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The emergence of collective order in matter is among the most fundamental and
intriguing phenomenain physics. Inrecent years, the dynamical control and creation
of novel ordered states of matter not accessible in thermodynamic equilibrium s
receiving much attention' ™, The theoretical concept of dynamical multiferroicity has

beenintroducedto describe the emergence of magnetization due to time-dependent
electric polarization in non-ferromagnetic materials”. In simple terms, the coherent
rotating motion of the ions in a crystal induces a magnetic moment along the axis of
rotation. Here we provide experimental evidence of room-temperature magnetization
inthe archetypal paraelectric perovskite SrTiO; due to this mechanism. We resonantly
drive the infrared-active soft phonon mode with anintense circularly polarized
terahertzelectric field and detect the time-resolved magneto-optical Kerr effect.
Asimple model, whichincludes two coupled nonlinear oscillators whose forces and
couplings are derived with ab initio calculations using self-consistent phonon theory
at afinite temperature’, reproduces qualitatively our experimental observations.

A quantitatively correct magnitude was obtained for the effect by also considering the
phonon analogue of the reciprocal of the Einstein—de Haas effect, whichis also called
the Barnett effect, in which the total angular momentum from the phonon order is
transferred to the electronic one. Our findings show a new path for the control of
magnetism, for example, for ultrafast magnetic switches, by coherently controlling
thelattice vibrations with light.

Itis now established that noncollinear magnetic order in magnetic
insulators caninduce electric polarization along the axis of the spiral
spin structure’. The fundamental microscopic mechanism is the
Dzyaloshinskii-Moriya interaction, which has the forms; x §;for spins
Satsitesiandjand whichis known to promote noncollinear magnetic
order™, By including full relativistic corrections owing to the spin-
orbit coupling, the Dzyaloshinskii-Moriya interaction leads to a
polarization P of the form P = e; x (S, x S;), where e; s the unit vector
betweensitesiandj, asshowninref.10. Onthe other hand, from sym-
metry considerations, the permutation of space and time ¢, and of
electricand magnetic fields, a magnetization M of the formM « P x 9,P
is expected to appear in the presence of a time-dependent polariza-
tion’. Within a classical picture, the motion of ions in a closed loop
induces an orbital magnetic moment, which is of the order of the
nuclear magneton gy = 107 i, per unit cell. Inducing such ionic motion
is the main idea of the experiment presented here and illustrated
inFig. 1.

SrTiO,(STO) is a paraelectric diamagnetic material with a cubic per-
ovskite structure atroom temperature. Itis a suitable material for prob-
ingelectric-field-driven dynamics, having several zone-centre phonon
modesinafrequency range accessible to modern terahertz sources™ .

The polar ferroelectric phonon mode can be driven circularly, owing
toitsthreefold degeneracyinthe cubic crystal structure at roomtem-
perature, and it is infrared active. This mode softens significantly in
frequency fromv=2.7 THz at temperature T=300Ktov=0.2 THz at
T=5K (refs.17,18), but it does not establish long-range ferroelectric
order: quantum fluctuations prevent the system from remaining in
one of its electronic potential minima even at zero temperature. The
mode-selective drive by astrong terahertzfield allows the excitation of
the ferroelectric soft mode into highly anharmonic regimes, enabling
couplingtomodes with a different symmetry, which have recently been
probed with ultrafast X-ray diffraction®.

However, the response of the ferroelectric mode to circularly polar-
ized, narrowband, terahertz pulses and the potential onset of mag-
netization due to dynamical multiferroicity are still unexplored. Here,
we attempt this investigation using terahertz pulses centred at 3 THz
with a bandwidth of 0.5 THz, generated with a tabletop source, as
describedinthe Methods. The circular polarizationis obtained witha
quarter-wave plate designed for the 3 THz (100 pm) radiation. The
ferroelectric phonon modeis driven along two of the three degenerate
eigenvectors with the same phase shift, resulting in circular ionic
motion. The circular nature of the polar phononimplies a polarization
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Fig.1|Schematic of the experimental realization of dynamical
multiferroicity. a, SrTiO; unit cellinthe absence of aterahertz electric field.
Whenacircularly polarized terahertz field pulse drives a circular atomic motion,

Porthogonaltoits time derivative 0,P during the whole dynamics, thus
maximizing the cross product that is expected to give rise to the
magnetization. To probe possible magnetic signals, we used the time-
resolved magneto-optical Kerr effect, which measures the rotation of
the polarization of a probe pulse reflected by amagnetized material®.
The magneto-optical Kerr effect has been shown to be sensitive to an
effective magneticfield driven by optical phononsin antiferromagnetic
ErFeO, at low temperatures?. In that case, the amplification of an
already existing coherent spin precession resonant with the magnetic
field induced by the phonon motion was used as an indirect proof of
the existence of such field. In the following, we show that magnetic
order canbe induced by dynamical multiferroicity also in non-magnetic
systems in which there are no underlying magnetic excitations.

Thetemporal evolution of the Kerr rotation of a400 nm, 40-fs-long
probe pulse as a function of the time delay with respect to terahertz
pump pulses of approximately 230 kV cm™ in amplitude is shown in
Fig.2a. We plot the difference signals measured using circularly polar-
ized fields with opposite helicities. The individual measurements are
shownin Extended DataFig.1. The signal exhibits one cycle of a slower
oscillation at a frequency w_modulated by a faster oscillating com-
ponentatafrequency w,.InFig. 2b we plot the calculated fast Fourier
transform (FFT) of the time trace in Fig. 2a. This analysis clearly reveals
alow-frequency component centred at approximately 0.6 THzand a
faster oneataround 6 THz.Inthe same figure, we also show the FFT of
the product of the two components £, and E,composing the difference
of the z-propagating circular pump field (centred at 3 THz, shown in
Extended Data Fig. 2), retrieved with an independent electro-optical
measurement (Methods). We normalize this product so that the peaks
of the 6 THz components overlap, and we keep an identical approach
when evaluating the theoretical response. Note that, already, by align-
ing the high-frequency peaks, there is a different amplitude in the
low-frequency peaks, with the measured Kerr rotation being larger
than the product of the two field components.

