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Abstract

Sources of renewable energy are a major global concern for researchers. In recent years, the
generation of thermoelectric power from waste heat has appeared as a green and clean energy
competitor. Beyond the linear response regime, nonlinear thermoelectric phenomena such as
negative differential thermoelectric resistance (NDTER) and thermoelectric rectification
constitute a new area of research, anticipated to enhance thermoelectric response. Organic
thermoelectric materials (TM) have emerged as superior TMs, since they are non-toxic, eco-
friendly, and low-cost. Herein, bio-organic materials provide a unique opportunity in developing
bio-degradable, flexible and smart TM. In this work, we describe nonlinear phonon-
thermoelectric DNA-based nano devices driven by temperature biases. Remarkably, we found
that by applying a temperature difference between the source and the drain, the sensible electric
current is generated. The temperature of hot thermostat and the temperature bias are considered
as a control parameter. By modulating the temperature bias, NDTER phenomenon can be
achieved. NDTER is used to refer to a phenomenon in which the charge current decreases by
increasing the temperature bias. Moreover, by fixing the temperature bias between cold and hot
reservoirs and varying the temperature of hot reservoir, the charge currents are different for the
forward and reverse direction of AT. This is what is called a thermoelectric rectification.

Keywords: DNA, Bio-organic thermoelectric, thermoelectric rectification, Negative differential
thermoelectric resistance

* Corresponding r.panahinia@sci.uut.ac.ir

This work is licensed under a Creative Commons Attribution 4.0 International License


mailto:r.panahinia@sci.uut.ac.ir

14 1398 QU.M..A) 443)(.«.&; 493)): 46‘0)50,...3 6LAW U;‘Aﬁ}i Uou

Pl s aglin g it b aly w55 5 SN ge 5 ST Aadlas
S ge 5 0L o ol g 9 e S iS50 5

big ol e Ll by
‘-)\):" m,:A})\ ;@})‘Wﬁ@‘} ‘r}l& oAl ‘&:’j:'e ajjf

1398/08/06 : : .1 1398/05/28 : sl :ul.s 1397/09/26 :-sl s

DOI: 10.22055/jrmbs.2019.14915
0 S

el gadle s ol ol Oliis G5 S 03 et Ml B pdbddes (551 gleaadar (8L gl e
et 25553 S S slbey s el o i e 5 S (S (65 W e S Ul giea (TM) ey 80150 5
Sge Aoy e ety Gl Sl 5 DS sde ot S s LS 1) Sl s sdidr 655>
et S Sse 3 dlse a5 3 1 (300 pamie Ceo b s ol la S i 005 Ll s SGLH S S5
o5 15 102 IS5 5 2 e ot b G S0 g 5 el 3 S e oal b it o 5y illandl s 2y
Sl a5 b3 g8 e A5 e g e 0 O oS 5 e o Lo Gl Jlasl L S 555 0 etalie (oS
534S 351 05l gy NDTER Lo, 5T sy 0155 o 1 (NDTER) e xS0 50 5 il s o slis 50005 <o
3 e 58 52 D3l i e sl W Ll eslle b e SIS s Dl (LI L S Sl 0L 2 O
ool S s0 5 Sl S 4 ol (G nl ) sl AT Sliaze g 53 53 b slaol o~ §s O Dol

R

3550 [2] 5 5[] i e s s VA
MRS e S S S S s
A58 5 ety s 5l i ek G Tolss ws ay Ghate J3S050 opl el a5 5 50
5 s usly o5 dw 5l oS5 S5 ail e s Ses S bls s Al e sla el
STslasl il o olind o35 5 JT slasl ey S 5o pUlE Jald 8 ol g sl (K555

Selis Lilal il S Slelbl !

slany 4 ol 05 bl J:hc\.g T.Q'.é) oL

r.panahinia@sci.uut.ac.ir :J s sties 5

1DNA
2 Transcription

ol 35T e 3L e cal 5L

il o Ml 40 arass el s S e Coi Wlie o



mailto:sci.uut.ac.ir@r.panahinia

b ol 5 b ol 4l

gl w35 50 S se 5 Al 15

ol sl (0,08 ol ol s T.Ql.da
3 [3] S aolKans S ;si)ij‘ 2Lole

[4] Gl 0l oalaial ‘-;)g)ﬂ 6(}1)}3}»

