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Fig. 1. A quantum battery is a quantum system with

nonzero energy bandwidth W (Ho) = €max — €min > 0.
Charging and work extraction can be performed by means
of cyclic unitary operations. An active state p (i.e., a non-
passive state) and a unitary operation U are needed, so
some work Tr[(p — UpUT)Hp] > 0 can be extracted from
the system. Optimally U extracts the ergotropy &(p),
defined in Eq. (4). In practice, a quantum battery may
lose energy at some relaxation rate -rfl due to the interac-
tion with the environment. Ideally charging or extraction
and relaxation timescales should be well separated
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Fig. 2. Pictorial representation of the charging and dischar-
ging of a two-level quantum battery under cyclic evolution.
Given an initial state p with eigenvalues Amax and
Amax = Amin , the energy of the battery can vary between
energy of the passive state ApninE and the energy of the

active state AmaxE 2.
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w W) B, SEHGIA R, (21) XA B REA
AR 2.
ELSE AN AT SR S S PR B, B TR S R
A EAE IR Lt Zakavati 55 108 i
FAIU &, 835 NG s BT (activity ope-
rator) A := 37! In (pTﬁ_l) ES T I RS
R B
[P(t)| < oa(t)y/Ia(p(t), 5(1)), (22)
Lo} = Tr[pA?] — Tr[pA]* i A 9J5 2%, Io(p.p) N
bR T35 (5 8 (SLD-QFT) $ifi ik ik 253 Ak ik
J&. 7F Lindblad 83 J1#F, (22) XTHEMES N
|P(6)] < Woiss(t) + 87" S (B)], (23)
Hor Wpiss 134 By THRERCA 28008 i i 5 | A D32
DUHR, S AW AR HE— 2 AT AR I T
& QFT 1 b5

[P(t)] < oa(t)\/13"(2), (24)

VA(t) = I§N(E) = oy, (1) + Y P2(t)/Pa(t), (25)

(P) < (21)

R H A kR 28 AT S A P S R 1108
222 #REEHEAELSE

- HL M A RS BT (A E L —
RBR T34k ), HoRE A A T LR Ry 1t 1
B W BEHLAS &, PN ] Sk S e AE e sl Aid
M W W5 O Hp 2524 p(t), ) BRI 7 X g B
E(t) = Trlp(t)Hg|, RETE T 25 AE?(t) =Tr[p(t)H3]—
E2(t) . 1Sk IR AT BR RS RL0 . AH T 5 21 28
()i Tk IE . RG-IABEAH BAE R GRAHT /FEHR)
PR AR IR Sl AN 2 1 109, FE T h fi2E i, A
J& 5 AT HR S B I ER AR, (115 E(t) 5 AE(t) BE
A W0 AL, B INGE T Ek T . AR R T
PEELREIT, 38 FDGEAS AT $EHRE 5 rT HRHRAE X 43, JF:
Y5 T e AR AL AR A BE AL 3 A0 A2 S, A e 4

A el it <A PR R B e M (101,

BT IR A SR AR 5 AR 0 B kT
Gt R RIAE OCHE. — 5T, DR FE Rl o
KAk, T LA R - - 40URE” =2 AL ASU A
oy — 7 T, FFHFR G 0N AT M A R e A
2] ez a) i B ge it 22 5. A ic B AT
Win () (P] 38 3 9K S s AR 1 e it T AR 21))  FEA
L 1 “ T FH BB IC N Fuse(t) , WP BI8808 (1) =
Eyse(t)/Win(t) ; 7€ Lindblad 1 F, A IG5 &I
JURT B 5 P()| < oalt)/To(t) R FRME, Wl /N2
Al BE B S SRRk Y BT A TR Ty 2 g
AR, AFLTR] A 25 BR A T 8 1) ) 7 i TR 5 T H B
REHE K.

i H AT IR ) S O R st T,
fifi A7 RE T2 B I ] AR I B AL AR 1, ok R AR kv 2%
RN K AP Re i ] A, I e )
RE ARG RENE 1. o8 T ERIE 5k b
ARG ZN XA B, W MLAF =ANZ Hgs e X
LR BRI TE Bk DL KA B IR 53K
RIS

LI T H , RGN p(t) , WIBER
F-HIREf B(t) =Tr(p(t) Hp) , HAEH 725 (B <98
JE7) AE2(t) =Tr[p(t)H2) — E2(t). 2020 4 | Cres-
cente 55 P 7 " REGL LML I G —HESL T 45 P
55 70 L R A DG Y 5 B HE AR RE L HE S  T
22 (WL (26) ), DAL A G I 220 55 1 5 22 14 22 57
7O 27) ) 45k

2

Z%(t) = ([Hs(t) — He(0)]*) — ((Hs(t) — Hs(0)))",
(26)

220 = (/80 — (Ha(0)?

V3O = () ) 2

B = AR T 2 V() = (H3(4)— (Ho(1))> 5
i AH 56 BRI B C (1) = (Ho(t)Ho(0)) 4 (Ho(0)Ho(t))—
2(Ho(t))(Ho(0)) 5 H

EXt) = V() +V(0) - C(t),

2ty = V(t) + V(0) — 24/V(£)V(0). (28)
TEZRERURTINIE, Hpoco. , A V(1) =(A%/4)x
[1—c2(t)], AT C@t) MFRIAX. X LAl B
FET WA R0 78 53K 80 T pka e v, il an Ak
SR, TEWFEM R ==X =0(CEM A L),
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T el A sl TR A R B S AR KA PR B Rk . I
A, T T HEERE I 2 1) A 25 R R, 7EAH [R] 7%
VAR, SR BE S AR B R Y S A (A )T 25
RIF (BT 288 CPTP it 78 7 2 Bt ) £ e 4
JE da EAHE 1/d? 0k, L IEIS FRHE 1/da T,
PEoR T NI /%0 B A B e A A B T R
Gt R AT B AR I 8l 99,

SR, RE I SRR W] 43 A BRI SE AL
N Sk (R /2198 REE-FRRR G SR
RAH TSP R DL AN Bl 1) B B /A A N
FEPE. FESEhRE TR T, SR R B R
i E(t) A HEERE R G R S T R RCR /TR
Ah, BN R G g R e S e b —— G R

PRfEZE AB(t) BSIHERTT 22 2(t) L SFITT 22 2(t) |

A e HCRE A v 22 LA K BB AILASCR 0 A py () . TR,

L R G2 7% ¢ LR XS RIS 4 L SRS DL R

PRI | RS- PR A B (5 AR I (] 55
JE) LAKCH AR AR, s S HLA T PR P
VA, IFERE B IR R (R IR ) — R (ki
) ——“4" (IRFERL) =J7 i, SRl ALPERE.