InFig.3aweplotthe FFT of the measured difference Kerr rotationasa
function of temperature, from160 to 360 K, atemperature range large
enough tomove the soft phonon in and off resonance with the driving
terahertzfield. Note that the overall response is larger at atemperature
of 280 K, and it decreases as the temperature moves away fromit, both
at lower and higher temperatures. Figure 3b shows the amplitude of
the two FFT components of the measured Kerr rotationat 7=300 K as
afunction of the applied terahertz electric field amplitude. For both
frequency components, a clear quadratic dependence is observed,

-
-

dynamical multiferroicity isexpected to create anet magnetic momentinthe
unitcell.b,c, Thenorth pole points up for a pulse thatis left-handed (b), and
down forapulse thatis right-handed (c).

with a larger curvature for the lower frequency mode at w_than for
the higher frequency one at ..

We next discuss the possible origin of the two peaks in the difference
signal. Their frequency is consistent with the prediction of dynamical
multiferroicity’, with a peak w, at twice the soft phonon frequency and
oneatw_= 0.However, from the dynamical multiferroicity theory’, one
would expect the peak at w, to have negligible amplitude, whereas the
experimental data show that they are approximately equal.

Two peaks of comparableamplitudesare, onthe otherhand, expected
when accounting for the electronic nonlinear response associated
with x®, namely the third-order susceptibility tensor?2. We present a
detailed combined theoretical and experimental study on this aspect
in a separate work®, which accounts for the symmetry properties of
the crystaland for the specific spectral features of the pump pulse. We
anticipate here that the theory predicts an effect proportional to the
productofthe £,and £,components of theincident terahertzfield, as
we show in Fig. 2b and in the Methods. Briefly, the product of the two
field components at a frequency fgives rise to a signal probed by the
near-infrared field at 2fand to a rectified signal that is different from
zero because of the finite bandwidth of the laser pulse. However, also
note that although the shape and amplitude of the peak at w, can be
reproduced exactly by the calculations based on the symmetry of the
x®tensor, the experimental peak at w_is higher than what those same
calculations predict and it cannot be accounted for with a different
normalization scheme. The stronger quadratic dependence of the
w_mode on the driving terahertz field, compared to the one for the
w, mode and to the quadratic dependence of the w_mode for the E,E,
product, also supports the presence of an underlying extra contribu-
tion to the overall sample response.

Itisimportant to stress thatin the original dynamical multiferroic-
ity theory’, no anharmonic effects were taken into account. On the
other hand, the phonon frequency and polarization vectors of STO
are known to be strongly dependent on temperature due to lattice
anharmonicities?**. Therefore, for a quantitative description of the
phenomenon, we calculate the effective phonon frequencies and
polarization vectors renormalized by the quarticanharmonicity using
self-consistent phonon (SCP) theory?, as described in the Methods.
We use these calculations to estimate the potential energy landscape
for the two orthogonal displacement directions of the soft phonon.
Then, weimplement dynamical multiferroicity theory to compute the
expected induced magnetization, whichwe plotinFig.4a,binthe time
and, respectively, frequency domains. We also show the calculated
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Fig.2|Experimental detection of the time-resolved Kerr rotation.
a,b,MeasuredKerr rotation as afunction of pump-probe delay for 400 nm probe
pulses after excitation by the terahertz pump field. The probe polarization
isparallel tothe[100] crystal axis and the sampleis tilted at an angle of 45°
(Methods). a, Difference between the responses from circularly polarized
fields with opposite helicities. b, FFT of the time trace inatogether with the
spectrumofthe product of the two components £, and £, of the incident circular
pump field (Methods). The standard errorisindicated by the shaded area.

nonlinear optical response of the material due to the Kerr effect?,
which comprises an electronic (EKE) and a ionic (IKE) contribution,
as described in the Methods. Finally, the expected polarization rota-
tion resulting from the sum of the two effects is shown in the same
figure. We used an identical normalization scheme as for the experi-
mental data to match the amplitude of the 6 THz mode. We used the
computed parameters for all quantities, except for the soft phonon
eigenfrequency and its linewidth, for which experimental data are
available® and are consistent with our own experimental observa-
tions. The computed magnetic moment is of the order of 102y per
unit cell, much smaller than the one computed in ref. 8 but consistent
withamorerealistic atomic displacement (approximately 1 pm for the
Tiand Sratomsand 3 pm for the oxygen ones), comparable tothe one
observed experimentally in ref. 19.

536 | Nature | Vol 628 | 18 April 2024

Kerr rotation (urad THz™")

Frequency (THz)
b 10
V Exp.o_(0.6THz)
A Exp.o, (6 TH2) Y
8 1 o_from EE, y
o, from EXEy v
T 6 5
E N K
S y
8 X
[e]
o= 4 -
8 v/ AP
4 b 4
2
2
0 X_’X//I T T T

100 150
THz field (kV cm™)

200 250

Fig.3|Temperature and field dependence of the measured Kerr rotation.
a, FFT of the difference of the magneto-optical Kerr effect response from
opposite circularly polarized fields at afew selected temperatures. The error
barsinthelegendrepresentthe standard error of the corresponding dataset.
b, Dependence of the amplitude of the two main spectral peaks onthe
terahertzelectric field. The standard error is smaller than the symbol size.
Blue solid lines are quadratic fits to the dataat w_and w.. Yellow lines indicate
the field dependence of the w_and w, peaks for the £, E, product, after
normalizationto the experimental (Exp.) w, value at maximum field.

