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Supplementary Note 1. Details of terahertz radiation experiments

Supplementary Figure 1a shows a schematic of the optical system for the terahertz
radiation measurements. The output of a Ti: sapphire regenerative amplifier (RA) with a
central photon energy of 1.55 eV, a repetition rate of 1 kHz, a pulse duration of 100 fs,
and a pulse energy of 2 mJ was divided into two beams using a beam splitter (BS). One
of the outputs was used as the input light to an optical parametric amplifier (OPA) to
obtain the w-pulse (hw = 0.64 eV or 0.585 eV). This pulse was collimated using two
parabolic mirrors (PM1 and PM2) and focused onto a second-order nonlinear optical
crystal f-BaB>O4 (S-BBO) with a thickness of 1 mm to generate the 2w-pulse (2hw =
1.28 eV or 1.17 eV ). The intensity of the w-pulse was adjusted using a variable neutral
density filter (VND). Since most of the intensity of the w-pulse passed through the -
BBO crystal, the w-pulse and 2w-pulse were emitted approximately simultaneously and
were parallel and perpendicular to the optical surface plate, respectively. To control the
delay time At of the w-pulse relative to the 2w-pulse, these two pulses were focused on
an a-BBO crystal'. The details of the method for controlling the delay time At are
reported in Supplementary Note 2. The b-axis of a crystal of [Ni(chxn),Br|Br2 (chxn=
cyclohexanediamine) was tilted by 45° with respect to the two excitation pulses so that
both of the pulses have electric-field components along the Ni-Br chain, i.e., the b-axis.
These polarization configurations are schematically illustrated in Supplementary Fig. 1b.
The terahertz waves generated in the reflection configuration were collimated using a
parabolic mirror (PM3) and focused onto a 1-mm thick ZnTe crystal using another
parabolic mirror (PM4), which is used for electro-optic sampling (EOS)?. Two wire-grid
polarizers (WG1 and WG2) were inserted between PM3 and PM4 to adjust the

polarization direction of the terahertz waves.
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Supplementary Fig. 1 | Experimental set up of the terahertz radiation measurements.
a, The schematic layout of the optical system; WG: wire-grid polarizer, PM: parabolic
mirror, VND: variable neutral density filter, 4/2 (4/4): half-wave plate (quarter-wave
plate). The optical paths of the w-pulse and the 2w-pulse are shown by the red and blue
lines, respectively. b, Polarization directions of the w-pulse and the 2w-pulse on the

measured plane (bc plane) of a [Ni(chxn),Br]Br; single crystal.

The other RA output was simultaneously focused through a hole in the parabolic
mirror (PM4) onto the ZnTe crystal with the radiated terahertz waves and used as a
sampling pulse for the EOS. The polarization direction of WG1 and WG2 was tilted by
+45° and perpendicular to the optical surface plate, respectively, and the sampling pulse
was polarized parallel to the optical surface plate. In this configuration, the polarization
component of the terahertz waves along the Ni-Br chain (the b-axis) can be detected using
the EOS. When the polarization direction of WG1 is perpendicular to the Ni-Br chain,

terahertz waves were not detected, indicating that the terahertz waves are perfectly



polarized along the Ni-Br chain (the b-axis). Electric-field waveforms of the terahertz
radiations from ZnTe, Si, and Ge were measured in the same configuration with @ =0.64
and 2w = 1.28 eV. To suppress the absorption of the terahertz waves due to water vapor

in the air, generation and detection were performed in a purge box filled with dry air.

Supplementary Note 2. Method for controlling the delay time between the w-pulse
and 2w-pulse

In this study, the delay time of the 2w-pulse relative to the w-pulse, At, was controlled
by rotating the a-BBO crystal with a thickness d of 490 um positioned in their optical
path as shown in the middle part of Supplementary Fig. 2 (ref. 1). When the angle between
the wavenumber vector and the optical axis is 6, the refractive index of an extraordinary

ray, n.(6), for a uniaxial crystal such as a-BBO and -BBO is expressed as follows:

1
Tle(Q) = . (1)
cos?@  sin?@
ng ng

where n, and n, are the principal refractive indices of the ordinary and extraordinary rays,
respectively. The wavelength (1) dependence of the refractive index n(1) can be obtained

from the Sellmeier equation.

