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A. THE DERIVATION OF THE TRANSMISSION SPECTRA

In this section, we derive the detailed expression of trassion spectra in our experiment. We
solve the transmission spectra with standard steady siai¢-output theory. The cavity magnon-
polariton system is driven by two beams of microwave, whighaalled the pump tone and the
probe tone. The pump tone is applied through the antenna #rares the magnon with ampli-
tudes,, and phase. In the other side, the probe tone is used as the referengkedphrough the
antenna 1 and drives the cavity with amplitudeind phase». = 0. In our setup, the Kittle mode
of the YIG sphere is working in the low excitation regime. kugithe Holstein-Primakoff trans-
formation, the collective spin mode excitation can be symrpgarded as a harmonic oscillator.
Therefore, our system can described with the Hamiltonian

H = wea'a 4+ wpmim + g(a'm + am’)
—H\/ﬂec (aTe_i“’pt — aeiwpt)
+iv/ 2NmEmEm (mfe_i“pt_w — mei“p“rw) . (S1)

Here, we have assuméd= 1. a (a') andm (m') are the annihilation (creation) operator of the

cavity with resonant frequency. and the magnon mode with resonant frequengyrespectively.

k. andk,, are the decay rates of the cavity and the magnon mode, resectWe define the
coupling parameter of the cavity (the magnon mode)as= kci/ke (M = Km1/km), Where

kel @andk,,; are the external dissipation rates of the cavity and the wagrespectively. In our
experiment, the coupling parameter of the cavity.is- 0.19 which is less than /2, and the cavity
works in under coupling regime. Mean while, the couplinggpaeter of the magnon moderig =

1/2, and the magnon works in the critical coupling reging.— \/m <5m = M) is

the amplitude of the cavity probe (the magnon pump) field. Wit (P,,) is the power of cavity
probe (magnon pump) tonew, is the frequency of the cavity probe tone, and is equal to the
frequency of the magnon pump toneis the relative phase between the cavity probe tone and the
magnon pump tone. Moving to the reference frame rotating fwéquencyw,, we can write the

Hamiltonian as:
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H = Apa'a+ Aym™m + g(a'm + am?)

+iv/2nekece (al — a) + i/ 2nmkimem (Mmfe™ — me') (S2)

whereA, = w. —w, (A, = wy, —wp) is the detuning between cavity resonant frequency (magnon
mode resonant frequency) and probe (pump) tones. In oup ski@ cavity is resonant with the
magnon mode, i.ew. = wy,. The dynamics of the cavity magnon-polariton system canese d

scribed by solving the corresponding semiclassical Laimgaguations:

a= - (ZAP + KC) a— ng + v QUCchca (83)
1 = — (iQp + Km) M — iga + \/ 2mEmEme % (S4)

For steady states, we can obtain the solutiofupfand (m):

(a) V2nekcge (1A, + Km) 19/ 2NmEmEme ¢

a)y = — ,
(iAp + Ke) (IAp + km) + 92 (1A, + Ke) (IAp + Em) + ¢2

_Zg <CL> t v 277mf<0m€m6_w

iAp + Fm

(m) = (S5)

The reflected signal from the cavity follows the input-outbaundary condition

Eout = Ec — \/ 2Mcke {(a) . (S6)

Using the input-output boundary condition, we can solverdilection coefficient as

‘= Eout
Ec
. 2nckic (1A, + Km) 120/ Nemkchmoe ™
(1A + Ke) (IAp + km) + g% [(0Ap + Ke) (1AL + £m) + ¢7]
= tprobe + tpump: (S7)
wheretyone = 1 — Apﬁ:)gjﬁiizmg —+ Lpump = ’(fmv(ﬁpfﬁé)i; andd = e, /. is the pump-

probe ratio. Using the reflection coefficient, we can obthmamplitude response spectr$m

by



S11 = |t] (S8)

Meanwhile, we can also obtain the phase of the reflected Idigna

© =arg(t). (S9)
Using the definition of group delay of microwave,= dy/Jw,,, we can obtain the group delay
time of the transmitted microwave at the resonant frequency
dp

