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Abstract: Nonreciprocal thermal radiation is a novel approach to radiative heat transfer that breaks through the
symmetric reciprocity of traditional Kirchhoff's law. It overcomes the restriction that the spectrally oriented emissivity
and spectrally oriented absorptivity of an object must be equal, allowing independent control of the spectral and
angular emissivity and absorptivity of a radiator in both time and space. This paper reviews the progress of
research on nonreciprocal thermal radiation in theoretical calculations, experimental verifications, and applications.
Starting from the intrinsic connection between Kirchhoff's law and Lorentz reciprocity, it elaborates on the
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necessary conditions for the generation of nonreciprocal thermal radiation. Using two typical materials, magneto-

optical materialsof InAs and Weyl semimetal, as examples, the paper explores how to construct asymmetric

structures and utilize external field modulation to generate multi-wavelength and multi-angle nonreciprocal thermal

radiation. These advancements have been applied in many fields, such as solar cells and thermophotovoltaic

systems, successfully surpassing the blackbody limit of thermal radiation and theoretically reaching the Landsberg

limit, thereby improving energy conversion efficiency. In the future, nonreciprocal thermal radiation is expected to

provide strong support for efficient energy utilization and emission reduction, promote cutting-edge materials

research and technological innovation, and inject new impetus and vitality into sustainable development.

Keywords: nonreciprocal thermal radiation; magneto-optical materials InAs; Weyl semimetal; solar cell
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Fig. 1 (a) Energy flow graphs satisfying the reciprocity theorem®™; (b) The photonic crystal structure consists of an n-InAs grating on a
homogeneous metal layer with parameters (um): p =7.24, w= 3.2, t, = 1.981, t, = 0.485. Absorption and emissivity spectra of the top structure
of the mirror at 6 =61.28°, B=0T or B= 3 T, and absorption and emissivity spectra of the top structure of the aluminum mirror at 6 = 61.28°
and B =3 T (c) Schematic representation of a blackbody shell with isotropic hemispherical and directional characteristics™; (d) Schematic
diagram of a translucent film in an anisotropic shell where the incident wave has both p and s components and the output wave is p-polarized or

s-polarized; Incident waves are either p or s polarized, while reflected and transmitted waves contain both p and s polarized components®™;
(e) Variation of reflectance of single hBN film with azimuth angle®™

SHEIR— 716 (R AR 30 2 R T, 1 ézgd{?i:?:fr "
7PN 5 R SR A 1 TR BT S 0 Claoe &

T T AR TR RIS LT g, g Rk, R SUERATER S AL
D7 FERRTE R PRI R R A, W0 oS - 97 1 A7 RS A b 7T LS IR
PRfg P AR e M &=diag[8o 8o &), 8o M &Sy WY (F 1 THOb

SR, (EARTE AR, BASmRMEA Rk i) MEskd CEAT 650 ) 15 A H ek
BRI BE Sl SR B R S A A sz B . A YRR SR, At o A R AR,
B, 760 Tk sed ik btk 2G50, J’fFE— XN TEACHEHAmARENS AT, %3tk
SEBIGY B AR Je R R I e . Bk, RSSOk, S IRIRTEAST A (6, o) ISR p,

BEXS LA A5 SHPEA SRR S E R bR i TR

BN, Tl A 22 5 50 0 5L B T P2 (O 5) =Pon + Py »
ICE IR SBA. X T AL St A PO ) et @
BEMERTEL, A BB R Srs: Hi . p Rl s SB35 p IR s AR AR 00T A7

240154-4


https://doi.org/10.12086/oee.2024.240154

el 45 S TR, 2024, 51(9): 240154

https://doi.org/10.12086/0ee.2024.240154

FOR ASHRIRAS G IR . A RE P A B B, i
BN 1, BRI, AT RR N

@, (0,0) =1-p,(0,0) = 1—py, (6,0) — pps (G, 1),

g (Hi’¢i) =1 —Ps (ai"pi) =1 —Psp (Hh(pi) ~ Pss (gis 901) (3)