B
n(d) = \[A + o= D22 2)

The values of 4, B, C, and D for a-BBO and S-BBO are shown in Supplementary

Table 1. The group refractive index ng(l) can also be calculated using the relation,

dan(a)

ng(/l) = Tl(/l) — /17
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Supplementary Fig. 2 | The setups of nonlinear optical crystals. The /~-BBO crystal is
used to generate the 2w-pulse from the w-pulse. The &-BBO crystal is used to control the

delay time At of the w-pulse relative to the 2w-pulse.

Supplementary Table 1 | Parameters about refractive indices in a-BBO and #-BBO

crystals.

A B (nm?) | C (nm?) | D (nm?)

n,(4) | 2.67579 | 0.02099 | 0.00470 | 0.00528

a-BBO
ne(1) | 2.31197 | 0.01184 | 0.01607 | 0.00400

ny(1) | 2.7359 | 0.01878 | 0.01822 | 0.01354

SA-BBO
ne(1) | 2.3753 | 0.01224 | 0.01667 | 0.01516

As shown in Supplementary Fig. 3, the w-pulse and 2w-pulse are incident on a o-
BBO crystal. The incident angle is represented by ¢ and the angle between the normal
direction to the crystal’s surface and the optical axis of the a-BBO crystal is represented
by a. In the a-BBO crystal used in our study, @ = 25°. In this configuration, the
extraordinary ray (the w-pulse) and the ordinary ray (the 2w-pulse) pass through OA and

OB+BC, respectively. Thus, the time delay of the 2w-pulse relative to the w-pulse, dt,



occurs in the a-BBO crystal, which can be expressed as follows:

OB BC OA
5t = (go(10/2) = + =) = nge (o) = 3)
c c c
Here, ng, and ng, are the group refractive indices of the ordinary and extraordinary rays,

respectively. A, is the wavelength of the w-pulse, and c is the velocity of light in a vacuum.

If the ¢ dependence of 8t is known, we can control 6t by rotating the &-BBO crystal.
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Supplementary Fig. 3 | Optical paths of the @ and 2 @-pulses in the a-BBO crystal.

The ¢ dependence of 6t can be deduced in the following way. Here, the refractive
angles of the ordinary and extraordinary rays are represented as 6, and 6, as shown in
Supplementary Fig. 3. Using the angles between the optical axis and the optical paths of
the ordinary and extraordinary rays, 8, and 6g, respectively, 6, and 8, can be written as
0, = 6, — aand 6, = 6. — a, respectively. From Snell’s law, we obtain the following
relationships.

sing = ny,(1,) sin 9, (4)
sin @ = n.(6, 1) sin(6 — a) (5)
Supplementary Equation (5) can be transformed as follows:
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2= S0 2 gr 2 cosasinatandy +sinta -~ — 0. (6)
- n® G, — na tan n“a— = 0.
cos“ a (1) an” 6, cos a sina tan 6 + sin” « 2 (1)
By solving this equation, we obtain tan 6 as follows:
. sing sin? @
cosasinat—=— |1 ——=—<
T ne(4e) ng(4o)
tan 6 = ) P . (7)
costa ——
ne
Then, 6, is described as
: sing __sin*¢g
cosasina + () 1 "2 (As) )
6. = arctan ) sinZ ¢ - a. (8)
cos?a ——
ne
The optical path lengths, OA, OB, and BC, can be expressed as follows:
d :
OA = 056, OB = cos 0, and BC = d sin 6, (tanf, — tanf,). (9

Using Supplementary Egs. (3), (4), (8), and (9), we can calculate the ¢ dependence of §t,
which is plotted in Supplementary Fig. 4 for hw = 0.64 eV and Aw = 0.585 eV, where
7 is the reduced Planck constant. When the w-pulse and 2w-pulse pass through the f-
BBO crystal with d = 1 mm (see the left part in Supplementary Fig. 2), the 2w-pulse
precedes the w-pulse by approximately 40.5 fs for Aw = 0.64 eV (36.3 fs for hw =
0.585 eV). Therefore, the actual value of the delay time of the 2w-pulse relative to the
w-pulse, At, is given as At = §t — 40.5 fs for hw = 0.64 eV (At = 6t — 36.3 fs for
hw = 0.585 eV). Based on these relationships and Supplementary Fig. 4, we can change
the actual delay time At from approximately —12.6 fs to 100.7 fs for hw = 0.64 eV

(—14.2 fs to 98.7 fs for Aw = 0.585 eV) by rotating the angle of the a-BBO crystal from



—21.5° to 38.5° using an automated rotation stage.