The resemblance of Fig. 4a,b to Fig. 2a,b is remarkable, given
that no free adjustable parameters were used in our calculations. In
particular, note that by combining the nonlinear optical response
and the dynamical multiferroicity calculations, we obtain two fre-
quency peaks with relative weights matching the experimental data.
To investigate this further, we plot in Fig. 4c the expected magnetic
moment induced by the dynamical multiferroicity as a function of
temperature, again with no free adjustable parameters, and com-
pare it to the measured extra weight of the low-frequency peak at
different temperatures. The qualitative agreement between calcula-
tions and experiment in the temperature-dependent behaviour is
outstanding. For example, there is a peaked response close to the tem-
perature at which the soft phonon is resonant with the driving pump
terahertz field.



a 1.5
—— Total response
EKE + IKE
1.0 Hph
g 0.5
=
c
Ke]
g
g o ﬂ A ) !\v[\ A vAv'\VAV,\vAv"v"VA"A"“’A'
G
4
g V
(9}
T -0.5- V
=)
£
7]
-1.0
-1.5 T T T T T
-1 0 1 2 3 4 5
Time (ps)
[
- 0.18
0.016
. - 0.16
T 0.014
.“é‘
3 -0.14
g
~ 0.012
3
£ - 0.12
3
el
£ 0.010
o
g - 0.10
%)
0.008
- 0.08
0.006
T T T T 0.06
150 200 250 300 350 400

Temperature (K)

Fig.4 | Experimental and modelled dynamical multiferroicity. a, Calculated
total time-domain polarization rotation (blue), which includes the contribution
of both EKE and IKE (yellow) and of the magnetic moment i, due to dynamical
multiferroicity (orange). b, FFT of the time-domain response, decomposing
thespectral features of the different contributions. ¢, Calculated temperature
dependence of the magnetic moment expected from the pure dynamical

Remarkably, the estimated experimental magnetic moment—
calculated using the measured Verdet constant for STO, the measured
Kerr rotation and the estimated penetration depth of the terahertz
radiation (Methods)—is approximately four orders of magnitude larger
thanthe theoretical one, 10 u, versus 1072 per unit cell. This suggests
that, although dynamical multiferroicity caninduce an effect qualita-
tively consistent with our observations, there mut be an additional and
key mechanism to explain it quantitatively. We rule out enhancements
of the magneto-optical signal due to microscopic mechanisms like
those reported inref. 26. Both that work and ours deal with effects
having the symmetry of inverse Faraday effects; however, there are
many such effects with the same phenomenological symmetry but
with a different microscopic origin, asin our case.

Recently, a phonon magnetic moment four orders of magnitude
larger than expected from pure phonon motionwas observedin a Dirac
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multiferroicity mechanism (semi-transparent symbols and line) and
experimentally extracted spectral weight of the low-frequency peak (solid
symbolsandline). The error barsrepresent the standard error of the
corresponding dataset. d, Pictorial representation of the phonon Barnett
effect withenhancement factor B.

semimetal®. In another work®, the measured gfactorin PbTerelated to
asoft phononatterahertz frequencies was found to be three orders of
magnitude larger than predicted by theory. A recent theoretical work®
found that in semimetals and small-gap (tens of millielectronvolts)
insulators, a four orders of magnitude enhancement of the phonon
magnetic moment can be expected®*2, None of these results apply
directly to our sample, but they all reflect a similarly enhanced mag-
netic moment when phonons are involved. Finally, ab initio calcula-
tions have also shown that in STO the coupling strength between the
electronic systemand the soft phononat the zone centreis very large,
of the order of 1 eV (ref. 25). We stress, however, that the fundamental
physical observable of relevance in this case is not the energy but the
angular momentum.

Allthese observations pointto animportant gap in our understand-
ing of the transfer of angular momentum from the phononto electrons.
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It has recently been suggested that in coupled electron-phonon
dynamics the reduced mass of the system should be considered.
This would intuitively result in a magnetic moment enhanced by a
factor of the order of theratio of the masses of the proton and electron,
owning to the larger gyromagnetic ratio, as we show pictorially in
Fig. 4d. For our case, we observe an enhancement like the ratio
2m,/me=4x 103, where the factor 2 accounts for the contribution of
aneutron for each proton to the nuclear mass. We propose that the
observed enhancement of the magnetic moment can be thought of
asamicroscopic version of the Barnett effect, which s the reciprocal
ofthe Einstein-de Haas effect, in which arigid rotation induces amag-
netization in the rotating body. In our case, the body is not rigidly
rotating, but thereis coherent phonon motion thatinduces atransient
net angular momentum in the lattice. We suggest keeping the same
name, since a phonon Einstein—-de Haas effect has been proposed
theoretically***° and recently observed experimentally**%, On the
other hand, an experimental realization of the phonon Barnett effect—
the transfer of mechanical angular momentum from rotating phonons
totheelectronic system—has notbeenreported noraschemetodetect
it yet devised. We stress that with the current data, we can assume
only that the transfer of angular momentum is between the orbital
phonon angular momentum L, and the total electronic angular
momentumJ,. The present results cannot resolve between orbital
and spin contributions; the latter could possibly arise if the strong
circularly polarized terahertz field modifies the band structure to
suchanextent that spin-polarizationis created and mediated by spin-
orbit coupling, but large signals could be expected due to orbital
contributions®. An alternative explanation was proposed during the
reviewing process of this paper, which suggested that circularly polar-
ized light can induce non-Maxwellian fields*® that could explain the
data. We leave these considerations for future works.

