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Table 1. Methods for calculating thermal transport properties.
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Fig. 1. Conventional setup for a two-probe thermal trans-
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/ right thermal contact (R).
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Fig. 3. Nanoscale phononic devices: (a) graphene
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junctions with smaller connection angles have lower
thermal conductance. Adapted from Ref. [80].
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Fig. 5. Thermal transport in radially deformed carbon
nanotubes: (a) thermal conductance as a function of
radial strain n under 100 K and 300 K; (b) transmis-
sion function under different radial strain. Adapted
from Ref. [90].

186302-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 ZF R Acta Phys. Sin.

Vol. 64, No. 18 (2015) 186302

(T R AT SR MO IRE, 3 S Jo AN Sz 6 W SR AT 4%
&0 B RABAKE R PR AL RS
U ATF 90 2 B 3L A2 ) AR A 75 2 H X I AT
FPERBIMINIER. BT R GHEE R AR
SE MILRPEDC AR, WIAT LU b FH T U 9 B K 1
Wiz e J1 K.

TE A 58 5 A9 K 17 H A BT 2 MR AR T 7
B I AR B 1020 DA R o 25 F A R 88 0 9N R AT
1931 R G T B S R TR AT S T2 B
Hi 04,

234 F &

SR rf S T SR A A ST A A,
PABELE LA 0 — KRV 2R TF RGN A —Fil
To 48 R AR 9K 45, A TS E T 9K A/ 9h
KR L. AT TR, 9K gk i T )
AR FRFE T 75 450 B AR, Han

L e

G ) [ 5 % e S 2 ) 1981 DA R K
HE B V- 1132 2 (1) 75 7458 AR 99 KA A O 27 i
WRABE (41, 2 FF B g KA (0 FF 11 S 1T B0 i Ok
WO AN G TR 1 R R, S T T ST IS (AR A A
. FIHE T NEGF /7R 8os 09, 2910
B A 2K B A 528 b 1 2 338 L A 6 v O D) X 3
(158 BE A — NI T 58 S I AR A, T b 5 V)T
R M 2 B PR B A, T R s A
e, LR AR AT LA 45 T 3 B ORS8N 501
YorE T E] 78 AT ER ALY P s A RO
T2 BT AN DU G A 7 B xCAE S b 52 31 1 58 8
(IR DG ) 78 5 X 52 21 R U b B4t 1 ok
BRSO XN R R R TR R A R T
TR R, 20K 6. R ER T A
AR 7R THia AT N, [t BR 17 I iR oK B Ak
ARG 7 —FA U TT2.

R

(b)

1.00 N 1.0
A~
0.9
0] o5 &3]
0.8
w=0.4 w= 0.75 w=0.95
0.95 0 0.7
0 10 20 30 0 10 20 30 0 10 20 30
N N N

Pl6 o o7l i g S T A

(c)
(a) FFEPIZEFTo R R S 75 5 XU T AT (b) BEAE RS 1 U 5~ X 75

Tk, DRSBTS LU T I N RIS RIS (o) ARISRBCRER SR N AR HA

FAEAT A, T — 45T B 0 75 T HE T 50T LA 3075 728 AR BB S AT AR AoV DX S 1 3 i 47 (99
Fig. 6. Interfacial phonon scattering in a 1D chain: (a) a diatomic chain is connected to two semi-infinite

single-atom chain; (b) phonon dispersion of a single-atom chain (left panel), a diatomic chain (middle panel),

and contour plot (right panel) of phonon transmission versus phonon frequency (w) and the number atom pairs

