Chinese Physical Society

YIRS Acta Physica Sinica

€D Institute of Physics, CAS

EERERERGHMARHER
hzhg RER LRHE FAE
Research progress of hybrid cavity—magnon systems

Shen Rui-Chang  Zhang Guo-Qiang  Wang Yi-Pu  You Jian-Qiang

5|5 &, Citation: Acta Physica Sinica, 68, 230305 (2019)  DOI: 10.7498/aps.68.20191608
TEZR )12 View online: https://doi.org/10.7498/aps.68.20191608
AN View table of contents: http://wulixb.iphy.ac.cn

BT BB A HAB S EE

Articles you may be interested in

Fi - IE BRI THZ B AOAH 81 5 il & et

Research progress of coherent control of terahertz spin waves and strong coupling in rare—earth orthoferrites

PIH2A4R. 2019, 68(16): 167501  hitps://doi.org/10.7498/aps.68.20190706

[ A TE VS BRSPS B i

Research progress of physical model of full-solid—state magnetic refrigeration system

PIBEEAR. 2019, 68(21): 217501 https://doi.org/10.7498/aps.68.20191139

BT BN A0 AR S Sl TR T RS R R T 19 2]
Entanglement of quantum node based on hybrid system of diamond nitrogen—vacancy center spin ensembles and superconducting

quantum circuits

YIBR2E4. 2018, 67(7): 070302  https://doi.org/10.7498/aps.67.20172634


http://wlxb.xml-journal.net
https://doi.org/10.7498/aps.68.20191608
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.68.20190706
https://doi.org/10.7498/aps.68.20191139
https://doi.org/10.7498/aps.67.20172634

¥ 1B ¥ Acta Phys. Sin.

Vol. 68, No. 23 (2019)

230305

REHARIHERE"

THRED R

1) (AbatHHERE T L, B PSR FE B, JL3 100193)

FREZRIA
TEREEES
i =
N &) KER?
2) (WL REFWBR, UMl 310027)
(2019 4 10 H 21 AYE]; 2019 4F 11 H 7 BEE i)
VAR R E T iR

o SEBUR TR W) B R G 2 S BAR B P 65 . A SCRT 240 1 I A E I IR &
Pt 7 5 OO T RORE A HLE; B BT A AR RS

BRGETRANTBIDITE . BT [ M A R B IE AT, A B S — A DL A REdE T

RGNk R, W] A BE
RGP O T AR LA RS e R A D5 A F

FEHE R, e rp A A AR AN 5 R 1 i B T A AR SO XURR, TR - T (PT) Xk e 2 o 14 552 LA

PT X FK B & Rl B AH AR

FEER: A BEIOR
PACS: 03.67.-a, 42.50.-p, 75.45.+]

1 5

RSN O 2 & R R EC T
P-4, et B2 AL ESS T, S BUS TR KW
HEJE . 1994 4F | ShorlV 4 H N T K H0 43 iR 1
Shor & 7%; 1996 4, Groverl? $2 1 & FI8 R B k.
2, IR AT SR R TR, TRt
EA—EUR R B BiJG — RV e H T
TR R G, e an A AR Y 2 1 Fi
+ B ABER A E PO R AR R S 1
&R RS A AP, AR - R
TR (o7 SRS AT Tz W R T S SR, X
e RS A A BN, Bl T R R RRE
A ARG R A o, (H PR A 5 LU A 5
Z I FAERGR A EAEH, SECHE T I AR
;1 4 WA /28 o oL B AR A K A A T B
(B, (HIECAT 4 R ANGS . XX S [ ) Bl 54T

ail¥

TR AT A I, LA R AR ey AL A PTX FR JER T OK e 7 1k ok S B = B A A

TRG, W AREB R TRAHOT, /RS BRRGR, AR e kS Ar 5

DOI: 10.7498/aps.68.20191608

FHGIR R AR B R s AR T 22 1819
I FH I R8T 1) S0k S — ST 27 ﬁJtzM%
L T LB 1 T AR R R 4h Al ok DLk
R FEL T G A A ) R A 1201,

TE e R ZR I AR G I R G, SRR
/NPAZ AT DU A A R i T RS e S T
i PR B B R — AR, i AR BB s =2 [ 1Y)
ﬁ&i*%ﬁgifﬁﬂu%%/%%geff = \/ﬁg, = EP g j‘7$
A FBEMFRGOREL, N oOAFES Ry A R Y. X EE,
H e BB T4 S R AL VAR A e R p, B
N =pV . WK, B RG50St 20118 K
A A RAR A SR g BN [ e N. B [ TiE
T e R B R R A, AR T E e I £
PRIME, N & 4 NlE PR s e (B EE) %5
2 EA e R LA TR AR S . BT, 2010 48,
Soykal Fl Flatte2223 B 42 H T B H ek iR
B RGENEE, TSR R RE AR (5] 4z 4k
ARA IR (YIG)) H i B e REACE IR R

