) 32 Z 3R Acta Phys. Sin. Vol. 75, No. 7 (2026)

070708

Tl A REMXZXTEHHAR

R 447 FL P Y 7= F 48 T

R T

AHIE S REFREBIML
1

17 5 #

(VY PSS Ry AL SHORZEBE, AR 610031)

(2025 4F 12 J 30 AY®]; 2026 4F 2 H 13 AUEMENR)

18] 4 ) A A AR G AP 7 BN T S 0 B AR D B R A7 . SR, BT AR 45 44 AR i RO AN
TN, B IE TR B W A B SRR AL R R R, 2B EU S R RA T T LR T e S B Re i A%
R AW, DT A AL F 122 PR SRy AR ) 75 7 SRy AR AT o . 7 1 SRy S AN S DA S il 0y B A JEE s T
AL S 1 B AS i, 3l o 4 R T P A 4 AL SR AL TR I IR AR AR LRIR B AR R G B A IRGER R R T
Pz K 2 PR AR R AL B AL L BE T L PORMA R KRB TR R, o AR AR AR BT A AR R i

TS T AR B — D B AR B A HE L.

REIA: 7 AT s, PR R AL, RAER R

DOI: 10.7498/aps.75.20251791

1 5 =

SRR G N N TR N E NP NS E
FERRREAR T, $dfiniz © o BRI #RF P e 5 T 5
PR OCHE 2R 2 — 0L 5 L[], 7 fE I 46 45
S, SRR kg S BB BT SRR 2 vy REVER
RO B R AR 07 AR A EAR R EE |
M X8 i A AT R B A AR A (VU A IR
T, FEor B AR B P s i R S AT fE
MRS FILAL BT I LA,

RN ARSI A RE I T, S IR 2%
PRz 1 2 BUA. ARG S P iz BRIR T
I T 9% IR 2% S Hiy iz J5 2 12 (Boltzmann transport
equation, BTE), TEIZHNER T, 7 7 ki1, H
iz T2 R R | B A LA ST 1 AR BT
RIE. X — 2 SRR TE R B S Tz R
Ly B84SR, B AN R AW R e, 2R
FAIERERE 2 575 TP A R R T K

CSTR: 32037.14.aps.75.20251791

A, 755 RSl SR P TF AR B 1517 22 i Ak
R [P=S[US PSS

TEARGER BERIARES T, RAF B PTARNE G
HRAE AR Tz O 2 P SR E R R, JF
RIHARZ DB T = e ARAE, 171 Qs in i
14 LI iz 0829, SO B 52 B B A T 3K R
M A= R SRS B Ry sl f 2028, JAE Nt 5 255
AR, KRB R AR A RN A £ 2 T
P B ARAE AR5, G0 ST 2 I AR 4 i 220
SR BETIA BT LI A TR B A9 i Ak B0 2%
RCETTIRAEAEMOT T HUH 58 BE RO R, MELATEDRTS

FARH APy B REAN A2 B AT S B iz /Y
UEENCE

2T, FF 55 A PR a7 SR s A6
B PR T P LA Sl AR O B R AR, (RS
LA BT 2. GOREEH A AIE R ST S5 T
I (29 1—10 nm) A7 24 82331 [a] Bk 5L 1 A i
B W0 U LA ZERE AR A7 8 1619, 30X
R A RS I RAF L T A = R W AR Y

* ERARFERSTA AT S H (S U2330208) B IHEL.

t BIE1EE . E-mail: yuxiang.ni@swjtu.edu.cn
© 2026 FEIEZFS Chinese Physical Society

http://wulixb.iphy.ac.cn

070708-1


http://doi.org/10.7498/aps.75.20251791
https://cstr.cn/32037.14.aps.75.20251791
mailto:yuxiang.ni@swjtu.edu.cn
mailto:yuxiang.ni@swjtu.edu.cn
http://wulixb.iphy.ac.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
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 3R Acta Phys. Sin. Vol. 75, No. 7 (2026) 070708

