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Presenter
Presentation Notes
今天的报告，我首先对负微分热阻做个简单介绍，然后介绍我们最近提出的一套分析方法；并给出一些例子加以验证。


Negative differential electrical resistance in tunneling diode

Negative differential
resistance region

Current (I) —

Leo Esaki (1925-)
Nobel Prize in Physics (1973)

Voltage (V) —
Illustrative figure for the work by L. Esaki, Phys. Rev. 109, 603 (1958)

http://en.wikipedia.org/wiki/File:Negative_differential_resistance.png


Presenter
Presentation Notes
说起负微分热阻，在座可能很多人不是很熟悉；但是说到负微分电阻，大家肯定都知道。。。1958年Esaki在。。。 这是他的代表性工作。他因为这个发现以及在超晶格的卓越工作获得了1973年的诺贝尔物理学奖。


NDTR in thermal diode
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B. Li, L. Wang, G. Casati, PRL 93, 184301 (2004) .-” B. Hu, DH, L.Yang, Y. Zhang, PRE 74, 060101 (2006)
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Negative differential thermal resistance (NDTR) !
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Presentation Notes
鉴于NDER在微电子学上的成功应用，激起了大家对这个现象的兴趣。


NDTR In thermal transistor

B. Li, L. Wang, G. Casati, APL 88, 143501 (2006)

Tg To o

. Jg — AW e ) .

source § drain
Jg

heat current (x 10_4arbitrary units)

|
0.00 0.05 0.10 0.15
T;; (arbitrary units)
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Presentation Notes
06年新加坡小组提出了热三极管模型。他们发现，材料是否具有负微分热阻是这个模型能否正常工作的核心要素。但什么材料具有负微分热阻的性质，这个材料在什么条件下表现出这个性质，那时还不是很清楚。


Mechanism of NDTR

jKint

H=H + Kz"“ (% —%,)* + Hy

p; 1 )
whreHL,R:7'+§(x —%) +U o (X)

i+1

Difficulty of analysis :

l. Nonequilibrium stationary state
. Nonlinearity
1. Qusi-particle entity of phonons




Mechanism of NDTR

Kint
T Wmﬁw T
H. Hg

H=H + Kz"“ (X, —X,)° + Hg

] = oAT

p,

whre H ,=—-+= (x —%)?+U (%)

i+1

where o = —j “a(w)do

Transport process in the nonlinear response regime

DH, S. Buyukdagli, B.Hu, Phys. Rev. B 80, 104302 (2009)
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Presentation Notes
在回答这个问题之前，我们首先要回答，NDTR的物理机制是什么？ 我们计算了一个非匀质模型的热传导，对这个问题给出了定量的解析分析。



j (10%)

8.5 °
8.0 /
7_5_- ® Negative differential
- / resistance region
7.0- : - [ r—-— —
_ NDTR region / | ;
6.5 ‘ T - i s
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6.0 o e, = o}
. / | ~0—efe”
5.5 p LE)
5.0 /
454 P
35-e
I ! I ! I ! I ! I ! I ! GI 1
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AT Voltage (V) —

Negetive differential thermal resistpreRdive differential electrical
the Frenkel- Kontorova (FK) modeksistance in tunneling diode

DH, B. Ai, H. Chan, and B. Hu, lllustrative figure for the work by L. Esaki,
Phys. Rev. E 81, 041131 (2010) Phys. Rev. 109, 603 (1958)

http://en.wikipedia.org/wiki/File:Negative_differential_resistance.png
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Presentation Notes
我们之后发现，NDTR和材料的空间构形没有关系。并不需要两节或三节拼在一起。


Size effect of NDTR

\J = Nj T I T I T I T I T I T I T
0.05 0.10 0.15 0.20 0.25 0.30 0.35

Shrinkage of the NDTR regime for increasing N: FK model

DH, B. Ai, H. Chan, and B. Hu, Phys. Rev. E 81, 041131 (2010)
12
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NDTR regime disappears at some finite critical system size N*. As long as N is finite, NDTR regime still exists, though it is very small.


Size effect of NDTR

m N=32 P % ®
% N=64 ©o
A N=128 v,
v N=256 N

O N=512 -
*  N=1024 «

& N=2048 X

1 —— continuum

J=Nj

T T T T LI R B | T T T LA R B |
1 10 100
AT

Heat current approaches to saturation as N increases: ¢* model

DH, B. Ai, H. Chan, and B. Hu, Phys. Rev. E 81, 041131 (2010)



Q1: what is the necessary conditions for the
occurring of NDTR?

1. Spatially asymmetric structure? (X)
2. Nonlinearity? (\) (®* vs. FPU-B?)

3. Temperature?

4, System size?

