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Electronic ferroelectrics, with polarization P induced by strongly correlated charges, are expected to
show ultrafast, huge, and flexible responses required in future optoelectronics. Although the challenges for
ultrafast manipulation of such a polarization are ongoing, the expected advantages have been unclear. In
this Letter, we demonstrate an unprecedentedly large increase by a factor of 2.7 in optical second harmonic
generation at room temperature in the prototypical electronic ferroelectrics, the rare-earth ferrite LuFe, Oy,
by applying a terahertz field of 260 kV/cm. The transient anisotropy indicates that the direction of
macroscopic polarization can be controlled three dimensionally on subpicosecond timescales, offering
additional degrees of freedom in controlling polarization. Although the polarization response is in phase
concerning the terahertz field, its sensitivity increased with delay, indicating that cooperative interactions
among microscopic domains play an important role in the unprecedented response.
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Electronic ferroelectrics, which were discovered at the
beginning of this century [1-3], 80 years after the first
confirmation of ferroelectrics [4], are one of the fascinating
candidate materials for the future high-speed communica-
tion and optoelectronics in terahertz frequency range. It is
unique for the macroscopic dipole P triggered by strongly
correlated charges [5-7], namely, charge ordering (CO)
arising from mutual Coulomb repulsion. Like other quantum
materials [8—10], electronic ferroelectrics are expected to
show ultrafast and gigantic electronic responses for being
disentangled from ionic displacement, causing energy waste
and crystal fatigue seen in conventional ferroelectrics. In
addition, this nature may enable flexible control of the
polarization in sign and orientation to provide greater
degrees of freedom [11]. The challenges of ultrafast
manipulation of such a P have already been addressed in
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organic crystals [3,12—-18]. Still, the expected advantages of
the sensitivity and/or flexibility have not been demonstrated,
probably because of their inherent low dimensionality and
lower electron density than transition metal oxides.

Layered iron oxides RFe,O4 (R = Lu, Yb, Tm) [2,19]
having the ferroelectric CO at room temperature [20] are
promising for applications. As shown in Fig. 1, the crystal
consists of doubled FeO layers (W layer) having a
triangular lattice in the ab plane. While the average valence
of Fe ions is 2.5+, three-dimensional CO sets in below the
transition temperature 7o =~ 350 K accompanying the
Fe>* /Fe** superstructure in a layer with geometrically
frustrated threefold periodicity (Fig. 2). The resultant
charge imbalance between the neighboring layers forms
the polar W layer. Thus, its stack, with RO, layers in
between, induces macroscopic polarization P lying in the
ac plane (Fig. 1). Such a three-dimensional P without the
constraint of lattice deformation may be anisotropically
tailored to provide ultrafast functionality, exploiting a
directional degree of freedom. For example, upon applying
an electric field, P is expected to be tilted not only within
the ac plane (upper right of Fig. 2) but also out of it (upper
left), breaking the inherent symmetry.

Much studies have been performed on this CO and its
electric field effect (~ kV/cm) [7,19] (in Supplemental
Material [21], we briefly outlined the research history).
Although some studies have cast doubt upon the scenario
of the electronic ferroelectricity [22-30], the recent
oxygen-stoichiometric high-quality single crystal has been
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FIG. 1. Schematics of LuFe,0,. The Fe W layer (ab plane) and

Lu-layer stacking along the ¢ axis characterize the crystal
structure. Polarization P arising from CO or Fe?* /Fe’" super-
structure lies in the ac plane (mirror plane).

confirmed to show the CO having long-range coherence

[31] via an optical second harmonic generation (SHG)
experiment, accompanying a noncentrosymmetric mono-
clinic C,, point symmetry with P in the ac mirror plane
(Fig. 1) (JP| was estimated as 12.9 C/cm? for YbFe,0,)
[20]. The concomitant macroscopic responses have been
exemplified by efficient terahertz wave generation [32],
magnetoelectric effect [33], and dc-field-induced phase
transition [34], giving prospects in interplay with the
ultrafast dynamics of charges [35,36] or spins [37,38].
However, neither anisotropic control of P nor its noticeably
large response have been confirmed.

