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(1) AN OVERVIEW OF RESEARCH ON RFe2O4

Below, we briefly outline the history of research on the fer-
roelectricity in RFe2O4 (R = Lu,Yb,Y, etc.). Note that sev-
eral review papers have been already published[1–4].

RFe2O4 was first synthesized in the 1970s[5–8] triggering
studies on its magnetism arising from spin frustration on a tri-
angular lattice, which interestingly couples to transport prop-
erty like that of a magnetite[9]. In the 1980s, the coexistence
of Fe ions with different valences, in other words, charge or-
dering (CO), was indicated by Mössbauer study[10, 11] fol-
lowed by diffraction experiments (neutron, electron beam,
and x-ray) [12–14]. The CO or correlated charges therein
was found to show anomalous dielectric behaviors in the
1990s[15, 16], opening an avenue to the electronic ferroelec-
tricity reported in the 2000s[17, 18].

Motivated by this CO-induced peculiar polarization which
may accompany multiferroicity[19], a number of experiments
on its ferroelectricity including magnetoelectric effects[20–
34], field-induced effects[35–50], optical properties[51–60],
and theoretical studies[61–70] were carried out in the 2000s
and the 2010s. Meanwhile, several reports have cast doubt
upon the scenario of the electronic ferroelectricity[2, 27–
31, 52], based on experimental observations of the CO without
polar signature.

The controversial claims on macroscopic properties likely
arose from the sensitive nature of a crystal to chemical nonsto-
ichiometry (namely oxygen[31, 71–74] and iron[75] vacan-
cies) and/or grain boundaries of polycrystalline samples[27,
76], because the concomitant disorder would unpredictably
affect long-range order. Therefore, a high-quality stoichio-
metric single crystal is indispensable to validate the macro-
scopic phenomena.

In the late 2010s, the CO having long-range coherence was
established using the crystals with not only oxygen[74] but
also iron[75, 77] stoichiometry. Accordingly the improved
crystal clearly exhibited reversible polarization current[78],
while belonged to Laue class of 2/m[79] being consistent
with previous studies[29, 31, 80]. In the 2020s macro-
scopic breaking of spatial inversion symmetry was unambigu-
ously identified by optical second harmonic generation (SHG)
experiment[81] which is undisturbed by electrodes[76]. By
utilizing the phenomena, the ultrafast and sensitive nature of
the electronic ferroelectricity is being investigated[82, 83] as

described and presented in the main text. Ferroelectric polar-
ization switching has also been confirmed by scanning probe
techniques[84].

(2) THE EXPERIMENTAL SETUP

FIG. S1. Experimental setup.

Figure S1 shows schematics of the used experimental
setup. The 800 nm-fundamental light was introduced onto
the LuFe2O4 single crystal (ab-plane) and the resultant SHG
intensity ISH was measured in reflection geometry. Its
anisotropy was characterized by fundamental polarization an-
gle θ (θ = 0◦ corresponds to the a-axis) set by a λ/2 plate,
namely, polarizer. The polarization angle of SHG (||b or a)
was chosen by a polarization filter, namely, analyzer.

A bulk LuFe2O4 single crystal was synthesized using the
floating melting method with special care on the stoichiom-
etry [81]. The crystals have typical sizes of 3×3×2 mm3.
A cleaved ab-plane was used for the optical experiments,
wherein the projected P orients to the a-axis [Figs. S1 and
1][81].

A 1-kHz Ti:sapphire regenerative amplifier system (Leg-
end USX, Coherent Corp.) was used as a light source, and
the output at 1.55 eV with a pulse width of 25 fs was divided
into 2 beams. One was used to generate the terahertz light us-
ing a LiNbO3 crystal and tilted-pulse-front technique[85, 86].
The collimated terahertz wave was focused on the sample us-
ing the parabolic mirror (MPD229H-M01, Thorlabs, Inc.).
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A pair of wire-grid polarizers (GS57202, Specac Ltd.) was
used to attenuate its electric field amplitude while maintaining
the waveform. Its time-domain waveform was characterized
by electro-optic sampling using a 0.4 mm-thick (110) GaP
crystal and a balanced photodetector (Nirvana 2017, NewFo-
cus, Inc.). The other beam, namely, the fundamental beam
for the SHG, was focused to a spot of 300 µm (1/e2 diame-
ter) to be superimposed with the terahertz beam. Its fluence
was 0.6 mJ/cm2, which is in the regime where SHG shows
a quadratic increase as expected. SHG was detected by a
photomultiplier (H11461P-01, Hamamatsu Photonics K. K.)
attached to a monochromator (M10, Bunkoukeiki Co., Ltd.)
after high-pass filters. The polarization of the fundamental
and the SHG were chosen by a λ/2 plate (WPQW-NIR-2M,
SIGMAKOKI Co., Ltd.) and a wire-grid polarization filter
(WP25M-UB, Thorlabs, Inc.), respectively. The SHG mea-
surement scheme is essentially the same as that previously
used [81].