3 ETHMEA
3.1  FEEMMmYL
R S U], T H M A S R T 4 R B
P2 RIS L 28 S (A 3). FE TR
W BN P, ST S 7R FE L] 7 PSS SR AT A AR
el Y | TG HSO) | S mhAs H s e 2
. R, F Sl 2 AT S R S 0 A
y%% [14-16,18,19,63].
Hy(t) = HY + At)(Hg” — HY),  (29)
Horf, () RN 2 BB
TEFEHL B S, BIA T AR N 78 L 28
CHIH B R G eb), FEH 3840 & — @ (0 fE 5
PR SRS R B2 ¥ Sk R TR
L 3T L U 2 1] 255 7 L B 4] R B PR T %
. TR, 4 CB RS R s S5 i Wy
H(t) = Ho + A(t)Hy, (30)
Hy = He + HY. (31)

ET R T RER RIS RUE MRS, KARGTH T
WIS, He T AKX LE B HE LR N T AN [R] i)

THMAR, Dt —22 0 s Jr 2R ik S P fE
eSS
(a) A(t)

(b) A(D)

@6 || @ ®

0 T

3 ETHIBARPIM TR L (a) TEEE TR LT,
oL T ) 5 0 S0 3 9 VAR A T A s i D) A
i FEL B[] P R AT SR IR R 7, [R] B L R o A e 0% A R
W HY . (b) S B RO PRCR, WA S A
ARER I TR CH e 45 i it B, serfad 72 i 4
AR B Hy AR, %0 8 T 7 A BRI A A A
FE L A L i 7

Fig. 3. (a) In a time-dependent direct charging protocol, the
Hamiltonian of the battery is externally changed by sud-
denly quenching an interaction Hamiltonian HE(;I) for a fi-
nite amount of time 7, while the battery Hamiltonian Hfgo)
is turned off during the charging process. (b) In a charger-
mediated protocol, a “charger” C initially containing some
input energy transfers energy to the battery B. The char-
ging process is enabled by an interaction Hamiltonian Hp
that couples the charger and the battery for a finite amount

of time 7.

3.2 NXEYRHEEEREE

TEG S Y BN EAE & A A e A X
FPERE 2 Jaynes-Cummings (Tavis-Cummings)
Fl Rabi (Dicke) HL#fL (4N&] 4). Dicke & ¥ HL AR
RIFER T NAZREHFE T (TLS) R4 5 P IEY)
IERAR ELAE ], e it T LSRRy Y

N N
Hpige = weala+wo Y o7 +g Y o7 (al +a), (32)
=1 =1

Hop, a(al) RIESHRIEK (7742) BT, we 2l
IHREIR, wo S TLS BHARIIR, o = 2,y, 2 2
04> TLS B AISAT of RYo L, g ) TLS S
Y Z B G R A TEREBOEIT (rotating wave
approximation, RWA), Zm&$si#H EAE i 5 &
JIE I AT ¢ B3 41, WA Tavis-Cummings (TC)
LML, PR
N N
Hre = wea'a + wo Z ofo; +g Z(aa;” +a'o;).

i=1 i=1

(33)

040607-7


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

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 4 (2026) 040607

SV A EAE R s R, e
AR S I PR T, s s e e
i, 0 TLS A . 7EFs A e], B b ke
BB R R TLS. —ENL T, PIRSEE N

[¥(0)) = n) ® |G), (34)
Horr n) RoR BT IETECH n By Fock 2%,
|G) =@ |g) H |g) #mbiA TLS ¥ L4,
T HAr2M TLS S 5E e, il HEn > N.

1=1=) (=)
lZIZ + + )

4 (a) —HIAHIFAY Rabi & F O IFT I M. HEEAH
IEHTT (MLLAERT R ) I — D ZRER ARG, JA |g) Sk
A ey ZIE M RERZEN hwa . BAZRER R G  WHFEE 5
—AN ST R (8RR ) AL RO TR AL
5k Fom LT %7 5 BB 7- 25 SCBRAE . (b) Dicke
T, H AR IR B T RE SR B M S B AR — R, Jf:
53 BOE TR A AR ELAR T Y

Fig. 4. (a) An array of identical Rabi quantum batteries op-
erating in parallel. The elementary building block, enclosed
in a red box, consists of a two-level system with an energy
separation hw, between the ground |g) and excited state
ley . Each two-level system is coupled to a separate cavity
(blue) hosting a single photonic mode. The red arrow indic-
ates a particle-hole transition induced by the photon field.
(b) A Dicke quantum battery, where the same array of two-
level systems is now embedded into a single cavity and in-

teracting with a common photonic mode/!l.

T HL ) 4R A8 BB Lt P R s 7 AR
BREM. Delmonte %5 291 A1 Wang 45 261 23 515
TAFRDEIHIRZE T ROET Jaynes-Cummings (JC)
T HL RS JC - r LR RE, e
Fock 75 T HL I PERER 4F. Castellano 45 102 SR T
— > A7 BT R Y BE AL AT R T LAY (flying
qubit) HLY, i@t JCAHEAEN, SHREGEE (B
) HETH TG, IR mRIE T ARG AT
22 E - B FE L ) 2R ik i B FOAH G FE F AL,
TE IR O 27 s il 28 oy FLOE ) 1 FE = Fock &
B, FERTAT S SR e An L AR e i B A HnT ) &
P FE BRIt 2Z 45, Lu 5% B2 B Bzthe ansatz /5
%, W9 TR R GR X TC &+ it RER)
SR, I TC - HL I Y e R At e A i R

