focusing mirror was used for trans-
porting the X-rays and allowed collinear propagation of the X-ray 
and terahertz pulses, which impinged on the sample at an angle of 
~30°. The scattered photons were recorded through a Kapton win-
dow by a Jungfrau area detector positioned outside the chamber and 
300 mm from the sample. To match the pumped and probed volumes 
while maximizing the pump fluence, we implemented a grazing exit 
geometry. The exit angle was set to ~1° with respect to the sample 
surface such that the detected X-ray photons originated from a region 
<1 μm into the sample, comparable to the penetration depth of the 
terahertz pulse in SrTiO3 at low temperatures. No appreciable heating 
from the terahertz excitation was observed during the experiment  
(Supplementary Fig. 4).

Data availability
The datasets generated and analysed during the current study are avail-
able from the corresponding author on reasonable request.
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