S, SR G A7 ) BT GORURE I AN SR 2
T PESE 4k, SRS SRS A TR Z 1
&/ M I A A S T ) B RS SRR, 6/ 1
/N, B THT )55 TS R, MR TR AR R O
R B R RS R 1 AR RS N SR PR A R
et Rofe Bo7a2o-s8] Rl Se gy P & L kAR BUE
JIE LA R R ] i) A5 ok I 44 75 1 s BT ST R
K JE. AR —Fh SR B S B G, AR SR AL R
TIFZ h ZHHUR SR A T8 B, 21
R ADE TR R RS T. BIE b, AR
BT TR R B IR R AT o A4
oK, K R 22 BRI T AE— R FIE—4ER R 1040 5T
a2 2 NS LGP Y e N (P S )
et ra2anatl P Ko S 2k S 4 Al T8 e L B e 1
AETRR AR 5, I e BUH 25 1 i g iz
T AR P R OR IR AR, SR, S35 1
FF Pz FZRAAE L, 10 P 2080 R A K
H STz Z 8 N TERR R Y R GEHEZR R AT AR X
ABR, FEERB AR | JCEH 0 LA A% 1458 1 o
P2 k.

LTI, ASCUMRAERD R 7 141 iz
ST RS RN, IS8 s 2 5 00
P4ty o I B AT O AL T ERIA. T S nT i
PR iz R BS RS SRS B R, B AR
VAR R 5 LR JA S Xk 7 33 A 08T o 1
WiJm, RGUEES T L8R R L BTt fE, 4
T8RRI | BRI R 2R | 5 3T R S Tk
Z IR S 2R LA S TAREI A i FaRZrid, A 3C
57 A B R P AR A b i s R i —
DL sl AH 5 Rl oy 4R B AGATRAREZE, [A]
I R AT BE R R R 2 P 1 2 A B R A P e
2%,

2 Wl METET

2.1  EFHETHERNIERE

TER BRI T, QSR AN [ P A 2 6] 71/ i ]
EPRRFRRE RO SC AR, IR AT T, Ak
HH R R IR B A B S A A I8 R U TR B 4R
PRI, NIAE AR 3 i, 75 1 RO IR S AR AL AR
23 [] L A SRR Y. MWL R, 75 e A
Je BYAS BRIRFTR] P R AR B A AR 1. SR, fEAL 5k
LV E2a TR e SN R B 1 AN B i 51T N I e

YA AR, AR R I K AR s L
5, FEHRNAE B R R. X —WIR T, 75T
(R SIRAAE 7T B 220, FA Iz ) R 5 A Ay A LA
TRz o, JF AT BTE 7ERF BUR T K
TR

S AR RS - BAH AR, St A s
AT PRECHIME S B 9% Latour 55 B4 5| AR/ F-{K
Frb, HTLASRAE 75 75 25 (6] 5 i [A] b i AH 67 JCHR
PE. T ZERIA A, OGS T B ]
RGBT AR, 75 iz i 2 v A
A I LA 22 R T R 0 S AT O B
PEVERIZ FAOE S B IS . ARk MO G 2= I
PR I 2 R A AR 1 7 - Y L LI A 7T e
WSO 0 ] B RO R E R YA T T, i)
SO G PO R RE X Ik BRSO Y 2P
R I ROBE SRR AR G, B2 55 7 1 v ds Y HiL )
S B A 1) S B L RS - RO A T T
ik 02 AT EC SRR T IR G A, IR
AR IR A AR T IR E] SR A R R X5
22 B HL RO %) D 8 6% A N 8] 0 5 s [ v i
Brrs FAR T RSN, SEmE B ™k | L4k
FE Y e AR, DL RE R AT AR R P AR
V] P BT 70 s S 5 rp IO B B T ) s )
R A A E SR,

— B, MR R E 55 5 s
TR TR ESCFY B R TR —m 2, S
THHTEA AT BE A M iz vh 3. FE9R R
RF b, P AR SRR 1T B B A
BATT, MTTAR J3-EL 2 R A LR B AR S, AT
iz Rt TR, SRR I AR, X SR BN AL
I BE A FERIE Th I, A OUBIR T A5 4IRS A
HPE S LA PR R, B 32 B st 3 i B 1) i 2
iEAR

B R = TR S 28, ISR B Y
P T HURTE AR 3 (I A A A B AR I 4 A 2 e ik
FIAN AT 2200 | EL 7 S S g B B0SLeS 58] s
RS — DGR TR B8 4 J A, DT I
FHIAR Tz 5 AR R A S 7 A, DT E R
AR AR DTk, FE )2 A S0 PO f
T S X F o X6 3 7R 2 A5 (zone-axis Acoustic,
ZA) =75 T HUR e W R PR, P - U
ZA) W A R R HUN, SEEN A 75
ZA SO0 A IZ I AE R BT R R AR Ak, U