Conclusion and outlook

We finally comment on the implications of our results, which are
expected to be general for the several materials listed in ref. 8 with
infrared-active phonons. Since many of these materials are commonly
used as substrates, one could conceive of new ways to drive magnetic
states at interfaces. A recent work*, which appeared after the sub-
mission of this manuscript, shows this approach: circular phonons
induced by circularly polarized light in a substrate are able to switch
the magnetization of aferromagnet ontop of it. This strongly supports
the observation that the induced magnetic moment must be of the
order of the electronic one. At low temperatures, intense coherent
terahertz excitation of the soft mode in STO can lead to highly non-
linear phonon responses that overcome the quantum fluctuations to
create a ferroelectric order absent at equilibrium** that is coupled
to the induced magnetic order. It is worth stressing that the induced
magnetic moment canbe seen as a quasi-static magnetization created
on a timescale of a picosecond. This is about one order of magnitude
faster than the fastest spin switching reported to date**. The applicabil-
ity of the optical generation and control of magnetization by circular
phonons can also be extended to two-dimensional materials, such as
transition metal dichalcogenides. These materials have recently been
predicted and observed to host chiral phonons that are intrinsically
circularly polarized***¢, Finally, we anticipate that our results will stimu-
late further research on the microscopic understanding of angular
momentum transfer at ultrafastand atomic scales and help in further
exploring and understanding intriguing entangled orders in condensed
matter %,
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Methods

Sample details

The sample considered was a10 mm x 10 mm, 500-pum-thick SrTiO,
crystal substrate from MTI Corporation, with the [001] crystallographic
direction normal to the cut direction. Both sides were polished. The
sample was mounted tilted at 45° with respect to the free space prop-
agation direction to measure the geometry through reflection. How-
ever, the large dielectric constant (|€| = 100) of STO at the resonant
frequency of the soft phonon mode causes such a large refraction of
the pump terahertz beam that the propagation within the crystal is
always orthogonal with respect to the sample surface.

Experimental methods

Broadband single-cycle terahertz radiation was generated by opti-
cal rectification in a DSTMS (4-N,N-dimethylamino-4’-N’-methyl-
stilbazolium2,4,6-trimethylbenzenesulfonate) crystal® of a40-fs-long,
800 pJ near-infrared laser pulse centred at a wavelength of 1,300 nm.
This pulse was generated by optical parametric amplification from
a40-fs-long, 6.3 mJ pulse centred at 800 nm wavelength, which was
produced by alkHzregenerative amplifier. The terahertz pulses were
focused onto the sample by three parabolic mirrors toarounded beam
of approximately 0.5 mm in diameter. Knowing the exact size of the
beamis not crucial when estimating the fluence as we characterized
the electric field of the radiation. A pair of wire-grid polarizers was
used to tune the field amplitude without affecting the pulse shape.
Narrowband terahertz radiation was obtained by filtering the broad-
band field with a3 THz band-pass filter resulting in a peak frequency
of 3 THzand afull-width at half-maximumof 0.5 THz. The probe beam
was a 40-fs-long pulse at 800 nm wavelength, produced by the same
1kHz regenerative amplifier used to generate the pump radiation. A
B-barium borate crystal was used to convert the probe wavelength to
400 nm. The probe polarization was set by a nanoparticle linear film
polarizer. The probe size at the sample was approximately 100 pum in
diameter, substantially smaller than the terahertz pump. To record
the change in the polarization state of the probe beam, a Wollaston
prism was used to implement a balanced detection scheme with two
photodiodes. A half-wave plate was used before the Wollaston prism
todetect the Kerr rotation. The signals from the photodiodes were fed
toalock-in amplifier, whose reference frequency (500 Hz) came from
amechanical chopper mounted along the pump path.

Characterizing the terahertzelectric field

The electric field component of the terahertz pulse at the sample
location was characterized by electro-optical sampling™ in a
50-um-thick (110)-cut GaP crystal. In particular, the field strength was
calculated using a standard procedure, namely by measuring the
time-resolved birefringence at a wavelength of 800 nm, which was
caused by the terahertz electric field in the GaP crystal. To do that, we
used a balanced detection scheme with two photodiodes measuring
the/,and /, signals produced by a quarter-wave plate and a Wollaston
prism placed after the sample. Once the time trace was retrieved,
we moved the delay stage to the time delay where the maximum of the
terahertz electric field was found. Following ref. 52, we computed
Expz=Ao SINH(L = )/ + 1))/ (2mndr, teapl), where no=3.193 is the
refractive index of GaP at 800 nm, L = 50 um is the thickness of the
crystal, A, =800 nm is the probe wavelength, r,,=0.88 pm V'is
the GaP electro-optic coefficient® and t,,, = 0.4769 is the Fresnel coef-
ficient for reflective loss at the GaP crystal. For the DSTMS-generated
broadband pulse, the maximum measured terahertz peak electric field
was approximately 1.15 MV cm™, and the peak frequency of the tera-
hertz pump pulse was at 2.7 THz with measurable components extend-
ing up to approximately 5 THz. After filtering the field with the 3 THz
band-pass filter, a typical measured terahertz peak electric field was
around 200-300 kV cm™. The sampled terahertz pump traces are

reported in Extended Data Fig. 2, which shows the narrowband data
representing the field used to measure all the data in the main text.

Circular polarization of the terahertzbeam

After filtering the broadband terahertz radiation with a terahertz
band-passfilter, the linear polarization canbe converted into circular
polarization with a terahertz quarter-wave plate oriented at +45° to
obtain the opposite helicities. For this purpose, we chose a Tydex
quarter-wave plate made of x-cut terahertz-grade crystal quartz, whose
thickness was adjusted to provide att/2 phase shift at 3 THz. However,
for wave plates, the phase shift is very sensitive to the radiation
frequency. Moreover, we were not working with a monochromatic
beam. Nonetheless, in our case the use of a quarter-wave plate was
justified because the bandwidth of the filtered pulse was narrow enough
toallow the wave plate to operate according toits design. To character-
ize the polarization state of the circular pump beam, we measured both
the E, and E, electric field components with electro-optical sampling
by rotating the GaP crystal by 90° around the light propagation axis.
This allowed us to get the sensitivity to two orthogonal components
of the terahertz pump, as shown in ref. 51. The time-domain traces
obtained are shown in Extended Data Fig. 2 for the two helicities,
labelled as LCP and RCP. From these traces, the polarization state can
be unambiguously identified by calculating the Stokes parametersin
the frequency domain, as shownin Extended DataFig.3. The S; param-
eter is associated with circular polarization, and a change of sign rep-
resents opposite helicities. The following inequality holds for a
broadband pulse™: (S3/S5)* + (S3/S§)* + (S3/S§)> <1, where S§=3, S, ;,
S1=2:8.1,55=2:5,;, S3=2; 55, and i represents the ith frequency.
The (53/S%)? quantity gives an indication of the average amount of
circular polarization in the terahertz pump pulse. Considering only
the 0.5 THz full-width at half-maximum region of the peak, we found
that the beam was 85-90% circularly polarized, as summarized in
Extended Data Fig. 3.