RBLAEE 1(c) , HRMRIAA P, 75
R WAL Tl N S T ETRRN Y- i &g WA £
Flhi—. HIH, TEFET R R FAR
8p (grs ()Dr) +ppp (gis ‘101) +psp (Giv‘pi) :1 5
& (Hr,%)"‘Pm (gi’¢i)+pss(9i’¢i) :1~ (4)
xRNSR, AT DAARSE AR AL AP X Bk
ey A s S I &S )
& (6, ¢0) + & (6, 01)
2
@ 65, 01) + a, (6, 1)
B 2
=£(0,, ) . (5)
UV S O A TS L OB 60 A SR ) A
T IESSP
plm(er’ ()Dr) = pml(giv‘pi) s (6)
H: m=s&p, I=sBp. Wi p, 0. 0)=p, 0,
0), FHAAR 4), B2 MRS L5
FIRBEREHRFIRAN
Ep (91-, (;Dr) =a, (Hr’ ‘pr) 5
& (er’ ‘)Or) = (Grv ‘pr) . (7)
PN 1(d) B E 22450, sl
S, PROERSTRETT LTS TG4 o it ISR A R
G¥Ah, IBALEEPAS RER O M AN B SR O . RE Y
LA e SV
Sp (gn ‘pr) +ppp (9i7¢i) +Psp (Hi’ ‘Pl)
+Tpp (0b7 ‘Pb) + Tsp (0b7 ‘pb) = la
N (91'7 ‘701') +pps (Gis ()01) +pss (gis Qol)
+Tps (9b7 ‘pb) + Tss (Gb’ Qob) = 1, (8)
Hrpe o, ARFIEBH (7 0 pp, sp, ps ik ss), J—I7
T, WCRE LIRIR A
a, 6,0 =1 ~Ppp @) — Pps (R
= Tpp (61, 00) — Tps (65, 00)
a, (6, ¢) =1 ~Psp (@, 01) — pss (B:, 1)
—Tsp (Oi’ ()01) — T (Hi’ ‘101) . (9)
[FIFEARTE IS 2L T M, TS ) ASFIE [a) A SR
RIBHR RN
Tlm(gr’ Sar) = Tml(ah, Qab) > (10)

£, 0) =

Hrr: (6, 0,) F1(6,, @,) AHT VRS [0 —XF AL A o
R (6), K (9) o5 i iTEHA T AR o I,
HRPE (6) 1= (10), HEWT TR 1 B IE SO A ST A9 52 2%
TEOLET, X (7) TBIR AT

R, BPEEX T2 W A 45 ) S vk v Age 2
SRR L B S A, SRR VAT . AR ATHE S AN
o, RSN ERE IR E RO DA EERN . it
Hb, EMFTSCUTE, R T 55— S0
BN, HEA R RECSRAIEE, Sk 1 msor
RSB R ARINL . EAAMRIE, HE
SR NG SR K R AT T X LR RTRR, 45 10 SF AR
AJREEE G M, R T ARREYER R, Sk i
53 () syt ji 48R RIS, Li k] 7RI E 2
JE AR CMES A, 2 37 S A A S Mt A
25 S FH geah, WA 1) i, Wuilid#
WIS B2 45 0] S M RE hBN AR Ak R s i 1k i35
SRR R — B P R 1, ATLUE R, p,,
ps AT o MR REL, JAIA R 180°, KL, p,
(p+180°) = py (), [ =pdk s, FIY I liefs
180°0F, FEBET )51 F, py (8, ) =py (0, 0)o TEAZ
NARALEITES R, TRAEEE 1(c) B = R e Lk i £
He, B pg, (9+180°) = py (9)s pps (9+180°) = py, () 3
— LU T (6) E. 5 G FR, KB e A YIS
FAMESRHE TSI JI A 16RH

Wt DL RS, BREERALRES R ARIR S
T, & EPER R R R E R, X T4
PERPRL, TR RIS 102E B 5 R RTE T, JERER
SEFMIA ST . I, SCBARE B 5 M ) DGR 2 4%
TRSR RATHS AR 25 0 S . FT0E T8R4 B 5t
J&, BIREFREAGEATRSL, WIREEEK . Jrm
(1) % S e S5 SR TEAR S o JE B 5 A48 S A A S7
P LG RRBCRARE Tl RE, AL s Ll
W AORI 2 S AR S5 R Y [ RE BB, (BB B4
TG 4 0 R I I 2R (Landsberg #% FR). Ik,
AR B G ARG A R R X, WRRIRIE .
P K K BH Al A b A4 40U R T 3 B T g

