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This Supplementary Material details the derivations of the quadratic magnetoelectric
effect discussed in the main article. Also, the contribution of the linear coefficient, «, in
the magnetoelectric response is discussed. A demonstration of the validity of the analytical

model, via a comparison with the MD simulation results, is provided as well.

Hamiltonian

Let us first consider the following phenomenological Hamiltonian:

1 . 1 1 1 1 1 1 1
H = §mPP2 + §m77772 + §I{ZP2 + Z_j:bP4 + §€P2M2 — EP + §QT]P2 + 5/\7]M2 + §C772, (1)

with P being the polarization, n being the homogeneous strain, M being the magnetiza-

tion and E being an externally applied electric field.

Dynamical Equations

Using the simplified Hamiltonian in Eq. (1), we can derive the Newtonian equations of

motion,

mpP = —kP —bP* — eM?P + E — QnP — 4pP, (2)
1 1
myf] = —cn — §QP2 N §AM2 = Tl (3)

in which we included a damping term both for the polarization (yp) and the strain ()

: _ k _ c _ b _ € __9p N Q N Q
Introducing wp = \ mpr Y1 = A §p = mp’ pm = mp? I'p = mp? Qp = mp) Qn = My

A= mi and Tey, = 1%, the equations of motion become
n n

. 1 . i
P=—-wpP—&pP? — {pyM*P+ —E — QpnP —TpP (4)
mp
. 1~ 1< i
Now, introducing the Fourier transform of the polarization, strain and magnetization:
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make the equations of motion leading to:

( —w? +1pr

= _gp/dwl/dsz W — w) P(w —w2)p(w2)

~oar [ don [ duaPle - ) V(o — z) W (w2

—Qp / dwy P(w — wi)i(wy) + E (9)
(wfl —w’ +ilw) 7 = —%Qn/dwlp(w — wy)P(wr)
1-~ . .
~5 /dwlM(w — wy) M (wy) (10)

Now let us insert Eq. (10) into Eq. (9), and assume a vanishing electric field £ which

results in

( 2 WP —HT‘pw
= —fp/dwl/dWQP w—w1 (w1 _WQ)p(wg)

_\gPM/dwl /dsz(w — wy) M (w; — w2)M(W2)J

TV
(Direct ME coupling)

1~ ~ ~ 1 ~ ~
= d dwy P(w — P(wi —w9)P
+ 2QPQn/ W1/ wo P(w WI)W% —w%+if‘nw1 (w1 — we2) P(ws)
(Electro‘s;riction)
1

M (w; — wy)M 11
w2 — w? 4+ iTyw; (w1 = wz) M (wn) (11)

n
J/

1. - _
+§Qp)\/dw1/dw2P(w—w1) 5

~
Electrostriction + Magnetostriction
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First derivative

Let us derive Eq. (11) with respect to a magnetic field H(wp) having an angular frequency

wy. This gives:

5 o P
(wp—w —i—zf‘pw) 8H—(w0)
= —{p/dwl/dwg apa]i[u—;(:}l)p(wl _WQ)P(WQ)
+ ]s(w — wl)ﬁ(wl — WQ)SZ_(((;:2))
—fPM/dwl /dw2 a];g—;ow]\](wl — wa) M (wy)
Pl - “’1>—8Ma(;<c;)>w—2) ()
+ f’(w — wl)M(wl — wg)g]\;((;f))]
+%QPQ77 / dwl /dWQw% - w%l—F iFnW1 apa(;{d(;oc;l)p(wl - w2)P(w2)
+P(w — wl)(%:?(le—(;);&)p(wg)
+ P(w — wy)Plw; — wg)gz(((::z))
1~ < 1 OP(w —w) ~ ~
‘1‘§QP>\/dW1/dwzw727 S OH (w0) M (w1 — wa) M (w2)
#Plo —a) P )
+ P(w — wl)]\7[(w1 — wg)g]\;((jj;] (12)

Second derivative

Let us now derive Eq. (12) with respect to a second magnetic field H(w(). We obtain
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(wp — w? +ilpw) o
P OH (wp)OH (wo)

_ 3P (w—wy 8P(w1 — wo)
= —fP/d"‘)l/dw2 O0H (wp) OH (wp)
OP(w —wi) 5

ToH(wy) T
315(0.; — wl) 815("‘)1 —Wwa
OH(wp) — OH(w)
OP(w) — wy) OP

OH (wo) OH
OP(w—w) - 0P
OH (wp)

p(WQ)

o

+P(w—wy)