Lol Tokss eslllB g ol st (53500 cils b
slul slags sl 5o a5 555 T L SR P2
L0lss ol b (513 5 sbas .l a3 S = oo
o Sl tege ool (63 Solar s pax (gl
Gl il LBl s RIS oy
by [B] el B Sladib e s
i e Lol Gl i 9305 S x5
[OV] el o Gl (53,008 4o 5l s 5 08
Sy e glag Bl mlbe 8L K05 (g )
el 55,0 Olgr 53 Ol sdes (slaaiais
oty S 5 e Gl e s
Slatss Oliie b add corge O Jler s
b hed lacst s 5l eslinal gl 15 000
Lons e 5 Ik 5 s e (555 Sl e
[8-11]

2o sl ok s ol gladle s
S3A M) s Spe 5 il a3 S
e 38 S Ol sea (o Sl gl S 51 (S S
J12] et o sl SU 5 e 8550 0

ol o3l G S0l ge 5 glaolKas 53 pikises 3 4o
Seap Sl s o bl gl e
b Wl sle S dbsl 5 b b 51 SUI slesw
sl SbyTes 5Bi,Tes slasul 25500 sles
W5 sl el ks 3Lzl P3N g (glable o
(o2 55500-900) Lo 520 slales L3 S SII 550
PbTe b IV o5 5 L5k e 5 ot (9314
b e oslial Jsene sba SNTE L 5 GeTe
(T >900K) ;UL slac,l > 4,3 ,5[13,14]

3 Timin
4 Citosine

5 3ms Bl S omsl Jols s Ller
Lo ds 5 dlasl 5 e Sy {5 s
A OIS L s o 5 1S 5w, LSS s
WS 5 s smse JSb g bl A5 S s
Gl Sl er hlie 3 A 8IS 5 and ) 53 555 e pldl
Jol b sl omle Siaskes slakisy
oy S S 5 i3 pn iy o aSe
dly S Sl el 1S s o 1) Lol
Lbas s 8 o Siade gladkisg 5 A0S 5

s e Ol T.Ql.da o ) S 3

Purine nucleotides

HH,
FPhosphate [ _J;';.r_N
@ | 1~ Nirogen ba
. el — licenie
#¢H  HyT =—Deoxyribosa sugar
MH
OH H
Deoxyadenosing 5-phasphats (dAMP)
ioiogy, n "ﬂ/ﬁav
0----H—N
G / —H---- c
Sugar
N—H 0 \S
—H---- ugar
The base / 9
pairsof DNA |
(N “N-H----0 CH;
A /N / \N- ---H—N \ T
Sugar N—" 2 N
\
0 Sugar

Jail o A e WSy Skl 1S
S ol Gb S5sser slakisy b ) s S

L Adenin
2 Guanin



16 1398 Qt...wo) 443)W 493)): ‘6“)5&!“3 6(.@('.2.“:.& u:*‘hﬁ}i Z.Jou

les 5l 56 Ssiss s oS3 0L cdlis opl s
S mp Lol s s 5l s s
o g Glp el e Sl e 205
ok sla el Lol (S ea 5 al i Sllay
i el 0 1 B 25 55 S S s o 5

sl 0l o3l olant| g S w4

Jde
s S Jsb o ol 0Ll 5 S el
5 A L et sl Sl
s A5 olSas dsb 0> ol O e
a3 OLsl S b lize S 0l Bay 53 ISP
Colda bl el e S ik e ol >

"L;L)@ oole u';)lj"

Jo =—xVT 1
L Sase Wslas (5ol 550 0L > ookl
S o ol

dh(xt) , 9j(xt) _ 0, 2
dx at

LS o o |y g5 50 J&s h(x,t) of 5 s

L x50 glo S 0L 655 J&or 51 s 1S e
WL g st Ol e
, . 0H(yn,
= =G (2222022) ;
Dbl ol les 0Ll 5 s ks )3 5 e
slesl s b s o oS s AL cl
S 53 5 0k Ok rlple ol e e
Sold apde Mg s dsb 5o Sy Gl
S JBL s Slatl 86 L oL
Obal Sy by ot 3y 5o el Sl
el 3 s (S Jeily Sl ol sl
e 53 o Lol (gles Gollatl L lize G