BB W RS E IR b a3 U W1 S A R G ]
HFHOL W R, AT SE B SE 2 e . 2019 4F,
Andolina 5% 22 JF TC = FHWMIR 7654 T
A s T i RE, RIDEIZAL T4
T T S5 i 2 R 2 A/, e PRk
RESE. Yang VR T TC & FH UM FTTH AN
RS AT R, DL ) 45 2555 )
AT a9 AR T PR A 22 g Ol
Arjmandi 55 P4 L7 TC AR T HBRA B
SRR G AR R M AT, SRR
HIFEP RN O T, DREIE N0 F 5o R,
FHRE 285 10 48 R PR ANl 57 9 B 37 T DA b 35 4 v i
TR FER TR, H YU AP A AL T OB
BF, ZEIE YA, ATERHRR 2 T RIE G
BORZSATE DL, Ah, Yang 55 B8] 2 —Fh = BEZ
Dicke - HLth, Jf- 087 1 58 LA 53 5 4b T Fock
BOMHTEMELS T RERE, KA T Fock
BMEAS, B HEMAEHETAT B 26 o & 52
T PRI 3 B A TR A0 2 R 2 X6 v S 2 8 ) HLAA Y
Wy, DA S A A 1 R X SE Pk g 1 H
L EA HE

4k Binder % 'O $2 HH W Fh ST R, 48 I AELR
PR FE L B O T 2 F I A SR D R A AT
ZETPEE R, FEN T TS R R TP SR AR A
PRy <t TR IR, Ferraro 55 P Y42 Y HU'
+ Dicke ftFHLth, JFFR X PR TSI FRAH L
FIA TR, ERERE LT VNS, B
N > 1R

Pz
e VN. (35)

AR T A TS T AR AR R AR G R
((Py)z ~ N3/2) DL K 3547 FE B D38 i 4 s G
F ((Py)z ~ N). HAAERERE, B TIATFER IS
TR SRV B AT, (R (P B
TUE N R R BT B i e =
(H)= ¥5 N M R, X — R4k
Ry s L FE LI 0] 7 ~ /N1 B 35 46 . 2024 48,
Seidov I Mukhin!"'2) i 35 % — 58 2 J5% - 18 48 S
It #E BIR (superradiant photonic condensate)
0 25 32 Bl 5 FEFEA TR SR A, 11 T Dicke
FEL YL 0 BE i L 7 F I T R 58 P D R A i BT ek =X
R TR IIH P ~ N3/2 &t e, DU

040607-8


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

) 32 % 3R Acta Phys. Sin. Vol. 75, No. 4 (2026) 040607

FEHLET[E] ¢, ~ N7Y2 5 RGEECR N OO R .
2024 4, Xu % M1 45 H 2018 4F Ferraro 45 21 5
FRIY Dicke i+ HLIBHA AHXT T Rabi &t HLMH A
VN A I, IR ILH T TLS Z [ A
Bae 8T Raa X0t a2 W (B Sy 1B 0N il s = =5 4
TR, MRTE T — A ZA A 28 LA N —— e A8
a5 i B AR TR /NS 58 Ferraro 45 PUAE
LB PR AR I D) R R B AR ]
FH 4 THE Dicke THIE H A R P70/ N IR AP ]
FEHER T NAWIECT IR L, A3 d i
B /N B, TR VN AR, Xu 45001
T TR, HEOR A3 L I RS G 4 R
A o 1/VV, IZIERE5E A 2. it Xu 55 5%
P X ETIE A R E IRk A A e B IE R
SRR R4, T A2 P40 1) S e Y 5 ok — 428 ML P
Bi/\E N IR 4\ o e

Bt 2 41, 2019 4, Andolina % 22 ) Dicke
T HUCNFIE AR T, BT
L 2RO T ) i 3. 2020 4, Julia-Farre4: [113]
T R FN R T AY Dicke - FHLML, 53] T 5
At AR R IR 5L A4 Crescente %5 24
RIBOGF Dicke 7+ H it i £7 BB I B gt
JE P NP, (B3R b RE R T
ol RO A3 2O R R T HI
MPERER ARG MR A T W #Jt.
2022 4F, Gyhm 45 1% 25 1 T A AR (R e ik
e Rl P RS s /A < T o 2 N (W =2 o o = B
PR TR — R R, SR &) s f
VR ) b AT D S B 7 v ) SR Bl RE R 4K
T RO K. [F4E, Dou %5 B0 ilF5E T —1NM%
X~ HA ) EAH AR B Dicke ¥ HLth, &
PR A A T L S R e K T L DR ) R A
P B — BT E LR Poax o N© | HREE
Fe8 o B TLS B9%E N Ak, 7E B A IR A
T, X FABRA S TLS, J1 Al A AR AT LS
O AT, RS R e TR W bR B 4
o = 1.88. Dou 45 " A2 Y VG AR 1A H HERE
T, T T R R R IR &
PREEFE BT Lk 3 o = 2. 2023 4F, Zhang &5 117
25 Dicke & FH M MR L IHAE R T8 72
GBSO, T A2 Fh 39 5 1) A A5 R 15 5 B T 38, X o
FR G R B AR IR A A T DR FIFE . AE PR
7T, 2021 4 Carrasco 55 P9 FEFHRERAR S A

H Ji L B 5 R AR IR AR 1 AT e AR AR 72
LG AR P T L R SE R PR RE, O Honl LaE R
LB AR R IR AR IS S A X — 30, SR T
FERLAY S AN 5 1 AR A SE L o R v A o L3
2023 4F, Zhang 5 MO 58 T 51 A - (8 H A B
YERASNTIRSA 1Y & Dicke T HUBAREL, &
Y 75 AR RS R B S I, A TR S
Dicke - H1 1t , 33X Ff o7 24 i 7~ MM RE S B AR
B PR FE L AR A, R K FE L R L
FE B MRS BE KR Prax < BN, 3l Z UL T
i P o 35 1.6. 2025 45, Canzio 55 117 Hf
5% & BRI A7 7 Jmy 78 AR HES B AR A2, Dicke il
TC HL A7) BE S5 B Y™ & 1Y BE & 77 6 A1 37 Jie
(subextensive charging time) [ 7t HEL A [H].