Evaluating the complex refractive index

The complex refractive index i1 = n + ik of SrTiO; was derived from a
combination of previous ellipsometry measurements on STO thin
films® and hyper-Raman scattering in bulk STO™. In particular,

1€ +&
n= B8 [ELTA
\ 2 \

where & = g; + ig, is the complex permittivity. To estimate the permit-
tivity in the experimental temperature range 160 K < T< 375K for our
specific sample, we first used the experimental data of ref.55at T=300 K
(Extended DataFig. 4), which contains abroadband response that can
be fitted with a Lorentz oscillator. Then, to adjust it to our case, we
rigidly shifted the curve, moving the peak from3t02.7 THz,inaccord-
ancewithourowndataandref.17 on bulk samples. All centre frequency
and linewidthvalues at the different temperatures are listed in Extended
DataTablel. All values for nand karereported in Extended Data Fig. 4.

Modelling the terahertz reflectance, transmittance and
absorptance

The electric field reflection, absorption and transmission properties
were calculated for an air/STO/air stack using the analytical formulas
for optical trilayers at normal incidence’:

- C- Cexp(2i6) _ (4f1/(+1)*) exp(i6)
1- C?exp(2i6)’ 1- CZexp(2i6)
1-a 2nd

o Tt

where 1l is the refractive index of STO, d is the thickness of the STO
sample, Aisthe wavelength and therefractiveindex of air is considered



to be 1. The reflectance, transmittance and absorptance are given,
respectively,by R=|r2 T=t/?and A=1- R - T.Consideringd = 500 pm,
A=100 pm (3 THz) and 71 = 3.8 + i6.4 from ref. 17 at a temperature of
300K, wegetR=0.76, T=0and A= 0.24.As T =0, itisalso interesting
to estimate the decay length /.., of the electric field inside STO, which
indicates how much of the pump radiation penetrates into the sample:

[decay(ﬁ) = m =2.49 pm.

The estimated penetration depth in the experimental temperature
range 160 K < T<375K s listed in Extended Data Fig. 4.

Estimating the polarization rotation and magnetic field

Measuring the probe polarization rotation allowed us to calculate
the magnetic field induced in STO. According to theory, the Faraday
rotation 9; and magnetic field are connected through the equation®

d z ldecay
9 VBIO exp[ 2 ldmyJ dz= VB2,
as lyec,y < d, where diis the STO thickness. The parameter B represents
the amplitude of the magnetic field at the surface, /;.,, is the decay
length of the pump field and Vis the Verdet constant. The factor of 2in
the exponential function appears because the induced magnetic field
is proportional to the square of the pump electric field. To extract the
magnetic moment generating 9;, we exploited the relation B =y M,
where Mis the magnetization induced by the pump. Considering the
STO lattice parameter a=3.9 A, the magnetic moment per unit cell u
isgiven by

_28a’
/10 |/[decay '

Even if the measurements reported in the main text are performed
inreflection (Kerr rotation 9,), we evaluated the magnetic field con-
sidering atransmission measurement (Faraday geometry). Those were
the only reliable values for the Verdet constant that we could find,
which we were able to validate ourselves, as shown in Extended Data
Fig.5.To confirmthat thereflection and transmission geometries give
comparable responses, we measured the Faraday rotation during the
same set of experiments described in the main text. We found that the
absolute measured signal is within a factor of 2 compared to the Kerr
rotation. Moreover, the pump penetration depth was still the limiting
factor for the decay length [, to be considered in the above equation,
as eveninreflection, the STO thickness probed by the probe pulse is
more than the pump penetration depth. The thickness contributing
tothe probesignalinreflection for an ultrafast pulse canbe estimated
through the distance travelled in the material during the pulse dura-
tion.For a400 nm probe pulse (ng;, = 2.6 fromref. 57) of 50 fs duration,
the distance travelled in the STO during that interval corresponds to
approximately 5.8 pum, which is longer than all the pump field pen-
etrationdepthslisted in Extended Data Fig. 4. According toref. 58, we
have V=250 rad m™ T, so that for 9, =10 prad and le.,, = 2.49 pm, the
magnetic field at the surface B= 0.032 T. The average energy € stored
per unit surface in such amagnetic field is given by:

11 d z 1 -
=~ B? —4—"— | dz= " Blyecay = 0.013 J cm 2,
€=5 2, -[0 exp[ [decayj dz 1651, lgecay=0.013 Y C

where thefirst factor of1/2in the definition of eis due to the time aver-
age of the square of asine wave, as we approximate the slow oscillation
inFig.2awithasinusoidal function. Theintegral takes into account that
the induced magnetic field does not fill the whole sample volume but
has a finite penetration depth. The energy e is delivered by the pump

pulse, andits fluence can be calculated by integrating the square of the
trace shown in Extended Data Fig. 2 to give approximately 60 pj cm2,
whichismuch higher thanthe energy per unitsurfaceinthe generated
magnetic field.