The penetration depths of the fundamental and the SHG
light is lfund ≃ 190 nm and lSH ≃ 100 nm, respectively[83].
The coherence length lc of the SHG is 1.8 µm, which is esti-
mated as lc = 2/|∆k| = λ/2π|∆n|[87] where λ is the funda-
mental wavelength and ∆n is the difference between the re-
fractive indices of the fundamental and the SHG lights. Be-
cause lc ≫ lSH, the phase mismatch effect is negligibly small.
The penetration depth for the used ≈1 terahertz pump light is
lTHz≃100 µm[58]; lTHz ≫ lSH indicates that the region probed
by the SHG is homogeneously pumped. The propagation time
of the lights in the crystal is of the order of 1 fs as estimated
by nl/c where c is the speed of light in vacuum and n ≈ 2 is
the refractive index of the used lights, therefore does not affect
the observed dynamics on the subpicosecond timescale.

We have carefully designed the pump-probe setup to avoid
the degradation in temporal resolution arising from poor spa-
tial overwraps. The optic axes of the terahertz pump pulse
(wavelength: λ ≈ 300 µm) and the probe fundamental pulse
(λ ≈ 800 nm) are colinear on the sample [Fig. S1](or the EO
crystal used to characterize the terahertz waveform) hence the
angle between them is zero. Both beams are focused on the
sample, so their wavefronts should be planar therein. Consid-
ering the spot diameter of the probe beam (300 µm, smaller
than that for the pump) and the angle to the surface normal
(18.2◦), the side edges of the probe beam reach the sample
at 50 µm (≈ 300

2 µm × sin 18.2◦) forward or backward com-
pared to the center of the beam. Since this is much less
than Rayleigh length of the beams (≈ 1400 µm for the tera-
hertz pump and ≈ 37000 µm for the probe as estimated by
π
λ

(
0.61λ
NA

)2
), the shift from the focal point should be insignifi-

cant.

(3) SHG ANISOTROPY AND CONVERSION EFFICIENCY
IN THE STEADY-STATE

Figure S2 shows intensities of SHG, ISH(θ), from the ab-
plane of steady-state LuFe2O4 at room temperature. θ repre-
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FIG. S2. ISH(θ) of steady-state LuFe2O4. ISH||a (brown triangle),
ISH||b (grey square) and their fitting curves (solid lines) are shown.

sents an azimuthal angle (from the a-axis) of the polarization
of incident light [Fig. S1]: (Ea, Eb) ∝ (cos θ, sin θ). As shown,
the amplitudes of ISH||b and ISH||a are comparable, similar to
those for YbFe2O4 [81]. Their anisotropies are consistent with
Cm point symmetry having an ac mirror plane (i.e., P in the
ac-plane [Fig. 1]), as described below. 2nd-order nonlinear
susceptibility tensor di j is expressed as

d =

d11 d12 d13 0 d15 0
0 0 0 d24 0 d26

d31 d32 d33 0 d35 0

 , (S1)

thereby ISH being

ISH||a = (d11 cos2 θ + d12 sin2 θ)2 (S2)

ISH||b = (d26 sin θ cos θ)2, (S3)

by taking unessential coefficients as unity for simplicity. As
expected, the observed ISH||b (grey square) shows the leaves-
like 4-fold symmetry, and ISH||a (brown triangle) the cross-
like shape. Accordingly, their fitting curves showed excellent
overwrap yielding the result d11 : d12 : d26 = 1 : −1.1 : 1.1
close to that for YbFe2O4, d11 : d12 : d26 = 1 : −1.1 : 1.2
[81].