+P(w —w) :

PPw—w) = 2
8H<w6)aH(wo) P(Wl — (JJQ)P(UJQ)

B 82P(0J1 — W?) D
+P(w— wl)aH(w(l))aH(WO) )

] 3 02D (w2)
+ P(w —w)Plwr - wQ)aH(wé)aﬂ(W)]
OP(w — wy) OM (w1 — wy)
—fPM/dwl/dw2 O0H (wo) O0H (wp)
OP(w —w) ~
o) e

OM (ws)
OH (wj)
OP(w — wi) OM (wy — wy) - (wo
aH(Wo) 8H(w0)
8M(w1 - WZ)
OH (wo)

M (w2)

~—

1 (wp
(w}

(
(

e
(wo

+P(w — wi)

SR

S

\_/\_/\_/

OP(w — w)
OH(wp)

M(wl - w2) -

€

~— | —

0

OH
aM(Wl — wp) OM
OH(wy) OH
P*Pw—w) - y
SE o) M (w1 — wa) M (wy)

+P(w — w)

0’ M (w1 — ws) - (

+P(w — wy) OH (w))dH (wp)

wz)

4 P(w _ wl)M(wl — wy)



OP(w — wy) OP(wy — ws) =
3 QPQ”/GZM/dw2 2 zf’nwl OH (wo) OH (w}) Plws)

i P —w»%i:z; T i
P e S i i
Pl ) )+ Bl T Pl
o e ) aﬁa;f(;:;l) aMa(f??Jf) M)
e e aH(wSa_HTL)Q Ml mele)
Pl — ) SR ) 4 Pl = ) e~ o )| 1
Small field limit
Let us then take the small field limit of Eq. (13), remembering that in that limit,
Bl )3 o~ ) = 3 T (14
)i o) = ol (19
()it~ ) = D, (16
A )00~ =) = § 7 D (17

with G(wj,wp) being the quadratic magnetoelectric constant, a(wp) the linear magneto-
electric constant, ys(wo) the magnetic susceptibility and y® (w),wp) is the second order

magnetic susceptibility.



Let us now calculate each term of Eq. (13). For instance, the first term of Eq. (13) can

be rewritten as:

OP(w — wy) OP(wy — wy) =
/dwl/dwg 9 H (w0 DH (o) P(ws)

_ / iy / (o) (w — wr — wo)ar(wh)3(wn — ws — wh) Plwn)

= /dwg&(wo)a(w6)5(w — wop — wh — wa) P(wn)

o(wo)ar(wp) P(w — wo — wp)

We also obtain:

w — wl ~ ~
/dwl/dwgaH wo 8H (,(jo P(w1 —WQ)P(WQ)

= /dw1 /dwﬂﬁ W, wo)0(w — w1 — wp — wé)ﬁ(wl — wg)p(wg)

= 2/(wg, wo) /dwgﬁ(w — W — Wh — wa) P(ws).

OP(w — wy) OM (w1 — ws)
/ duy / dw O0H (wo) OH (w}) M(w2)

— /dwl /dea wo)d(w — wi — wo) xar (wh)d (w1 — wa — wh) M (wp)

= Oz(w0>XM(W6)M(w —Wo w[l))

8Mw1—w2)6M( )
/ d“’l/ Pl =) =5y o)

_ / oy / s P(w — w1) xar (w0)8(wr — w2 — wo)Xar ()0 (w2 — wh)

= P(w — W — Wé)XM(WO)XM(Wé)

P(w — wi) M (wy —w 02 M ()
/dwl/dwgP(w 1)M( 1 2>8H(@6)6H(w0)
= /dw1 /dwgf’(w — W) M (w1 — w)2x P (wh, wo)d(wy — wo — wh)

= 2X(2)(w6, wo) /dwlp(w — wl)M(wl — wp — wp)
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(19)
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/ deon / o wowaHoZ:J)o)M (i1 = w2) M ()

= /dw1 /dwﬂﬁ wh, wo)8(w — wy — wo — wh) M (wy — wa) M (ws)

= 2/3(wp, wo) /dng(w — Wy — wWh — wa) M (wy) (24)

1 815(w —wy) aﬁ(wl —ws) =
/dwl /dwgw% —wi+ilyw  0H(wo) O0H (w}) Plw.)