Here we report the results of terahertz-pump SHG-probe
spectroscopy of LuFe,O, (Fig. 2) at room temperature,
revealing the sensitive and highly flexible nature of the
electronic-ferroelectric polarization P. The SHG which
directly reflects P [20] has been found to show, upon
applying a 100 kV/cm-class terahertz electric field, the
largest increase (by a factor of 2.7 at 260 kV/cm) among
bulk ferroelectrics within a picosecond. The emergent
anisotropy was successfully analyzed by a nonlinear
susceptibility tensor with additional components reflecting
terahertz-induced tilting of P.

The polar plots in Fig. 2 show SHG anisotropy, i.e., the
dependence of the b- (left) and a-polarized (right) SHG
intensity (/) on the polarization of the incident light (on
the ab plane, § = 0° represents the a axis). The SHG light
was measured in reflection geometry (Supplemental
Material Fig. S1 [21]) without the phase mismatch effect;
the coherence length (~1.8 pm) is much longer than its
penetration depth (~100 nm) [21]. The blue closed circles
reproduce the previously reported /gy anisotropy at steady
state (i.e., without the terahertz pump) [20]. With the
electric field E of the incident fundamental light,
(E,, E,) = Ey(cos0,sind), and second-order nonlinear
susceptibility d activated by P, nonlinear polarization
PN = g4d,j EEy is induced yielding Igy, o (PYF)* o
(dy sin@cos§)? accompanying the fourfold symmetry
(blue line in the left panel), and Igy), « (d sin” @ +

dy, cos? §)* (right) [21]. They do not show the signature
of threefold P, which may coexist in the crystal with a
triangular lattice.
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FIG. 2. Schematics of the terahertz-pump SHG-probe experi-
ment. Terahertz electric field polarized along the b (left panel)
and a axis (right panel) was introduced onto the single crystal,
and the resultant P dynamics were probed by the /- and a-
polarized SHG, respectively (Supplemental Material Fig. S1 [21]
shows the experiment setup). Polar plots represent the depend-
ences of SHG intensity on the polarization angle of the incident
light (@ = 0° and 90° represents a and b axes, respectively).
Anisotropies reflecting the steady-state P (blue) are significantly
modulated to show an increase by a factor of 2.7 or +170% (red)
instantaneously.

To manipulate P, the terahertz electric field Ety, was
introduced to modulate /g as shown by the polar plots in
Fig. 2 (red open circles). Remarkably, with Ery,||b at
260 kV/cm (left), the peak Igy;, at @ = 45° showed an
instantaneous increase by a factor of 2.7 corresponding to
+170% in the ratio of the terahertz-induced change,
Algy/Isy. On the other hand, another maximal at 135°
(or 315°) decreased to less than half to completely break the
inherent fourfold symmetry (the time evolution will be
shown later). Such a symmetry change was also observed
for Ety,||a (right). These sensitive responses of LuFe,0O,
accompanying the emergent anisotropy should be the
hallmark of the expected flexibility. The tensor analysis
given later shows that the results for Ery,||b are charac-
terized by the tilt of P breaking the ac mirror plane (upper
left of Fig. 2).

Terahertz control of P in other bulk ferroelectrics is
actively ongoing [13,15,16,39—-49], taking advantage of its
field strength which is much stronger than a typical
coercive field (an electric field required to invert P) of
conventional ferroelectrics [50], as well as its fixed carrier-
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TABLE 1. Preceding reports on terahertz-induced SHG in-
creases of bulk ferroelectrics. Algy/Isy for LuFe,O, is
+170% (i.e., Iy increased by a factor of 2.7), while those for
other bulk ferroelectrics are at most tens of percent, with
100 kV/cm-class Ery,. LuFe,04 also marks a large value even
at weak Ety, (21% at 30 kV/cm), larger than those at compa-
rable field strength. Note that with a far-stronger 16 MV /cm field
Pbs(Ge, Si);0;; has marked a 3700% increase [39].