To characterize the absolute value for d or conversion effi-
ciency, we have measured the SHG from the popular electro-
optic material ZnTe as a benchmark, then compared that of
LuFe2O4. Although ZnTe is transparent at the fundamental
wavelength 800 nm, it is opaque at the SH wavelength 400
nm; the penetration depth lZnTe

SH = 70 nm[88] is similar to that
of LuFe2O4 (lSH = 100 nm [Sec. (2)]) hence the reflected SH
can be measured using the same experimental setup [Fig. S1]
and be compared. The phase mismatch effect is negligible
therein, since lZnTe

SH is shorter than the coherence length of the
SH generation 164 nm, as well as LuFe2O4 [Sec. (2)]. The SH
intensity of (110) ZnTe (||[001]) was 1.0 × 103 times stronger
than that of LuFe2O4 (||a), at the incident angles where the
intensities show maximals. They are known to be propor-
tional to (dZnTe

14 /2)2 for ZnTe[87] and (d11)2 for LuFe2O4 [Eq.
(S2)]. Considering the difference in the penetration depths,
namely, the active volumes for the SH generation, and in the
reflection losses of the fundamental lights, we obtain the ra-
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tio dZnTe
14 : dLFO

11 = 104 : 1. Since dZnTe
14 = 250 pm/V for the

current wavelength[89], we estimate dLFO
11 = 2.4 pm/V.

(4) TERAHERTZ-INDUCED DYNAMICS OF SHG
ANISOTROPY

Figure S3 shows the polarization dependences of the tran-
sient SHG, upon applying b-polarized ETHz. The left-hand
side presents the same ISH||b data as in Fig. 3, while explic-
itly showing time profiles at θ = 0◦ (blue diamonds) and 90◦

(green squares). Although the SHG at θ = 90◦ is forbidden
in the steady state or t ≲ 0 ps, it is activated at t ≃ 0.7 ps
near the maximum of ETHz to become comparably large with
the allowed components (θ = 45◦ or 135◦), unlike another
SHG-forbidden component at θ = 0◦ which stayed almost
zero. These contrastive changes clearly indicate the emer-
gence of new symmetry by the ETHz breaking the ac mirror
plane through tilting P out of it [Fig. 2], as described in the
main text. On the other hand, it is hard to deduce its canting
angle from our SHG experiments because the vector P cannot
be uniquely determined from the nonlinear tensor.

The right-hand side of Fig. S3 shows time evolutions for
ISH||a. As seen, the terahertz-induced change ∆ISH is far
smaller (∼10%) than those for ISH||b [the left-hand side]; ac-
cordingly, the anisotropies shown in polar plots almost stay
in the original cross-like shape. This indicates that SHG is
efficiently modulated by the ETHz having the parallel polar-
ization.

SHG is also efficiently modulated when fundamental light
and ETHz have parallel polarization. As Fig. 4 shows, d∗21 is
smaller by less than one third of d∗22, despite the resemblance
in other characteristics. As seen in the definition of d∗ tensor
(see main text), the larger d∗22 term is related to b (||ETHz)-
polarization EbEb, while the smaller d∗21 to EaEa (⊥ETHz).

(5) TERAHERTZ-INDUCED EFFECTS ON THE
FUNDAMENTAL FREQUENCY PULSE

ETHz can alter the linear susceptibility or the polarization
state of the fundamental pulse to induce changes in ISH [90].
To characterize the effect, we have measured the change of
the reflected fundamental pulse upon applying the b-polarized
ETHz [Fig. S4(a)] using the same setup as the SHG experiment
[Fig. S1]. Neither the reflectivity change ∆R nor the polariza-
tion rotation was identified as described below, indicating that
they are not responsible for the observed ISH change [Fig. 2].
The small ∆R indicates the comparably small changes in the
penetration depth, the refractive index and the resultant coher-
ence length for SHG (i.e., the phase matching condition) men-
tioned in the section (2); therefore their effects on ISH would
be negligibly small, too.

As shown in Fig. S4(b), the ETHz-induced reflectivity
change, ∆R/R, was as small as 0.1% or less irrespective of
the incident polarization angle θ. Such small change should

not play a dominant role in the observed large ISH increase up
to 170% [Fig. 2].

The polar plots in Fig. S4(c) show normalized intensities
of the reflected pulse for θ = 0◦ as a function of the analyzer
[Fig. S1] angle ϕ (ϕ = 0◦ and 90◦ correspond to the a- and
b-axes, respectively, as well as θ), at the delay times t indi-
cated by vertical broken lines. Reflecting the linear-polarized
fundamental pulse, the intensity measured without ETHz (blue
closed circles) has a cos2 ϕ shape. Importantly, as seen in red
open circles, the ETHz-induced change is not identified even
by the field stronger than 260 kV/cm which causes the +170%
increase in ISH [Fig. 2]. We have confirmed the same behavior
at other delays (−1.4 ps < t < 2.6 ps, in time steps of 0.05 ps).
The same holds for the cases of θ = 45◦[(d)] and 90◦[(e)].

