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Modelling Heat Transfer between 2D materials
[Matthias Kriiger, Giuseppe Bimonte, Thorsten Emig, and Mehran Kardar. PRB 86, 115423 (2012)]
o Ty, Tz, Teny # f(1)
@ Heat transfer and heat emissibility, but without cooling or freezing
8tT = 0.
@ VT = 0 inside the objects and media.
@ Is it realistic?
@ Well, it’s good enough for our purposes, and a nice first step

@ We can consider T; = cte inside the object if conduction rate >
Radiation rate
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Rytov Formalism

@ Maxwell equations with Gaussian random noise currents in all the
space are equivalent to quantum partition function of the EM field in

thermal equilibrium

V.-D=p VxE=-0B D(E, B)
V-B=0 VxH=-9D+) H H(E,B)

@ In equilibrium (Fluctuation-Dissipation Theorem)

U () = g Vo]

(E(DE (V) = —— (;%) Gy (Li(r)(r)) (*i%) G}

C(T) = (E(r)EX(r)) = %Wh_lﬂm [Gy(r, ¥, w)]
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Rytov Formalism

@ In non-equilibrium (Local Equilibrium Hypothesis)
N
Co = <Ei(r)Ej(r/)> = CYTenv) + Z [C3(Ta) — C& (Tenv)]
a=1

] Ga = G() + GoTaGo
] Ga = GO + GoVaGa
o V.G, =T.Gy

@ For an isolated object

. w2 R i
CSOlawd(T) — ?WGO []Im [Ta] — Ta]lm [GO] TZ] GO

@ For a non-isolated object
Co(T) = 0, CEM(T)O},
o @a = (1 + G()Td) (1 — GOTQGO’E@)_I
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Quantities of interest

@ From 2-point correlation functions, it is possible to calculate:

@ Casimir forces as a integral over the Lorentz force generated by noise
currents

F@) — / K. / Z e (VA -1 (1)

© Heat emissibility and Heat transfer as a integral over the Joule effect
generated by noise currents

Ho=— [ de [~ S2Rel(Ew)- 1 ()

@ This quantities can be written as a function of <E,~(r)E]’-‘(r’)> because

1w

Q E=i“Gy) = J=-itG'E
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Heat Transfer

[Pablo Rodriguez-Lopez, Wang-Kong Tse and Diego Dalvit, J. Phys.: Condens. Matter 27 (2015) 214019]

< dw dzk”
= /0 g [@(w, Tl) — @(w, Tz)] / WT<W’ kH)’
k) - RTRZ Mz) Dy (]I ~RIR, — Tm) ]D)L} Lk <
(k) ) Biz (R] = Ry ) D, | &2t k> <

okZ:1/£lJ2 ||,W|th]1m[k]>0.

) Dlz = (H R eZ’kZ )
0 O(w, T) =

kBT_l
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Heat Transfer in 2D materials

@ Reflection R matrix for zero thickness (pure 2D) dielectrics with
surface currents

1 ( 27r‘7’“—47r (0’ + o2 )

R — 27—
A or 2z 2N 4 46—722 (0% +02)

@ Transmission T matrix for zero thickness (pure 2D) dielectrics with surface
currents

po L[ 1+emh= or=
A —277"“ 1+2n%s 1
,A:1+2£UXX( Jr/\) (0 + o2 ) °
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Conductivity of a Dirac Cone

[Wang-Kong Tse and A. H. MacDonald, PRL 105, 057401 (2010)]

ouwr(w) _ pE—ATTT0(luel —]AD) (1, AP
ac - 4|pr| w? + 772 i 16 o aRie? ) XleMozed ()
Ty (w)

A
ac = EX[zM,ZeC] (w)

Owmalw) _ b= ATwb(url 1A , 1 {LAZ (1_1> i <1+ W)f(w)}

ac dmh|pr|  w?+ 772 16w | hw \ M € h2w?
Oxy,R (w) _ A
———— = ——f(w)

ac 471'77,(1.) Unoccupied surface state Unoccupied surface state

o M = max(|ur|, |A])]

® a=¢€/hc~1/137 .}
?
o XA(W)Z{ 1 xeA
0 xcA
® f(w)=In|g=¥e| —In o= oo s
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Graphene

@ A graphite monoatomic sheet
@ Good conductivity properties
@ Em properties: 0y (w = 0) = % and o, (w = 0) = 0.