The pump fluence can be used to compute the absorbed energy
density and give an estimate of the related temperature variation.
As stated above, at 300 K, the decay length of the terahertz pump
electric field is 2.49 pum and the absorptance is 0.24, which leads to
an estimate of the average energy density absorbed by the sample of
115.7 mJ) cm™=0.043 meV per unit cell. The temperature increase for
such an energy density can be obtained from the heat capacity and
density of STO. Considering a density of 5.18 g cm (MTI Corporation),a
heat capacity 0f100 J K*mol™ (ref.59) and a molar mass 0f183.5 g mol ™,
the temperatureincrease is expected to be approximately 0.04 K, which
couldbe neglected during the temperature-dependent measurements
presented in the main text.

We also checked that the measured magneto-optical effect was not
affected by the probe wavelength being too close to the bandgap of
the material. In Extended Data Fig. 6, we present the total measured
Faraday effect atboth400 and 800 nm probe wavelengths. Apart from
anoverall scaling factor consistent with the different values of the Ver-
det constant, the scaled responseis identical for the two wavelengths,
excluding wavelength-dependent artefacts.

Modelling the total Kerr effect
Inref. 23 it was shown that the EKE response is given by

Al€«= i[fi— E3]Axsin(49) + ZEXEy{)(,%? + %A)(sinz (29)},

where E, and E, are the components of the pump pulse along gene-
ric x and y orthogonal directions, 8 is the angle that x and y form
with respect to the main crystallographic axes (i and j) and
Ax=x41-3x5),as X)) = 0.47x ) are the only two independent tensor
components of the y® tensor in cubic STO from ref. 58.If § = 45°, then
Al ZEXEy[le;'.} + %AX] and the signal is proportional to the product
of the terahertz pump field components along perpendicular direc-
tions. For circularly polarized light of opposite helicities (left and right),
the signal difference AT ¢ (LCP) — AI'® (RCP)issstill proportional to £,£,,
asonly one of the two pump components changes sign.

Besides the EKE, it has been shown that an additional contribution,
IKE, associated with the nonlinear excitation of the infrared-active soft
phonon mode, is present®. The IKE response A/ can be effectively
modelled by replacing the £, and E,componentsin A/*with aconvolu-
tionbetween the pump and the single- or two-phonon propagators to
account for theintermediate second-order excitation of the soft mode.
Moreover, the Y tensor should be replaced with an effective nonlinear
coupling between the pump and probe pulses and the infrared-active
phonon.

Anabinitio estimation of the effective nonlinear coupling is needed
to estimate the relative weights of the IKE and the EKE in a rigorous
way. This would require a state-of-the-art extension of the available
density functional theory (DFT) codes, which has been investigated
only recently®® and goes far beyond the scope of this work. For this
reason, in the main text we decided to model the full Kerr response
with only the electronic contribution by assuming that the ionic con-
tribution has a similar spectral content,so as nottointroduce any free
adjustable parameter into our simulations. For completeness, the full
Kerr effect, including both the EKE and the IKE, is shown in Fig. 4a,b.
The relative weight between the electronic and ionic contributions
hasbeen fixed to better reproduce the experimental time traces. This
was done using the Kerr response measured with linearly polarized
terahertz pulses as areference.

Extended Data Fig. 7 compares the experimental and calculated
responses of the material to linearly and circularly polarized terahertz
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pump fields. These measurements allowed us toisolate the dependence
oftheresponse onthe polarizationthatisbeyond the one captured by
the third-order susceptibility, in particular for the EKE description. In
Extended Data Fig. 7a,b, we use the linearly polarized pump data to
match the experimental and calculated amplitudes. With the same
scaling factor applied to all the data, in Extended Data Fig. 7c, we plot
the difference between the experimental and simulated Kerr rotation
forthe circularly polarized pump case. The part of the signal before the
zero-crossing point at approximately 2.4 pscanbe explainedinterms
of the IKE effect (which we can also model as discussed above but was
left out for simplicity of reasoning), whereas the negative dip after
the zero-crossing point is the signature of dynamical multiferroicity.

Abinitio calculations

First-principles phonon calculations of cubic SrTiO; were performed
within DFT using the Vienna Ab initio Simulation Package®, which
implements the projector augmented-wave method®. The adopted
projector augmented-wave potentials treat Sr4s>4p®5s?, Ti3s*3p°4s?,
and 02s?2p? as the valence states. An energy cutoff of 550 eV was used,
and the Brillouin-zone integration was performed witha12 x12 x 12
gamma-centred k-point mesh. The Heyd-Scuseria-Ernzerhof hybrid
functional (HSEO6; ref. 63) was adopted to give an accurate descrip-
tion of the phonon potential energy surface. The lattice constant was
optimized within HSEO6; the optimized value of 3.900 A agrees well
with the experimental value, 3.905 A.

The effective phonon frequencies and eigenvectors at room tem-
perature were calculated based on SCP theory, as implemented in
the software ALAMODE (ref. 64). The harmonic and fourth-order
interatomic force constants (IFCs), which are necessary as inputs to
the SCP calculation, were calculated with the real-space supercell
approach using a 2 x 2 x 2 supercell. The harmonic IFCs were esti-
mated by systematically displacing each atom in the supercell from
its equilibrium site by 0.01 A, calculating forces by DFT and fitting
the harmonic potential to the displacement-force datasets. The
fourth-order IFCs were estimated using the compressive sensing
method, for which 40 training structures were generated by combin-
ing DFT and molecular dynamics withrandom displacements following
ref. 65.

After obtaining the harmonic and anharmonic IFCs, the effective
phonon frequency w with branchindex vat wavevector q and the cor-
responding eigenvector were obtained by solving the SCP equation:

1
W (T) = (CIAACY,y + > Yy o5P(-qv;qv;-q'v’;q'V’)
q.v
{1+ 2n(0gy)

204y

. ~2 ~2 . . . ~ .
where A" = diag (@ ,, ..., @,) With harmonic frequencies @. Cisa

unitary transformation matrix that modifies the polarization vector
at finite temperature, ®* is the fourth-order anharmonic force con-
stantandn, ,(w,,,) is the Bose-Einstein distribution. The equation was
solved numerically by iteratively updating the effective frequency
Wq,(T) and the unitary matrix C, for the phonon modes at the
gamma-centred 2 x 2 x 2 q points.