* o E R SRR & IR (LS 2016 YFA0301200) FTE K B AR A4 (LS 11934010, U1801661, U1930402) ¥t H)

FA PR
t BIE1EE. E-mail: jqyou@zju.edu.cn
©2019 HEHEFS Chinese Physical Society

http://wulixb.iphy.ac.cn

230305-1


http://doi.org/10.7498/aps.68.20191608
mailto:jqyou@zju.edu.cn
mailto:jqyou@zju.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 68, No. 23 (2019) 230305

TR, WL R B 7SR R R i
2 G e AN (U sa e[| ) K B S i ma
HHBREFER. B0 MEERSYL
1984 4F 7 J AEWIVE K 2= W) ¥R SR 3
S 2A0r, 1988 4F 8 A fe PR}
2 e 4 8 I 9Y i 3R 42 B A & M A1
AL, 1997 4F 7 A AEH ERRE B E A
; PRI I R SR AW P L 1206
AR AR IR O BB R . B B RS R i
i 5 44 AR AE . 2006 AF 3K E RN AR RN R R 4
2008 4 AEHFH MRV E RIS R 2016 4FARIERHHR
E R E S AT E ST E, £ E 5. 1999 4R35k
TR ARBIEEM TN 2003 4EFR H AR BIAL 223 5T TRl
W53k 454 (RIKEN Frontier Research System Grand
Award). AT E Springer HR4E Quantum Information
ProcessingZ% % 1 3¢ E ¥ B 2% & Physical Review
Applied Z4EHRZS.

1) [ T8 2 455 DA S B folipl s AR 1 E 2R 2% 22 ) 11
4. REITIRES R, YIG AMUKIR BB w1
HBERE (~2.1 x 1022 em?®), 11 H. H HEZ [AIFEAER
55 ()5S A B A 19 e R 25 SRRk 19 I i
T HABARRIFERR (<1 MHz), X {Hf53525 |52
A T TS IO I e T 2 R A R A R T
fE. 2013 4F, Huebl 5 24 {IRAES S FWEER] T A
JiRE I8 T — AR R I SRR A, R
BRI T AR T R B R AT, (HETE
RSV i R R 2R R B DA — BB Y
Bk, RIAZ AN B RE 7 R0, HR S SO A TR
HF275/N. 2014 4, Zhang %5 25 Fil Tabuchi 4§ 20
FESEIG 1R — A s v e 1 3k — PRIE, A ] 43l
FE IR AR T SCEL T A HE D & = 4
T TR & Zhang 25 270 0] X6F 5] — s [ Jig
WIRG ARG PR T HAEMEBEMERTA
] (0 A T 45 M. 2015 4F | Bai % 20 Landau-
Lifshitz-Gilbert J5 &t A g AR RS, S8 FakR] T
A ez T LA e - TR A T F .
Haigh % 29 i 1 o] 5 BERR U5 0 T H e i 11
N BOGTHIRES . BJS, Tabuchi %5 BY LN
A SEEL T A E D | A1 = 4E Transmon # S
TR, B UCOWESE] T A e B TR
A BY. 2016 4F, Zhang 55 B2 LT YIG /hakrp
() e i RS RS, FE ATl S
FHECAE F 0 At SR 3 T R 175 5 385 BH AN AL
2018 4%, A el & T 5ot F Z RIAFEEUE & 5
Y REH S | WOREE R, ST T X A ek i Fii
Wi T 22 1] KH T 4 A RS BORE A 1 42 ) 33391,

Xiao &5 B0 X BE LM 51 25 ) T B R, T
Yuan 55 B K BRGNS | Ak 19252 A TEd i 1A
ST IR GIZS. dlt, Wangs P S8l T 1A
TR IR G ARG AL T [ p . (R, 25T
A e 1 5 A T RS R & Fetk, A2
A A B i A DS AN R R e 2 [ME B AL 1
- £5 B9,

ARSCE B G HIOC T I A eI R & R4
ARLNE AN SRR D5 B TSR . AR Ty
7, A48 E eI T AR LA RN (R SE /K800 ) 1Y
FRABLE B0 AR — s AR S R AR RN |
A FEBIR G ARG8T I e R Y XU B
G LRI ORI, A 430 A BEB IR & R GE
HHIAR T 5 S WM RS T T R-f 18] (PT) XEFK A
S LA LA I AR G T SR B A e 1, d
J&, AT R A PTG FR 14 T JE K A 2 00 i
IHAERGE LB R A7 19

2 FHEKEBAEZRS

HWE, B IR A RGN — MR R
FESL (HL YIG) B F—A =4l s h dl ik, H
FE IR YIG M Y 1 E 72 2538 3 A
HAERMARK. L8 B, B THRBEREN Q
T, YR s 2 rh T R P AR S T L X
T = YEf i, PR B AR B A A R 5 53 A 1 LA
B H RS RUE PO . 7E i A IR & &
LRI FE b, — e G TR Bl s A i — R s A X
(Eb an B85 ), X 1 1 iy 2 i £ m D 36 R iR
He = weala, Hrfrw, HIEBRIIR, of Fla B
HRERIB G TR = A AN KBRS A T R A = 1.