(N) in the central region. Adapted from Ref. [95].
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Fig. 7. Thermal transport across grain boundaries
(GBs): (a) two graphene systems with GBs; (b) ther-

mal conductance and (c) interfacial thermal conduc-

ot

tance are little effected by GB angles. Adapted from
Ref. [100].
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Fig. 8. Phonon and vacancies: (a) out-of-plane and
(b) in-plane phonon density of states of a ZGNR with
a vacancy at w = 25 cm™!. Adapted from Ref. [106].
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Fig. 9. Isotope effects: (a) a carbon nanotube with
isotope impurities in the central region; (b), (c), (d)
configuration-averaged transmission function and its
dependence with the length of central region. Adapted
from Ref. [113].
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Fig. 11. Original interpretation of the spin Seebeck
effect: (a) a thermocouple composed of two conductors
(metal A and metal B); (b) independent spin up and
spin down states in metallic magnet can be considered
as two channels of a thermocouple. When temperature
bias exists across the metal, spin accumulation in the

system results in spin bias. Adapted from Ref. [155].
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Fig. 12. Thermally driven spin current: current I is
sent into a ferromagnetic material FM; for generating
Joule heat. Thermal current Jg flows from FM; to a
normal metal NM and causes spin accumulation at the
interface, which further injects spin into the adjacent
NM material. Adapted from Ref. [173].
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Sp = —108 uV/K, Sap = —99 uV/K. BT ¥ —
4 5 # Korrmga-Kohn-Rostoker 77 7% & JE ~F- 17 4%
PR R HBEALAS R RIE B 2 )5, AT 28 e 2
g THEH S, g5 R BoR, Fm i AH o % S i
KNG mEER K, FR AR TS RoR, S HIARfL
5k 7w H (TMR) WA B#EC R, 1 MTEP 7] A
FIE 300%. Sghr_b, S| S A = T S
BT MTEP 37t e i 1 Bg Fii . [F]4E Serrano-
Guisan %5 ['50] 1}l & T CoFeB/MgO/CoFeB k4%
G 1 2E DU ve RAL, JF DUA PR OGRS
WAL, AT & R, MTEP A2 5 TMR
FHTE BT TMR, M0 2E DUs R #0258 230 uV/K,
328 KT U R A EE A T AE 175192 2012 4E, Lin
28 [183] J| /£ CoFe /Al O3 /CoFe i b% 78 45 h R I 1
k1 mV/K B%E DU R AL A WAL B AR AL Y 1
BT, 2 DUoE R A B A A, AR I 5 R BE A
M TERCPAT R R R RIE 20 P S A R R
H 40%, BRI MTEP~40%. T #F 5 K/ PLECE v
T 00 B A5 B0 A R g IR 22, AT R R E i

LB INT IR 25 7E 1 K BAR, A3 H Sap 2042
mV /K K. 20144, Teixeira 2 F) %L B
F% 0l £ CoFeB/MgO (0.7—1.35 nm)/CoFeB % %
ZEI 98 D50 R 45 R B oRAE MgO JE N2 &,
SBW M IEAL B, 482 5 MgO 24 0.85 nm B ll43
) Sns FiIE 1189%.

B LI A BIIR NS R &, R 34 1) R A
JE B VF AT DABE SE R PR, PR F4K Sas K HELE 1R
KEAPRNE & B TR AR 35, thab, Seig il & Kk
LA 22 Sys 5 GMR M (172,183, 1841 4 s 1 OR —
B D78 180] R BATAT 4 WERER? HA KRGV
ol i S 5 46 Hh R e B S 2 A AN R S TR
FHPIRE o3 A K 22 0k B #E 2 AL 3 5 5 il B
IIATZER 2 KT XX G R TS R H
R A ) R R = K R P B A 9

3.2 SN MRS

2 i I Fi5 2 1R R ) B BRI A2 AL 5 A
P K/NBAELE. AR LR B OHESE T, i 0K
BN AR/NERIEEE, B

J=LX, (14)

For 2 BT IR ) P I A7 48 T i s 4 B
m, s TG B R, ShEMEEESE, X
F2 5] EL B S 1 SR U803k g 7y Al A
H R P AN 5 50 B R B R B, AR 38 5] 5 3
(I3 REREFE (BN HL3g)), A A8 50 3 B i i 34
B, B R RO S R R . TR 2
PR 2 F3 JLAF RO T, WA v R LA LI, B
SRh IR 3h 73 0] LAIRIN 5] A & Fhs . 5 AR R
HR A U B B LA R B ST IS, BRI A R 22 77
TERR Jo AR J,,. EEIKE) J1 8 —V /T
v(1/T) 1