The summation over the q’ points was conducted with the denser
10 x10 x10 q’ points, which was sufficient to achieve convergence. The
quartic coupling coefficient ®5P(-qv; qv; - q’v’; q’v’) was obtained
from the fourth-order IFCs with the Fourier interpolation. The splitting
of longitudinal optical and transverse optical modes was considered
in the SCP calculation. The obtained SCP frequencies agree well with
theinelastic neutronscattering data, as shownin Extended Data Fig. 8.

The anharmonic coupling coefficients of the triply-degenerate ;5
modes at room temperature were obtained by transforming the
anharmonic IFCs into the normal coordinate basis. In this study, the
anharmonic couplingterms up to the fourth-order wereincludedin

V(Q, Q,). The normal coordinate Q, at finite temperature is given as
Q,= ZK Jm.e, (k) -u(x), where m, is the mass of atom k and u®(k)is
itsdisplacement in the a direction. The polarization vector at room
temperature e,(k) was calculated ase , (k) = ZV, €,.(K)[Cy=oly+, Where
€, (k) is the harmonic polarization vector and C, is the unitary matrix
obtained as a solution to the SCP equation. As polarization mixing
is significantin STO, the temperature dependence of the polarization
vectorsis noteworthy, as shown in Extended Data Table 2 for 300 K.
As each atomicsite of cubic STOisaninversion centre, all cubic coef-
ficients became exactly zero. The effective charges of the I';; modes
were calculated as

B
e, (k)
Z* - Z* \4 i
v,a é K,af \/WK
with z; ,;being the Borneffective charge of atom k. For 300 K, we have

that 7, ,5=2.5536,5, 7% .5 =6.7046,5, Z% , =-1.941 and Z} =-5.375, in
units of the electron charge. The effective charge of the oxygen atom
is different when considering the direction perpendicular (L) or
parallel (||) to the nearest titaniumatom, and 6, is the Kronecker delta.

Phenomenological model for anharmonically coupled
oscillators

Tomodel thedrivencircular excitation of the ferroelectric mode along
the two orthogonal directions, we derived the effective phonon poten-
tial for two of the threefold degenerate modes at g = 0, where the anhar-
monic couplingisincluded up to fourth order:

V(@ Q) = 5070} + 307 Q3+ K} + kQE+XQIQ3+ 4010, + Q0L

where Qis the normal coordinateinreal space, the indices 1and 2 refer
to the two degenerate branches of the soft phonon along [100] and
[010], k is the anharmonic contribution to the potential, and y and ¢
are the phonon-phonon coupling terms. As Q, and Q, are orthogonal
to each otherand the phonon potential spanned by themhasaC, sym-
metry, = 0. Theresulting potential, with calculated parameters stated
inExtended Data Table 1, represents two coupled anharmonic oscilla-
tors. The solution of this model is obtained by numerical integration
of its equation of motion:

~THz

a—V+rQ',.:z*E,A ,

i=1,2,
2,

Q;+

where I"accounts for the lifetime of phonons and Z*F,THZ is the oscil-
lator coupling to the driving field through the mode effective charge
Z*I._l;l'he effective field in the sample is expressed through the term
E = aF] " where a quantifies the amount of field actually experi-
enced (not screened) by the sample. The value of £] 2 was fixed from
our experiment, whereas the values of I and w at room temperature
were taken from hyper-Raman measurements on bulk STO (ref. 17).

Finally, the induced magnetic moment can be calculated via:
p=yQxQ=2 yQ;xQ;=2 VL,
{ L

where i now represents the ith atom in the unit cell (Sr, Ti, O, O, O),
y,=eZ}/2m; is the gyromagnetic ratio and ;= Q; x Q'l. is the angular
momentum. The calculated magnetic moment per unit cell uis shown
in Fig. 4ain the time domain and in Fig. 4b in the frequency domain
using an approach identical to that used to process the experimental
data. All parameters used to solve the equation of motion were fixed,
except for a, which was set to 0.7. The mode effective charge Z* and
potential parameters k, x and ¢ were calculated from first principles
(Extended Data Table1), whereas the excitation field £; “and the pho-
non frequency w and lifetime I"are those obtained in experiments".
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Extended DataFig.2|Electro-optical sampling data of the circularly
polarized terahertzfields. a,b,Recorded temporal traces. c,d, Their Fourier
transforms. The measurements were performed using a 50-pm-thick GaP
crystal cutalongthe110 crystallographic direction, and the broadband pulse
was filtered by means of a3 THz filter with approximately 10% bandwidth, as
describedinthe Methods. The two componentsE,and E, of the electric field
areshownwithred (leftcircular polarization, LCP) and violet (right circular

Frequency (THz)

polarization, RCP) solidlines.Ina,b, thereflected terahertzfield from the back
side of the GaP crystal starts to interfere with the direct beam at approximately
t=3.8 ps. This complicates the electro-opticsampling data presented here,
butithasnoimportanceinall measurements onthe STO crystal presentedin
the maintext.InSTO, thelarge terahertz absorption suppresses the back-side
reflection below the experimental noise level.
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Extended DataFig. 3 | Stokes parametersin the frequency domain. a, Stokes
parameters extracted fromthe LCP pumptrace. b, Stokes parameters extracted
from the RCP pump trace. The polarization state can be described by these four
parameters: Syrepresents the intensity, S;and S, are associated with linear

polarization along two sets of orthogonal axes, and S, is associated with circular

