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Supplementary Note 1: Off-diagonal spectra of effective dielectric spectra

The off-diagonal spectra (&,(®) and &.(w)) of effective dielectric tensor for respective ME
geometries including (a) +M, +P, (b) +M, —P, (¢) —M, +P, (d) -M, —P are displayed in Fig. S1.
The spectra are reversed in sign with the sign reversal of P (Fig. Sla-b), because both GB and
NOA have odd parity for the reversal of P. On the other hand, the different-shape spectra were
observed for the sign reversal of M (Fig. Sla and Slc), because the GB and NOA have odd and

even parity for M, respectively. The (anti-)symmetric part of dielectric spectra are derived as

ExyteE X Exy—E . . . . .
€,§y = % (185?3, = %) for respective ME geometries, as shown in Fig. 2b-e of the main
text.
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Fig. S1| The off-diagonal spectra of effective dielectric tenosr, g (@) and g.x(w), at4 K, 5 T for
(a) +M, +P, (b) +M, —P, (¢c) M, +P, (d) M, —P. Red and blue lines indicate the real (Re) and

imaginary (Im) parts, respectively.
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Supplementary Note 2: Magnetic field dependence of GB and NOA

The magnetic field dependence of GB (s,gy) and NOA (s,‘?y) for +P, or equivalently ym=+, are
displayed in Fig. S2. The GB (e,fy) changes the sign with the reversal of magnetic field (Fig. Sla
and b). In contrast, the spectra for NOA (sﬁy) is preserved for the reversal of the magnetic field
(Fig. Slc and d). These results are summarized in Fig. 2f of the main text. As shown in Fig. 2a,
the resonance energy of electromagnon (&, ) increases as the magnetic field is increased. In accord
with the hardening of electromagnon, the energy shift of GB (egy, Fig. S2b) and NOA (s,‘?y, Fig.
S2d) is observed. The peak magnitude of GB (Im[s,fy], Fig. S2b) increases with the increase of

magnetic field, whereas the magnitude of NOA shows little magnetic field dependence.
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Fig. S2| Magnetic field dependence of complex spectra for GB (eiy); (a) real part and (b)
imaginary part. Magnetic field dependence of complex spectra for NOA (e,‘?y); (¢) real part and
(d) imaginary part. All the measurements were done at 4 K while keeping the sign of P and

equivalently the sign of ym.



Supplementary Note 3: Temperature dependence of electromagnon, GB and NOA

The temperature dependence of the electromagnon (&), GB (&f),) and NOA (&2,) is
summarized in the color-coded spectra in Fig. 3, whose spectra are displayed in Fig. S3 in addition
to the spectra of €,,,,. With increasing temperature, the electromagnon resonance at 1.2 meV shifts
toward the lower energy and their magnitude decreases in the screw spin phase (Fig. S3a, 4 K, 6
K, 7 K). The peak structure is observed even in the higher-temperature phases (9 K, 13 K). On
the other hand, the resonance peak is not discerned for the €,,,, (Fig. S3b). The GB (s,ﬁy, Fig. S3c)
and NOA (s,‘?y, Fig. S3d) show the clear resonance in the low-temperature screw spin phase (4 K,

6 K, 7 K), while these resonance peaks disappear in the ICM1 (9 K) and ICM2 (13 K) phases.
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Fig. S3| Temperature dependence of (a) electromagnon (&xy), (b) &y, (¢) GB (s,ﬁy) and (d) NOA

(8,1?3,). These spectra are summarized in the color-coded spectra in Fig. 3 in the main text.

Energy (meV)

1.0 2.0
Energy (meV)



Supplementary Note 4: Raw terahertz waveforms

The example of raw terahertz waveforms is displayed in Fig. S4. In addition to the parallel
components in Fig. S4(b), the rotatory components were observed owing to the optical rotation of
GB and NOA (Fig. S4(c-e)). Only the NOA rotates the light polarization at O T (black line in Fig,
S4(c)). Both NOA and GB cause the optical rotation at 5 T, and the mixing of two different
gyrotropy results in the change of phase and amplitude of terahertz field (red line in Fig. S4(c)).
The reversal of P changes the sign of both NOA and GB, so that the oscillation phase is reversed
(Fig. S4(d)). The reversal of magnetic field causes the sign change of GB, while the sign of NOA
is preserved. Thus, the rotatory terahertz field shows the phase shift (Fig. S4(e)).