Alsyu/Isn Ery, (kKV/cm)

LuFe, 0, (this Letter) 170% 260

21% 30
Hdppz-Hca [40] 1.8% 250
BiCoOj; [41] 12% 200
LiNbO; [42] 0.8% 100
H,C,05 [43] 20% 160
BiFeO; [44,53] 11% 210
Pbs(Ge, Si);0,; [39] 78% 280
a-(ET),I; (10 K) [15] 2.6% 60
TTF-CA (90 K) [16] 2.9% 420

envelope phase [51,52] enabling coherent control. Notably,
the SHG increase observed for LuFe,O, (170% at
260 kV/cm) is far more extensive than preceding reports;
as summarized in Table I, they are at most tens of percent
at 100 kV/cm-class fields [e.g., 0.8% for LiNbO;
(100 kV/cm), 78% for Pbs(Ge, Si);0;; (280 kV/cm)].
The large Algy/Isy in LuFe,O, likely reflects the char-
acteristic dynamics found in the terahertz range, as dis-
cussed later. It is expected to be even enhanced in the thin
film form as seen in other ferroelectric devices [53].

To explore the terahertz-induced dynamics, we have
measured the time evolution of Igy);, (/s hereafter) as a
function of the time delay ¢ (Fig. 3). As shown in Fig. 3(a),
the maximal Iy at @ = 45° was found to follow Eqy,, i.e.,
show in-phase increases and decreases without delay,
demonstrating terahertz modulation of P. /gy does not show
noticeable decrease after applying Ety, without the sign of
the resultant electronic heating. We do not identify oscil-
latory components due to coherent phonons [13,15,47],
consistent with its electronic origin disentangled from ionic
displacement; the inset shows that the small tails at # > 2 ps
originate from the Ety, waveform. Atz < 1 ps, on the other
hand, Ery, and Iy are not identical, as discussed later.

Figure 3(b) compares € = 45° (purple circles) and 135°
(yellow triangles) at an early stage. They were similar at
t < 0 ps before Ery, was applied, reflecting the inherent
fourfold symmetry, but nonetheless were largely and oppo-
sitely modulated by Ety,, ensuring the anisotropy change as
shown by the polar plot in the left panel of Fig. 2. This is
clearly seen in Fig. 3(c), wherein I (0) at several ¢ indicated
by vertical broken lines are shown. While /gy before
t ~ 0.4 psrather resembled the inherent fourfold symmetry,
at t~0.7 ps or the Ery, maximum it became highly
anisotropic as in Fig. 2. In turn, it immediately flipped at
t ~ 1.1 psas Ety, inverted its sign, showing the feasibility of
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FIG. 3. Time evolutions of SHG (||b) anisotropy. (a) Isy
observed with incident light polarization 8 = 45° and the Eqy,
(||p) waveform applied to the LuFe,0O, sample. (b) Isy(#) at
0 = 45° and 135° at an early stage. (c) Polar plots of Ig(6) at
delays indicated by broken lines in (b). Solid lines show
corresponding fitting curves.

coherent control. Supplemental Material Fig. S3 [21] shows
time profiles for other components, including /gy,

We analyzed the terahertz-induced anisotropy that the
inherent C,, point group cannot explain. With the Ery,||b,
the ac mirror plane (Fig. 1) (the only symmetry operation)
should be broken to give rise to the lowest symmetry P1.
Corresponding tensor d* is expressed as