XFFRRBERA B S, S0 v — e B B A
ORI YIG /NER. 78 YIG /IR AR I ¢
W AR B4 Ry WS B R S R A A (R
Kittel #5%) FI o AN A 2 0 HoAth @A, AR SCIR)
WF5E R 5 20 o ) Kittel B, 7E— Y 2 Hhim
MR B REFER T, YIG /NERWE 3 5040 Fn g4k
BT, YIG /R i [ e 2R 25 0] LA — A2 0
HES = (s, Sy, S2), H HiEs T4 S = Ns,
s RS AR ATERL T8, N oM ATERZH I A
BEECH . AR BE R LG 2E 2 B8 L 4 1 2
AE . 1R 7437 RE AR AR S 4 AH ELAE HTRE PO &R 43, 2
Xt Kittle Bl 7, AHN 1R #E 37 BE RN AR(A 3¢ 1k

230305-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 68, No. 23 (2019) 230305

AHE AR RE S i ] ZEZRME X, 4% ) g
S, (BFEAR R X, S R A RS R
PSR IRANE . AT R R PRI, 5 3 A 44
] S 1 fig 7 AR 0 IR 2 M 0N . I Holstein-
Primakoff 284t " S, = § —bfb, ST =+/25 — bbb
1S~ = bfv2S — bib, AT LLEZ N A BERAT S A
TEDE Kittle A5 A4 7= A= R X BAF ot Al b B FR ok,
M5 2] Kittel B IG5l i Hy = wnblb, Hir
wm = By N B FEW & F AR, v = geus/hN
WEeRELL, g APATE g T, us MBUREET. WK, H
TR 1 AT ] AN i R 3 VR4

ST SR Kittel SEAIE SRR RN A, 050
TN YIG /ANERFE SCE TN A S AL E
FEVE S0 B 3% 6 5 Tl (A5 M s 1 4
JES TG 37 R FE L . MO, R T
AH AR FE 0 S5 5 T LS R Hy = gm(a®b + abl),
Hir g = VNg, N Kittel BRI FEASRIE, g
H A A TEANE S 2 B R A SR, N oA YIG /)
R ATERGE SR AR H. R TR A e
s A5 10 R A 5 3 3K 3 B K, S G b R
YIG /INER il AE 16 il 7 4 i e s AL . R R
YIG B SR B MR s i F e %, Xl A A e
W SRR RO Z 05 TS A, HEn]
PLAFBSRAR A 0L =ik, o US ks [ e IR A
FGE ) S i

Hg=H.+ Hy+ H;
=wea'a + wnb™ + gm (a'd + abT) . (1)

3 KERKBEEARATFHRRAL

TEIE A BERGR & R G, BT YIG /IR AE
TE IS 1) Sy, W i rP A7 AE AR AR I, AR
oA BT /R I FEARSK S DA [ e ve R n]
AZZS , W BT A 2 M IR 1. (ARl
IR, XA R AR AR Tk 2w, HoA]
TEZRGE 7 E BB B g ) B 2 ] i M B TR
PG 1,

3.1 BREKERIN
WNHTAA, 4 YIG /NRHY A E 2R 25 10U 2L

B W, £ 1) P RE 20 R 487 A B I 1Y SR 2L
JO7. 25 RS [ WA AR B X T YIG /hBk

KA BRSO/ IV, WAV F AR ZR AT 2
45 W 2% 1 i 5 Holstein-Primakoff 25 4 B 475 1H H
DR EAE— 5T, DUIAS 26 5 200 A B2 0 B AR
G e i DAy [0

Hs = wea'a+wnb b+ Kb'bb b+ g (a'b + ab?) , (2)

Hrh g SRR REL. T B AR, SN & 3%
HWrE AR b, & 1 SRR AN [R], AT FR GE s
R P e R AR M RECE A AR AR XS
YIG /NERIY [110] a3l & SN0 & %37 9 1 00,
K = —13ugKay?/(16M>Vy,), H/NTF 05 XF [100] 4
i E MM ERARITI, K = uoKany?/(M?Vy),
HRKF 0. Hrrug HEZSRERER, V8 YIG /K
AR, K H— & S22 v o i Fnmg i
SRIE. AR, SN R 7 BT A bk ) D 1) DR E
TR BB IE . /R R B R BT LR
h, SERRBUAERHE S YIG /NERIRFR R L,
RUARBER)N, Lt R OBOR, (BREZ Tk 1) 45
TR GRS, L, RN BT &
XSRS R AR et R, S 1 R & o i
LM R AL, S0 FERRA1E RSP YIG /hk
FOCHEEL PRAGT U S FIESE HARTE 0.1 mm
F 1.0 mm Z A YIG /NER LA A