X
sample k;
T

(4]

o
T
o
—
m
1

Electric field (arb. units)
& o o
o o o
T T
i
o
4 ¢
x
x>
] |
Electric field (arb. units)
© o o
o (=) o
o N S
1
;
[6)]
2 £
> | 1 |

|
o
!
o
=3
(=2}

)
o
{= i
5

|

rb. unit;
é o
5
i a
_|
o
_|
H
<
|
Electric field (arb. units)
o . by
=
P T
|

NI | NF\WASNANN
Vv

5 0.00

© i

5002 v W WO

2 -002 a

S 004l 4 =57

2-0. -004| .
<] L ! L ! L I I -0.06 L L L 1 I 1 L

006 0 2 4 6 8 10 12 0 2 4 6 8§ 10 12

Time (ps) Time (ps)

Fig. S4| a. Experimental configuration of terahertz polarimetry. b. Terahertz field after the sample
with the light polarization parallel to the incident terahertz wave at 4 K. ¢. Rotatory components
of terahertz field after the sample at zero magnetic field and at 5 T. d. Rotatory components of
terahertz field at +5 T under the reversal of P. e. Rotatory components of terahertz field for +P

under the reversal of magnetic field (Hqc).



Supplementary Note 5: Specification of terahertz time-domain polarimeter

We measured the optical rotation by using the terahertz time-domain polarimetry. The terahertz
fields for parallel polarizers and crossed Nicols (Fig. S5(b)) without sample are displayed in Fig.
S5(a). The finite signal observed under crossed Nicols indicates the leakage of wire grid polarizers.
The power spectrum of terahertz field for parallel polarizers shows that the signal noise ratio of
our equipment is about 10° (Fig. S5(c)).  The power transmittance in Fig. S5(d), which is
calculated by the power spectrum under crossed Nicols divided by that for parallel polarizers,
shows the extinction ratio of wire grid polarizer used in our measurements. At around 2 meV, the
extinction ration is as large as 10®. The constant leakage signal can be eliminated by

antisymmetrizing the rotatory components of terahertz field (see method).
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Fig. S5| a. Terahertz fields obtained for parallel polarizers (left in (b)) and crossed Nicols (right in
(b)). ¢. Power spectrum of terahertz field for the parallel polarizers. d. Power transmission under

crossed Nicols.
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Supplementary Note 6: Example of data analysis

We calculated the spectra representing the GB (sgy) and NOA (8,12-\3,) shown in Figs. 2-4 in the
main text as follows. At each measurement condition distinguished by temperature, magnetic field
and sign of P, we obtained effective dielectric spectra in the form of 2x2 matrix. For example, the
effective dielectric tensor at 4 K, +5 T with +P is displayed in Fig. S6(a). In addition to the
diagonal components (&, and €,, ), the off-diagonal components (&, and €,,) have the resonance
structure owing to the GB and NOA. The symmetric part of off-diagonal component (e,%,)
representing GB is calculated from the spectra of &y, and &, as shown in Fig. S6(b). Similarly,
the antisymmetric part (s,‘?y) representing NOA is calculated from &,,, and €, as shown in Fig.
S6(c). The spectra of s,éy and s,‘?y summarized in main manuscript text (Fig. 2-4) were calculated

in the same way at each experimental condition.

a f ) 02 /\ \

‘ Experimental condition: 4 K, +5 T, +P ‘ =ik < 00 I
- o
X 16+
P R B 02+ Exy
2+ L L
5 ik 02
£ - F o1t
ob— h
00 10 20 30 E ~
Energy (meV) b
(sxx gxy _ 00 10 20 30
- 02 Energy (meV)
& &
yx vy €
- yx -
3 oA s
[0
-02f TS Eyy
| \ n 1 n n
2k
02f —-
Ey
A \/\ "
E o0 N A N
P ] 00 10 20 30
00 10 20 30 Energy (meV)
Energy (meV)
b — O1f C 01F
2 —
&£ oo =4 F 00 N |
s+ & & -oif r’ & -1 /\j
S Xy yx 02 p——t——l— _ b
Gy =T ied, = 20
— OIf = —=— _ otk
S xy 2 =
£ 00 <& o0
E E -orp
-02 n 1 n 1 n -02 n 1 n 1 I
00 10 20 30 00 10 20 30
Energy (meV) Energy (meV)

Fig. S6| a. Effective dielectric spectra in the form of 2x2 matrix at 4 K, +5 T and for +P. b.
Derivation of symmetric term (s,ﬁy) from off-diagonal spectra in (a). e¢. Derivation of

antisymmetric term (s;?y) from off-diagonal spectra in (a).