3 Wt

WA SR, SEBLE IS ARSI A TR £
WHHYE. RO R R BR Y T 5580
AR5 AT SR, A b R RO A N
I SRS HSH SRR B4 B N 5

240154-5


https://doi.org/10.12086/oee.2024.240154

el 45 S TR, 2024, 51(9): 240154

https://doi.org/10.12086/0ee.2024.240154

BEOCRRE L, HA B Rk BRI,
X TSN T B 1 ez s AR R R
W™ B R R B REOEA R (InAs) A HL %K

FRET
g 0 &
e=| 0 ¢, 0 [, (11)
> 0 e
/\'T':
WA (w+ilh)
8)(:8222800_[).—2’ (12)
wl(w+ilN)" - W?]
Wy,
£ = —Ey T i——————, (13)
wl(w+il)" - w?]
2
Epy = Eo— e . (14)
” w(w+il)

= (11) ~ (14) BYIRE SURIBEUERT S 30K [34].
[l SR S R o, = eB/m' Fms, Hd, m’
AR TR . B, B AT DL E A 5 e e i A
R w, KFEIA A HLEEOK I, RSO FR 19 HH AL
SRR T AR PR X B, BETT AL G i 5K
FEICEMRAHEE M, 0, fn b ScH#00) Fan 28 A0
WFoE, AbATEEAE ALRHE B —2E n-InAs St 5]
A B=3TWHY, RIERA sk & A AR XR
WXt IR, AT T IR X aReE, hAE a5
TG RIS BRI TS 1 A AT R AT 17 o

3.1 BiFK NTR

2020 4F, Fan & AIER T WA T PR [RIFEDE
INE G VAT R R SR, anlEl 2(a) Br
7, R 1) R S 1 11 2 FF1E 2—F
T 1 ARG B R AR Y o BRI, FESR A I S
BT 2 kg I, WSTR[ 0 3R 2
BT BRI . AR AR T B.5) 1
MBS A SR, (AESCRUFEE 5 Ak
() SRR H, H RS2 AR IE . X
FEE AR B 254 E BRI KT 10 um 193l
RN SC Bl AR B 2 4R 5, 1 B B R0 4 AR X L
e b 0 3 — 0 B ) R O T S X — kAR,
Wu 55 NTE 2021 AR$ T — PP i i S5k, fEE
BAMET, MAMmugah 3 T o, ZE5TE 10 pm 3
KB SE B T s B A AR A anfEl 2(b) FR, 45
Ay BT B SNREY B =3 T I, InAs B9 HL 5L
oy R I B AL, HE—2 BT R SR AR

RZ A 255 . X FhoR AR B 5 IR T RE R
PRI A S 55 e i Ao e 0 4 S S AR A 1) e it i 2 1)
MIFRE RN o R I W ISOR S & SR B AR
X RE T AR T G bR SR B R R B TIE £ ok T
A L HA SR o X —EEIE AU AE R S R
SRR SR TR A, T ELA AR AR N FH I
RE T M I

W, PR EAE— iR G AR B 5 31
FESTAUR, AR Tamm 5B TS0 TR H S
G 0 2(c) Fos, PIRSETE S5 R R T AN
HISEI Tk o A2 S5 A9 FH Thue-Morse 3F J& H i '
TEA S & B Z IRl S R P& Tamm 4555 1
JG, TE3T Wi 60° ASHAT, T 16 um AMEG Sy 4m5T
BT AR A ZSAEERE AR | Fibonaccei
ek, EBIROEARHYIE B S M Tamm 455534
T, 16 60 ASHAR, 16 um BT ISR AN 4 5
RIS IR 0.9, X MHARUE T LT iRk
Tamm RN &SR B 5) SR 5 A 30 1E .

bR T 22 st s, PR ENE TSk,
JCAEAS A Ry S IR AR B Gy AR S AL T Sy R G A )
T HE., SZ2AEEEDE P, et R
JELOVRN i BE A mTE , R SR R G A ) B
Wik T B AE 2022 AEIBFSE R, Wu 25 i
T AR TR 4 S AN ARG A 4 S A i ' v g
Z AT b e A A7 Sl 2, B S T Rl A AR
TS EESRONT, GERNE 2(d) B, YA BRI TER)
WIRETT, ABHAEEN 300, AMNwES R 3 T, 45
FITE 14.845 pm A A7 IR AL = A T o 2L AE B 5 4
9, BT LATERENE R 60° A S A AIBR . X — R R
AR B Sy AR S SUS AT S A T N T .