(6) FITTING ANALYSIS OF THE SHG ANISOTROPY

As described in the main text, ISH||b (ISH hereafter) shown
in Eq. (S3) will be modified by applying ETHz||b breaking the
ac mirror plane, to become

ISH(θ) = (2d∗26 sin θ cos θ + d∗21 cos2 θ + d∗22 sin2 θ)2, (S4)

for the single domain case. ISH(θ) calculated for various d∗21
and d∗22 (normalized by d∗26) are shown in Fig. S5. With acti-
vating d∗21 or d∗22, the 4-fold symmetry in the steady state (i.e.,
d∗21 = d∗22 = 0) is broken to become anisotropic. reflecting the
resultant lowest P1 symmetry. The distinctive shapes therein
allow our fitting analysis to converge well, as seen in excellent
overwrap against experimental data shown in Fig. 3(c), as well
as small error bars (i.e., standard deviations of the least-square
method) shown in Figs. 4(b)-(d). Some pieces of the crystal
showed the anisotropy which is far from those in Fig. S5 and
accordingly the fitting fails although Eq. (S4) is based on the
lowest symmetry P1; this may happen in the multi-domain
state, as described in the next section.

We also have carefully chosen initial guess values for the
fitting, to avoid unstable results. As described below, we first
simply estimated d∗i j values using representative data, then
used them as the initial values for the fitting. It is easy to
deduce some absolute values from the measurement:

|d∗21| =
√

ISH(180◦), (S5)

|d∗22| =
√

ISH(90◦). (S6)

To obtain their signs, the following symmetric and antisym-
metric terms can be used:

ISH(45◦) − ISH(135◦)
2

= d∗26(d∗21 + d∗22),

ISH(45◦ + α) − ISH(45◦ − α) + ISH(135◦ + α) − ISH(135◦ − α)
2

× 1
sin 4α

= d∗26(d∗21 − d∗22),

yielding d∗26d∗21 and d∗26d∗22 by taking their sum and difference
(we used α = 10◦). Consequently, we obtain signs of d∗21
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FIG. S3. Polarization dependence of transient SHG, upon applying ETHz along the b axis of LuFe2O4. ISH||b and ISH||a are shown in the left-
and right-hand sides, respectively. The data for ISH||b are the same as those shown in Fig. 3. Top panels show waveforms of the ETHz. Right
below, time profiles of ETHz-induced ISH are shown for several fundamental angles, θ. Colormaps below show the change of ISH(t, θ), ∆ISH,
using ratio with respect to the maximal value in the steady state, ISH(θ = 45◦). The data were measured in angle steps of 9◦, and time steps of
0.05 ps. Polar plots below show anisotropies of ISH(θ) at several time delays indicated by broken lines.

and d∗22 (with respect to d∗26), thus can derive them using the
absolute values shown above. Since ISH is unchanged by the
inversion d∗ → −d∗, we may set d26 positive for the reference
purpose. Finally, we note that sometimes the simple initial
values d26 = 1, d21 = d22 = 0 yield the same results.

(7) ON THE POSSIBILITY OF A MULTIDOMAIN STATE

As shown in Fig. 3(c), the observed anisotropies of ISH||b
(hereafter ISH) are excellently reproduced by the tensor anal-
ysis or Eq. (S3) which is based on the single P domain. On
the other hand, the analysis considering a multi-domain state
with antiparallel P fails, as described below.

In general, a ferroelectric crystal comprises domains having

antiparallel P [91], hence resultant nonlinear susceptibility d
will be oppositely signed therein. The sign will not affect SHG
intensity in the steady state; ISH remains unchanged upon the
sign change of d26 [Eq. (S3)]. In contrast, it would affect the
terahertz-induced ISH [Eq. (S4)]; it contains, in addition to
d∗26 being odd against P , d∗21 and d∗22 which are zero in the
steady state but activated by ETHz irrespective of the sign of
P . In other words, the sign change of P only inverts the d∗26
term and hence its interference with the d∗21 and d∗22 terms may
affect ISH.

