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I. The Lorenz model to describe the resonant behavior
In a classical treatment, the lattice dynamics of zero-wavevector optical modes

interacting with a spatially uniform electromagnetic field can be approximated by N damped
infrared-active harmonic oscillators that each follow the equation of motion

dZQ aQ *
dtzn Yn d_tn + wnZQn = Zaij ZaijgnaiEj (t) (1)

Here for the n-th oscillator, @,, is the generalized coordinate, ¥, is the damping constant, w,,

*

is the natural angular frequency of the oscillator, Zg,;; are elements of the Born effective
charge tensor, &,,; are the elements of the eigenvector for basis atom a, and E; (t) are the
Cartesian elements of the applied time-dependent electric field. Taking the Fourier transform
of both sides gives

On(w) =

1

wp2-w?+iypw

Zaij ZZrijgnaiEj (0)) (2)

We now assume that the Fourier transform of the polarization density P(w) is determined by
the displacements of ions. To first order we then have

Pi() = g L0 ©)
where V. is the volume of a unit cell. Substituting in Eq. (2), we then have
By() = T sy Sapit ZatjZhraEnaiEnprEr (). (4)
This relation defines the linear susceptibility tensor
Xij(@) = Xn mzcxﬁkl Z;kiZEljgnakgnBl' (5)



Non-vibrational contributions to the susceptibility from e.g. electronic transitions can be
included as an approximately frequency-independent contribution in the THz range.

From inspection of Eq. (2), we observe that when w = w,,, there is a n/2 phase shift of
the dynamics of Q,, from the applied electric field. This results in a phase shift of 7/2 between
the driving THz field and the tr-XRD intensities response from the modes with phononic
character, as found in Fig. 2e. This is consistent with the direct resonant driving of the
electromagnon in contrast to the resonant but indirect driving of the magnetic modulations
shown in Fig. 3¢, which has also been observed in TbMnOs3 [1].

II. A model of the lattice vibration of the electromagnons
As described in the main text, displacements of the oxygen atoms at the border

between two adjacent magnetic blocks may result in significant magnetic dynamics because
of direct modulation in the magnetic frustration that stabilizes the conical magnetic order.
Here, we assume a simplified model of the vibrational component of the electromagnon
where the oxygen atoms at the borders move relative to the rest atoms by identical amounts
along [001] (see Fig. S1a). We then estimate the amplitude of such displacements needed to
cause a ~0.5% change in the (0 0 24) diffraction intensity (see Fig. 2e). Fig. S1b shows the
normalized (0 0 24) diffraction intensity as a function of the displacements of the oxygen
atoms at the interfaces between the blocks. We find that displacements of 0.32 pm result in
the observed maximum diffraction intensity change. This amount of displacement in the
oxygen atoms leads to a change in the bond angles that dominate magnetic frustration by
+0.15° which is sufficiently large to change the relative angle between magnetic moments
from two adjacent magnetic blocks [2]. Note that our calculation is based on the crystal

structure of an analogue Y-type hexaferrite in the absence of the weak ferroelectric distortion
[3]. It provides only a rough estimation because of the unknown exact crystal structure in the
multiferroic phase of the material.
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Fig. S1 | Model of the lattice vibration in the electromagnons. a, Crystal structure of a
hexaferrite and enlarged view of the Fe-O-Fe bonds that dominate magnetic frustration. In
the model described in the text, the oxygen atoms move along [001] while the excitation,
which changes the bond angles and resultant magnetic frustration. As a result, the
displacement of the oxygen atoms can affect the magnetic ground state. b, Calculated (0 0
24) Bragg reflection intensity as a function of the displacements of the oxygen atoms



shown in a. Red broken lines indicate the point corresponding to the observed change in
the tr-XRD experiments at 20 K.
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Tr-XRD on other reflections