3 Fourier regime

P gsal 5 5 K Sns sbalss

[15] wsS e eslinud Si-Ge sla3WT 51 U pene
sbassbaans Ul 3 Eomy 3550 slpe plod L&
oo b S Wlods LS5 K ole 1 a8 dzs
ol b Cab s S SlE L s s
231 Kl 5 alse Sl oS ey s
el 31 o S o 5o ulide S5 slaeslnl
ol 2 b 51 [16-18] aest UL LT, ol
D2 e W3 sdeny il sl
Shls Tolgs tile s xS0 5 5l ge ¢ Jolis
Lo b 85 0o o il o s
Al e M8 onl a5 g pdiolanl (s
L0163 b ol S0l Caldag 4 53 L pimon
S, 5 ey oS g o e [19]
oo b $3lam an s sl el Slge ol e
A b S el W LDl
T i S ST FYCNC S WE Ve VS
s ol ol asete 2ol 5 WS ol
Sl Sl gl 835 Kb b S Sl S
SUE il asie a8 e
ole [20-23] aism e 1 Sl
5 bediScy @ dasgs Wil s o S
B S S Gl bl
5 BB G Lot das O (53555
el 2lpesil 5o wlin JGsigh pole pupn Gln
ol 3 85 Clils 4 g b W opl bl o
i) @3 a3l e b lads S Jalss o3l 50 )
SIS Jl 520288 0ol Ol 55 i 5 (o553
e 1y ol 5 Slas CLEl 0535805 S 3US)
Sl S gl slr Wl 5 bl 55 S

S oSNl S

1 Sebeck coefficient
2 Peltier coefficient



b e s b oaly b

gl w35 50 S se 5 Al 17

Hegr = Z[EnC;Cn - Vn,n+1(C111—Cn+1 +
C,J{ch)]. 8

o n e Vg 5 ol rdse 8551 €
Cr S o e ) tglas 0 28035 sl IS 5
el O 3 058 (256 5 3 b, 51416
Aoba Juzl J Sl &S 58 55 U5 e lien
Stels 3l (Ko ooy 03 st 55 55 o

[28] el o 0L (9al)) ples &y s

Vn+1’n = Voe_.gn(J’n+1_yn) 9

Sa er b (Vpgr — o) a5 s Py
s Virin B boa)ls (So sl cidr dolie
Cobea (ot gladler L

Vasin = Voll = Brn(Yns1 — yn)l 10
el 35513 03l 3 5 65 oy a5
30k o S b s s ol asle
S b S8 8 slety fond e
S s plralr 5 L s G551 Obe ot
[29,30] 55 w8 8 s 53 11l s s

Hine = X Zn YnCii Cn, 11
Sy Sl Sascas cby ol ys a8
Sy a8 ki 53 0.3 eV/A bonlr s A3l
[31]
Sl Lok s JolS Sothels wdd S35 5w
103 oo 50 Gl 51 0555 5 0L JUis] oo
Peyrard-Jue oba Sskals cpl sl pal b
oesl sdd edwl  (Bishop-Holestein (PBH
Wil o o058 Tolss b 5l UL JUsl coals
Sk, Sl O poa 4l Slila,l S Js o
wbge Sl sl alie jo sl Loe S
53 0lg e L PBH Jus dajl i 5 Ll S
S1sls 13 esbinal 550 [29] SlS ans oo
G 3l b Jsl S o 58 6l 015 o 0]

3 Doxois
4 Holestein

ool S 8 Olsots il o AL

:}.;:L;a
]eZO'VT 4

TSl e e aw ol aalllas 3550 e (5ol
LS o o I Tols glaaslos J}Jdﬂw
o ot €3 St SRl bl b g S
sy 3> iy ;3 PBD Jus [24]
Gosn 103 slandy 33 53 sd 5 Sl Sy
Olgea T.Q].é) PBD Jxs s [25] Cnles S Ja.o
Sl ods 4 S La ys glandy 53 Obs 5 K
Syl Joly
W (¥ Yns1) =
k -
~(L+pePOntmed)(y, —y,04)? 5
Glaos 1 iS5 il S sadi s oo 5 (6l 5
e "L‘fd“ )ljﬁ oalail )90 A, A

oo Jeily
V() = Dp(e™®n —1)2 6

RPNy

2
Hyqe = Zg=1 <5_::1 + V()’n) +

Wy, yn+1)) , 7
5 bsbcds Sblag saasolis yn Ol L3 &S
Wl SEalS e e M5 dile 25 dolad b e
Aas e 0L |y sl i
glacdy 53 00 1oL JWEl (Gtlals s Cd
[26:27] e S Sshols b 5l Lol