BiJE, BEFE 2(d) g, B E A — Rk
T, KRR T RSB, A H S T
YEo TEAGHAAUN 120, AMMEES N 2 T AT,
ZEEHIAE 15.5 pm ZE A5 A AR ER TR B T 5 B 11
LB G R. X—E5 R0 AT T 4w e S ot
Pk SRR (GMRs) Z AR RS 151 2(e)
A —AkRE S A e Tz K TR B S 4R 3 5 10
YIEHLE . 4 0=12°0F, T GMRs Mk Sl 5
AR BIIARL, RN SEEL T 58 35 BMRISCROR W
Y HAAETRENE RS SEED. RZ, 0=
—12°15F, H[a] InAs [H] b5 2 0 #7516 0 S ok 5y,
M FER RGN, L, WRIBCRAE SR

240154-6


https://doi.org/10.12086/oee.2024.240154

TS, S5 J6HL TR, 2024, 51(9): 240154 https://doi.org/10.12086/0ee.2024.240154

6
P
Re(&y) Z

> | —Rees >

“ S | —100Re(s,) e
E O leallleal e
= ol

Air '\ o X5 e
$ -

\
InAs Evanescent //
waves
®s o o

Fi 10 11 12 13 14 15 15 o 12
Wk /um W/ um

£
= o
3,
> 0.
(3}
g
(]
>
El
o 1
=
-
5o
S
D o.
g

Wso [ lmas [0 A

Graphene
I sio,
InAs
Ss=ACCACAAC
CAACACCA
CAACACCA X
ACCACAAC
&%
|HIHo| o Ty al | e uma
lg=7apm e/l 1) |-~ w=29pm. e
0'8'“'F76pm,a| vl 08} vFSipm,a’ '
nﬁ76pm,e‘|‘. | w=3.1pym, e ‘
006+ : 006} I
- | [} - | HH
& [1h & \
50471 lAp 504+ ‘\ Il‘
| [ | |y
| \
02! A 02 )X B
QT b W Ny M
0 == o ==sIl
145 150 155 160 165 145 150 155 160 165
Wavelength/um Wavelength/um
we— 1.0
|——h=05um,a I'\ ] - ‘h,=2.1um,a\\.v n
h=0.5 um, -~ h=21pm, e |||
081 .. 106 um, ah i\ 08 he22um, q ] d1 InAs
| h=0.6 um, e ! _. H
©06 | i ©06 "‘“"“"ﬁg,‘ d f
I V14 2 |1 2 Si P
504F ‘I; \ © 04 [ ilA -
! / Y 02 /1%
0 | AN FER
3 2 -1 0 1 2 3 o ===l T———1
Xlpm 145 150 155 160 165 145 150 155 160 165
Wavelength/um Wavelength/um

B2 (a) &®F S B FARANR A LA Rt AR F 2K Z 49 &0 A T @k 8 e OB B (b) sh kit &
y 30 RS A InAs R RIRABRA 6 JUTEHFEE . B=3 T I InAs /-8 F 58 A B EF L4 2, (o) £ F
Tamm #% 4 Thue-morse 3F & #14: # 4= Fibonacci & F sh ik # =& B (d) I ns B B 64 ks =& B,
(e) 5B B BJ5, FAMLEMAIRAE I 5 s K AL 64 73 5 An Fo B JUAT S BT KA A B B 69 % P
(F) et B A o 19 49 3% 4F B G 424t 0y st A = E ™)
Fig. 2 (a) Heat flux between two planes of isotropic plasma media and anisotropic materials with asymmetric permittivity tensor”,

(b) Schematic diagram of the geometric structure of the total reflection attenuated by the external magnetic field along the y-axis of the magneto-
optical material InAs surface. Right pannels indicate the dielectric constant component of the InAs and the absorption and emissivity when B=
3 T (c) Schematic diagram of the Thue-morse aperiodic structure and Fibonacci photonic crystal structure based on Tamm excitation***”;
(d) Schematic diagram of grating structures with a graphene layer™; (e) Magnetic field distribution and the effects of geometric parameters on
emissivity and absorptivity of the grating structure at strongly non-reciprocal wavelengths after the graphene layer is removed®";

(f) Schematic diagram of the structure of the strong non-reciprocal radiation in the middle of the grating layer®?