&y iy diy iy dis dig
d'= | dy dy dy dy dys dy |, (1)
dyy dy dy dy dys dyg
yielding
x (2d;4 sin 6 cos 0 + dj; cos® 0 + di,sin®6)?
(2)

with additional terms of d5, and d5, which were absent in
the steady state. This formulation is validated by the much
longer penetration depth of the used =1 terahertz light
(=100 pm [35]) than that of the SHG. We have also
confirmed that the Egpy, -induced change of the funda-
mental light state or the phase matching condition, which
may affect Igy [56], is negligibly small [21]. The fitting
unambiguously converged [21], and the resultant curve
[black lines in Fig. 3(c)] well reproduced the observed
emergent anisotropy, indicating the absence of a

Isu5(0)
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multidomain state with antiparallel P which may cause a
failure of the fitting [21]. Here, the subpicosecond modu-
lation of the anisotropy is analyzed as the transient change
of d* which is attributable to the dynamics of P from which
d* originates. The terahertz-induced modulation of SHG
can also be interpreted in terms of third-order nonlinearity
where electric fields of the fundamental and the terahertz
light interact [54,55,57]; although the anisotropy may be
analyzed using the inherent third-order susceptibility, it
cannot explain the observed dynamics [21].

After all, d5,, d5,, and d3; were successfully derived
from each set of Igy (@) at various delay times ¢. The used
Ety, with peak value Ej =240 kV/cm is shown in
Fig. 4(a); the attenuated Ery, (Ey/2, Eyg/4, and E,/8)
were also used. The results are summarized in Figs. 4(b)-
4(d) after normalization by d,s being the only nonzero
component in the steady state. Before Ety, is applied
(t <0 ps), d* are consistent with the steady state: d3, ~ 0,
d5, ~0, and d; ~ dy.

Time Delay t (ps)

FIG. 4. Time evolutions of terahertz-induced nonlinear suscep-
tibility tensor components d*. (a) The Epy, waveform with a
maximum of 240 kV/cm (=E,) applied to the LuFe,0, sample
(|b). (b)-(d) d3,, d5,, and d3j, normalized by the steady-state
value d,4 derived from the fittings. Error bars, which are as small
as marker circles, represent standard deviations of the fitting. For
d;, and d,;, dependences on E are shown with insets showing
peak values of d*.

As Fig. 4(b) shows, d3, upon the strongest Ety, (denoted
as E,) first became nonzero (d;, <0) at r~0.3 ps. It
reached the maximum and minimum at around 0.7 and
1.0 ps, respectively, following the Ety, waveform like
Isy (1) at @ = 45° [Fig. 3(b)]. The peak value is comparably
large with the steady-state parameter (d3,/d»=0.7),
underpinning the drastic symmetry change shown in the
left panel of Figs. 2 and 3(c). This emergent d5, indicates
that the polarization in the ac plane (Fig. 1) can be
ultrafastly tilted out of it (upper left of Fig. 2), revealing
the expected flexibility of the three-dimensional electronic
ferroelectrics. d5, and dj, were smaller than d3, [Figs. 4(c)
and 4(d)]; this might be related to the Ery, polariza-
tion [21].

The time evolutions of d;, are similar among the used
Ery, from E/8 to E,, and the peak value linearly increased
with Ety, [inset of Fig. 4(b)]. Accordingly, the inverted
Ety, (—Ey) triggered the similar dynamics except for the
sign of d*; in this sense, Ety,||+b are equivalent,
consistent with the ac mirror plane.

As shown in Figs. 4(a) and 4(b), the emergent compo-
nent d5, (1) (at E, for example) has its minima and maxima
at the same times as those for Ery, () without retardation,
similar to [Igy(f) [Fig. 3(a)]. It should be noted,
however, that their time profiles are not identical. For
d;, at E, the second minimum (~1.0 ps) is deeper than the
first one (~0.3 ps) despite the shallower second peak for
Ery,; the equivalent occurs at —FE,), i.e., irrespective of the
Ety, polarity. This indicates that d* becomes more sensi-
tive around 1.0 ps than around 0.3 ps. Such a behavior
differs from previous reports on other compounds
[13,15,40,43,44,54,57] where the time profile of polariza-
tion follows the Eqy, waveform [21].