S o e 5 5

! Peyrard
2 Bishop



18 1398 Qt...wo) 443)W 493)): ‘6“)5&!“3 6(.@('.2.“:.& U:”A)}i :dou!

plom b mled 53 Ll 5o s bajlicir ol ol
o a L sR) Ty 5T Cilises glabes 53 55l ~
Ll 13 (lxes Left 5 Right olds jlax
S Sl Rl S Gl e Sl
S s 318 0l [33] ol s eslizad =T 5 Ul
Glp it L St s Bl 0l 4B S
Sl p8 107 100 Ll Sl SIa Oty
Sl o8 a dsly s bl 51L[34] sl ks
L ls [24] wste wibns 104 0 G
S 3y hedas 015 e sl 5L 100 Ol S
S 0L 2Kl s L S s
S am (AT)1g Ken by S b 03 L LS
S s alsl s s e 0l ey o822 % 107

Aleds It Gley pl€ 107 58 51 d e

0.8f
== (Aﬂm
0.6f

0.4r

0.2

00 5 10 15 20 25 30

n
2% db)'M Z_).au) J)Jﬂ)b PP 6LAJ§)L~ ZJQ
Sy 415107
WL ) s |y OS  dolae 015 e OS]
d?y, _  0H .
m dtzn - _6_yn - SRYn(Sn,r 14
& Y0 n=1,..,N.
s SLs Stz SWS b,ane & 5 &R
S o Jde 1) Sl sa 5 g Sy S

: 1 .
ff = E[anYn - ngTf], 15
f=R,L

JﬁdeU;ww.;;e:mlfﬁﬁu

S e e L i el

12
dzyn - _ av(y,) _ AW (YnYn+1)
dt? dyn dyn
aw (yn,Yn-1) 2
T 4y, chnl
Yn
dey _ i _
?__E[Cn’H] n—l,...,N

[26532] wsl o 5 oot Jbe (sls el
DAT =0.05 eV, DCG =0.075 eV,
a=45%, k=004 V, =01eV,

A A?
EAT = _45 eV, ECG = _49 eV,
Bur =455 oo =695
AT — ™ A PCG — Y A
B WO PG| N PO PV PIPRPRS
Gl dien Ol s SlUslas ol | 45 il
sl as o Joesl s Olslasay 1) Usles =l Bl
Lo eite 5 glate ke gr Al
yn :un
ey Bslaa B3N s ol b oS o 3 pme |

axJllzs slas 5 cils (’TA‘)} e.,\.ZCA.A}le :\.SJA

L e S S0 laba pte

Yn=u o
. - _ 2 1
mil, | a7, xlenl 3
i
én:_ﬁ[can] n=1,.,N

L e Seelas sy Allas ol Lad pl o
e b g e ODE @U 31 eslazal
s S8 e 5 Sand e (I 03 35 e W S
bS5l of 55 5l 5 el el alad a1,
23,5 gr dlome o iy I b s S S
@‘JJ

LPBD Jie Jslas 5l b ol alis ol o
a8 i 53 (lesd N s S Sals (g 3luant

1 Nose-Hoover



b e s b oaly b

gl w35 50 S se 5 Al 19

0.03 :
_TH:IOO K
0.02f —T7130K
—THZZOO K

T(eV/ps)
)

&
o
=

-0.02f

-0.0
—?00 -50 0 50 100

AT(K)
Canslie g 535 les Sl 3l Olsea b S 0L > 3 S
e Sl el
Lo oleS laplema Ll 3 55 Toks b
Slals Jyl B s 50 CoH) T 5 Ty lales
C s H s 555 Jos (Ll Cold 5 Hot
VTN (LI UV f}f Sl go 5 sl
phg S Sl S Slwga s gles (Jol
Te =Ty = AT Soson spm Db gl
ol zobe A8l 5T uis b kS o ,uis
LS o i el 53 gles
ol by Gllatl s 1y Sl S S 2 S
(omlb slales s S das e OLL "}i,; s e
5553 (NDTRY) ie ol il pies Consli
Fo o Sae s a5y oles 0Ll S sl S
Ll NDTR les sl 5l b puizean s e
2
53 ekd edalie Sl el A eslle
plam (slos 0313 i L oS sls 0L 0l g5 0 3 I3
sl Sy gldile LB 5 ba (Slge G5
S Sl ol b eers i L SSU Ol
bosss sles baw i S5 lras bl 5o s 515
2y d RS