ISH from the multi (±P )-domains with equal volume frac-



5

200
0

-200 E
T

H
z

(k
V

/c
m

)
210-1

Time Delay t (ps)

0.002

0

-0.002

Δ
R

/R
(a

t 8
00

 n
m

)

incident polarization θ :
0°   (||a)
45° 
90° (||b)

θ = 0°

ϕ = 0°

90

w/o ETHz
w/

(c)

45°

90°

(d)

(e)

cos2(ϕ-θ)

analyzer

(a)

(b)

45
(in:      )

b
a

FIG. S4. Terahertz-induced effects on the FF pulse at 800 nm.
(a) The ETHz waveform applied to the sample (||b). (b) Terahertz-
induced change in reflectivity with incident light polarizations θ =
0◦, 45◦, 90◦. (c)(d)(e) Normalized intensities of the reflected pulses
with incident light polarizations θ = 0◦, 45◦, 90◦ as a function of the
analyzer angle ϕ. Blue closed circles and red open circles represent
intensities measured without and with ETHz, respectively. Green dot-
ted lines represent cos2(ϕ − θ).

tion will be

I(+)
SH + I(−)

SH =

( 2d∗26 sin θ cos θ + d∗21 cos2 θ + d∗22 sin2 θ)2

+(−2d∗26 sin θ cos θ + d∗21 cos2 θ + d∗22 sin2 θ)2

=
(
d∗21 cos2 θ + d∗22 sin2 θ

)2
+ 4d∗26

2 sin2 θ cos2 θ. (S7)

As seen, it is symmetric against the inversion of θ, i.e., the
corresponding polar plot should show a vertically-symmetric
shape, which is far from the observations [lower-left of Fig. 2
and Fig. 3(c)]. Therefore, our results are reasonably ascribed
to the response of the single domain. Since the ETHz used
therein is b-polarized or perpendicular to P , it should not
modulate the ferroelectric domain distribution nor should give
rise to the multi-domain state.

The data shown in this paper were obtained by irradiating

FIG. S5. ISH(θ) for various d∗21 and d∗22.

a specific position of the sample with the incident light hav-
ing a spot size of 300 µm. Although a multi-domain state is
unlikely therein as discussed above, it should be noted that it
is far larger than those of CO domains previously reported,
which are less than 1 µm[34, 71, 92–97]. We believe that
such a large coherence in P has been realized thanks to the
recent improvement in crystal quality in our stoichiometric
sample[81]. Note that our experiments cannot determine the
absolute sign of d∗ or P . In order to resolve its spatial dis-
tribution, other experiments, such as terahertz generation, are
required[82, 98].

(8) ANALYSIS BASED ON THIRD-ORDER NONLINEAR
SUSCEPTIBILITY

SHG intensity I and its modulation by an external electric
field Eex are usually analyzed by 2nd- and 3rd-order suscep-
tibilities: χ(2)and χ(3). While the observed SHG anisotropy is
well reproduced by them, its field-induced dynamics cannot
be explained by the inherent χ(3); the derived χ(3)unusually
increased by an order of magnitude within 1 picosecond, as
shown below.

With near-infrared fundamental light Eω (ℏω ≈ 1.55 eV),
SHG intensity is expressed as

Ii ∝
∑

jk

χ(2)
i jk(2ω;ω,ω)Eωj Eωk +

∑
jkl

χ(3)
i jkl(2ω;ω,ω, 0)Eωj Eωk Eex

l

2
(S8)

where i, j, k, l represent crystallographic axes. THz electric
field ETHz can be regarded as Eex since ωTHz ≪ ω; this ter-
ahertz field-induced second harmonic (referred to as TFISH)
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FIG. S6. Time evolutions of SHG (||b) anisotropy. (a) Dataset of
ISH(θ) at each time delay. (b) Polar plots of ISH(θ) (red circles) at
delays indicated by vertical lines in (a) and (c)-(e). Blue solid lines
show fitting curves. (c) ETHz (||b) waveform applied to the sample.
(d)(e) χ(3)

bbbb and χ(3)
baab derived by the fitting using Eq. (S9). Error bars,

which are as small as marker circles, represent standard deviations
of the fitting. At delays where ETHz ≈ 0, the estimated χ(3) may be
inaccurate because the normalization of small ∆ISH||b by small ETHz

is seriously sensitive to any experimental errors; such results therein
are not shown.