polarization. ¢, Table collecting the Stokes parametersintegratedina 0.5 THz
range around the main peaksina,b. The (§%/S})? quantity can be considered as
anindication of the average amount of circular polarization, and it takes a value
of1forideal circularly polarizedlight.
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200 1.49 5.07 3.14 320 4.55 6.42 2.48
220 1.77 5.38 2.96 340 5.40 6.20 2.57
240 2.18 5.73 2.78 360 6.51 5.36 297
260 2.50 5.94 2.68 375 6.76 4.98 3.19
Extended DataFig.4|Complex permittivity and refractiveindex for STOin

theterahertzregime. a, Complex permittivity of STOat T =300 K used for
the simulations. The functional dependence was found assuming a Lorentz
oscillator with linewidth and oscillator strength taken from ref. 55, while the
resonance frequency was matched with the experimental soft phonon frequency

ofref.17 and listed in Extended Data Table1.b, Temperature dependence
oftherealandimaginary parts of the refractiveindexinSTO at3 THz, and
corresponding penetration depth [.,,. All values were estimated considering

thedielectric function plottedinaand properly shifted to take into account the
variation of the dielectric function with temperature.
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Extended DataFig. 5| Magneto-optical Faraday effectin STO at400 nm.
Faraday rotation experienced by the transmitted 400 nm probe beam at
normal incidence when a magnetic field isapplied in the direction of the probe
propagation (thatis, perpendicularly to the sample surface). The measurements
were performed with abalanced detection scheme equipped with a half-wave
plate, and the Pand S polarization directions were defined by the Wollaston
prism. After switching the probe polarizationfromPto S, the same balancing
orientation for the half-wave plate was maintained, in order to ensure consistency
between measurements. The solid lines represent linear fits to the data, which
allow us to estimate an average Verdet constant of approx.180 radm™ T,

The change of signwhen the polarizationis switched from P to Sis consistent
with amagnetic origin of the signal.
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Extended DataFig. 6| Measured polarizationrotationinSTO at400 nm theincidentcircular pump field (filled yellow area). b, Fourier transform of the
and 800 nm probe wavelengths. a, Fourier transform of the measured measured Faraday rotation trace with a probe wavelength of 800 nm (solid red
Faraday rotation trace with a probe wavelength of 400 nm (solid blue curve), curve), corresponding toa photon energy of 1.55 eV, less than half of the direct

compared with the spectrum of the product of the two componentsE,andE,of ~ bandgapinSTO.
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Extended DataFig.7|Response of STO to circularly and linearly polarized
pump pulses. a, Measured Kerr rotation signals for different pump helicities.
Thebluesolid lineshows the difference of the Kerr rotation signal between
right (RCP) and left (LCP) circularly polarized terahertz fields. The black solid
lineis the Kerrrotationmeasured withalinearly polarized pump field of the
same amplitude. b, Simulated Kerr rotation considering only the electronic

Time (ps) Time (ps)

Kerr effect (EKE) nonlinear contribution, as discussed in the Methods. Both the
simulated signals wererescaled by the same factor in order toreproduce the
measured amplitude of the experimental linear signal, for which the dynamical
multiferroicity effectis not present. ¢, Difference between the experimental
and simulated Kerr rotation for the circularly polarized pump case. See Methods
for details.
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Extended DataFig. 8| Phonondispersion curves of cubic STO. The curves were calculated based on the harmonic approximation (dashed lines) and the
self-consistent phonon theory at 300 K (solid lines). The experimental inelastic neutron scattering data’® are also shown for comparison (open symbols).
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Extended Data Table 1| Phonon parameters used to solve the coupled oscillator equation

T wo /2T r/2m k X z Y
(K) (THz) (THz) (THz2 A2 AMU-) (THz2 A2 AMU-) (e AMU1?) (e- AMU)
160 1.85 0.35 1556 127 1.62 0.057
180 2.00 0.41 1496 125 1.61 0.058
200 2.15 0.48 1436 123 1.60 0.059
220 2.27 0.52 1376 121 1.59 0.060
240 2.40 0.55 1312 119 1.58 0.061
260 2.48 0.58 1428 117 1.57 0.062
280 2.60 0.61 1180 115 1.56 0.062
300 2.70 0.63 1112 113 1.54 0.063
320 2.80 0.69 1044 110 1.52 0.064
340 2.90 0.74 976 108 1.50 0.064
360 3.05 0.77 908 105 1.49 0.065
375 3.10 0.81 840 102 1.47 0.065

The phonon centre frequency w, and linewidth I" are taken from the experimental values in ref. 17. The nonlinearity coefficient k, the nonlinear coupling coefficient , the effective charge Z*and
the gyromagnetic ratio y are taken from ab initio calculations.



Extended Data Table 2 | Polarization vectors

Harmonic Anharmonic (T = 300 K)

k &* (k) & (k) & (k) e* (k) e (k) e? (k)
Mode Q4

Sr -0.191 0 0 -0.415 0 0

Ti -0.552 0 0 -0.299 0 0

o1 0.511 0 0 0.483 0 0

02 0.445 0 0 0.503 0 0

o3 0.445 0 0 0.503 0 0
Mode Q,

Sr 0 -0.191 0 0 -0.415 0

Ti 0 -0.552 0 0 -0.299 0

o1 0 0.445 0 0 0.503 0

02 0 0.511 0 0 0.483 0

o3 0 0.445 0 0 0.503 0
Mode Q;

Sr 0 0 -0.191 0 0 -0.415

Ti 0 0 -0.552 0 0 -0.299

o1 0 0 0.445 0 0 0.503

02 0 0 0.445 0 0 0.503

o3 0 0 0.511 0 0 0.483

The polarization vectors of the triply degenerate ferroelectric soft modes at g = O calculated based on the harmonic approximation and the self-consistent phonon theory at 300K. The modes
Q.. Q,, and Q; correspond to the displacements in the [100], [010], and [001] directions, respectively. The fractional coordinates of each atom are as follows: Sr (0, O, 0), Ti (1/2,1/2,1/2), O1(0,
1/2,1/2),02(1/2, 0,1/2), 03 (1/2,1/2, 0).
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