L JsS0se 5 Sliwge s e SAd Cir i M
sl sl g s 35T 53 g 5 S 0 28
gl el Coseal M Gl csle sl
Jus ly Shasl cu,p Sl s olsle
i (859 e Bl Sley IS L oS (S e
CAAU.&‘@\:A)O{U:.;}J@fb_L}lL)h)@EU
S3A S Gl Bl e s SEael e
§ 0T 3 A3l Jae ste 51 p a8l s
o 5 Cdly sl OS> dslae Hy e

hd 53 AS o Jes Sl Ugea Hisam58
S Sme o P 5 el e § il
Ll 53 51 S pa st 351 6 oKn uS s

. z g 1 .
by 53§ r s kil gngTL,R bl e el

S
dal) b lae asse ol S L
.. OW(OnYn-1)
Jn = 5,70 16
Dyt S

NSk S e 3 e 0L S s
D3 g e [35] s aly Ll

. ieh

Jnf = Tmod? [cn(cni1 —cno1) — 17
Cr*l(cn+1 - Cn—l)]

251 el g oy sk o B s 0L J&

L

o=ty 1
GOl > sseb Gl S Al Ol Sl
3y e bl s glacieslio sl 5 (O lisls
1l b 1 [36] ol o3l Sk s Lo pas
Sk b s ey 555 53 A LB s
22 Ol 5 o3 S o5yl 51 [37-39] s e
(AT)/(CO)g 5 a5 54 [38] s i 32 5

S o S

! Negative differential thermal resistance



20 1398 Qt...wo) 443)W 493)): ‘6“)5&!“3 6(.@('.2.“:.& U:”A)}i :dou!

Kavs oS sl ol saas0lid pl ol &osline
g5 S o Joo Sl Sl S Ol pee
Gl sl 5 S S leseS
5 [A0] €855 o818 olr 5o it S SUlsm 5
stalie [39] i (105 slasl s 5L iomas

| 0l
1.5
—AT=20K
1 -—-AT=20K
—AT=60K
---AT=60K
E0-5 —AT=100K 1
g ---AT=100K
<
= 0
0.5
-1
1.5 : : . : . :
0 50 100 150 200 250 300 350

Ty (K)

fador Gl S e p LS 1 20 S5 S0 0L 2 5SS
N N P NS e TR

& S donti
SRl 4 o Slge 5 JUESl slags Sy
Sl Sop Caop s o i 1 S Sl
e Ll e LS g e Slas il ul aan s
Ol s 2SI 5 ol ok i JUil Andlas
b S o ol p 1) i laelidy [ 5eb
LT3 S ey Gl 51 3L g S I
Db oy et e JWEEl AL s &S Al e
sadg S S (KsSe Gl
Sl 515 e (el s Coaslie 55 2 oo
SaS sy OLS &S Sl (sosebs sl e
55 hles Sl 5 gl ) o1 3 smpa SLLE
sre A s s Gl esle Dl SOy
o8 2y Lol IsSsn e S S50 5

15 3
_TH:100 K
1 _TH:150 K
_THZZOO K
05
5
g
< 0 ]
g ~n. N
0.5
-1
1060 -50 0 50 100

AT (K)

Caslie gy oS Lo ok sl (S S 0L 4 S
e S S 5 sl s

FE SO S Ol S e Ol A4S
3 s o S 3 o L Ll S A s (sl L
Dl go 5 slos 4 A 530055 0 KT S
35 o o dalie el odd 4§ oG 100K s e 3
Ol 21530 55w Sliwge 5 gl jRalS L &S
b ol ey dsb e SO (L
LS 5 2 (SOl o w0 5s g 2
Loy Gl | &8 55 b b o Sl 3l ot o5 sbw
A ol 5l i labes Glesl 5 aw; e 85K &
Al R LSl 0 S0k ]
el s Cglie gis sdkas ol s, ol
Lolss s 3 (NDTERY) e iS40 5
cdalie Cdeay 5, G oo gl W, Lol
Glos Sl b oS das s Ol mls sd
5358 0 LU NDTER 450 (20 S Slivge 5
Colb o s Sl e 5 o glos Ol el
| dador 53 Sl a3 (e 1350 0 421y &K
22 0dkd A5 (S S OL s e S g s i
Ol Loy 0Ll S slate cgr 5 (sl Loy il 3
0L Sl 8 el sl 5 IS 31l o el