Q2: Is it possible to give a prediction of the
occurring of NDTR?

14
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从实用的角度讲，我们更关心的是给我一个材料，我们能否预测它是否有NDTR；如果有，在什么条件下出现？


A general theoretical analysis for NDTR

] o 'F—T+ +T
J(T,,T) = J(T,AT) o2
AT =T,-T €[0,2T]
dim A1) = AWLADE o ATAT) g
or AT T
For a particular constraint F(T,AT)=0

Along this curve, negative differential thermal resistance
(NDTR) corresponds to

0j(T,AT)
OAT

<0

F (T ,AT)=0

H.-K. Chan, DH, B.Hu, Phys. Rev. E 89, 052126 (2014) 15
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Presentation Notes
我们最近提出了一套分析方法。我们的方法是一般性的分析，不依赖于系统的具体形式。由于系统要接两个热库，所以就有两个控制参数，高低温热库的温度T+T-


A general theoretical analysis for NDTR

NDTR: n(T,AT)n,(T,AT)<-[1+n,(T,AT)]

where
nl(T_,AT) = dinT a particular way of varying the temperature difference
d In AT F(T,AT)=0
n,(T,AT) = Olnx, (T_’AT) Dependence of the effective thermal
oInT |, conductivity kK, on T
_ olnx, (T, AT _
n,(T,AT) = aﬁe(AT ) Dependence of the effective thermal
" T conductivity kK, on AT
Kk, (T,AT) = NI
AT
Example: AT AT

dT =0, T=—+const, n(T,AT)=—€[0,1
5 ,( ) 7 <[0,1]

16



NDTR: n,(T,AT)n,(T) < -1

n,(T.AT)

NDTR /oA PDTR

PDTR .. NDTR

Note: one can always ensure the inequality Is satisfied
by choosing a suitable value of n (T ,AT) e (—o0,+x)

H.-K. Chan, DH, B.Hu, Phys. Rev. E 89, 052126 (2014)
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dependence of κe on ΔT 
1、判断模型在给定约束条件时，是否存在NDTR？2、如果存在，我将预言在温差多大才能看到NDTR？3、帮助寻找可能的改变温差的方式。 这意味着对于任何非线性系统，都可以具有NDTR的性质。这是我们得到的一个新的认识。


10+ Crosraseamesanss- -
10°- FPU-Smodel -
¢, model —— p
10™- .
10°4 :
Fixing the value of T_or T_at
10_3 m 10 1 e 0.1
10™ 10° 10°
T+t

Ke('IT) EL\I—_IJ_ ~ C('r+'[)_7
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Presentation Notes
有效热导率表现为平均温度的power law关系。


Example 1

®* model 02

S ]
H=> " +>(x.,—-%)?+=x
Z 2 2( 1+1 |) 4 [

Constraint: fix T

0.01

T
10

1

Keff (-lT) — C(-F—Ft)_y,
where y €[0.95, 1.24], tUO0

NDTR: nn, <-1

J

y>1 AT >AT™

2(T_+t)
y—1
1

where: AT*=

9
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®+* model

Constraint:

NDTR:

Example 2

H= Z—+ (X, — %) +£11x

T - i ;T AT +;AT

mAT N 7/_
’ 1+t/T

(y=Dm, >0, AT >AT*=

1| 1+t/m,
m, > =
2| y+tim,

m, +1
7/_1)m1

max

1/2-m,

21



1.00

0.75- T
— ] Presence of
E 0.50- aNDTR regime _
| Ab f _
0.25 a I\Islg'rllgerggime
0.00 ——— |
0 2 4 8 10

“Phase diagram” of m; and m, for the ¢* model

22



0.08 ]

m =2 /-—-—-ll-nl—rl—l

0.06- - ./O«l.u_.,.\.\_.I

Values of m, -

—m—045 H
—o—0.55

.— 0.04- /ﬂ'“""’""v |
0.02-
' / 0.65

" —v—0.75
OOO - | . | . | v | ' .
0 5 10 15 20 25

m, +1
(7/_1)m1 23

The vertical lines indicate the theoretical values of AT*=



Example 3
FPU-B model

21 1
H :Z%+E(Xi+l_xi)2 +Z(Xi+1_xi)4

Constraint: T =m, + mAT

nlzmléT, n,=- L

T 1+t/T
NDTR: (-Dm >0, AT S AT* = Mo+t
(7/_1)m1

— mo>_£’ m1<1{1+t/m0}
4 2| y+t/m,

24



(b) 100 T T T T T T T T
90+ :
] ' Absence of
— . aNDTR regime
&  (JAbsenceof | _
aNDTR regime
] | ossible presence ]
| ﬁ\IDTR regime®
-50- ; _
! -5
-100 I - '%%o % 1
0 20 1 40 60 80 100
-t/ y mo