H T Dicke HiL AR (Y i 2y, AR (R 75 3
Tz BWESE. 2024 4, Wang 55 W0 15 48 19
Dicke # 5~ H 147 JFE 2 JO'G ) 2 i1 H i, IR
=R TR] Y 75 58 S BB 7~ % — BB Y 72
R R TEEMA RS, ZRERIE T 5 E L
Rabi #5 B 48 5 , | FH B iE i 5 58 1. 2025 4F
Shokri 45 10 i —DHESE T RO ) 5 b i M
AE, LR GRS ZREHE T, HIR T
A AR IR AL TR Ry S, TR 4k T
ELS BRI B R L b AR Y R 2
2 55 38 [T 0 2 TR AE — BOH A RO CHR . 2023 4,
Zhang 55 M8 42—l 5 0UR &b ) %, i@
R E YT R 6 S IR R N I E ot e o
BT DR R MY ST L RN N2 AR R T
N25AE EEZIRF] N3G, Bl 8 i ah A
P i RS 7ol 1 R P A O Ty = D
H AL, 2024 4, Bhattacharyya 85 19 5% F I i
KRG, 40T T Dicke it T HUh H BE R AFE 5
DI R PERE R B, B9 T PR AR LA T L
il PR S AR ] R B AR L, LU EAA B 2R
WEPRF (anharmonic oscillator). 2024 4F, Zhang
S 1200 BIEGE T IF AR T HA I ) A B T Y
Dicke 1~ FL M AR AR, 35 0 BT B Y
A E], X A S 4 e R R AT BE IR AR
&, HAIBEE T HE R pokgom, &5 it rY AE
HAPERE ) W E AT, T B A | )2 ]
HA i 7E PR 5% P AY FE BCAL N, 2025 4F, Hadipour
S DA WEGE T T ARETBORS BREE Hh A A A ] - H
M FE L B R R, RBTESRAR AT, R IR
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TR T BB 5 T T FE M RE AN BB R R IUSCR,, 7R85
AT, BRI ] 23 7 A R 2 (9 e 1 A7 i A
B, 2025 4, Liu 55 122 5@ b #4) # fh PO Be R+ 5
WA S AR S RS, Y rtieEl T
JEFES BT, R 23TE A SRS (5 X
L o S 25 I G5 58 BH RN (electromagneti-
cally induced transparency, EIT), 35 #E 8 i
FAM, ITTEE R 155 L A A7 . 2025 4F,
Li 8¢ D8V T —Fh i — 4k T RER SR G 5
B A AT AL T ) SRR TR LR M i
ML FH ] 5L Dicke &MY R,
B TE TG 5T A BRI B F
T AHEAEH.

BT Dicke feFHIMUBIAY, B T R SCHL ML
WIRAS T IRH DL AR AR BT, AR %
AR R, 45 RHEBE I | IR DL S e
T3 ZEXTHL MR BE Y FE IR AE. 2024 4F, Wang 55 12
& GE Dicke ft 7~ HL b 1 Ji& 2] £5 5] 5 7 Dicke
T HL. 9T IR I A AE AT LA RF 1
AR, BENE L E BRI AR 2025 4F,
Wen 55 04948 7 ALAR IR 35 2% 9K 20 19 B+ i
Dicke-Ising & 7 H M, &I E T8 5G]
MR A A BAE R, SOBER I R 1 PR [H] i it
2y g, PR Tt T R T B R, (E R T AT 4R AR,
H B H] W RBER IR 1 AT, S BUR T
FHARIE R, IR T R FE L. 2024 4R,
Erdman 45 51 % B Dicke & 7 L it A4 IR il 45 1 ™
LT REE P, R R e ST BRI
TR OB R G R Z T R 1R AL Dicke
Rt 174 FE H R . I PR A T TR A £
SN, AT PR HLEE AN ) SR Re B S AR g A
WS T B T (HAR RN, BV EE e 4
Fo HL IR, 3o £ R T s 7 I R] 4 D0 AT A5 DL AR
FE. 2025 4, Zahial24 £1%F JC A& R L L X 6
Wk S IR FE R AT T XS LA, AL T A S
AR | REERRE B EAERU 2. RELS &
BXFE L ZEAH L, TR T i B AL AR e
PE . SRR A K T R0 B ) DI AR (L, 7T K 7 D)
FETERERCE N B AR A iy ) R

3.3 HigE=ETRMt
TE H e 1 H B A SR 5, DAt AT PR A
P (Ising) FRR BN Z4 ) XYZ B B A1)

FER S TEREAR AL TR AITSE. A BEsE it
XoF FEL Tt PR B Wi i R 1Y) PR 3R 451 B =z 1) e AH
HAE. 2018 4F, Le & 19 J BRAEAH ELAR F X — 4
F it i R Tt S L ASCRR RS2 e v F Y B A
AR FHTA AR K. 2024 4F, Catalano %5 1)
i o ZE R 4 Ry TP K (sudden global quantum
quench) WF5E 1 FH=ERIRIE Jy 1 HL M), GRAH T
PG %) & HL LM BE Y 2 0. Mojaveri 45 [ DL
w R = T R XXZ A e a1 o o i
FERGE, B B BEE I B — i 4301 5 — ST B A
HAEH, g5 R AP XXZ E HEsE R stk R RS
25 R AE R, 7EIE IR R B (positive tempe-
rature bias) 2cF T, AT i H i P4 HAE AL, 7]
4 Arjmandi 45 26 5 T 54k (localization) Xif
BT R P B A R e F T R R
M. BF5E R, AHE T 24K )53k AH (many-body
localization phase), #i JJj # (ergodic phase) H1ifl
b £ OF bR TR IO B K R A R . YOG
FEE R UGE SR AH EAE BT, (R R ik N 18R )
I ALAH (Anderson localization phase), 7Ei%ZAH T,
R BIRA TR M T R B,
Holi Privioste “mfd” 5 “ME” ZIE5d . Zhang
027 2 B DM A B AEF (Dzyaloshinskii-Moriya
interaction) R H&TH - HL It A9 D i 5 D%, H
TEHRL - H PERE TS T, SRR A FR M R B T F
s sl Ak, —BrAHTPE (first-order cohere-
nee) J& 70 L AR R OCHE R TR R, 251
(quantum steering) WA FI| F 7 HL jth (1) BB & A7
fitt. [A]4F4F )%, Rahman 55 B2 80 T 4% ) 5 1
XYZ A H, i DM AH B AR FHX 70 H 3 R 1)
s, H H oA SAFLE Y 5 W % JE PR AR AR EAE
B, e RITH DR IE T N BUE T T 1.846.
2025 4F-4)], Grazi 5 120 w58 T R4k (dimerized)
i XY BRI AR, e 1 AR S S 3L
P HUM A PERE & A IR, 2025 4EH, Donelli 45 14
e T IEFTEH RS (superextensive charging
precision), M TAERE RIS F RPN, HMUEA
B WG DL Homg A am B kv (Bn i 22) Bl
Hiekoe N2 1/N BPREXR.