Sl s 0ol S e s K Slse S

! Negative differential thermoelectric resistance



b e s b oaly b

gl w35 50 S se 5 Al 21

coordinated legs, Science 324 (2009) 67.
https://doi.org/10.1126/science.1170336

[5] A.K. Mazur, M. Maaloum, DNA
flexibility on short length scales probed by
atomic force microscopy, Physical Review
Letters 112 (2014) 068104.
https://doi.org/10.1103/PhysRevL ett.112.06
8104

[6] G.B. Schuster, Long-range charge
transfer in DNA I, Springer Science &
Business Media (2004).
https://www.springer.com/gp/book/978354
0201311

[7] R. Di Felice, A. Calzolari, H. Zhang, H.
Towards metalated DNA-based structures
Nanotechnology 15  (2004)  1256.
https://doi.org/10.1088/0957-4484/15/9/025

[8] H. Xi, L. Luo, G. Fraisse, Development
and applications of solar-based
thermoelectric technologies, Renewable &
Sustainable Energy Reviews 11 (2007) 923.

https://doi.org/10.1016/j.rser.2005.06.008

[91 A.M. Omer, Focus on low carbon
technologies:  The  positive  solution,
Renewable & Sustainable Energy Reviews
12 (2008) 2331
https://doi.org/10.1016/j.rser.2007.04.015

[10] O. Afshar, R. Saidur, M.
Hasanuzzaman, M. Jameel, A review of
thermodynamics and heat transfer in solar

refrigeration  system, Renewable &

Sler 55 0s Ll el Tolss ssWiG g ol s
ol TOkgs 2 e laelKins $b Gty (gL
sla el Sheslenl b gode glagsluans ol
Gl 5 LS Sy sl Al
ol lpesle s ol 1 S Sl
Db o LS Ul dadn oy e il 5 e s Shas
BERP WIS P L WIS LR LAM b,
Sap il e ednl SleWbl a3l gla g5 5SS
5ok 0L (Sas i oK Wi o 2
g ol 53 1y G slais b 5 gl LS

S el L 5 =L L U slag st
b g

[1] J. Chen, S.A. Darst, D. Thirumalai,
Promoter melting triggered by bacterial
RNA polymerase occurs in three steps,
Proceedings of the National Academy of
Sciences U.S.A. 107 (2010) 12523.
https://doi.org/10.1073/pnas.1003533107

[2] A. Bruce, A. Johnson, J. Lewis, M. Raff,
K. Roberts, P. Walter, Molecular Biology of
the Cell, ed. Garland Science, New York,
(2008).
https://www.ncbi.nlm.nih.gov/books/NBK2
1054/

[3] H.S. Nalwa,
Nanoscience and Nanotechnology 7,
American Scientific Publishers, (2004).

http://www.aspbs.com/enn15.html

Encyclopedia  of

[4] T. Omabegho, R. Sha, N.C. Seeman, A

bipedal DNA Brownian motor with


https://doi.org/10.1073/pnas.1003533107
https://www.ncbi.nlm.nih.gov/books/NBK2
http://www.aspbs.com/enn15.html
https://doi.org/10.1126/science.1170336
https://doi.org/10.1103/PhysRevLett.112.06
https://www.springer.com/gp/book/978354
https://doi.org/10.1088/0957-4484/15/9/025
https://doi.org/10.1016/j.rser.2005.06.008
https://doi.org/10.1016/j.rser.2007.04.015

22 1398 Qt...wo) 443)W 493)): ‘6“)5&!“3 6(.@('.2.“:.& U:”A)}i :dou!

Materials 25 (2013) 2911.
https://doi.org/10.1021/cm400893e

[17] S.K. Yeg, S. LeBlanc, K.E. Goodson, C.
Dames, per W metrics for thermoelectric
power generation: beyond ZT, Energy &
Environmental Science 6 (2013) 2561.
https://doi.org/10.1039/C3EE41504)

[18] S. LeBlanc, S.K. Yee, M.L. Scullin, C.
Dames, K.E. Goodson, Material and
manufacturing cost considerations  for
thermoelectrics, Renewable & Sustainable
Energy  Reviews 32 (2014) 313.
https://doi.org/10.1016/j.rser.2013.12.030

[19] S. Behnia, R. Panahinia, Ballistic
induced pumping of hypersonic heat current
in DNA nano wire, The European Physical
Journal B 89.12 (2016) 263.