070708-2


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
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. 7 (2026) 070708

TR A G R AR NI, 23 B H 55 ()
{3 2R X AT R SR A8 ALSD Hh B, 25 & Y
P A R RN 83.3% = 3.2%. — M=,
R FR B R E I BRI R (AN K A
SO SO IR, 7R A SRR B0 S 3H) POy
GRAVAEAEFRYE (I BRSSO FR: ) BO-o0) | 5
Ak fap i 5 R PR Bl (W LiCusTiQ, # 5 Cu J&
FAHIC A5 DU Y SR R AR 20, DL R 5557 B
J 7% 15557 S SRR PR B PR A I, DU R - U B AT RE
B OCHERTE. R, XA L ERHERMEHA R,
TEVFE R I EhAT I, 0K DU U A G —
MEZR IR A B LS B R

B bRl AR G B B T 2 Ah, 4T
() P AE — i ROBE N R 843 %, JF BN (normal)
BUTE S i sce b 4l 32, 7R R R AT g
A — AR AR R T AL R 1 i s R, B RS
WAR SN 127, FEXFARE T, A AR A1
HPNT A BERLARL 5 A, 2% 8 2 2 B A TE A R
AP RR G, SR R G — /e WA &
UNTEAL R B R AE HAERZ g, HmT i Guyer-
Krumhansl 77 B85 LL A BRI GEF Tl k. LR
FE P AL R IR I AR SR RSO 5 R
JRERE S5 e LRI IS, AT B 2R R A
K Z )l s oA R - AR AR OCI AL, 53T
FAAL T3, A s b AR T | iR,
FEYIBER IR LI AR, JLAR, ARS8 F G
Rl 7E R IR R B8 A0 4 Jre 2 8 Tl A4
1, McBennett 45 00 £ 1 7 % 05 T 10 ) G40 K 45
MR GE— AR E 12 HE LR, Bl 3k i LA
PRI RE B8 15 8 5 AL B A8 A0 1 A 3505 1 3%
JEZ ARG, AT R0 1 DA A K o At
B 4 Jm AR AR 2 YK R gt b R T HUA R 2
TR AT . S8 KTE , TR RE 5 A R HL
UEST Il N S VAR RS NN N2 DA el 2 i s 911
Ve S ARy i B e i s 4 I S DA
B PRZEAILHIAN LA 53

2.2 BREEBPHETFHETREIZ

AR R B N T PR S5 R B 7 A
Pz PR T BUAEE- £, Forh LU s 191820876163
NER. ARG BTEHEZL N, 5 1 B0 22 i s
5, S S B SR A A, A
PiAR BWOE 2. SR, HE5H R i

T A AR R R, A
AR Z ALY AR T AN T 2, B a1~ 1R
CLJCHE e B IR 1A 2R PN IR AL

T it S 0 R A o 2 R LA K RO T
WIS e A, HR B AT 4/ BHOR.
W B E o2 S8 N IX &, AR
M 22 18] B4 o TE DU R RE 5 S 75 5 A P A0 A
PNV B B X Se IR L 3 i 7 Ay (94 o
ST ) DR s Sl R R S 56 06) 45 51 2 e L.
[ i, S o Ak A S TR A 2 A 3 3 D T TE ),
F et ST T X 7 5 i 4 58

LT A BT BT A I S T T, eI
B9 AR T Jr R 35 R AR S 5L 1T 7 1) 1) 7 1
JE, TIN5 ) L i FA Gz , T T P D AR A
SERAM OSOL BRI, RGN LA R R, MR
TE A 1E 2Kz 75 1] b B R 5 25 00 I ] 300 R
R AR R, AR A IR PR T 222 s (Ap
HE 0T, X — A7 5 A P& REAT BAL A S
ATEIM L EAAE. AfRX— 22, B TER
T AL A A ARF O I, 25T BTE A8E T )
DA -7 B0 S 56 A S SR ) S0 2 i 7
FR S (B AETE T 5 AR 858 T HC fi g 18720,
KR, ARSI T, h T a5 A RO,
TR MELL 3 T I, LI 2 Y A AR AR R
SRR T ST BN 5 P 1 A i e A S AR L.