Figure S2 displays the time trace and its FFT spectrum of the (1 3 19) reflection (Figs.
S2a and S2b) and those of the (1 -1 41) reflection (Figs. S2¢ and S2d), which also show
dynamics triggered by the THz pulse. There is a clear peak at ~2 THz in the FFT spectrum of
the (1 3 19) diffraction intensity. This mode is attributed to an infrared-active phonon mode
for Etn, polarized in the basal plane, as reported previously for a Y-type hexaferrite with
similar chemical composition as our crystal [4]. On the other hand, the Fourier transform of
the dynamics of the (1 -1 41) diffraction intensity shows a peak at around the electromagnon
resonance frequency.
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Fig. S2 | tr-XRD signals. a [c], The (1 3 19) [(1 -1 41)] X-ray diffraction intensity at 20 K
as a function of pump-probe delay, and b [d], the FFT spectrum of the diffraction response.

IV.  Static characterization of the sample
Figure S3 shows the (0 1 41) reflection profile along L, obtained at the Material
Science beamline of the Swiss Light Source, Switzerland, as the equilibrium characterization
of the sample measured at the SwissFEL. The profile confirms the good quality of the
sample.
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Fig. S3 | Static characterization of the Y-type hexaferrite sample with hard X rays. A

diffraction profile around the (0 1 41) Bragg reflection along L.

Figure S4a shows an X-ray absorption spectrum around the Fe L3 edge, measured on

the sample prior to the time-resolved soft X-ray magnetic diffraction experiments, using an
avalanche photodiode. Based on this measurement, the photon energy for the tr-RSXD
measurements was set to match the clear resonant feature at 711 eV. A rocking curve around
the (0 0 4.5) magnetic reflection is shown in Fig. S4b.
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Fig. S4 | Static characterization of the Y-type hexaferrite sample with soft X rays. a,
X-ray absorption spectrum around the Fe L3 edge, and b, rocking curve around the (0 0
4.5) magnetic reflection.

V.

Consideration of contributions to tr-SRXD signals other than sublattice

magnetization dvnamics

Although magnetic scattering is significantly enhanced at this atomic resonance, it is
not the only channel that could contribute to the diffraction intensity. The X-ray scattering at
an atomic resonance is represented by a second-rank tensor and involves three contributions:
(1) charge scattering by electric monopoles (lattice), (ii) magnetic scattering by magnetic



dipoles (magnetism), and (iii) orbital scattering by electric quadrupoles (aspheric charge
distribution due to orbital hybridization with ligands). The last can only contribute to

reflections whose indices are integers (reciprocal points), and therefore does not need to be
further considered.

Lattice dynamics could in principle contribute to the dynamics of the (0 0 4.5)
intensity either directly via charge scattering or indirectly via magnetic scattering: since the
structure factor of a pure antiferromagnetic reflection is proportional to the phase factor of
the resonant ion position, a time-dependent change in their positions results in a modulation
of the magnetic diffraction intensity. To test the sensitivity of reflections accessible by soft
X-ray scattering to vibrational motions induced by the THz pulse, we also measured the (0 0
3) Bragg diffraction intensity off-resonance, where only lattice dynamics can modulate the
diffraction intensity. Figure S5 shows the time-resolved diffraction intensity of the (0 0 3)
Bragg reflection off-resonance (650 eV) as a function of pump-probe delay. No clear
response from the THz pulse is observed within our measurement precision. A possible
contribution is also expected to be very small due to the low momentum transfer of
reflections available in the soft X-ray regime. The different observed phase shifts between the
tr-RSXD magnetic signals and the tr-XRD lattice signals (compare Figs. 2 and 3) also
suggest that the tr-RSXD responses are not directly due to the lattice dynamics.
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Fig. S5 | Time-resolved diffraction signals of the (0 0 3) Bragg reflection off-
resonance. Blue points represent the (0 0 3) Bragg reflection intensity measured at 650 eV,
while the black curve represents the incident E-field of the THz pulse measured with
electro-optic sampling at the sample position (same as data as shown in Fig. 3a).

VI. Calculation of magnetic diffraction intensity with the proposed spin-
dynamics model

Here we estimate the amplitude of the spin dynamics by using the simplified model
for the electromagnon in a Y-type hexaferrite proposed by Nakajima et al. [5]. The model is
shown in Fig. le. Using a Cartesian coordinate system, where x (// M) is along [100], y is
along [120], and z is along [001], static/dynamic magnetic moments from each magnetic
block are represented as shown in Table S1.