https://doi.org/10.1140/epjb/e2016-70490-x

[20] D. Vashaee A. Shakouri, Improved
thermoelectric power factor in metal-based
superlattices, Physical Review Letters 92
(2004) 106103.
https://doi.org/10.1103/PhysRevL ett.92.106
103

[21] M. Zebarjadi, K. Esfarjani, A. Shakouri,
Nonlinear Peltier effect in semiconductors,
Applied Physics Letters 91 (2007) 122104.
https://doi.org/10.1063/1.2785154

[22] J. Meair P. Jacquod, Scattering theory
of nonlinear thermoelectricity in quantum
coherent conductors, Journal of Physics:
Condensed Matter 25 (2013) 082201.

Sustainable Energy Reviews 16 (2012) 5639.
https://doi.org/10.1016/j.rser.2012.05.016

[11] M. Thirugnanasambandam, S. Iniyan,
R. Goic, A review of solar thermal
technologies, Renewable & Sustainable
Energy  Reviews 14  (2010) 312
https://doi.org/10.1016/j.rser.2009.07.014

[12] D.M. Rowe, Thermoelectrics, an
environmentally-friendly source of
electrical power, Renewable Energy 16
(1999) 1251. https://doi.org/10.1016/S0960-
1481(98)00512-6

[13] C. Wood, Reports on Progress in
Physics 51 (1988) 459-539.
https://doi.org/10.1088/0034-4885/51/4/001

[14] Y. Gelbstein, Z. Dashevsky, M.P.
Dariel, High performance n-type PbTe-
based  materials for  thermoelectric
applications, Physica B: Condensed. Matter
363 (2005) 196-205.

https://doi.org/10.1016/j.physb.2005.03.022

[15] G.J. Snyder, E.S. Toberer, Complex
thermoelectric materials, Nature Materials 7
(2008) 105-114.
https://doi.org/10.1142/9789814317665 00
16

[16] M.W. Gaultois, T.D. Sparks, C.K.H.
Borg, R. Seshadri, W.D. Bonificio, D.R.
Clarke, Data-driven review of
thermoelectric materials: performance and

resource considerations, Chemistry of


https://doi.org/10.1016/j.rser.2012.05.016
https://doi.org/10.1016/j.rser.2009.07.014
https://doi.org/10.1016/S0960-
https://doi.org/10.1088/0034-4885/51/4/001
https://doi.org/10.1016/j.physb.2005.03.022
https://doi.org/10.1142/9789814317665_00
https://doi.org/10.1021/cm400893e
https://doi.org/10.1039/C3EE41504J
https://doi.org/10.1016/j.rser.2013.12.030
https://doi.org/10.1140/epjb/e2016-70490-x
https://doi.org/10.1103/PhysRevLett.92.106
https://doi.org/10.1063/1.2785154

b e s b oaly b

gl w35 50 S se 5 Al 23

[28] G. Kalosakas, S. Aubry, G.P. Tsironis,
Polaron solutions and normal-mode analysis
in the semiclassical Holstein model,
Physical Review B 58 (1998) 3094.
https://doi.org/10.1103/PhysRevB.58.3094

[29] T. Holstein, Studies of polaron motion:
Part 1. The molecular-crystal model, Annals
of Physics 8 (1959) 325.
https://doi.org/10.1016/0003-
4916(59)90002-8

[30] D. Hennig, C. Neissner, M.G. Velarde,
W. Ebeling, Effect of anharmonicity on
charge transport in hydrogen-bonded
systems, Physical Review B 73 (2006)
024306.
https://doi.org/10.1103/PhysRevB.73.02430
6

[31] D. Hennig, Electron-vibron-breather
interaction, Physical Review E 62 (2000)
2846.

https://doi.org/10.1103/PhysRevE.62.2846

[32] L. Hawke, G. Kalosakas, C. Simserides,
Electronic parameters for charge transfer
along DNA, The European Physical Journal
E 32 (2010) 291.
https://doi.org/10.1140/epje/i2010-10650-y

[33] S. Nos“e. A unified formulation of the
constant temperature molecular dynamics
methods, The Journal of chemical physics 81
(1984) 511. W.G. Hoover, Physical Review
A 31 (1985) 1695.
https://doi.org/10.1063/1.447334

https://doi.org/10.1088/0953-
8984/25/8/082201

[23] M. Leijnse, M.R. Wegewijs, K.