3.4 BHZRFE
VTAESR, i T RER RS T s R T
Iz SR, (A =R 25 TR/ RE S S5 4 Fl
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Pl 1 PR R, e R AR T RE D T R
IREOLH L = RE F G0 ]l i 52 b 2 4 Aot
T2 (STIRAP) ., FIFRUR sl Fn 4 P42 25 ik SE Bz
E FEHL 394070 Dou 45 B9 45 H AT R = RER i T-F
b, 3T I ASE =R O A R, KR4 T
FEHLIR, i A ARSI T R R B ATE RS
FIAAE BRI 25 AT 2 HLAE. 2022 4F Dou %5 (40
2 1) SCE I 3 S N B 1 S 2 I R i 4 T
& (cdSTIRAP), SZHH = A 2 H it () DLk =5 3% 72
ML, A THES: T STIRAP HH H.AE FH M 55 10 1 1 2
Y PRI NG, I 20 R G S RAE DG B 1Y
Fik. Yang 55 B8 7F 2024 4EHE H IAF5E T — Rl il
NA -7 = Re R T R A B s A8 1A — e 4R
Dicke fEFH AL L T HES8 Fock 2% AT
SEHEME =M TRFTHRER. 148 ik
A FAH S I L BE LT Fock S R 4R 745, HI
T TR 2 00 0 e B AE T LA S T ) Y 2 4, I
5 AN AT IR 21 g — Bt AR Ak, 2 gisl ]
PETH AT HEECEE. AT A 224k — AR gk T FE 1 B
SRR 2 (A1 OC SR AE TR LA S AL TR
TR M = RE T SIS Y, Gemme 45 1]
55 T TS qutrit (9 =RES L, I LRI
ok w55 [R5 Bk b 7 HE ML, SIS B AL A AT A
FERIH IBM 8 58 5 I0E UMY, SE86 45 5 BoR[F
A Ik v #e H INF AT 24 20—25 ns, 16 825 bk b 7E
2% Jd 75 FAL IS () 5 4 R S H T 2R O T T Bk
. Yang Fl Doul™ # i} fh Z B LR s 535 14
T qutrit AR T, HE T ABLRA X T
FLRT LR s, 2 2 R PR 1 3828 (ol )
L5401 Qia 15 Jing30 BFFE A 4 Hife
FIERAI o0 R A A = RES L b e L. ol
TE 7T HEL A X EL S i 8 R R R T
FERH STA 3K 3, Al LIRS Mk &2 05 7o R 2, fif
Al B HCRE K B de i AE S, HLX 7 H R E] 7 AN BURK,
WX — T AN 7 H b Y T R T B
VLA SR 245 B R LA D [ ) A
. B R R R T > 1R
BT, H FHubim e, HitEa — 275
PR 9 J5L 1k . Saffman 25 (81 2R 48 11, B
AT ST P A AR — (R A A B A FH B 3 750 U vk
Jy iR, 4R A 3 S AR AT KRR
AHELAE FH AR AR AT o0 2 i el 15 L Ay
J -7 15 B AL 3 Bl FH R S 32 5 AL RE ]

AR GRS A5 FERT I G AR K AR AH BAE A 2
i R Y EE TR

Yao F1 Shaolt32 X} F it F 45 & ¥ HL 1) ST HL
[FEHEAT T R G50, IF8E it 1 T SClny AR A Y
PRBI . AT TAE L MRS & R RERUE S 5T T K
AR R B T i, & BT A] iR B A i e,
H 3 i i BT 1 R BEAEAS R & A5 T
I E SRR RE I, AR h— PTG r 5L
TEAA-FERUR SE I 28, JHeR T IE A RRIREE S
& S S I SN PR R X BE A Al B2, 45
RIAEX SRR F R FELE T, RS A
P =N N T e

4 ETHIRMIEA

FELEIR T R T AR R 2 )5 A A —
AT BT IR Tk B R R M REFE T AR A I F R UR, LA
o n AN RIS S5 (R S 21 280RD A
TR PRI H I AR AR O R, RSN
FL LT BB AR M 2 B — A R ZE BRI, DU
Wt B 43 3 S - BE R AE - HL T TR A A
M. g A e m A RE R SR S
s f2ap B EEANE. 2013 4F Alicki #1 Fannes!!
F2 BT B A S Y ] R R 5 T A i
REFETHZA Y rh T 2 ERR A B . R B P LB b
ZAETR, AATTUEBR TR & 2 2] DR IOCE 2
. [A4F, Hovhannisyan 45 02 % BULEAS 52 0 f K
DB AT, T Do 2 23 HF5 R
A9 FEREARES, Prs S s SR I, X — &
ME|H TR A 5 R4 T R T R Y
8, BB TGS R B A Z W /R
{A%szs | PR 2 (traversed states) FUELIE. 2015
4F Binder 55 101 W IGUFE T iX — A5 A6, R IHL 48 H jig
1) 70 F, B AT LG AR AR B e NS (N H
k). BRI 2R 4 R SR (T H el 4
HAER) B, AR TR ST L, SR D3] RS
FHHETE. 2017 4, Campaioli 55 09 45 1} 4> Jay 24 i 45
YERT Lhat o 78 - TR 1) & T 3. 2018 4 Ferraro
G2 R AR T PRM LTI T R
VN R TE. 2020 4F, Quach 55 199 4 H 7 I
L P R K RT HR HR R AN D) R Y P2 T 5 4 A
5. 2021 4F Sen!'Y e BN F— Mt H HOR S, SRR
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PR 2 R B E R RE AR IBOC R 5 2 925 DI AHOC.
Liu 45 P58 A3, Hhuts A e FL it AE SRt 72
H, ATERIRESE SR I3 N, A A 5 ST A R 2 ]
LY AR WE(E, Rl BE A 2 0 05 T B, T ER IR
SR LT IF H RS UER T S R A SR T PR AR
a9 2 A AR IR LG FR. 2022 4F, Shi 45 P71 X rh
L A g A TC R a5 e 7
LY A TR FE A R T A R AT SR ECRE Y
WAEEGEUR, AT AR SEAR T, A R 21 g i
FHTT). 2023 4F, Imai 55 109 SRR A Dk % 7]
PABHIE R G A ERR AN J8 . 2024 4F, Sun 45 197
P —F LS AT 2B RS (j=1/2,1,3/2)
(Y RV ARA % - R MR Sa Sk o B AL
i, K BRIE- F e 2] 95 e i M REAEAE INTE CHK: 78
M6 R G, BEom 2| 8 pe 4 st i RB it AE
48 ) S B SN, 2025 4 Zahia 4 136 5
SRV T A 95 7E B T HRE Rt P Y B
M,z b — AN EROT S SR IER A, AN S
PR EL S [B) R 12 1) S AT . ISR A AR, L
REIA] 0 21 98 5 5 HLRE AL AR AP e A G, AL
KIS, i ARy F i R SR s+ LeRe
Z[B] A 2 9B, BE 1k 1% ) S8R UBR By SR I 4
SR (1) - 2 QR 0 AR T i LUREZ R A e
R,
AT O —FOCHEE TR, R
FLY Y e i A0 5 ) W R P SR AL
2019 4F, Gumberidze 5§ 57 R RE & 5 & FAH T
P g HAA BAME, fe i SRR A T 1.
IR —Fh 26 BT v R RE R PE T B &
AT PRI B, R PREE TP iR 1 AH T
AF NS B R ARG, I L —A- &k
T RG. fEFHTEHUT, R REEFAH TP
FHTE, OO A R i R, 2020 4F,
Garcfa-Pintos 45 18 J& 8 & 140+ PERE A2 i 72
AR, IR LR B BB RL AT T 3k, [F]4FE,
Cakmak "™ J3#7 T FF R 48 A A8 f K T B e
AT R AR, 2021 4F, Seah 5 101 $ A7 1] fifi
Rl A - b b 7 AR B R R . D341, Caravelli
8 MU B T AR T AR P 5 PR - e P 4
HH, I M1 7 BEAS 2 T 35 PRI i F b fig
Y EF. 2023 4F, Zhang Fll Blaauboer'®l 2 A
55T H N R R G 5 RG-S