<Jn> _ <L11 L12) <—VM/T>. (15)
Jo Lot Lo V(1/T)
AR A8 2 o R HE Y IR e 2 M e . R A )
PR R,

L1y = Loy, (16)
RV B 2 5 R kLT H i is 5 H AR R Tk
F) HRG i 32 E XF FR . 1987 4, Johnson Al Sils-
bee 1501 55 — YR 5 45 5 e f iz 45 B LT e L 24
(28 S, B EE af 38 FATR A IR TE F SRR B
5L ERE BE L W30 FE A8 SCURAN T B 4 1k e B, 44
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TS MR F AR, R
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I; Lot 0 elLy+)T oV,
I |=| 0 €Ly eLyy/T oV,
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(22)

FERLLPE IS MRS T, BATAT B B4 0057 5 4
T Loy MR, Jrt L, ((19) 3%) Fi7 03551
HETT DA% L F NEGE BB 1514950, T4 R 8%
P 0 5 0032 4 U T BB — 5 A 24
[ 757 K AR B R VR S48, I NEGF J
HEAEMOHE A T (IR ANI R, R TR TR etk
PN R T

ERERE/ RAENERMNEL (IS
Fry 38 U150 RO R S, FRATAT BAIK 4 5 S B B
FEY 1B SRT68 /L7 3 DL 50 3R E — 1 A O P
IR RE BRI, A 5B 28 3 0 P R
e I H R 5 1 R, WA T 8 SR8 i
EURTES ¢
oV oV,

— K 7
oT ‘ 0T |1,—0,1.=0

; (23)
1.=0,I,=0

H L, = [+ 1y, L= I — 1) 55 51 A A
(e, — % N R T 1 FF B 4% 1

B Rk, PR R 0 R R 55 e JE AT B 4
A

eVs = edVy — edV) = (prr—pry) — (kR —BRY)
(24)
1
eVe=pL—pr =75 (Hp+pLy—piry — Hry) - (25)
MrsE (22)—25) X, UK I 5 I, WE X, #al
DECE

Sy =Sy — 8, (26)
1
Se=5 (S1450), (21)
He
1 Lla
Sa = ETOO- (28)

Ss 5 Se By SCAE TSI & %, AT LS sk
00 B X R Sy A BB RRAE B e ZE T
R, HEN T ASFN A e ZE DL N R TR
() H e 5l 2E DL REUIRIE, R ok — Kk
¥ 2 FR N B e A # B1 E Jie 5 Bk 2 UL 7 AR % o0l
KM ER AWM HES 4SS, = —3.8 pV/KI™]
HlNS, = —1.8 pV/KU™L Sk R 2 A
B X7, Heln, Takezoe 25 1871 8 & X S, =
(G183 — G/ (Gr—G). XA SR A FL2 b
&, MGy = G, S &L T Swirkowicz &5 [151]
MIE LSy = (S4—S))/2 UM 5 S, XIFR. R,
XUEE S A HAHEAG R AL, (23) e
S5 S 6 I B AR — g (106,188 101,

BIEBESS58BEES 55, S MM, AL
AT DL R R e R 2R AL e S e HL T G A1 HL AT
HSG.:

I, = GV, (29)
I. = G.V.. (30)
5 (22) Xk, AT AN
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H e U 51 1 B4 R A 3, L 0 A S L SR
[192](£56) 5 3CHR [193] (D11 i 2€ D5 208 ).
331 =T &R

DAL AR, ANATTH &7 SRR AT TR 2 4R
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S5 KB . SR BT A S B R A AR
Rk 5.
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() e 2 DL st R BT LAIK B LA kg /|e| 1 E 2
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OB VEF AT UG SR B e A R B 0] (R AE
VTR IR T, AR/ B e - B0 AR LA Bt 2 B3
JE ] Z,T 11961, Rashba #H B AEF -5 7547 22 HE % Bt
[F B A7 A B, 3 s # 35 rsg 1071 4
5 NBEI [E AR Ak (Y A g, B F s B e ksl T
DA B A A B, AT e e i 08,