- /dw1 /dWQQ(WO)é(w —wiT ;uﬂ)a(;*’())é.(wl — wy — wh) P(w)
wn — Wi + ’Ll—‘nwl
_ /dw or(wo) e (wh) P(ws)d(w — wo — wh — wa)

w2 — (W — wp)? + il (w — wo)

o(wo)ar(wp) P(w — wy — wp)

w2 — (w—wp)? + il (w — wo) (25)
1 OP(w — wy) = P (w,)
/ e / d‘%g S il OH(w) L) g
_ /dw2 av(wo) ov(w )P(W2)5(W — Wy — Wy — Wy)
w2 — (W —wp)? + il (w — wo)
a(wo)ax(wp) P(w — wo — wp)
w2 — (w—wp)? + il (w — w) (26)
1 ~ 8p(CU2) 8 ~(w1 - (A}Q)

/dw1 /dw2 w2 — w} + il G wl)aﬂ(wo) OH (wy)
_ P(w — wi)a(wo)d(wi — wy — wo)au(wh)d(ws — wp)
B /dw1 /dw2 w2 — wi +ilyw
[ P ool i)

! w2 — wi +ilyw
__ afwy)a(wp) P(w — wo — wp) 27)

wZ — (wo + wp)? + il (wo + wp)
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1 PP(w—w) = .
/dwl /daﬂw% — w? + 4wy OH (w)OH (w) P(wy — wy) P(ws)
= /dw1 /dw2 26 (wo, wy) P(wy — wa)wad(w — wy — wo — wp)
w

2 _ 2
5 — wi +ilw

26(“07“6) / r / ~
= dwo P(w — wg — wph — we ) Plw 28
(,127_((,_(,0 5’6)2 ZTn(” 0 ’6) 2 ( 0 0 2) ( 2) ( )

1 ~ 821f’(w1 - (,UQ) ~
Plw— P
/dw1 /dw2 w2 — wi +ilywy (w=w) OH (wo)0H (w}) (c2)

28(wo, wh)d (w1 — way — wp — wh) P(w — wy) P(w
:/dwl/dWQ Blwo 0)(1w22—w2(—)|—i1“(:3 ( 1) P(w2)
n 1 nw1

P(w — wy)P(wy — wy — wp)

2 _ 42 ;
wy — wi + il

= 28 (wp, w)) / duwn (29)

Similarly,

1 ~ ~ 82p<WQ)
P(w—wy)P(w; —
/dwl /dwz w2 — wi +ilyw (w—w)Plw WQ)(?H(wo)ﬁH(wé)

= 25w, ) / dun 2

w— wq)P(w; — wy — wp)

30

1 OP(w — wy) OM (w; — wy) ~
/dwl/dwgw% — W L il OH(w) DH () M (w2)

) - o NG . o M
:/dw1/dw20z(w0) (w—wy W;))XMS«UO)' (w1 — we — wh) M (w2)
wy — wi +ilw

_ /dw2a(wo)XM(w6)M(w2)5(w — Wp — Wy — Wa)
w2 — (W —wp)? + il (w — wo)

_ afwo)xar(wp) M (w — wo — wp)
w2 — (W —wp)? + il (w — wo)

1 OP(w —wi) ~ OM (ws)
/d(dl /dWQ w% _ w% I ianl aH(wO) M(w1 WQ) ;

a(wo) xar (wp) M (w — wo — wp)
T w2~ (W — wo)? + il (w — wp) (33)
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1 ~ 8M(w1 — CUQ) 8M(w2)
Plw —
/dwl /dw2 2 _ w% + iTyw (w—w) OH(wg) OH(w})

_ /dw /dw (w—uw XM(WO)5(W1 — wy — wo)Xm(wp)d(we — wy)
1 ’ —wi +ilw;

Pw — wy — wo)XM(WO)XM(Wo)

N 34
w2 — (wo + wp)? + iTy(wo + wp) (34)
1 PP(w —wy) - .
d d W lwr — w) N
/ w1/ W2 2 —w? + il wy OH (wo)0H (wyf) (w1 — wa) M (w2)
2B w()?w() 5(&) — W1 — Wy — u}é)
—/dwl/dQ w2_w+zrw
1 nw1
2
~ W2 6/(@;(),%) , (35)
wn - (w — Wo — WQ) +ZF77(UJ — Wy — wo)
1 ~ 02M(W1 — CUQ) ~
d d P — M
/ Lul/ 2 —w% + ilywy (w WI)aH(w{))@H(wO) (w2)
(2) -
w—wy)2 wh, wo)0(wi — we — woy — wh) M (w
/dwl/dw2 1 XM(£2_O)wgiirj o = ) M)
n 1 nwWi
@) P(w — wi)M(w — wo — wp)
=2 d 36
Xar (6, wo)/ e w2 — wi +ilyw (36)
1 5 - 02N (ws)
d d Plw — w ) M(w —
/ wl/ w2w727 _w% +ian1 (OJ OJ1) (wl WQ)aH(W6)(9H(wO)
— (4 d JS(W — Wl)M(Uﬂ — WQ)QXS\?(W(/), wo)d(ws — wo — wh)
A w2 — w? 4 ilw
n 1 nw1
). P(w — wi)M (w1 — wy — wp)
Xi (s o) / “ w? — wi +ilyw (37)