B Dicke 5~ Hi i H FE L DR 3G SR AL, 2B
TEAGRAR IR BTN, SR VRPN P-4 FE e D) 30
FIFATHRGE VN A%, B sk At R3AI Rk
AR, MORIE T R RS Z [ AAH TP
[FVEH. 2025 4, Elghaayda 25 36 42 1 7 —fpEA
iR/ ) GRS e RN L RN Y i N TR e e
R o T HORR A B, TR DR 5 BT 19 [
W ZOE SRR A A AR, IR e R T RERL
WER DR A i S i A T Z B N TERR AR [A]
4, Mondal 45 PV #5711 & FAH TP 5 b
KATHEHURE Z [A] A9 JCIE. Tirone 55 50 BF 57 & I 4
AT AH TR RE o 8 T3 M i 1 i b i A A
RE, L K 3 P A A el b s R T A RE
S

e 2 5 AH T2k, HoAl AR 28 MO 11
it fE E A 2. Andolina 45 22 F 2019 4F
Pt M TR AR S H I 2 (R B A T R G 1]
FETESCIRING, 7T 4 B RE 1 2% 1 3 AR, 2020 4E,
Kamin 55 09 5T XXZ AR H IERERRL, TRAGR
TR A M R SR O 5 SR R AR AR
ML g 2 (B OC &R . 45 R R, A gt ks
THMAY F G, HSRostr iy e THEF L
F S I56-AH T M AT ¢ & (nontrivial correlation-
coherence tradeoff). 2022 4, Arjmandi % P4 i i
A3 T L ML 5 A H 2 2 ) A LA R R AR =
KRARRI, w75 FE g Z 0] 23 A 1Ok
M2 M OCHR. [RlIF, AT T F A & 5 P A 1
(quantum consonance), R[JEth 5.5 E] 1 HE Ry 3 AH
T, IF R B FP SCHR Y P A 5 7 HL ML RE B AT
it B 3 AE FE A8 P OCHK. 2024 4F, Zhang 45 P9 9K
W T T TR s R P AR, S o b
Gyt WO T AR B H PR fa R T
RO TG e AR Mo TSR IGRE Z ] Y
KRR, I — 2518, R Gl R R B R
{ELA, LT Y B BB AUN RE S AP A 23 R] 2 A 3
WE(E. £ b RTR, 29 & AT DL R H Al AR
28 BUOCHRTE B 1 H v Y RE R AP0 . TR HCRE . 8l
AR5 SR AE T T I U AR . SR, X
LI A FAAR SR g B A T R ) W AR A |
RGBT LA ST 25 IR E M. H T AP
TG4, & T R IR R b B LR
B UML) AR 5T A E 2 5 1)
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5 FHETFHEN

HE ARV, — T REATE RS 5T
R PR T A B, DT 28 D3 AR AR T FAE LA
R, T B0 RGO R A
A2 . PRI, FE AT (] B Y - H AR AN
B GBI IR GERNN, I E5 G AL T R S
g P H R ERE. FEENS)Z I, B
- HL R P PR S RUN L M R S UL ] A DG B
(], Ao N e R RE b S T T &40

—J7 1, PR GUEBIIAEE S KRG A EAEH
il RE ) T S PR R R E TR S X R
SR M) (956569, 142-144] - Shy "™ figk et~ W, Yt 7 S B iy
55 . AFRE B IR, 7E 2019 4F, Barral® ik
PRI AFEROAS TR PR AR TR, R T
BT e T R TR MR AR T SR
BF, FE L A RS ST W G RS I R o A, SEBR
TAEFFHCAIAEE T X H A SR . Ok
BRI SRR, e St A —A
FEE AN ERES, i Re R AERO =X,
WASE | e 30 BK B B FE I e RS I T
YRR AL T IR EE T 1 H it 5o L i — FROAE SR
I J5 , Hovhannisyan 45 66 FI Chang 4§ 67 X}z 7
FHAT TR, A, Wang 55 97 RG04040 T Bk
M8 7 3 T ) 1 L 4 SR R R BE RS2 . A5
A SR NAFER A € B, P LATE H M 58 ik
FE, o) A 4y Y R 0 i A 0, 23.66.00TLT2 2018 4
Farina 55 2% F| | — A~ 5 3058 HLEERE S 1 A 58
L [E) 2 MR PR B e e A 31 5 PR P s 1
Hth . RIS, RS B MR IR,
W AERE R IE. Hovhannisyan 55 06 $ 1 T 4
A5 Bl 78 L I UE B 1 F b S PR e R T R AR
591 & 0 $AAR 00 S 8N SO 8 ) 5 S A e,
A, Tacchino %5 72 JER] T 4R 25 2 — P )
SRR, AT ARG R M ST L. @ AR
AR T H it SR I IFSE, PRI 2 NP
g i 5 2 Sh T ) FH R A B R RI BB B R AL, 3K
SO RIS A i A T H T SR DY B B 448 BR R 1) 32
IR AT AR, ST, mthses &
W THONE Z2 B . I, 7R 24 R P 5T
Rt 1) M R AR A 28 DG R 171145, 146] Xy 4 [199] Jie i