has explained various dynamics of SHG intensity [99–101].
Among χ(2)

i jk and χ(3)
i jkl components, many are zero due to the

symmetry of the used single crystal [87] belonging to mon-
oclinic Cm with the mirror plane perpendicular to the b axis
[Fig. 1]. A more limited number of components contribute to
the present observation, i.e. measuring ISH||b from the ab-plane

using fundamental light (Ea, Eb) = E0(cos θ, sin θ) (θ = 0◦

corresponds to the a-axis) and ETHz||b, hence Eq. (S8) is
rewritten as

ISH||b(θ) ∝
(4d26 sin θ cos θ + χ(3)

baab cos2 θETHz + χ
(3)
bbbb sin2 θETHz)2,

(S9)

where d26 ≡ 1
2χ

(2)
bab =

1
2χ

(2)
bba. Through the fitting analysis of

the observed anisotropy ISH||b(θ) shown in Fig. S6(a), one can
derive d26 and χ(3)from the data without and with ETHz, re-
spectively. Note that θ-dependence of Eq. (S9) is similar to
that for the analysis given in the main text [Eq. (2)];

ISH||b(θ) ∝(
2d∗26 sin θ cos θ + d∗21 cos2 θ + d∗22 sin2 θ

)2
, (S10)

where d∗ represent the modulated tensor components. Since
d∗26 ≈ d26 [Fig. 4(d)], d∗21 and d∗22 shown in Figs. 4(b) and (c)
roughly correspond to χ(3)

baabETHz and χ(3)
bbbbETHz, respectively.

The result of the fitting using Eq. (S9) is shown in Figs.
S6(b)-(e). In panel (b) we show polar plots of the observed
ISH||b(θ) (red circles) and the fitting curves (blue solid lines)
at the delays indicated by the vertical lines in (c)-(e) where
ETHz, derived χ(3)

baab and χ(3)
bbbb are shown. As shown in (b), the

fitting showed good agreement with the observed anisotropy
like Fig. 3(c).

It should be noted, however, that the observed time evo-
lution cannot be reproduced by the inherent χ(3)

baab or χ(3)
bbbb.

As shown in (d), χ(3)
bbbb stays as small as ≈ 0.001 (the value,

being normalized by d26, is in unit of cm/kV) at t ≃ 0.4 ps
where ETHz has the largest negative value. Thereafter, it in-
creases to ≈ 0.005 at t ≃ 0.7 ps upon the maximum ETHz,
and even to ≈ 0.02 or larger at t ≈ 1.0 ps. This unusual one-
order-of-magnitude increase is also seen in χ(3)

baab [(e)], both
of which are far larger than standard deviations of the fit-
ting represented by error bars (many of them are smaller than
markers). The behavior reflects ISH||b(45◦) [Fig. 3(a)] or d∗

[Figs. 4 and 5] showing the terahertz-induced change which
is more significant at t ≈ 1.0 ps than at t ≈ 0.4 ps despite
that |ETHz(1.0 ps)| < |ETHz(0.4 ps)|. Such dynamics cannot be
ascribed to a mere nonlinearity against ETHz. At t ≥ 1.0 ps
χ(3)gets smaller, showing qualitative agreement with the time
profile of the sensitivity K shown in Fig. 5.

Our observation has been confirmed to accompany unusual
increase of the nonlinear susceptibilities irrespective of their
order. As the most plausible physical picture for this, we un-
derstood it as the ultrafast response of ferroelectric polariza-
tion or the resultant d∗ and the concomitant cooperative effect.
It may be difficult to give a particular physical scenario to the
modulation in χ(3)at the cost of its generality.

(9) TRANSIENT SENSITIVITY

One way to represent terahertz-induced dynamics is a
parametric plot; the target quantity is plotted against ETHz
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value, thus its sensitivity corresponds to the slope therein.
Those in preceding studies can be characterized by a linear
shape[100, 102–104], indicating that the sensitivity stays al-
most constant during the application of ETHz, although the
sign of the slope sometimes inverts if the quantity is an even
function of ETHz.

The parametric plot of d∗22 shown in Fig. S7, which uses the
same data as in Fig. 5, is not like that; while it is almost hori-
zontal at the beginning (cyan, ≃0 ps), it becomes steeper with
time (brown, ≃0.7 ps) to be nearly vertical (orange, ≃1 ps).
The increase in the slope corresponds to that for the sensitiv-
ity [Fig. 5(b)].
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