3.2 EREKERARFEPHNREE

BEXTTEIE B REBIR & Z 58l A B EDL
RS S R MR T~ (BDEE A e T ALii
JC), Wang 4§ 1 525 PR E] T o T A BRI
SEIR BN B I eI TR AR SOT R U AL
7. Ok A E TR B AR G Y R e i AT
Bogoliubov A8t 181 35 S p (PT) Fq(gh)mulET
SR SR ARIEOTT B9 REEK (774 ) SR,

p = ub—va,

q = ub+ va, (3)

i
5

1/2
<A+\/A2+4ggq> /
U= | —F—m ,

2\/ A2 4+ 4g2
v=(1-u)"? (4)

M A = we — wn J R FE AR 22 18] B 43R %
W, TR RIS B ZR ST R

230305-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 68, No. 23 (2019)

230305

H = Ho + Hx + Hg,

il i

Hy = wrpp'p + wurq'q,
Hy = Awp'p+ Aueq'a,
Hy = ufy (pTe_i“’dt + pei“’dt)
bolu (e g ), (9

Horp Ho 7B A5 IR ARG B i i, Hy N8 35 1Y)
BRI Haﬁ@ﬁﬁﬂggﬁﬁjlﬁ, wup M wyp N EF
%ﬂ?}i*&’%{%ﬁfﬁﬂg%ﬁﬁ%, Aup 1 App R ST 3
AT R, we A IREN B, Qg4
PR, BGRF, BN PSR AT R R Bl 2
[ 2 R R Avp = €A, HiP e = v? futfE—
H1 R i AFIRE 5 9 B g DRE B Y IR
FE R SEREE (1A =0), e =1, EFHictii
BWoT R shirfe—2

%ﬂwLp —wy| < |wup — wd|HﬂL, IREN = H 0 R 32
WACHOTECH KT F 3 X T S Ao, @
i RRZ TR, A9 BN SO ARIOT RS 5
App FIRBH AR Py 2 [A] ) K FR 0N

[(ALP +6p)% + (7;") ] App —ulcPy =0, (6)

Hrdr 6ip = wip — wa AT AT AN IK 8137 2 ]
WRIIE, e = uym + 02k A B SCALTEOTIY 3
PR ko My 23 BRI AR B R0 R 5. X

BT AW =R TR, E—ESESANT,
FRRAFAE = AR, WP I, R R B K AR /N
AHRXT R F R B PR ZS, m R ] g — A

BT EIRAS, XX BT 1 B e b i
TCHIAR IS
SIS E AN 1 s, YIG /NERCE 7E—A

SRR R, ISR B B AR T 3
SIMAIREAL. = 4EIE s O 1 I 2 5 KT
1 (VNA) A%, FH BRI s AL i, ol 3
5 IR (MW) A%, 3 8 K2 H #9K 8)
YIG /NER. YIG /NER B [ T I AL A G s 19
TE g BAHE G, TE oo BB 5310 Wl 1 fr

’ M“_Jl’ VNA

max
L=z -1
T I
1 1
. i
1 1
1 I
1 I
i l
1 1 .
| 2 min
By 1 i
I . ?
Y

K1 YIG /NERFN = 4E S A & 3R gom =R R s O
43 A R e ()

Fig. 1. Schematic of YIG sphere and three-dimensional mi-
crowave cavity coupling system and the simulation of mag-
netic field distribution in cavity!*!.
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Fig. 2. When the magnon resonated with the cavity mode, the curves of the frequency shift of the lower-branch cavity magnon po-

laritons App versus the driving power Py: (a) The bias magnetic field is along the crystal axis [100]; (b) the bias magnetic field is

along the crystal axis [110]11].
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Abstract

Recently, the hybrid cavity-magnon system has attracted considerable interest. Owing to the good
tunability of magnons, it is promising to use the magnons as a core to implement a hybrid quantum platform
for transferring information among different quantum systems. In this article, we first briefly review the cavity
magnonic systems and clarify the coupling mechanism between magnons and microwave photons. Then, we
introduce the latest research progress in the aspects of nonlinearity and pseudo-Hermiticity, including the
bistability of cavity magnon polaritons, observation of the second-order exceptional point in a PT-symmetric

hybrid cavity-magnon system, and the pseudo-Hermiticity with a third-order exceptional point.

Keywords: hybrid cavity-magnon system, cavity magon polariton, Kerr effect and bistability, pseudo-

Hermiticity and exceptional point
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