FAERERESE . BIFEEN AT TARRULATSEoW, JrmmmE RS B TRl RER (e s 4551
WOCTER DR RN . TR RS DPEENE R T RO IR p et aniEl 2(h
JCHEE LUK InAs JREEESHL, KBAERRBDIUT  Fs, S5MmM#E 0 2 T iF, fERK 15.835 pm Abn]
JGHERA, JLPRErAR LS M ERE L LR PAERAR B S R, X —AE 5 5 P p g iR A [N
MR  ZARIF LIRS o X— DAL T T InAs B BUARAESURE 5 A0 BOCH 49 M 22 8] 69 i
45K, bW TSR SCBAE B S RS OGRS RIS A AR L IR

240154-7


https://doi.org/10.12086/oee.2024.240154

el 45 S TR, 2024, 51(9): 240154

https://doi.org/10.12086/0ee.2024.240154

AR MR R AL T e A A ik, JREL T HE
KIS

32 BHBEHENTR

i 5| AR FTHE InAs AR L F Bk iy
PR, BB DI A R K T S T AR B S
PERG, SRIM, XFPEEE S #R SR T — K
IR SEBRR FH A AE— 2 1R BRI . Ry T s iRk —$k
i, WFFEEATEAT TIRARIRR, JERit g 7 —Fh
ABRSTE 22U KR 2 1 i T S0 B 5 IR S i 2544
2022 4%, Wu S ABUS T B Rt il P pE et
BTSN A — RO T SRR — A 48 2 AU
P — AR T R R REE T, X — R
Vel 3(a) Fim o SR HRE SRR AR B 5 P DL K P
JEA A IS (OTSs) MHRA RN, AbATTAL T S T 3L
W B AR B 5 ORI BE SRS, #E 3 T St ia
S6IIANGHAAMT, S5kAAE 15.337 pm F115.731 pm
i Ak F B T 3T T 5 4 ) RGE I R B Y R G
UEAb, e SRR O C S #a SRR 5 PR G ) Bl
b, BEEEAN IS T TR A PR R S A
SORDN 97 aa WG A LU 11970 et g o O B2 B2t 157
TULEREJFRES, anl&l 3(b) fizs. JEATIRARIEUE AT,
WAL, 753 T BIREAF 250 NSHff 4%
T, XA HRFHATE 13.25 pm F115.858 pm
(R A 2 3 R AR Ry 8 3 RSO AR i e 25 5,
Sl T s U RO Be AR T S st ks OB
JEF ARG S5 F4 B T S8 22 ik B AR B ) AR
X —ZEMEE 0 & IR ™ S T MR H R S e F
SRR SRR E S B S, T H o PE L A
BAR UL B A By RV AT 2 AR AL T T A B
WAs ST, BURE TR A R H TSR i
FHIFNMA

FE SR P — K SEEIE 5 PR G B SR B,
FHENVEES TR LR BT AT
S FERRTRME T A mAEn g ma, MU
T WFEMREEIAE, BB TR R R R e
DI, UAT e /N R S Al 15 R S T S
FEE A 2022 4F, Wu 25 ABIE R 192 2066 T
& (MPCs) 2544, BIIAE/INA B SE 80 T 52U R B
Syagt, WE 3(c) PR, B EETE AR, AL
ALK 30°0F, BEAEIRMEGRMIE L SRS, X—F
FE SR AL T SR 60° A ST, BEJS, 7E 2024 4F Hu
S N T RO G F B4R SiC e B Es e

LT SE8 T ARk m A A T il B 5 R
SO ZBE A RE RSS2 0 = 1°0) % LR BB e g
M, SEATRFEALL, BT T ARG a0
ik (B=0.3T), WARHEES T X5 S wE 28 iy R B
JEo BeAh, A SR EE G R e B RIS
R AAE B/ NAE T L MAEE S, i H
TE 65° AT AR SR A i S B R R
i 3(d), YARH 0=—1°0F, SiC XN
PRUEIA WA, JFUY x 7 M 2 RE R, X
AL FAIIRIN G . DL, T RES IR IR A3
FEOZAER MR R BCRIR XX T 6= 1°0T7Y
KRR m. MELZ T, TLUEHRY 0=1°0,
GiRimicss , SEORBCREAL. Bk, WRIBCRAL S
FRERZF MM TEHEWTE 0= 1T HRLEHEEY)
PEo TR, [ 3(d) WRAR T 0=65°1EM T, #msm
BB 2E 5, JE— 2B UESC T S5 A B T R T L
FEA AR B S GRS, AN, XFP R E S AR A
ROF S50 0 B s BN R te e, AR A 7 i
AP T AT RE, I AT R AR SiC IR, ANYAE
SR AR B S R0N , IR RESCEE 7 JE B ) MR ST
X FEAAL G | ARG AR B 5y R S X KRG Fk
NSRS, T B K e sl 1 A ) R S A
M SEBRR IR A o BHEE , IRAIRWIIFSE B AT
A 57 R AR B R EOR S — TR
1M e PR AR A ST A . WNIE] 3(e), Wang % AT510
MBI T —Fh R AR B 5 PR3, 2R E T
A T RESCHRES R PESSHY Tl i A 3R S s,
SCEL T T S AR R e R A AT BRI
TEANHSRBEY (B=3 T 8 1 T) MR T, IZMEaE
BRI (6.52 pum =K 7.18 pm) A& T B R
St R, R m AR I S, R 0°
2 R9°IIM) T FAFEIE I, SE R K SR 5 iR
Z AR T 2E 5, IXh A A PR S R
GURES T BRI ST AR AN T T I
SRR BARD T, WRARTEIE L . 2155
e T A0 A 2 G A TR TR AT R, JROR
T RESCATRL S FE A S5 R T AR S T B R
wi.

