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WFU Physics Colloquium

TITLE: Effect of interfacial adhesive layers on thermal transport in
model systems

SPEAKER: Christopher J. Kimmer, (WFU alum)

School of Natural Sciences,
Indiana University Southeast

TIME: Wednesday October 28, 2015 at 4:00 PM
PLACE: Room 101 Olin Physical Laboratory

Refreshments will be served at 3:30 PM in the Olin Lounge. All
interested persons are cordially invited to attend

ABSTRACT

‘The thermal properties of nanoscale systems often critically depend on phonon scattering
at internal interfaces. The Kapitza conductance of an Interface provides an overall measure
of this scattering, and the ability to design systems with a prescribed or maximal
conductance requires a deeper understanding of how Interfacial properties effect this
quantity. Experimental challenges with measurements of thermal properties at the
nanoscale along with the need for predictive models to aid in systems design invites
computer simulation to play a prominent role n the study of phonon-mediated thermal
transport in these systems. One proposed approach to enhancing thermal transport across
an interface is to include so-called adhesive layers with vibrational properties intermediate
to those on either side of the Interface. We focus on the effects of achesion layers by
considering model bicrystalline systems on diamond lattices interacting via the
Stillnger-Weber interatomic potential. We vary the thickness, atomic mass, and Interfacial
bonding to conduct a study of the effect of these parameters on the interfacial conductance.
The systems are characterized using the "direct method”, a non-equilibrium molecular
dynamics approach. We find the strongest enhancement in transport at weak Interfacial
bonding and discuss the implications of this resut
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Boltzmann distribution function:
f(r,k,t)

Number of electrons per phase space volume at
the phase space point r, k, and time ¢

1
Equilibrium distribution: ~ fo(k) = E@ T 11

Assumed isothermal conditions at temperature T.
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Two-body collision in Boltzmann equation
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Figure 11.8 Schematic representation of the conservation of the number of electrons moving in
the space phase r, k. The region d<2 around r, k at time ¢ evolves into a new region d2’, whose
volume is the same as d2 (Liouville theorem). The distribution function f(r+dr, k+dk, 1 +dt)
equals f(r, k, 1) supplemented by the net change [3f/31]con dt = [3f/31)%), dt —[3f /3t ]i_‘::}l dt
of the number of electrons forced in and ejected out because of collision processes.
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Determining physical quantities in terms from the
distribution function

Current charge density:

1 "
J= mf( (’)\’_f tik

Energy density:

1
U= 4_1/5\« f dk,
=
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F a
flr+vde.k+ —dr, 1+ dl) = f(r.k.1) + i dr.
h a1 eon

with: 1 9E (k) d(hik)
Yo = ——, =F,
h ok di

1

Equilibrium distribution:  fo(k) = —rg5— g

Boltzmann equation:

af _ f F ﬁ_[ﬁ}
coll

TR e L
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Evaluating the collision term:

af
[—f] = Leonl f(r. k.1)]
91 Jeon

1 . . . )
Lon[ f(r. k. 1)] = m/[m kSl = fio) = Pl — fi)] dk

Relaxation time approximation:

ol _ S-S
3t Jn T
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Solution of the Boltzmann equation in the relaxation time

approximation:
af 1 af af f—fo
—_— eVt —=——— F 4 — =
ar h ok at T

dJ X A _ ) X Ir
For F=0 and ;‘—f=0: flk.1) = fo+ [f(k.r =0)— fole "7,
r
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Static conductivity for uniform material
Bolzmann equation

ﬂ oy 1 af F af _ f—Jfo

Hrl Eﬁli z

-eE

assumed 0 assumed 0

1af " — 1t

_‘_f 3 (,(:)]3" P ,M

hdk T
. . et dfy

= fo+ =—=—.E
» F=ht g
fo IE (k) i ;
=fot T E = fot+ aDyE
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Static conductivity for uniform material — continued:

2
2

>
_]:F 1(—%)\'(\'-]{)1& => J(,:;m,/zfﬂ

For isotropic case ( J parallel to E)

e? = > afo N . .
=1 / T(e-v) (* 3E )(fk ¢ denotes direction of E.