Figure 5(a) shows d3, (circles) and corresponding Ery,
(dotted line) normalized at their peaks around 0.7 ps. To
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FIG.5. Incubation time of d,. (a) d5,/d,¢ and normalized Ety,

waveform. K in the fitting curve K () Ey, represents an assumed
coefficient corresponding to the sensitivity of d*. (b) The
sensitivity introduced in Eq. (3).
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reproduce the discrepancy at ¢ < 1 ps, we assumed a linear
coefficient K(¢) as the sensitivity of d* based on the linear
response of d* to Ety, [inset of Fig. 4(b)]. As shown, the
curve KEry, (red line) agrees well with d5,. The used K
shown in Fig. 5(b) has an exponential rise and a decay
component,

K=(O()A{l—e™"} + A/ +1)xG, (3)

with time constants of 7, = 1 ps and 7, = 0.3 ps, respec-
tively, convoluted with a 0.45 ps FWHM Gaussian function
G. Here, O is a step function, t* =t — 0.86 ps, A, = 6, and
A; =10. While K =1 at t <0 ps, it peaks at r ~ 1 ps to
become an order of magnitude larger, followed by the
residue surviving for several picoseconds. The dynamic rise
in the d;, sensitivity indicates that the response of P is
accompanied by a delay or accumulation effect. In other
words, the observed anomalous time profile cannot be
reproduced by a mere nonlinearity against Ery,.

It is notable that such a delayed response, referred to as
incubation time, has been also observed in other systems as
a result of photoinduced phase transitions accompanying a
cooperative effect [10]. The difference in microscopic
mechanisms is reflected in timescales during the process:
tens of seconds for spin-lattice interaction in spin-crossover
systems [58,59], picoseconds for strain wave in a Mott
insulator [60]. The characteristic subpicosecond delay
observed for electronic ferroelectrics is therefore attribut-
able to electronic or quantum-mechanical interactions
among microscopic polarizations. Correspondingly, a sign
of lattice contribution or coherent phonons is absent [Fig. 3
(a)]. While the individual electronic polarization is
expected to show ultrafast (< 1 fs reflecting an energy
scale of the Coulomb repulsion) response following Ety, at
an early stage, it takes ~1 ps for them to cooperatively
interact and proliferate to become more macroscopic,
accompanying the considerable sensitivity. Furthermore,
it is inferred from the incubation time that the energy scale
of the interaction between the microscopic polarizations is
on the order of a few meV.

The scenario is supported by the preceding optical-pump
experiment [36]; the photoinduced transient enhancement
of P (||c) was identified within a picosecond and attributed
to the growth of interlayer charge coherence. The Ery, in
this study may act as a similar stimulus to effectively
increase P or the concomitant K [Fig. 5(b)]. It is also
plausibly interpreted as a kind of field-induced ferroelec-
tricity [47]; the nonpolar domains, which are accidentally
formed by errors in charge arrangement, may be rearranged
by the Ety, to become polar enhancing the net P. Ery, -
induced formation of a new charge pattern could be another
possibility for the enhancement.

We speculate that the threefold CO (Fig. 2) or the charge
fluctuations due to the geometrical frustration plays an
essential role in this unique process and/or the large /gy

increase. Relatively higher density of electrons in
LuFe,O, might also be responsible, as compared to
molecular-based electronic ferroelectrics with smaller
Algy/Isy [1.2 x 1072 cm™ for LuFe,0,4 while, for exam-
ple, 0.6 x 10?! cm™ for a-(ET),l;].

In summary, we demonstrate an unprecedentedly large
170% increase of SHG at room temperature in LuFe,O, by
applying a terahertz electric field of 260 kV/cm. The
transient nonlinear optical susceptibilities indicate that
macroscopic polarization direction can be controlled on
subpicosecond timescales. The increase in polarization
sensitivity is delayed, indicating that cooperative inter-
actions between the microscopic domains play an essential
role in the large response.
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