Table S1 | Magnetic moments in respective magnetic blocks, static case and dynamic case,
together with the phase factor for the magnetic reflection at Q = (0, 0, 4.5). The latter is
obtained by rotating a static magnetic moment by an angle A for an L block and A’ for an S
block along y. Here the total size of the magnetic moment is represented as ug for an S
block with an open angle of the conical structure  and y;, for an L block with an open
angle of the conical structure a. Considering the preferential distribution of the divalent
transition metals and AI>* into octahedral/tetrahedral sites [6-8], us and y;, are obtained as
4.1pp and 15.8ug, respectively. The open angles of the conical structure a and 8, which are
a function of a magnetic field, can be estimated by the procedure shown in Sec. VIIL.

Magnetic block  Static magnetic moment Dynamic magnetic moment Phase
—cos B —cos(B + A")
sin B sin(B + A')
cosa cos a cos A
L1 U, (— sin a) UL —sina -i
0 — cos a sinA
—cos B —cos(B + A")
S2 Us ( 0 ) Us ( 0 ) -1
—sinf —sin(B + 4")
cosa cos a cos A
L2 UL (sin 0[) UL sina i
0 cos @ sin A

To test if the simplified model can explain the observed oscillations of the (0 0 4.5)
magnetic reflection, we calculate the magnetic diffraction intensities as a function of the
magnetic-moment angle deviation from equilibrium, A (L-block moments) and A" (S-block
moments). The angle deviation concerns the y direction (normal to the net magnetization axis
and lying in the basal plane) based on the proposed electromagnon dynamics [5]. A resonant
magnetic scattering by a single atom is represented as [9]

frnag = = 7z (€' X €) - m(F1, = F,), (6)
where € and €' are the polarization vector of the incident and scattered beams, respectively,
m; is the quantization axis of the magnetic moment at site j, q is the wave vector of the
incident beam, and Fy, is the atomic properties of the dipole transition. The cross product of
the polarization vectorsare 6’ X 6 = 0,6’ XM =q,m' X6 =q,and W X =q - q,
where § (q') is the unit vector parallel to the incident (scattered) beam. Total diffraction

intensity is represented by using the form factor for each polarization channel M,/, (¢ = o or

m), obtained by taking the sum of Eq. (6) over the whole crystal volume, as
1 *
1= 3 (Mg 2 + IMral? + Mg |2 + Mornl2) + Polm(M e My + -
MTL',O'MTL',TL'*) *

Here P, is the Stokes parameter that represents the degree of circular polarization. By using
Table S1, the magnetic form factor at Q = (0, 0, 4.5) is obtained as



0
Fm = ( ZLML sin >’ (8)
2ugsin(B + A") + 2ipy, cos a sinA

with the components for the channels being

Mgy =0, 9

M, = [2ugsin(B + A") + 2iy;, cos a sin A] sin w, (10)

M1, = —[2ugsin(B + A") + 2iyy, cos a sinA] sin(20 — w), and (11)
M. = —2iy, sinasin26. (12)

w 1is the incident angle to the surface, and 26 is the scattered angle.

Figure S6 shows the intensity calculated by using Eqgs. (7) and (9)-(12). The intensity
is quadratic in A (see Fig. S6b) while almost linear in A’ (see Fig. S6a). This means that if the
motion of L-block moments is dominant for the electromagnon mode, we should observe
twice the frequency of the electromagnon in the (0 0 4.5) magnetic diffraction time traces. On
the other hand, the motion of S-block moments leads to oscillations with the electromagnon
frequency. From Fig. S6a and 6¢, we estimate an at least ~7° canting angle of the moments,
which is even larger than the reported magnetic dynamics amplitude in TbMnOs3 [1], and up
to a one-third change in A with respect to A”.

— A=N

I A=A2
— A=AY3
— A=AY4

normalized intensity of (0 0 4.5) [%]

10 -5 o0 5 10 10 -5 0 5 10 10 -5 0 5 10
A' [deg.] A [deg.] A' [deg.]