As a result, from Eq. (13), one gets the following equation satisfied by /3, and further
requiring that wj + wyp = w (recalling also that P, M are real quantities, which therefore

implies that P(—w) = P*(w)):
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(W — (wo +wp)? + il p(wo + wp)) 26(wp, wo)
= ~26p [3a(utal) P(O) + 35y n) [ deslPle)]
—28pm [(@(WO)XM(WS) + awp)xar (wo)) M(0) + X (wh) X (wo) P(0)

B(ul, wo) / duon| M (w)] + 22 (e, o) / o (0 — w1 ) V(w0 — wl)}
1 1

+
2 12 . / 2,2 :
wy —wi + il wy —wy +ilwo

+QrQy [alehalan)P(0) (

1
+w727 — (W) 4+ wo))? + il (w) + w0)>
—i——B(wé’wo)/dw2|p(w2)‘2+25(w6,WO)/dw1 [Plw = w)l ]

2 2 _ 24/
wy wy — wi + il

Ok [a(wo)XM(wé)M(O) av(wp)xar (wo) M (0)

w2 — wi 4 il w2 — wg + il ywo
X (wo) xa () P(0)
w2 — (W + wo)? + il (wp + wo)
B(wh, wo) P(w — w)M*(w — wy)

. / dasa| M (w2)[? + 2x 7 (w)h, wo) / dwr
n

] . (39)

2 _ 2 ;
wy — wi + il

Once all the terms in § have been gathered, we obtain, after introducing

(35 QPA) dwz ‘ (Wz)‘z + <§PM - %) /dwz ‘M(M)‘Z
@t [ don- _wlﬂff?nwlwl) (39)
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B<w67 WO)
1
0 —w?+ilpw

—3¢pa(wp)alwo) P(0) — Epar ((Oé(wO)XM(WG) + a(wp)xar (o)) M (0) + xar (wh) xar (wo) P(0)

22 () / deoy Pl — o) T (0 — w1)>

QrQ, . 1 1 1
a(wq)a(we)P(0) x - + - + -
2 (wo)a(wo) P(0) w% —w + 10w}, w% — wg +ilwo w% — (wh +wo))? + il (wh + wo)
QpA [ a(wo)xar (wh)M(0) | a(wh)xar(wo) M (0) X (wo) xar (wh) P(0)
2 w2 — wi + il w2 —wg +ilywy w2 — (wh 4 wo)? + il (wh + wo)

NI /dwl Pw — wy) M*(w — m)]

w2 — wi +ilyw
Now, in order to simplify a little bit the picture, let us neglect the term proportional or
quadratic in the linear ME coefficient «v (which will demonstrate to be negligible for large
magnetic fields in BFO) and the second order magnetic susceptibility x?. This allows to
clearly see the physics and resonances.
As a matter of fact, under those simplifications, the latest equation for § can be re-written

as:

Bl wo) = _gpMXM(WG)XM(WO)p((])JFQPS\ X (W)X (wo) P(0)

0% — w? + il pw 2 (@p —w? +ilpw) (w2 — (wh + wo)? + il (wh + wo))
(41)

Now, in the specific case where we applied both a DC' (hence 0 frequency) and an ac
field (with frequency w), we have two components of § to consider.

First of all,

- Xz (0)xar (W) P(0) | QpA X (0)x v (w) P(0)
B0,w) = —Epu 0% — w? + il pw L) (@p — w? +ilpw) (w2 — w? +ilyw) (42)

is the quadratic ME coupling that couples the DC and the ac field to produce a frequency
at w (i.e., is an effective linear ME term). One observes from the equation above that

resonances can occur:

1. If xar(w) itself has a resonance (which we do not observe in the clamped case in our

numerical simulations of 5(0,w) in Figure 2a of the main text).