Flensberg, Nonlinear thermoelectric
properties of molecular junctions with
vibrational coupling, Physical Review B 82
(2010) 045412.
https://doi.org/10.1103/PhysRevB.82.04541

2

[24] T. Dauxois, M. Peyrard, A.R. Bishop,
Dynamics and thermodynamics of a
nonlinear model for DNA denaturation,
Physical Review E 47 (1993) R44.
https://doi.org/10.1103/PhysRevE.47.684

[25] S.S. Alexandre, E. Artacho, J.M. Soler,
H. Chacham, Small polarons in dry DNA,
Physical Review Letters 91 (2003) 108105.
https://doi.org/10.1103/PhysRevl ett.91.108
105

[26] S. Komineas, G. Kalosakas, A.R.
Bishop, Effects of intrinsic base-pair
fluctuations on charge transport in DNA,
Physical Review E 65 (2002) 061905.
https://doi.org/10.1103/PhysRevE.65.06190
5

[27]J. Zhu, K.@. Rasmussen, A.V. Balatsky,
A.R. Bishop, Local electronic structure in
the  Peyrard-Bishop—Holstein ~ model,
Journal of Physics: Condensed Matter 19
(2007) 136203.
https://doi.org/10.1088/0953-
8984/19/13/136203



https://doi.org/10.1088/0953-
https://doi.org/10.1103/PhysRevB.82.04541
https://doi.org/10.1103/PhysRevE.47.684
https://doi.org/10.1103/PhysRevLett.91.108
https://doi.org/10.1103/PhysRevE.65.06190
https://doi.org/10.1088/0953-
https://doi.org/10.1103/PhysRevB.58.3094
https://doi.org/10.1016/0003-
https://doi.org/10.1103/PhysRevB.73.02430
https://doi.org/10.1103/PhysRevE.62.2846
https://doi.org/10.1140/epje/i2010-10650-y
https://doi.org/10.1063/1.447334

24 1398 QL"....A) 443)@..;; 493)‘5: 4&‘@)59,»\3 6\.;&('.2..‘.:.« &A)}i :dou

[38] S. Behnia, R. Panahinia. R. Designing
thermal diode and heat pump based on DNA
nanowire: Multifractal approach, Physics
Letters A 381 (2017) 2077-2084.
https://doi.org/10.1016/j.physleta.2017.02.0
44

[39] H.H. Fu, D.D. Wu, Z.Q. Zhang, L. Gu,
Spin-dependent Seebeck effect, thermal
colossal magnetoresistance and negative
differential thermoelectric resistance in
zigzag silicene nanoribbon heterojunction,
Scientific  reports 5 (2015) 10547.
https://doi.org/10.1038/srep10547

[40] J.H. Jiang, M. Kulkarni, D. Segal, Y.
Imry, Phonon thermoelectric transistors and
rectifiers, Physical Review B 92 4 (2015)
045309.
https://doi.org/10.1103/PhysRevB.92.04530
9

[34] B. Li, H. Zhao, B. Hu, Can disorder
induce a finite thermal conductivity in 1D
lattices? Physical review letters 86.1 (2001)
63.
https://doi.org/10.1103/PhysRevL ett.86.63

[35] P. Maniadis, G. Kalosakas, K.J
Rasmussen, A.R. Bishop, ac conductivity in
a DNA charge transport model, Physical
Review E 72 (2005)  021912.
https://doi.org/10.1103/PhysRevE.72.02191
2

[36] B. Hu, L. Yang, Y. Zhang, Asymmetric
heat conduction in nonlinear lattices
Physical review letters 97 12 (2006) 124302.
https://doi.org/10.1103/PhysRevl ett.97.124
302

[37] Z.G. Shao, L. Yang, H.K. Chan, B. Hu,
Transition from the exhibition to the
nonexhibition of negative differential
thermal resistance in the two-segment
Frenkel-Kontorova model, Physical Review
E 79 6 (2009) 061119.
https://doi.org/10.1103/PhysRevE.79.06111
9



https://doi.org/10.1103/PhysRevLett.86.63
https://doi.org/10.1103/PhysRevE.72.02191
https://doi.org/10.1103/PhysRevLett.97.124
https://doi.org/10.1103/PhysRevE.79.06111
https://doi.org/10.1016/j.physleta.2017.02.0
https://doi.org/10.1038/srep10547
https://doi.org/10.1103/PhysRevB.92.04530