It should be noted that by rotating the a-BBO crystal, not only At, but also the relative
time when the generated terahertz wave and the sampling pulse reach the ZnTe crystal
used in the EOS are changed. The latter also affects the position of the terahertz waves on
the time axis. As such, corrections were implemented when plotting the terahertz electric

field waveforms.
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Supplementary Fig. 4 | The incident angle ¢ dependence of the additional delay time
6t of the 2w-pulse relative to the w-pulse in the a-BBO crystal.

Supplementary Note 3. Incident electric-field dependence of terahertz radiation
amplitudes

Supplementary Figure 5 shows the incident-electric-field dependence of the electric-
field amplitudes of the terahertz radiation. Ety,(0) is the electric-field amplitude of the
terahertz radiation at the time origin measured with At = 0.86 fs. E,, and E,,, are the
electric-field amplitudes of the w-pulse and 2w-pulse, respectively. The data are obtained

in the condition of E, = 8E,, . The broken line shows a relation that Ery,(0) is



proportional to E, E E,,,. This indicates that the terahertz radiation originates from the

third-order nonlinear optical effect.
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Supplementary Fig. 5 | Incident-electric-field dependence of the electric-field

amplitudes of the terahertz radiation.

Supplementary Note 4. Electric field waveforms of terahertz radiation in non-
resonant excitation

In this section, we report on the electric field waveform of the terahertz radiation,
Ety2(t). For the non-resonant excitation for the w-pulse of 0.585 eV and the 2w-pulse
of 1.17 eV. Supplementary Figure 6 shows typical results of Eqy,(t) at At = 0.40 fs and
78.2 fs in a normalized scale. These waveforms are the same as those at At = 0.86 fs in
the resonant excitation with an w-pulse of 0.64 eV and a Zw-pulse of 1.28 eV, as shown
in Fig. 3b in the manuscript. The Fourier amplitude spectra corresponding to these
waveforms for resonant and non-resonant excitations are shown in Fig. 5b and Se,

respectively, and are similar to each other as reported in the manuscript.
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Supplementary Fig. 6 | Comparison of the electric-field waveforms of the terahertz
radiations between resonant and non-resonant excitations. In the resonant excitation,
hw = 0.64 eV, 2hw = 1.28 eV, and At = 0.86 fs. In the non-resonant excitation, Aw =
0.585¢eV,2hw =1.17 €V, and At = 0.40 fs or 78.2 fs.

Supplementary Note 5. Approximation of the third-order nonlinear susceptibility
x®

The third-order nonlinear susceptibilities associated with the investigated terahertz
radiation are )((3)(—a)THZ; w, w,—(2w — wy,)) and X® (~wrhg —0, —0, 20 +
wrpy), and their main terms are expressed as follows:
Xr(r?;in(_wTHz; w,0,—Q2w — wry,))

o Ne* (O]x| 1)1 |x[2)€2]|x[1){1]x|0)
6g9h3 (w1 — Qw — wrhy) — iy (W2 — 20 — iyy) (W — w + iyy)

(10)
and

3
Xr(n;m(_wTHz; _a)l _w; 20) + wTHZ)
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_ Ne* (O] [1)(1[x|2)(2|x|1){1]|x]0)
6go0h3 (w1 — Qw + wryy) — iy1) (Wy — 20 — iy) (w1 — w + iyy)’

(11)

where N is the density of the electrons, &, is the permittivity in a vacuum, e is the
elementary charge, and x is the displacement of an electron along the 1D axis. In a
previous study, the energy of the odd-parity (even-parity) exciton, hw; (hw,), was
determined to be 1.27 eV (1.28 eV), and its spectral width, Ay, (Ay,), to be 0.046 eV
(0.129 eV) 3. The transition dipole moments (0|x|1) between the states |0) and |1}, and

(1]x|2) between the states |1) and |2) were evaluated to be 1.87 A and 29.9 A,

(3)

respectively”. In the expressions for Xmain 10 Supplementary Egs. (10) and (11), there is
a difference in the denominators, which is 1/(w; — (2w — wryy) —iy1) in
Supplementary Eq. (10) and 1/(w; — (2w + wry,) — iy1) in Supplementary Eq. (11).
Since hy; is much larger than Awrty,~4 meV, we can consider that the following

approximation is valid even for resonant excitation with Aw = 0.64 eV and 2Aw =

1.28 eV.