“Phase diagram” of m; and m for the FPU-3 model



0.25 . . . . . ,

1 m =40 -
0.20- o
1 O 1
O
0.15- - .
0.0 ek |
10 : " |
0.05— O H Values of m, _
_ 09 o -20 |
O OO © T AT*. © .-50 . AT*V
0.0 0.5 1.0 1.5 2.0
AT
Note that AT */AT__ [ i —0.987 AT = My
1-y 1/2-m,

NDTR regime is too narrow to be observed!
26



A very specific example
FPU-B model

Consider a change of temperatures of heat baths
(T.,T.))=(1 49) —> (T,,T_)=(41.005, 38.995)
AT =2 —> AT =2.01

Theory: n =21 9T . 4456, nn ~-535<-1
T dAT

Numerics: j=0.2664 — j=0.2457

27
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但我们强调，我们总是可以找到一个改变温差的方法来实现NDTR。


Conclusion

* We develop a system-independent scaling analysis,

and obtain the general condition for the occurrence of
NDTR.

e Based on the condition, one can judge whether
NDTR exist; If NDTR exist, AT* and N* can be
predicted.

* The occurrence of NDTR can be manipulated for any
nonlinear model by suitably choosing the way of
varying T, and T..

28
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Thermal expansion and its impacts on
thermal transport in the FPU-0-3 model

X. Cao, DH, H. Zhao, and B. Hu, AIP Advances 5, 053203 (2015)

30



Motivation |

* Recent controversy on the effect of asymmetric
Interaction potential on normal thermal conduction.
(Hong Zhao’s and Shunda Chen’s talk)

31



Motivation Il: application aspects

With the rapid development of nanotechnique, thermal
expansion plays an important role for thermal
measurement, designing nanodevices with intriguing
electronic, mechanical and thermal properties.

Photodiode LJLaser

Y

Topography
630.nm

Expansion

Cantilever Beam
and Tip

Feedback
Loop Electrically
Conducting

Silica

Lock-In
Amp

X-y-z Piezoelectric |

Y_zPiezo p! Scanner
Y y |
|Expansi0n Image ] Topographical
Image
0 4um 0 4 um
Thermal Expansion Thermometry 32

Appl. Phys. Lett. 66, 694
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Presentation Notes
Effects of thermal expansion should be taken into consideration for many junction-based setup and novel thermal devices, which is however less studied. Therefore, a thorough understanding of the interplay between thermal transport and thermal expansion is needed from the viewpoint of application.


Motivation l11: theoretical aspects

« Most of previous analytical studies used the
perturbation approach, such as lattice-dynamics
calculations, and nonequilibrium Green’s function
theory, which is incapable of dealing with strong
anharmonicity for which some concerned intriguing

properties occur.

33



Potential Profile of FPU-ab model
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V(X)

-100 r

Quantify the asymmetry

20

=181 - S/(S1+ S2)

204

40 -

-60 4

-80 4

- AX v
=SS (S+S) \ o is

10" 3
10° ;
10° 3
10* 3

10°
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Temperature profile

194 , T
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Thermal conductance

os _"°‘.-0-o-o-0-o_. |
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04

The nonmonotonic behavior of G can be divided by three domains,
corresponding to negative, positive and vanishing coefficient of thermal
expansion y, respectively.

X. Cao, DH, H. Zhao, and B. Hu, AIP Advances 5, 053203 (2015)



Self-consistent phonon theory (SCPT)

Incorporating the nonlinearity into normal modes by renormalizing the
harmonic frequency spectrum, which is realized by performing thermal
average with respect to a trial Hamiltonian

Where the effective harmonic potential coefficient f(T) can be obtained from
the self-consistent equations:

<aV(x)> 5 0%V (x) _ ¢
x [, ot |

T. Dauxaois, et al, Phys. Rev. E 47, 684(1993)

DH, S. Buyukdagli, and B. Hu, Phys. Rev. E 78, 061103 (2008) 38



Coefficient of thermal expansion

10

0.1

10
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Effect of nonlinearity on thermal
expansion

m MD
—o— SCPT

X. Cao, DH, H. Zhao, and B. Hu, AIP Advances 5, 053203 (2015)
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Conclusion

e Three domains of thermal conductance with
respect to a are 1dentified, which 1s related to
thermal expansion effect.

 Self-consistent phonon theory Is developed to
study the effect of thermal expansion, which
agrees well with the numerical simulations.

41
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