ML T NSRS FERUR R PR BRI
AT A3 2 18 I e 3 S PR 22 [ f R ok R sk 2D
FERUE 9Bk 52 & e 1 F M A PR g X 55 140
A T M AERUZ IR TR A O, Hrp s —
JZAERARIE 55 2ERE. AR, Liu 850149
FETrhu AR MBI R T IR
EJAHR R GEE - H I PR RE, IR R IE—E A%
PR, R R b A PR T UL T B A L. A
2025 4F, Liu & M7 b gt — 2B 0F50 1 RRAA et
HFHRM AR R, Hoh e BRI A
GERYHMERIK S, Tl MR AT (LR R e
IR RS, I BAEFETEH ) B 5 AT AR
2.

T35 T, FRF Al fiff v ol P B OS2 FE AR 7R
B, T [73.74.132,138,148-152) | 3y 262 (74 81y
FEHEUSIRIE T —Fh L TR R T &R
A AT IR 9 BE B 6 # 2 BHL 1k L Tib R B2 1 5t T4
PUFE, I SCEL T e L EHAE M RE = A2 04. 7F
2020 4F, Quach I Munro!'33 2 H 7 F1 FH w5 A 5280
A 5 i F D 38 9% B ) JF i i F R . Yao Al
Shaolt3 F&H T — LT BRI A6 0 i
TR, B BRI TR
R | m A g T RE R A AE . IAE, Yao
Shao I B WFSE T —4EFE R ST XXX A gtk
TR R L ), I R G| AL TR a1 &1
BB B AR A By T 4 w1 H T A A oM RE.
Gherardini 55 ™ $2H T —Fp I F 751 0 & 1)
FBhEE TR, FIHE 2SS T
W5 P A BAE S BUW RE = AERL TR 2023 4F,
Centrone %5 PO WF5R R T —FP R H & 7 R4 5
N ke R FE R AT 5. BE TR, i
J7 SEREIE A F OIS T A DR RN, f i ) 7S
H, R SR T2 MUy SR AR B AR T 25 E
R, AR - HUO A ST AR S RE FE AR L $ETHAF
it SRRy TS T B E Ee k. kb TR
AMGAL T % 12 H L R A it S B UL R 1Y)
PRAR, W SRR FRE | R DR R T RE
AR BE | FR LA,

51 FFLRFBKRIAEE

TR T M 5T 2R SRR R R S
I R G ah 1%, RG-S aaHG 5 HIGicie,
s 1120l LA Lindblad £ R4, 2400051k
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M T YRR, B R RL R OE S TE 2
BT AT FUBUEK . SR, SRR B b
FEARESE 220 T B IR G TR, IR
WEHIE T, A Eir— L% I BA A0 R
HRBLR (non-Markovian) ¥R, i8N IR T RS
SR Z [A] B TR AR DG S AL, i RGEA R AL
WA R, X B 2 AHE B
Wl R Ge, WIMATHE T SR BHRIERLT “Teidie”
MR, YRGS MBS A s A A EAE T L R
FETEG A ARG 2 i B R G FN PR RO T LU, IR0
X 2R G IR AN P BRI 1Y), I IR BT 2R B R GE
M5 B IR IR SLi 2 U B 26 R 58, X AMCIZR00 S
AR SRR 1A ny A R B RRER Ak
T RGIB AT FIRE B AT, 3 AT RE R BT
AR BEIR, a0 e [ R Fr g SR A TR BT
WREE 5 L (B 45 B a8, Fh R LY RE I
TESC LU 20 n] BEEHT [l B F b, MTTIRISZ g 0
U, TR RE IR A AE A ], JF FLts T DASR it i)
Fo L GO T RGP . R, AR AE S OREER
Bl 778 R AU N B PR BE Y S e B A
B . FIWAR B R Ry AR 2, il an A
FHIE IS (trace distance) & R 485 M5 Z (0] (1)
{5 B 1991 5 EREE Ay 2 8 154 5L 5y ) 2= S
A AT (divisibility)199) DA K 51 A% B 2 G853 Hr
THZEE AR R 0 S I HAR SRR T
P ] DLid i H PR B G 18 16 2% (Lorentzian) 7% %
i [75,108,14,157-167) 1 [{K B 55 JBE 14 B £ 78 165710 il
AR (collisional model) 168 | HEFFi iz 5l (169170
Redfield F 77 & 171 D) } Nakajima-Zwanzig-type
JEE IRBE I AR 172 45y S I .

Bk, Kamin 45 157 58 1 152 1 F Tt R
Fe L g LURE A I 1] ] B 7 A AR, BT
FREER S b S B R TR R S, AmE AL
FCRNE. WEFE R BRAR B R R R 3G 5 A5 78 R BH
JERRE IR T ASAAAE I TP i AE & AT DIk 58 44 B
thoke, R Bs)H R ] 8 2 4 4K . Tabesh 4§ [ 78
A58 07k B A B, BIFSE T AR A A S 3L
AR R SR A CRITCL L), 4
Ab TR A RS I T SC L E R T L, TR AL T
WA Z 50T 8 TR OG22 S8 58 5 %6, Song 55 (199
TR LR b, AF5E T SRR AR SR BER
RGP ETER S Sk, G5 R ERI B RRER
FeHL AR T RS RN R T SRR TR, IR