3 3
aniin(—wmz; w,w,—(2w — wTHz))"’Xr(n;in(_wTHz; —w,—w, 20 + WTHy) (12)

Supplementary Note 6. Analyses of At dependence of the integrated electric field
amplitude of terahertz radiation for resonant exciton excitation

In this section, we report on the analysis of the time characteristic of the integrated
electric-field amplitude, Ity,(At), as shown in Fig. 5¢ and 5f. As previously indicated,
Ity (At) includes an oscillatory component owing to a coherent response and a
background non-oscillatory component owing to the real exciton response. The envelope

of the former oscillatory component is represented by a(At) and the latter background
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component has an envelope given by b(At). Thus, the envelope of Iy, (At) is the sum
of a(At) and b(At).

In the case of non-resonant excitation, b(At) = 0. a(At) can be expressed using the
envelope of the electric field waveform of the w-pulse, g,,(t), and that of the 2w-pulse,

2 (t — At) as follows:
a@0) « | [g,OFgac - a0)de

= [g0? ° 9201(A1) = g(At). (13)
The operator o represents a cross-correlation function. Assuming that g, (t) and g5, (t)
are Gaussian functions, g(At) is also a Gaussian function, which is expressed as follows:

g(At) = % exp (— Ag%), (14)

where g(At) corresponds to the instrumental function of the measurement system, and o

is a parameter that characterizes the Gaussian function. Its temporal width t,, is 2vVInZg.
Using g(At), the upper envelope of Iy, (At) in the non-resonant excitation (2hw =
1.17 eV) is well reproduced, as shown by the blue line in Fig. 5f. The fitting parameter is
tw, which is evaluated to be 120 fs. This is almost equal to the temporal width that is
expected from the incident pulses, i.e., approximately 170 fs.

In the case of resonant excitation of excitons (2Aw = 1.28 eV), we should consider
the contribution of the real exciton response, b(At), as well as a(At). The time
characteristics of the phase relaxations of the odd-parity and even-parity excitons
dominate b(At) and are assumed to be expressed by the functions f,qq (t) and foyen (t),

respectively:

t

foda (©) = exp (—— ] u(® (152)

Todd
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t

foven (8 = exp (= — ) u(®), (15b)

even

where 7,44 and Teyen are the time constants of the phase relaxation of the odd-parity and
even-parity excitons, respectively, and u(t) is a step function. Using f,qq (t) and

feven (), b(At) can be expressed as follows:
b(AL) & [[foven * Gu’] © [foda * G201] (A1)
= [[feven © foaal * [9w? © 9201 | (A1)
= [[feven © foadl * g](a0). (16)
The operator * represents the convolution integral. When the excitation of the even-parity
excitons by the w-pulse is preceded by the excitation of the odd-parity excitons by the
2w-pulse (At = 0), [f; o fo](At) can be written as follows:

[f1°f2](At)=f_o:oexp[—< ! + ! >t+T§§d]u(t)u(t—At)dt

Teven Todd

_ (_dd) exp (_ At ) (17)

Teven + Todd Teven

Using the expression for a(At) in Supplementary Egs. (13) and (14) and that for b(At)
in Supplementary Egs. (16) and (17), the envelope of Ity (At) is also well reproduced by
[a(At) + b(At)], as shown by the orange line in Fig. 5¢. The background component
excluding the oscillatory component from Ity,(At) can be reproduced by b(At) with
Teven = 38 15, as shown by the green line in this figure. The time characteristic of a(At)
is expressed with t,, = 60 fs, which is shorter compared to the non-resonant excitation
condition, t,, = 120 fs. This can be explained by the fact that the coherent response is
suppressed when the real exciton excitations increase within the temporal width of the
laser pulses (see the main text).

In Fig. 5h, we show the evaluated time characteristics of a(At) for the non-resonant

13



excitation condition (2hw = 1.17 eV), and a(At) and b(At) for the resonant excitation

condition (2hw = 1.28 eV).
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