W AR B 2, S A i B I 5
PGP T A ARS8 A iR, B RS 1-in]
TEZA SRR R E A AL GBI A A3, NINTE A
BB 22 A JR U A A 7R RS . X SRS A %
AT I TAESFRII 99 TP LA, S A
FEAR G L RO L. IR T, B
A RCRET PR BE DS, AT R AR
PRA TG AREEZ m T I A R B A 0
ARAERIARRIRAT O, TEMTbR S A T s 5 AR
FHF iz 22 8] ) 58 LDl [19:19.61.68,73 73],

2.3 HFEFHSEHEILSLEHE

X s RS IR 2 7 T Ak A |
ali Y S LR B AR R R R, R T
BTE AEAH TR 081 s D T GaAs/AlAs Fl
Si/Ge JB b H BT 2R I ] A0 B 1 R T v Y
A AEXTI R, TR S e Y Al A
T 0 P 7 K FE R Y S/ Gee A i 168690,

070708-3


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
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. 7 (2026) 070708

P REB AT IR 1 2 i Pz

NG X PR R, A FFEE S e
R PG LK TR AR AE AR T M (73], iy e e 1
S EE B R AR B AR A ). B SR —
PEEHLSE S BTE M5k R G001 T Si/Ge i
M 6362 AR T P TS I RE IR BE | RS A St
TR 2RI, AR ST S )3 AL A BOR R A A
THEE . SRS AR R BT 1 01 WU DA i
SR TR A, 5 EIRT IS AT
EARATAT N BRI, J5 2 P Ak Ak ok
(nonequilibrium Green’s function, NEGF) i K
FRBLK i 30 127 7 B2 m] LA H AR M Al iR 75 U 3 5
AR 75 5, EL 3 AN R A O I X e R
IR Tt BRI AZ PR, HLH R A 3 g 1 22 5
£ T E s XL 93 3 ) 2E BN (molecular

() I

60 nm

dynamics, MD) i1t JF 7R 25 [T, ARG E
T WS T S RTF U, B IFSE 4R 170
TR BT (48 T oK 2 LB 10 TSR
Hg [15:19] ZEgE R Az Y 8 T L, R T BT
PEEALH] 575 AT P B R K g5
Wiz R R R, (HHL AR 5 2 i 7
RET (T < Tp, Tp R RTEFEREE) 78 B 1
WIS, T BT 5 A T i I E 1 DL
SAIEG IR ZE S & 8T A s AELR (n
NEGF, BTE %) #1758 URiiF.

SERG T, Z2 IO Y HEAIESE T A AT
032 I A7 AR, T8 A I ) BN A T AR AR A Y
GaAs/AlAs B Ais G R0 (] 1(a)—(c)), M
fIGIR T AT SRR LR K, ER Tz ETHE
FHRETISL. XM OC R 2 T~ A

14

30 K

Thermal conductivity/(W-m~—1.K—1)

Number of periods

(d) Suspended micro-device
(c) 0 300 K Fo I
10-1F s 100 K o ﬁerent 0300 K
N Anharmonic | regime
2, scattering ~
N ; S T | .
2 1072 f Heating Sensing M5 Incoherent
E 7 regime
o0 g 4
£ 1073¢ : *
E w? % 5
b= s 3r
& 1048 %, , % i
Interfacial r
g w g scattering GaAs/Gz.LP
10-5 ) superlattice 1L ) ! )
101 100 5 10 15 20 25

Frequency/THz Superlattice period/nm

B AT S B S TR TR RS A % () & 3SR GaAs/AlAs 8 fb A% 5 37 5 oL S8 3 8% 15114 (transmission
electron microscopy, TEM), i [€] by BN L 1] 119 55 43 98 R 355 B | &l A BR K114 (high-resolution TEM, HRTEM); (b) 7EARIRE T,
ik 4 LS9 i T LMV 0 GaAs/ ATAs 8 S PR () GaAs/ALAs 4 b6 Fh 75 0 A 55 — M B 45 0 09,
(d) GaAs/GaP J# i A% 24 A 28 P 32 B JA 014 B 1) A8 Ak 06 3R 37 181 D A0 o D0 42t A0 5 S5 1 5 TR 48 A LA B A 45 1 1Y
HRTEM [ 81