% _
- S(E&)-E,)

K ne’
For E(k)= : Cy=—"1,
2m* m*
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Mean free path
For the parabolic band:

ik

1/3
Ve = m:‘ ko :(37rzn)
Complex mean free path:
Alw) = VT
1-iwt
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Frequency and wavevector dependent conductivity of a

uniform material -- linear approximation

3 14 0,
o (L MO fh
ar h ok ar T

E(r.1) = Ege''9" ) Ey Lq.

afy 1 3fo R
o VTR CE’F e =T

assume: fi(r.k.1) = ®d(k)e 9T

14
iq-vb(k) + — fo

7 E( e)-Ey —iodbk) =
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f=fo

(k)

)+ f1

Frequency and wavevector dependent conductivity of a
uniform material -- linear appbroximation -- continued

etv-Eg afo
PK))= — ————
» W= @ _—avoE

F=2 / ik = "l/ u_/‘[,),—v.r; ik
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Frequency and wavevector dependent conductivity of a
uniform material -- linear approximation -- continued

>

e (@ v)? dfo
o(q,w) = ) T "oV (7 Hf)dk

Assume: €e=X q=g¢gzZ

2 2 3
a(q.zu):‘—f% —.'—ﬁl)d‘k.
473 1 —it(w—quy) aE

After some algebra:

_ 3 o 2 52 ll 1+s it
0(g.0)= 41 —iwt | s? s3 n | ) st
Note that s =ig A(w)
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( ) 3 o sz—ll 1+s it
o . = = — t n with
= I " iwr $ 1-s
o,
For ‘s‘ <<1 o(q,0)=—=2
1-iwt
370,
For ‘s‘ >>1 o(q,0)= L
4qv,t
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Transport in presence of spatially varying temperature T(r)

In a crystal kept at non-uniform temperature, it is convenient to define the local
equilibrium distribution function fy(k. r) as

1
folk.T) = : (11.45)
o xplE®K) — () /kgT(D)] + 1
Spatially varying
. temperature
Spatially varying
chemical potential
dfo _ dfo, 9 Ek) —p _ 3fo o E(k)y —p 9T
ar  9E °'dr ksT  OE| or T  or
9 55 aE -
13f _ 130 R _ o
hok hdE ok oE
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First order solution: = y
st order solutiol f s

Bfu) E—p
— bl R v/ —vr]|.v,
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Evaluation of integrals for the isotropic case:
3 E
= ()e o e

1 . 1 . i
4l=m</(—(')\"/‘(lk: U=mf(E—u)vmlk—7J.

J=eKo [eE+Vpu]+ p%vr,

) K> L
U=—Ki [eE+Vu]- 2 VT %J
where Electric field direction

1 x af
K,.=ﬁfx(e-vr(E—m"(—Tfé’)dk. n=0,1,2,

10/28/2015 PHY 752 Fall 2015 — Lecture 25 20

l >1 7 ;l

heat source (Ty > Ty) heat sink

Figure 11.11 Schematic representation of a bar of homogeneous material, whose ends are kept
at different temperatures.

Regrouping terms:

> 1
J=eKy [k} +=Vu—-8(T) VT] with
e

U

on E.

Seebeck coefficient
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Expression for the power dissipated
: J2 1 .
P=E-J=—— —Vu-J+S(T)VT-J
oo &
Energy flux
v Kv _Bly_kvr i |k=t(r- K
=|- - = — ke wi ke = = 2 — —=——
eKo e : il i
Electron thermal
conductivity
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Evaluation of expression for various configurations

Isothermal conditions V7 =0

1
J=o0p I:E 4 —V/A]
.
: ) 2 .3/3
oy = ne*t/m*, p = (R /2m*)(B3m2n)?-

Ve = 2/3)Vn/n.

J=nepuE+eDVn

where jt. = et/m* is the electron mobility, and D is the diffusion coefficient

(here Eg=p)
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Effects of thermal gradients

T Ty
heat source (1 > To) heat sink

Assume open circuit conditions  J=0
1
E=—=Vu+ S(T)VT.
e
The potential difference between the end points Py and Py, at temperatures Ty and 77,

is

Py ]
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P 1 T
¢ — o= / E-dl = =(u; — po) / S(T)dT. (11.57)
e




To=T:

® ©

Figure 11.12 Standard bimetallic circuit to measure the thermoelectric effect. The two junctions
between the metals are kept at different temperatures (77 # 75):a voltage appears between points
Py and P3.
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