Fig. S6 | Calculated (0 0 4.5) diffraction intensity as a function of the spin rotation angle A
and/or A’. a, b, For the case where only one of the sublattices (S-block moments or L-block
moments) changes, and ¢, for the case where both sublattices change with different ratios.

VII. An effective magnetic Hamiltonian

The energy the spin system acquires from the spin motion can be calculated from an
effective magnetic Hamiltonian as the total energy difference between the ground state and
the excited state. In this section, we introduce an effective magnetic Hamiltonian modeling



the multiferroic hexaferrite. Our calculation is based on Refs. [10,11] showing an effective
magnetic Hamiltonian modeling multiferroic hexaferrites given as

H =15 Xij=12Msi " Mpj + 2JiLMLs - Mz + 2JssHsy * Mgz +
2
Dy, Zj(#sz) + Ds ¥ (psiz)* — Hy Zi,j=1,2(#ij + Mij),

where Ji g, /1.1, and /g are the exchange interaction constants between an L and S blocks,
between two L blocks, and between two S blocks, respectively, while Dy and Dg are the
magnetic anisotropy constants along the z axis (// [001]) of an L block and S block,
respectively. H, is a magnetic field (// x) that is the sum of the internal one (H;,;) and

(13)

external one (H,,;). Here we show how to determine these parameters as well as open angles
of the conical structure a and f3, partially referring to Ref. [10].

By using the static magnetic moments tabulated in Table S1, the equilibrium
Hamiltonian is written as

H = —4]; gy tis cos @ cos B + 2]y up% cos 2a + 2]sss? cos 28 +

2Dgus?sin®B — 2(Hiny + Hexe) [1y, cos @ — pg cos B]. (19
Representing the equilibrium « and f as a, and S, respectively, Z—Z = Z—Z =0 ata = a, and
B = B,- These conditions result in

2JLstis cos Bo — 4JLLiL cos @g + (Hint + Hext) = 0 (15)
when sina # 0, and
2Jpspiy, cos @g — 2(2]ss — Ds)ps cos Bo — (Hint + Hext) =0 (16)

when sin 5, # 0. In a magnetic-field range H; < H,,; < H, (see Fig. S7), both Egs. (15) and
(16) need to be satisfied. A net magnetic moment M [pg/f.u.] is expressed as

2J1us—2]LL—2]ss+Ds
2[Jus®-2JLL(2)ss—Ds)]

M = py, cos ay — Us cos ﬁO = (Hint + Hext)~ (17)
In a magnetic-field range H, < H,,; (see Fig. S7), a; = 0 while 5, # 0 [12]. In this case, by
using Eq. (16) M is expressed as
2J/ss—Ds—JLs
2Jss—Ds

pL + - (Hint + Hext)' (18)

2(2Jss—Ds)

M = p, — ps cos By =

Fitting a magnetization curve in two magnetic-field regions as a linear function of H,,; [Egs.
(17) and (18)] provides Jis, JiL, 2/ss — Ds, and Hy;.
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Fig. S7 | In-plane magnetization curve of Bai 3Sro.7CoZnFe11AlOz: taken at 25 K.

By using the dynamic magnetic moments tabulated in Table S1, Eq. (13) becomes

H = —4]; gy tis cos A cos ay cos(By + A') + 2] up % (cos?ag cos 2A —
sinay) + 2Jssus? cos(2By + 24A") + 2Dy puy 2 cos?a, sin?A +

19
2D 15?5102 (By + M) = 2(Hige + Hexe) [, cos @ cos A — s cos By + )
AM)].
. . , d0H _ 0H , .
As the magnetic ground state isat A = A" = 0, T 0 when A = A’ = 0. This

condition gives a relation between a, and f3,,
2Justhy, cos @y — 2(2]ss — Ds)ps cos By — (Hine + Hext) = 0. (20)
For a given magnetization M [us/f.u.], @y and S, follow another relation
Uy, cos &g — Ug cos By = M. (21)
By using these equations, one can obtain the open angles of the conical structure.