Tao = — (S10)
" A, Ap=0

B. THE SIDE-EFFECT OF THE ANTENNA 2

In our experiment, the round loop antenna 2 is not only califdehe magnon mode but also
to the cavity mode. The redundant coupling introduces aratiput-output port to the cavity, and
induces an additional dissipation ratg of the cavity. Therefore, the pump tone we applied to
the magnon also drives the cavity. In this section, we insieceffects of this auxiliary coupling,
and compare the transmission spectra and group delay tinhetlat without the influence of
dissipation rate:.,.

With the existence of the antenna 2, the Hamiltonian of ostesy can by written as

H = wCaTa + wmme + g(aTm i amT)
+imgc (aT€_iwpt — aeiwpt)
+i\/m€m (mTe_i‘”Pt_w _ meiwpt+i¢)

+ivV2K2Em (cﬁfa_i“"’t_“"2 — aei“thri“”) ) (S11)

Whererk,, is the antenna 2 induced cavity decay rate, ands the relative phase between the
pump tone and the probe tone applied to the cavity. In thegete frame rotating with angular

frequencyw,, the Hamiltonian is

H= ApaTa + Amem + g(aTm + amT) + i/ 2N ReEe (aT - a)
+iv/2NmFmEm (mTe_w — mew) + 1V 2Ke2Em (aTe_w2 — aeim) . (S12)
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Using the semiclassical Langevin equations, we can sokestibady state internal field of the

magnon and the cavity as:

V2nekeee (1A + Km) 19/ 2NmEmEme

Ay + k) (iDp + bim) + g% (1A, + ko) (iID, + Fim) + g
V26e28m (1A, + k) €72
(1Ap + Ke) (1A, + k) + g%
—iga + /2N kmEme ™%

= ) S13
m 1AL + K ( )

The antenna 2-cavity coupling does not change the inpygublioundary condition which is

described in EqQ. (S6). Therefore, the reflection coeffictamt be expressed as

t _ Eout
Ec

20k (1A, + Km) iQQ\/Tméme_w"‘
(IAp + ke) ((Ap + km) + g% €c[(1Ap + ke) (IAp + fim) + g7
2\/MeFchczem (1A + Kim) €7%2
& [(iAp + Ke) (185 + Fm) + ¢7]

—1—

(S14)

Using the Eq. (S8) and Eg. (S10), we can obtain the amplitagpanse spectrs;; and the
group delay time, with considering the side-effects of the antenna 2. To atalthe influence of
the antenna 2-cavity coupling on the transmission proggrive compare the amplitude response
spectraS;; and the group delay time calculated using Eqg. (S7) and E¢)(S1

In Fig. S1, we plot the main theoretical results of amplitueégponse spectra and the group
delay time with and without considering the effects of anteB-cavity coupling. In Fig. S1(a), we
compare the reflection spectrusy, with the applied microwave phase35sr. And in Fig. S1(b),
we compare the group delay time with the same applied micreywaase. In Fig. S1(c) and (d),
we compare the extreme amplitude$f calculated with different pump-probe ratiovhen the
applied microwave phase (8357 and1.357, respectively. In Fig. S1(e) and (f), we compare the
extreme amplitude of the group delay time solved with vasi®when the applied microwave
phase i0.357 and 1.35, respectively. We can find form these comparisons that thpaats
of the antenna 2-cavity coupling on the system responsesiad. Therefore, we can use the
physical model described in the main text to explain the grpent results in our manuscript. In
order to fit the experimental results better, we considereckffects of antenna 2-cavity coupling

in theoretical results presented in the main text.
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Including antenna 2-cavity coupling

Excluding antenna 2-cavity coupling
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FIG. S1.

system responses with and without

Comparisons of the

the impacts of antenna 2-cavity cou-
pling. Here, the applied microwave
phaseyp is presented by the experi-
mental parameter. Theoretically, the
fitted values ofyp (p2) are 1.57
(0.87) and 0.47 (1.47w) when the
experimental values ar@.357 and
1.35m, respectively. (a) The am-
plitude responses with = 1 and
the applied microwave phase =
0.357.
with §

(b) The group delay time
= 1 and the applied mi-
0.357.  (C)

Extreme values of the amplitude re-

crowave phasep =
sponsesSy; with different pump-
probe ratioj and applied microwave
0.357. (d) Extreme

phasey =
values of the amplitude responses
S11 with different pump-probe ra-

tio § and applied microwave phase

1.357.