TIAE BT i LN b A o, B2 FE i et 1) Jo 3914
PR L3750 BT S BE R ML, -t T DA B2 3 e
o A e 1791 el 13 frs.

eo/neV
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13 figfESE TS (a) Ss 5 (b) ZoT BfBME
w 5B RS eo KB R, (KR TAEEHE i
TR B T AT LS 2 SR SR AR A 1 e R e e (7]

Fig. 13. Quantum dot under microwave radiation: (a)
Ss and (b) ZsT as functions of microwave frequency
w and the level position of the quantum dot (QD) €o;
microwave radiation with proper frequency at low tem-
perature significantly enhances the spin thermoelectric

performance of a QD system. Adapted from Ref. [73].

HXE BT RS R ER TS, XS
OUN T B G N AR LRIR R 2 B efa JF. R T A
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W IR ol 37 8 6 AR 2SR W] DAAS B R 40 E i
e FEE 1L AR A Py ERL A D990 SR v i 356 DAy 9 A 446
GeAk, M4 BT HARTE (helical) WA MAETE,
(5] 5 e 5% AR T SR T I, AT T P LA
JE 7= A gt e 200,

3.3.2 BAAEN

R 7 BB A A 2 A, AT R B AR
OB B AR APE . BAR BB SR AR S
T NEGF J7 5 FLEAS B f ks 34 3, M EL 2008 i i
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Fig. 14.

Room-temperature spin thermoelectric properties of a sawtooth-like graphene nanoribbons: (a)

spin-dependent Seebeck coefficients as a function of chemical potential; (b) normalized total thermal conduc-

tance, spin Seebeck coefficient, spin ZT', and spin conductance as a function of chemical potential. Adapted

from Ref. [210].
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Abstract

Emerging novel properties of nanomaterials have been attracting attention. Besides quantum electronic transport
properties, the breakdown of classical Fourier’s law and other significant quantum thermal behaviors such as quantized
thermal conductance, phonon subbands, size effects, the bottleneck effect, and even interaction between heat and spin
degrees of freedom have also been revealed over the past two decades. These phenomena can be well captured by the
nonequilibrium Green’s function (NEGF) method, which is pretty simple under ballistic or quasi-ballistic regimes. In
this review, we mainly focus on two aspects: quantum phonon transport and thermal-spin transport in low-dimensional
nanostructures. First, we present a brief history of researches on thermal transport in nanostructures, summarize basic
characteristics of quantum thermal transport, and then describe the basic algorithm and framework of the phonon NEGF
method. Compared with other methods, the NEGF method facilitates numerical calculations and can systematically
incorporate quantum many-body effects. We further demonstrate the power of phonon NEGF method by recent research
progress: from the phonon NEGF method, distinct behaviors of phonon transport compared with those of electrons,
intrinsic anisotropy of phonon transport, radial strain within elastic regime as quantum perturbation, two kinds of
interfacial transport behaviors, defect-induced localization of local phonon density of states, unobservable phonon local-
ization, etc, have been discovered in some particular low-dimensional nanomaterials or nanostructures. Second, the new
concept of “spin caloritronics”, which is devoted to the study of thermally induced spin-related transport in magnetic
systems and offers a brand-new way to realize thermal-spin or thermoelectric energy conversion, is also introduced. After
concisely discussing the spin Seebeck effect, spin-dependent Seebeck effect, and magneto-Seebeck effect, we present the
linear response theory with spin degree of freedom and show that by combining with linear response theory, NEGF
method is also applicable for studying spin caloritronics, especially spin thermoelectrics. Finally, recent research on
quantum dot models or numerical calculation of real materials give hints to the searching for high-ZT materials. With
the ever-increasing demand for energy and increasing power density in highly integrated circuits, quantum thermal trans-
port properties are not only of fundamental interest, but also crucial for future developing electronic devices. Relevant
researches also pave the way to spin thermoelectrics, which has vast potential in thermoelectric spintronic devices and

energy harvesting.

Keywords: quantum thermal transport, spin caloritronics, spin thermoelectrics, nonequilibrium Green’s

function
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