The Landau-Lifshitz-Gilbert equation describes a precessional mode of magnetization

as
% = —yu, X (VH) and (22)
S = —yps x (VH) (23)

for two sublattices, where p;, = (#Lx,#Ly, O) + (5uLx,5uLy,5uL2), ns = (Usy, 0, us,) +
(5 Usx, OUsy, 5;152), and damping terms being ignored for simplicity. Equations (22) and (23)
are represented as

iw 0 —A 0 0 0 OHLx
0 iw -B 0 0 0 SpLy
—C -D iw —-E 0 —F Otz
0 0 O iw -G 0 OlUsy
-1 0 0 -K iw -L)|bus,
0 0 0 0 -M iw/ \gu,

=0, (24)

o~



where w is the eigenfrequency and see Ref. [10] for the definition of the coefficients (4, B, C,
D,E, F, G, I K, L, and M). Equation (24) gives a non-trivial solution when the determinant is
zero. This condition leads to

w? =§[—(AC+BD +GH +LM) +
(25)

\/(AC + BD + GH + LM)? — 4(BDLM — AFIM + ACLM + BDGK — AEGI + ACGK)].

Two electromagnon modes exist in a multiferroic hexaferrite [11,13]. By using w, =
1.7 THz (see Figs. 1d and le, or [13]) and w_ = 41.7 GHz reported previously [11], Eq. (25)
provides Dy, and Dg.

VIII. Estimation of transferred energy between lattice and magnetic system

At first, we calculate the absorbed THz pulse energy into the hexaferrite sample. We
assume a Gaussian profile of a monochromatic THz beam, whose electric-field component is

~t*/47* \where T is the pulse duration of the intensity in the root-

represented as E(t) = Eye
mean-square and E is the peak electric-field strength. From the electro-optic sampling data
shown in Fig. 3a, T and E| are ~0.20 ps and ~200 kV/cm, respectively. For the following
discussion, we assume magnetic permeability as 1 since the contribution of magnetic
permeability in the THz regime is known as negligibly small in a multiferroic hexaferrite
showing electromagnon resonance at a similar frequency [14]. Transmission of light through
the interface between a vacuum and the hexaferrite sample is given by the Fresnel equations
2n4 cos 04

T = (26)

N, cos @1 4n4 cos By

where n, and n, are the real part of the refractive index in a vacuum and the hexaferrite,
respectively, and 6; and 0, are the incidence angle and the refraction angle, respectively.
Snell’s law gives 8, = 0.6° for 8; = 2.6° at the (0 0 4.5) magnetic reflection, where we use
n, = 4.25 from Fig. 1d at 20 K. The energy density inside the sample just below the
interface / is

n,E(t)?T?
Zy

I= , 27)

where Z,, is the optical impedance of vacuum. The energy absorbed into the formula unit at
the surface p (one S block and one L block, the area of v/3a?/2 and the depth of ¢/3) is

c/3 _
_ NyE%T? \/3a? foo o-t?/272dt Iy e 8az

Zy 2 J-oo f;oe‘z/fdz'

(28)

Here £ is the penetration depth of the THz beam (~10 pm see Method). Equation (28) gives
us a rough estimation of the THz energy transferred into the lattice as ~89 peV/f.u.

As the second step, we estimate the energy that the magnetic system takes through
spin-lattice coupling. As discussed in Sec. VI., the observed magnetic dynamics are 7° — 10°
change in A" and up to one-third of A" with respect to A. Putting this transient magnetic
structure into the effective magnetic Hamiltonian Eq. (13) gives rise to 12 — 300 peV/f.u.
energy cost from the ground state, as shown in Fig. S8. Note that the absorbed THz energy
must be the upper limit of the energy in the magnetic system, and hence, the energy that the

10



magnetic systems take is in the same order of the absorbed THz energy. Even though our
estimation is quite rough, efficient energy transfer in the spin-lattice coupling is indicated at
an electromagnon resonance.
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Fig. S8 | The energy of a magnetic state as a function of the spin rotation angle A or A’.
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