(e) Extreme values
of the group delay time with differ-
ent pump-probe ratio and applied
microwave phase = 0.357. (f)
Extreme values of the group delay
time with different pump-probe ra-
tio 6 and applied microwave phase
p = 1.357.



C. ERROR ANALYSIS

In Fig.5(a) of the main text, we can find that the experimetiéah deviates from the theoretical
result around the abrupt transition point. This is mainiguced by the imperfect system setups,
such as limited output precision of AWG, imperfectness &f i) mixer and unstable magnon

frequency. We give the detailed discussions below.

Besides the 2D curves shown in Fig5 (a), we also provide 3Drdigyhere to present how
group delay time evolutions versus both the pump-probe dagéind the sweep step of the detun-
ing frequencyA,,, as shown in Fig. S2. Fig. S2(a) presents the theoreticaltsesbtained with
our system parameters, and Fig. S2(b) is the experimergaltreThe step of pump-probe am-
plitude ratiod is 0.053 and the step of the detuning frequergyis 60 kHz. We can find that
the experimental data present the same behavior with tluedtieal calculations. However, the

experimental data deviates from the theoretical resultradtahe transition point(= 3, A, = 0).

In order to present the parameter sensitivity of the delang taround the transition point, lets
zoom in and calculate the delay time around this point by irgfithe sweep step. As shown in
Fig. S2(c)-(f), the extreme value of the delay time increastgarply with further decreasing the
coordinate step size. As shown in figure (f), when the swegpfstr frequency detuning, is 1
mHz (0.001Hz) and the step 6fs 1 x 10~?, the maximum delay time reaches 200 s. With further
refinement, the extreme value approaches 40000s, whichoapresented here due to the great
difficulties in experimental realization. From these cétions, we can conclude that the extreme

values of delay time increase sharply and the theoretidalydene does approaches infinity.

It is notable that the time delay value is quite sensitivehndweep step changes (bothnd
Ap). In our experiment, the amplitude ratids dominated by the output precision of AWG and
IQ mixer, and the step is set to be 0.053. This step size qones to the finest output precision
of AWG. Considering the imperfectness of the 1Q mixer, we egpect that the deviation between
the set value o and the actual one is in the order of 0.01. On the other siéee thre current
fluctuations of our electromagnet supply. The current flatun results the magnon frequency
drift in the order of 100 kHz. The frequency drift leads to fhequency detuning between the
magnon and the cavity, as well as imprecise step siz&,0fWe find from our calculations that
the variation of delay time reachesus with changingA, 60kHz in the vicinity of the transition
point. These factors together cause the measured time tdeysmaller than the theoretical one

in the vicinity of the abrupt transition point. Based on th®wee discussions, it is reasonable that
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FIG. S2. (a) The theoretical data obtained with experimgr@emeters (the step 6fis 0.053 and the step
of driving frequency is 0.06 MHz). (b) The experimental dafe) The theoretical data obtained with the
step ofd is 1 x 10~% and the step of driving frequency is 1 Hz. (d) The theoretitzeth obtained with the
step ofd is 1 x 107 and the step of driving frequency is 0.1 Hz. (e) The theoattiata obtained with the
step ofd is 1 x 10~® and the step of driving frequency is 0.01 Hz. (f) The theosdtilata obtained with the

step of§ is 1 x 10~ and the step of driving frequency is 0.001 Hz.

the measured maximum group delay time ( 800 ns) deviatesttiertheoretical one{.8 us).