IR FHRE G R R J AR S e A, ST
FAVT0E TGS RIBCR AR SR ARAGE B E, h
TREPERES SIS IR T 28 nlaett. iRz
B BR A BRI B A Y R P R s AN S

240154-8


https://doi.org/10.12086/oee.2024.240154

TS, S5 J6HL TR, 2024, 51(9): 240154 https://doi.org/10.12086/0ee.2024.240154

H W ras [Tsio, @l A

(ACY(CAY'M
A

— B=3T.a I
B=0T,aand e it
B=3T, e

14 15
Wavelength/um

v 30
1=23.145 ym
27

Al I |nAs
s Sic Sio,

Yipm

6
X/um

f6=-65" 1=25.175 ym I

xmm

500

N cells 1

H I

Yipm

n(¢.6.4)
60
05
£
=
£
90| |0 D | —
2
ol
o5 % 7.0}
120 ’ = |
I
6.51

-80 -40 0 40 80
Angle/(°)

¥ S0, nAs @A 0.8 " l ‘1 il

- 5T
. L Binary 06 | I [ “
; # ooy ! | ]
4 ' 1 L m .
' o2 I Nl I. I
{ Feedback I 0 ) 1 \ .' Il L = g
Niag) -Evaluation 2 d Model 5 s 0 a5 15 s 3
mi { constrction Wavelength/um 2
o la-gl-3T
&% 5

R

145 150 15.5 16.0 165 17.0 175  14.515.0 155 16.0 16.5 17.0 17.5
Wavelength/um Wavelength/um

- ‘ﬂ |\| [y

%145 150 155 160 165 170 175 180
Wavelength/um

(AC)D(AC)'M la-e| (AC)’D(AC)'M Ia-el1 (AC)’D(ACy'M I (AC)*D(ACyM

B3 (a) WA LG #HEHEREAD, (b) a%xwﬁaki)i#%%%#@éﬁ/%ﬁ@%ufuvr;ﬁ*k, SNEES I y 4h; B=0T A= B=3
T oF 6= 25°4L B0l (a) A& 4t (e) KDY, (c) #1/8 MPCs £33k 4k 2 R4a 4t 4~ & W; (d) B=0.3 T LIk E ) #45

aﬁjtfmﬁ EMTEE; 0=21°F 0 =265 G H, (e) T AEWIELHLEMIKTE IEJ 6 52 uym #2 7.18 uym w*ﬂmi
~89°t4 A EMMAEE H KU, () AFMEF IS AEFELZRABHRERE,; B=5T 2 B=3 T HRIKE LS L 4%
<zé_; Bl A RS EE L FIRE K. InAs BEAn SIO, B2 E 84 T AL U (g) #:iaix B at 5 4 B 5 #4a 5t 04 %m0