Fig. 1. Experimental evidence and spectral characteristics of coherent phonon heat transport: (a) Cross-sectional TEM image of a
GaAs/AlAs superlattice with three periods, the inset shows a HRTEM image of a representative interface; (b) thermal conductivity
of GaAs/AlAs superlattices measured at different temperatures as a function of the number of periods at fixed period thickness;
(c) first-principles simulations of phonon scattering in GaAs/AlAs superlattices'”; (d) thermal conductivity of GaAs/GaP superlat-
tice nanowires as a function of period length, the inset shows the suspended microdevice used for thermal bridge measurements and
an HRTEM image of the superlattice structurel!.
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Fig. 2. Schematic heat conduction regimes of phonon coher-
ent transport and Anderson localization, classified by the
relative magnitudes of the structural length scales (charac-
teristic size | and system length L) and the phonon char-
acteristic scales (wavelength A\, mean free path A, and co-

herence length ¢ ).
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Fig. 3. Experimental and theoretical evidence of phonon Anderson localization: (a) Measured thermal conductivity of GaAs/AlAs

superlattices with randomly embedded ErAs nanoparticles at the interfaces®; (b) comparison between the calculated localization

length and the phonon mean free path®; (c) length-dependent normalized thermal conductivity of GaAs/AlAs superlattices con-
taining 2.38% and 23.8% ErAs, calculated using NEGF method at 10 K and 100 K. The inset illustrates the superlattice structure
with ErAs nanoparticles embedded at the interfaces!"?; (d) comparison of the phonon mean free path Ing , localization length £,
and disorder length &poyless Scale in GaAs/AlAs superlattices with 23.8% ErAsl*.
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Fig. 4. Theoretical and numerical advances in phonon Anderson localization: (a) Length-dependent thermal conductivity of
graphene/hexagonal boron nitride SLs and RMLs in different dimensionalities, calculated using MD, The inset illustrates out-of-
plane phonon motions, such vibrations are fully suppressed in strictly 2D systems but activated in 3D systemsl”; (b) participation
ratios of phonon modes in Si nanowires with amorphous surface layers of varying thicknesses, obtained from MD simulations. The
inset shows a schematic of a ~3 nm diameter Si nanowire surrounded by an amorphous shell®; (c) thermal conductivity of SiGe al-
loy nanowires with different Ge concentrations as a function of system length, calculated using NEGF method, the inset depicts the
alloy nanowire structurel??; (d) decomposition of the total thermal conductivity into coherent and incoherent phonon contributions
for GPnC and DGPnC, obtained from MD simulations at different system lengths, the inset shows a schematic of the disordered
graphene phononic crystal and phonon wave-packet analysis®!l; (e) length-dependent thermal conductivity of Si/Ge p-SL and ap-SL
with and without interfacial mixing, calculated using MD simulations, insets show schematic illustrations of the Si/Ge superlattices
and phonon dispersions of LA and TA modes in periodic and aperiodic systems, highlighting the strong modulation of phonon spec-
tra and transport induced by disorder!*3!.
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SPECIAL TOPIC —Heat conduction and its related interdisciplinary areas

Coherent phonon transport and Anderson localization in
low-dimensional materials®
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Abstract

Phonon heat transport in low-dimensional materials departs from the classical Boltzmann picture when
structural length scales approach phonon wavelengths, coherence lengths, or mean free paths. In this regime,
enhanced phase correlation enables wave-based phenomena, notably coherent transport in periodic architectures
and Anderson localization in disordered media. This review summarizes recent progress in understanding these
effects and their impact on thermal conductivity.

We first discuss coherent phonon transport in artificial periodic systems, including superlattices and
phononic crystals. Experiments and simulations commonly report non-monotonic thermal conductivity versus
period length, reflecting the interplay between coherent interference and incoherent scattering. Spectral analyses
further indicate that coherent transport is dominated by low-frequency phonons, while higher frequency modes
are strongly suppressed by anharmonicity.

We then examine phonon Anderson localization in low-dimensional disordered materials. Localization
emerges when the localization length becomes shorter than relevant transport lengths. Its impact to thermal
conductivity depends critically on spectral overlap with heat-carrying phonons, making localization a selective
rather than universal mechanism for thermal suppression.

Finally, we outline open challenges, including quantifying the competition between interference and
inelastic scattering, and realizing experimentally observable localization effects at room temperature. Overall,
this review provides a wave-based framework for phonon transport in low-dimensional materials and offers

guidance for phonon engineering via coherence and disorder.
Keywords: phonon coherent transport, phonon Anderson localization, low-dimensional materials
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