@ "The material of the future"

@ Experimentally observed. (Novosclov et al. science 306, 666 (2004)]
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Conductivity of a Dirac Cone pp # 0

H = hvpo - k — ur

ac
Oxx(w=0)= —
16
02 Re [0y ()] — I Fe [020 ()] ——
- i o lo2a(t)] - - -
01 f
!
._.-M/ —~J {
I_,w .
2 4 6 8 0% t
L
0.1 I Onw
i s
02 |
1of
of
02 Re [0 (hw)] —— o2} Re [0 ()] —
== )] - - -
04
2 4 g s e g g fee
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Chern Insulators

A new 2D topological state of matter.
Characterized by their Chern number C.

C is the number of Dirac cones weighted by the sign of their masses.

2
e
@ Em properties: 0y (w = 0) = 0 and oyy(w = 0) = C—, with C € Z.
Quantum Hall surface states without magnetic field.
EXpeI‘ienta”y Obsel‘ved. [Cui-Zu Chang et al. Science 340, 167 (2013)]

w)

c indium electrode

xx

5,(0), 5,(0) (e’lh)

bare substrate film
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Conductivity of a Dirac Cone A # 0

I

f
02 Re [0y ()] = 02} Re (07 (1)) —

I
m 02 (s i
04 0.1
[
I
1 |

— e -

2 4 6 8 0A ; iy
i
04 .
[
I
f
02 02}
I
|

02 Re [0 (hw)] = Re [0, ()] —
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Heat Transfer

[Pablo Rodriguez-Lopez, Wang-Kong Tse and Diego Dalvit, J. Phys.: Condens. Matter 27 (2015) 214019]

59 = [~ Ziow 1) - 6w B [ FkT(w k)

T(w, ky) =
@hk)=1 . R — R}) Dy, (R] - R, ) Df] e

o k=% — ki, with Im [k.] > .
o Dy = (I — RyRyeiked) ™!
° Ow,T) = -

eksT —1
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Heat Transfer - Large distances

flw k) k<%,
0

2 ~ 1 =
Rlxa*<1 = DpxI = dlggoT(w’kll)_{ dky > 2.

[e’s) 3
lim (S,) = —— / do—""" py - L
0 e

= 422 hw
d—o0 4mec Bl 1

w2k}
g =
60h3c?

lim (S;) =eo (T} — Ty)

d—oo

Stefan-Boltzmann Law for gray objects
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Heat Transfer - Short Range

Coupling between evanescent waves becomes relevant and
open a new channel for Heat Transfer

. 1 >
lim(s) = g [ dwws[O(, 1) — O, B i T, )
0
1 2 ) @ |? @ |
flw;T, ) = )(cx)]R J(cx)R ™ + tan™"! Ol |Txx |+ Oy |Oxx
y 41, 12) — -~
X Py Tl R VX P e
5 ] ’ tization of Heat Transfer?
OF _ ) 2y (02 a0
C ‘Uxx - [Uxx,R] + [Uxx,ﬂ]
° O_)(Cx) _ 0’,((;)((,0, T) Oxx(w, Ny) ZU"" w, A;) & Niox(w, Min [Aj])
2
lim (S, )ev(d, N1, Ny) =~ S)ev(d, 1,1
fim (52 (d, Niy M) & 2 (S0 (d,1,1)
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Heat Transfer - Numerical computations
Chern Insulator (A = 30kg)  Graphene (ur = 0.5eV, 77! = 101357 1)

o T, = 10K, T, = 1K o T; = 400K, T, = 300K

102 10

1 1 1 1 1 1 1 1 1 1 I 1
10° 108 107 106 10° 10 102 107, (m) 10° 10 107 10°° 10°° 10 103 107, (m)
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Conclussions

@ Heat Transfer is not exactly quantized or at short either at large
distances.

@ At large distances, 2D Dirac materials behaves as gray bodies.
@ At short distances, a characteristic 1/d behavior is demonstrated.

@ Take home message: You can study thermodynamics of the em field by
adding Gaussian currents to Maxwell equations

[Pablo Rodriguez-Lopez, Wang-Kong Tse and Diego Dalvit, J. Phys.: Condens. Matter 27 (2015) 214019]
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[Cui-Zu Chang et al. Science 340, 167 (2013)]  [Novoselov et al. Science 306, 666 (2004)]

[Matthias Kriiger, Giuseppe Bimonte, Thorsten Emig, and Mehran Kardar. PRB 86, 115423 (2012)]
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