Fig. 3 (a) Schematic diagram of a dual-frequency non-reciprocal heat emitter®; (b) Schematic diagram and geometric parameters of the
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spectra at 6 = 25° for B= 0 T and B= 3 T"; (c) Schematic diagram of strong non-reciprocal radiation using MPCs; (d) Schematic diagram of
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representation of wide-angle narrow-band non-reciprocal structural bodies, non-reciprocity of the structures at 6.52 and 7.18 uym over a wide
angle range from 0° to 89°%; (f) Left: schematic diagram of multi-band non-reciprocal thermal radiation based on machine learning. Middle:
difference between absorptivity and emissivity when B= 5 T and B=3 T. Right: difference of absorption and emission with wavelength, InAs layer
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Fig. 6 (a) Schematic diagram of Weyl semi-metallic photonic crystals with dielectric constant tensor components (¢4and &,diagonal and non-
diagonal components, respectively) and non-reciprocal thermal emission®®; (b) Geometry of the attenuated total reflection of the Weyl semi-

metal surface. The plane of incidence is the x-z plane'””; (c) Schematic diagram of a non-reciprocal heat radiator. The MWSM film of thickness
d, is located on top of the metal substrate””; (d) Schematic diagram of the multilayer structure of Weyl semi-metallic and dielectric photonic

crystals, and diagram of the internal magnetic field intensity distribution of the third multilayer structure

271 (e) Schematic diagram of a non-

reciprocal heat emitter consisting of a ZCG, WSM layer, and Ag substrate; the amplitude distribution of H, at a wavelength of 10.39 uym at
6 =+1°I""); (f) Schematic design of extremely wide-angle non-reciprocal thermal radiation effects”
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Fig. 8 (a) Schematic diagram of the thermal emitter composed of a WS film and a Ag layer to achieve non-reciprocity under TE wave, showing

the absorption rate, emissivity, and non-reciprocity values®™; (b) ZCG, WSM layer, and Ag substrate composition structure diagram and electric

field distribution diagram at 10.32 um®”; (c) Schematic diagram of the structure composed of silicon gratings, a silver interlayer supported by a
SiO, substrate and a WS film, showing the absorptivity, emissivity, and non-reciprocal values®; (d) Schematic diagram of a dual-polarization
non-reciprocal heat emitter®; (e) Schematic diagram of Weyl semimetallic dual-polarized radiator, showing the TE and TM polarization
absorptivity, emissivity, and angle non-reciprocity of 1.6° and corresponding electric field distribution diagram®”; (f) Structural diagram
consisting of VO,, Ge, WSM layers, and a Mo substrate, showing the absorption rate, emissivity, and non-reciprocal value of VO, for

nonmetallic and metallic properties™
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Review of research on nonreciprocal
thermal radiation

Wang Yatingl, Wang Mingjunl’z*, Wu Xiaohu3*, Liu Haotuo*, Wu Biyuam3

~

Nonreciprocal thermal radiation development and applications

Overview: Thermal radiation is a natural phenomenon in which an object emits electromagnetic waves as a result of its
temperature, and any object with a non-zero temperature has the ability to emit and absorb such radiation. Kirchhoff's
law, an important cornerstone of thermal radiation theory, details the intrinsic correlation between the energy emitted
and absorbed by an object. However, in certain application scenarios, the limitation inherent in Kirchhoff's law, such as
the upper limit of energy conversion efficiency and the limitation of spectral selectivity, becomes a bottleneck for
technological advancement. In order to deeply understand and overcome these limitations, this paper first provides an
in-depth analysis of the fundamentals of Kirchhoff's law and explores its close connection with Lorentz reciprocity. By
analyzing the relationship between Kirchhoff's law and Lorentz reciprocity, we reveal the physical mechanism of the
phenomenon of non-reciprocal thermal radiation, that is, an object can exhibit different absorption and emission
properties for thermal radiation of specific wavelengths or directions under specific conditions. In order to overcome
the limitations of Kirchhoff's law, this paper reviews the progress of research on realizing non-reciprocal thermal
radiation using advanced material structures, such as magneto-optical materials InAs and Weyl semimetals. These
material structures have successfully realized the phenomenon of non-reciprocal radiation in narrowband, broadband,
multi-band, and multi-angle, which not only exhibit excellent performance but also have the ability to actively tune the
non-reciprocal radiation, providing a wide scope for experimental fabrication and practical applications. In addition,
this paper further explores the application potential of non-reciprocal thermal radiation in the field of energy conversion
and radiation control. In solar cells and thermophotovoltaic systems, the application of nonreciprocal thermal radiation
not only breaks through the traditional Landsberg limit and significantly improves the energy conversion efficiency, but
also provides greater flexibility and freedom for system design and optimization. These innovative applications not only
highlight the great potential of non-reciprocal thermal radiation technology, but also open up a completely new
direction for future research in the field of energy conversion and radiation control.
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