12
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2. If the ac field frequency matches the modified phonon frequency, i.e. w = Wp.

3. If the strain resonance is achieved, i.e. w = w;,, which should only be observed in the

unclamped case, as confirmed in Figure 2a in the main text.

Secondly, there is another component of § which couples the ac field with itself and

produces a doubling in frequency 2w,

Xar (w)*P(0) N QpA Xar(w)* P(0)

_ 43
Blonw) = =L o o T 9 (G —dt T p2w) (w2 — 4w? + il 20) (43)

Now, we see that there are again three possible resonances:

1. If xa(w) has a resonance, 5(0,w) and f(w,w) should have a resonance at the same

frequency of the applied ac field, i.e. w =~ Wnagnon-

2. The resonance frequency in 5(w,w) due to optical phonons happens at half the phonon

frequency (for w = %), contrary to (0, w), for which it happens at @p.

3. There is also a strain resonance in f(w,w). Just like the phonon case above, it should

happen at half the strain proper frequency, i.e. for w = %; on the other hand, that

resonance occurs in $(0,w) when the frequency of the applied field is w = w,.

Linear ME constant

In this section, we also derive an expression for the linear magnetoelectric coefficient,
a(w). Taking the small field limit of Eq. (12), we have

2

(wp — w® + i pw) a(w) = —3§pa(w)/dw2 P(ws)

—Spm [a(w)/dw ‘M(O‘Q)

2l [ dinPlo - w1 - )]

2

QPQn a(w) / ~ 2 / P(w - wl)
B sy | P 2 d
Ty e ) (Wo)| +2a(w) 2 W il
Qr | a(w) / ~ 2 / Pw — w) M*(w — wy)
<PANRET oy |31 2 d
Ty e (@2)] +2xar(w) [ den W2 — w4 il

(44)
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Introducing @p as in the previous section, we thus find the following expression for the

dynamical linear magnetoelectric constant:

2 paxar(®) [ dun Plw — wn) (@ — wy) + QpAxar(w) [ duny Do)
aw) = Wp? — w? + il pw ()
(45)

Let us consider a limiting case, for which, prior to excitation, the spectra of polarization
and magnetization reduce to a spontaneous polarization Fy and magnetization My; in other
words, P(w) = Pyd(w) and M(w) = Myd(w). In such case, the linear magnetoelectric

coefficient reduces to

a(w) = =28pprx (W) o) ikl

~ - PyM,
A
o3 —w? +ilpw + QrAxm(w) @

wp? —w? +ilpw) (@2 — w? + ilyw)
(46)

It can be observed that the first term is an electromagnon-like resonance term, as it
depends only on the direct coupling of polarization and magnetization, and can exhibit
resonances at the magnon and polar optical phonon frequencies. We note that it has a
similar form to the electromagnetic susceptibility derived in Equation 28 of Ref. [1], albeit
with a renormalized optical phonon frequencies and the magnetic excitation frequencies
hidden in the magnetic susceptibility yas(w) in our case. The second term is the product of
electrostrictive and magnetostrictive couplings, and shows resonance at the same frequencies
as the first term, plus an extra-resonance at the strain frequency. It thus represents the effect
of an electroacoustic magnon.

There is a body of work on strain-mediated enhanced magnetoelectric coupling that
shows the appearance of specific resonances in the magnetoelectric coupling due to acoustic
deformation [2, 3. It has also been discussed that the combined effect of piezoelectric and
pseudopiezomagnetic effects lead to large linear magnetoelectric coefficient [4, 5], or electric-
field control of electromagnon frequencies [6]. All of those works focus on ferroelectric-
ferromagnetic heterostructures, hence the results are heavily dependent on the quality of the
interface between the two films [7]. In contrast, we consider a single phase material, for which
the strain resonance can be tuned by changing the size and shape of the material, whilst
still leading to strain-mediated resonance. This represents potentially easier processing, and

cheaper costs.
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The investigation of the contribution of the linear coefficient, o, in the magneto-

electric response

In order to quantify the contribution of the linear coefficient, «, in the magnetoelectric
response of BiFeOs, we derive both linear and quadratic coefficients as described in the

following:

1
P:PS+QH+§5H2 (47)

Here P is electrical polarization, P? is the spontaneous polarization, and H is the external
applied magnetic field. « and 8 are the linear and quadratic magnetoelectric coefficients,
respectively. If the applied magnetic field is a combination of a dc field and an ac field with

the frequency of w

H = Hyy + hoge™ (48)
then
P = [P+ apHye + %ﬁngc] (@) e + B0, ) Hachad ! + %5@;, WIhZ Bt (49)
By introducing
Py= P+ agHa + 500 Hl, (50)

we get

P = Py + [a(w)hee + B(0,w) Hyehg ™ + [%B(w, w)hZC]egi“’t. (51)

Arranging Eq. (51) in the form of P = Py + ae’@H¢e) 4 qei@tHe) | gives

[0/ (w) 4 10" (W)]hae + [B(0,w) + i (0, W) Hychae = a.cos @, +1i a sin @, (52)

(8'(,0) + 8" (@, ) [32) = beospa + i bsin o, (53)

Solving Eq. (52) and Eq. (53) results in

, acos g, —a (Whee [+ fOL (P — Py)sin(wt)dt] — o (w)hae

6 (0’ w) - Hdchac - Hdchac (54)

§(0.0) = L5 P = o (@hae _ [3Jy (P = ) cos(wt)d] — a” (w)h
e Hdchac N Hdcha,c

(55)

15



/

, _beospa, By, 2 fOL (P — Py)cos(2wt)dt

B (w,w) = = = (56)
shae  3hi e
" L .
" bsingpy, Py, %[ (P — Py)sin(2wt)dt
B (w,w) = 12 lsz = 12 (57)
2" 7ac 2" %ac 2"%ac
If we introduce
9 L
5=2 / (P — Py)sin(wt)dt (58)
0
Then we can rearrange Eq. (54) into the following form
HachaeS (0,w) = S — o (W)hee (59)
S = Hdchacﬁl(oy w) + O/ (w)hac (6())
S / /
= B (0,w)Hg. + v (w) (61)
Now, if we calculate, from our MD simulations, h*jc for different values of Hy. (for a

fixed w and a fixed hq.) and apply a fit based on Equation Eq. (61), we can extract a'(w)
in addition to BI(O,w). The results for hiac for different values of dc magnetic fields when
haee = 61.2T and w = 160 GHz are shown in Figure 1. The goodness of a straight line fit
confirms the validity of Eq. (61), and the extracted values are:

£'(0,w) = —2.614 x 1078

o (w) = —3.655 x 1077

The value of f'(0,w)Hy,. is thus larger than o/(w) by one order of magnitude when Hy.
is of the order of 100 T" or greater. In fact, When the applied magnetic field increases,
the contribution of the linear ME response, a, becomes negligible in comparison with the

quadratic response such a way that fHy. >> a.

Numerical demonstration of the validity of the analytical model

In order to demonstrate the validity of our analytical model described by Eq. (42) and
Eq. (43), we used it to fit the results of our MD simulations when the frequency of applied
magnetic field changes from 20 GHz to 500 GH z.
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Based on the existence of two electroacoustic magnons, the function defined for (0, w)

based on Equation Eq. (42) can be modified as follows

£(0,) . + o

w) =

’ wp —w?+ilpw  (wp — w? +iTpw) (w2, —w? +ily,w)
By

62
(Wp — w? + il pw) (W2, — w? 4 iT,w) (62)

Here A, By, By, I'p , Iy, I'y,, wy, , and wy, are fitting parameters, while wp is the frequency
of phonon which is set to 4320 GHz. Figure 2a of this Supplementary Information clearly
demonstrates that the function f(0,w) fits very well the MD data for 5'(0,w)— therefore
confirming the validity of the model leading to Eq. (42).

For the case of f(w,w) a similar approach (based on the existence of two electroacoustic

magnons and starting from Eq. (43)) can be used, which results in:

) e =
w,w) =
’ wp —4w? +ilp2w  (wp — 4w? + T p2w) (w2, — 4w? + Ty, 2w)
B/
+ 2 (63)

(W — dw? 1T p2w) (w2, — dw? 41T, 2w)

Figure 2b of this Supplementary Information shows that this latter equation fits rather
well the MD data for '(w,w) (apart from the two peaks existing at frequencies of w =90
GHz and 267 GHz, which may be numerical residuals of 5(0,w)). Such overall agreement

further validates our analytical model, that also results in Eq. (43).
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FIG. 1. (Color online)

Behavior of hiac as a function of the dc magnetic field when hg. = 61.27T and w = 160 GH z, as

obtained from MD simulations
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The results obtained from MD simulations and the fit generated based on the analytical model

for the real part of (a) 8(0,w) and (b) B(w,w)
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