e bRt RE. E S RFER R BRI S
e E e m YR, ML, RS RBHER A
H, ol 7 v S AT DA v ST R A T R
S5 200 o ) R AR B R A A S P e AR P RE AR
i e PR Y DGR A 2100 24 TR B a5 ™ R IR A
I, BT R 5¢ 4 R i AL fi . Zakavati 55 008 LA
A&, W RCET H I R B AR R
St eI SR TR FIR. JF AR TR
it B8 g FE AR ORI AR T X it A g e St F TR
AIsZ . BIFFEAE SRR W] TR IR BN, BB AE
AR PR 2SRRI RS, eAh, FEAEERBER K
FEUCARZS T, Gt RE a2 B OGN D38 M gk B R K
{H. 2022 4, Li 55 058 i 14 0 B A 5 3R 18 18 2%
TS AR B R BRI G, IR TR SRR
PRZ rh i [l i B4 B 1 2 4 T R M TR e D
RUF FPERE, IFHE S SR A IR SRR £k
fiREIX — NG, IF BLARTE T 4% 1) S Se e 0wt =
LhoRABR v L L RE S A 52, A B SE 0 AT AR
SRR, FETCTT SRS B O e i R
¥, Carrega 55 081 55 5 20 H 1 FERSON X AL FRR
IR i LT TS L PR BE Y B I, A [T ISA
HTFEFRMAN (2) MR (2) ABESE, il
TR AR TR S SR A A L. R IR TR S
A F AR AR AL R REARAS SO0 ST HLPERE. BAAT
a5, R TS AT, SR S S
FRFt AR, 2B A S Sad B b DR e B AR
€. Ghosh &5 M 3 o WA 25 i G(w ) RAEIRA
T E ~ (3) BYSREERER A Y284k, TSI AR,
IRFFIMEFS . BF9E A BB FE I A E AR E R R
AU RRARFIR P AR T Y] 50 B4 R AR Ak, PR,
Tt B R A W B, AR RBHR M 1 R
RO T H KRR R e 75 T C M P O

Morrone 4 108 5% FH AR AUHELLHSY TR D
IRBFIRAERT T R Ge i F-H i e A AR s, B
IR R R AN R 5 7R, it fei/FiX skl B BT
Z AP AR E AR, ATAE SN )25 th g L AICAZ R0 .
W45 848 MO IR B AR AE AT 15 S8 s (R vp i
I XIS R IRE AT LU T i R AE, seH e
Af ]t 254 5. Bhanja 45 169 B iR 1E A
Wb, il id 5 Caldeira-Leggett FERIHEZL T i K =i
T M A EAR S 1 X AR SRR, &
SERDE T PR IR B N 2R G i gl i AR A 5 67 A
b 5 AN ARG X N FE R ) 2 S, TR A
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=\ B
D - D
o |9 o |9
C C
| & CM
- Aip1 g, Ny A+1_

cM | & CM

5 AA RS BE: ZEME R b SRS C 58 MBI OC A R AEMEAER, RS C 5 Ay Z L T ORHE o
] #7R 3R, 76 C SR T — 5 A EAE I Z 00, 28 i D558 (04 1) 4 B SR O 3 78 4> SWAP $#8AE LIEA p & AEA EAEH,
ITTEFRSE P oI AGCAZRL; HME RS C5F — A IIHIT Ay BRI AR AT 2 00

Fig. 5. Schematic diagram of the ancilla-ancilla (AA) collision model: In the left panel, the charger C interacts with the #th ancilla

A; , and a quantum correlation is established between C and A; after the collision; The middle panel illustrates that, before the

next interaction between C and the environment, the i-th and (¢ 4+ 1) -th ancilla interact with each other via a partial SWAP oper-

ation with probability p, thereby introducing memory effects into the environment; The right panel depicts the interaction between

C and the next ancilla A; 7 105,

IR G S HICAZRN, 7 T HE SRR R i
Al # 55 H v FE FL L Z (B A N FEDCHK. Cavaliere
S UL R, FERLI ] R T, Ah IR g T
Az A SRR I AENE 2 e A2 i F b v R B A
fif. Zhao 4% 071 3 1 & H Redfield F 7 FRffiid &
G 5B A EAER, REMARITT i H BERERE
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Fig. 6. Evolution process of the quantum battery. After the
initialization state po, the control protocol stabilizes the
battery state through alternating free evolution and unit-
ary operations (dashed dots, corresponding to steps (i) and
(iii)) and projective measurements performed over time in-
tervals 7 (solid segments, corresponding to step (ii)). The
green dot denotes the maximally charged state pe, while
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Fig. 7. A contactless remote charging model of a quantum
battery realized through the electromagnetic field in a
waveguide, where both the charger and the battery are
composed of two-level systems and are spatially separated(!54.
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Abstract

Quantum battery is a new energy storage concept designed based on the principles of quantum mechanics,
with the aim of overcoming the physical limitations of traditional electrochemical batteries in terms of energy
density, charging speed, and efficiency. This review systematically summarizes recent theoretical and
experimental progress in the field, focusing on the underlying theoretical framework and the core physical
mechanisms that govern energy storage, transport, and extraction. Central attention is paid to the essential
roles of quantum coherence and entanglement in enhancing charging performance and enabling collective
phenomena. The thermodynamic foundations of quantum batteries are introduced, including stored energy,
ergotropy, capacity, power, and energy fluctuations. This review then delves into the structural characteristics
and charging behaviors of several representative quantum battery models, including light-matter interaction
batteries based on the Tavis-Cummings or Dicke framework, spin-chain batteries with various types of
interactions, high-dimensional (three-level and multi-level) batteries using adiabatic and shortcut-to-adiabatic
control, and Rydberg-atom-based batteries featuring switchable strong long-range interactions. For each model,
the influences of initial states, coupling strength, system size, and excitation distribution on charging dynamics,
capacity, and power scaling are systematically discussed. Furthermore, key challenges faced by quantum many-
body battery models in realistic environments are reviewed, with a particular focus on their open-system
characteristics. We summarize recent advances in understanding how decoherence, dissipation, and
environmental noise degrade battery performance, while highlighting how non-Markovian memory effects can
stabilize energy flow or partially restore lost coherence. Measurement-based feedback control, dissipative
engineering, and decoherence-free subspace techniques are introduced as promising strategies to suppress
decoherence, mitigate self-discharge, and extend battery lifetime. The potential quantum advantages in self-
discharge suppression, energy retention, and anti-aging mechanisms are also examined. Finally, the review
explores feasible implementation routes toward long-distance or wireless quantum charging, and surveys
experimental platforms capable of realizing quantum batteries, including superconducting circuits, trapped ions,
cavity-QED systems, optomechanical devices, and Rydberg arrays. Overall, quantum battery research is
undergoing rapid expansion, and its progress not only promises transformative innovations in next-generation
energy storage technologies, but also provides a powerful experimental platform for advancing quantum
thermodynamics, quantum resource theory, and the physics of nonequilibrium quantum systems.

Keywords: quantum battery, quantum thermodynamics, quantum resources, open quantum systems
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