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Plan of the lectures

Introductory remarks on metallic nanostructures

* Relevant quantities and typical physical parameters

« Applications
Linear electron response: Mie theory and generalizations
Nonlinear response

« Survey of various models from N-body to macroscopic

* Mean-field approximation (Hartree and Vlasov equations)
Beyond the mean-field approximation

« Hartree-Fock equations
« Time-dependent density functional theory (DFT) and local-density approximation (LDA)

Macroscopic models: guantum hydrodynamics
Linear theory and comparison of various models
Spin dynamics: experimental results and recent theoretical advances

lllustration: the nonlinear electron dynamics in thin metal films
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Nanotechnologies from the past...

Lycurgus cup
Late Roman, 4th century AD, British Museum, London

Green in scattered light ... and red in transmitted light

Silver-gold nanoparticles (50-100 nm) embedded in the glass
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The First Nanotechnologists

Ancient stained-glass makers knew that by putting varying, tiny amounts of goid and silver in the
glass, they could produce the red and yellow found in staned-glass windows. Simdarly, today's
scentists and engineers have found that it takes only small amounts of a nanoparticle, precisely
placed, to change a material's physical properties
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Had medieval artists been able to control the size and
shape of the nanoparticles, they would have been able
to use the two metals to produce other colors. Examples:
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Applications to biology

AT T T LW

A cluster of gold nanoparticles (d = 50nm) can create R0 um " -" }jé'*‘?
a much larger crater (= 20um) in an ice sample. \ 2 = ¥
SR et
.~ .. h 's ] A ‘_ F ‘
» Gold nanopatrticles can act as powerful localized heat "B : | .
sources: possible biomedical applications . © POt ;
|
InsTITUTE OF Pry sics PUBLISHING Prysics N MEDICINE AND BIoLOGY |

Fhys, Med. Biol, 49 (2004 N30G-N313 PIL: SOO31-9155(04)8 16269

NOTE

The use of gold nanoparticles to enhance radiotherapy
in mice

James F Hainfeld!. Daniel N Slatkin! and Henry M Smilowitz” Resonant absorptlon at the Surface

plasmon (Mie) frequency

gold only

— irradiation only . . .
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= — [
2 300 = a0’} [
= = I
3 200 o b 4xio'f |\
£ gold + irradiation [
s 100 . /o
= 2x10° / -,\ .
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Physics at the nano-scale

1nm

R=1 nm

Average distance between atoms d, = 0.15 nm (order of
magnitude of Bohr’s radius a, = 0.0529 nm)

N = 300 atoms
N ~ R3

« Average distance between electrons: Wigner-Seitz radius r,

gﬂ' r33

xn=1

Average “volume” occupied by one electron

« Metallic densities n = 1028 m=3
 For gold (Au): r,=0.159 nm
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Quantum or classical?

De Broglie “thermal” wavelength: Ag = h_ h

Thermal speed: mean-square velocity from thermal random
motion in a classical gas with a Maxwell-Boltzmann distribution

Vth = 1/ kBTe /me

At Te = 300K, Ag = 1.7 nm; atTe =10K, A\g = 9.4 nm

Quantum effects become important when

~1/3
Ag>T1,~n

nAgd>1 "A'

For gold: r,=0.159 nm ’

Electrons in metals are in the quantum regime even at

room temperature
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Quantum or classical? Fermi statistics

* Quantum effects become important as: T, < T:

2 2
— Fermi temperature: kpTr — Ep — m%’ = 2h_ (372)%/3 p2/3
m

— T/ Te~(nAg2)2®  where Ag is the thermal de Broglie wavelength

— To <Tg — Ag>n~3~r = average distance between electrons

Fermi-Dirac distribution

Probability of occupation

For gold: e
1.0 ‘ — 0K
- T- = 64200 K ] N — 9k
+ E.=5.53¢eV 08
04 EF
0.2 |
00 1 2 3 4 5 6 7 8 9 10

Electron energy / eV

Fermi-Dirac distribution for several temperatures
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Electron dynamics: some dimensional analysis

Hypotheses:
— Electrostatic (Coulomb interactions) between the electrons
— Fixed ions
— Zero temperature (T, << T¢)

The relevant quantities are: m, €, €;, N

Combine these parameters to obtain a quantity with the dimensions of an
inverse time (frequency):

2 1/2

e N

Wwp = | — “plasma frequency”
P (m&?o) p q y

The plasma frequency represents the typical timescale for the electron
dynamics in a metallic nanostructure

For gold: T, = 2mw,' =05 fs
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Dimensional analysis - the plasma frequency

T
= g = e
K & / F 4 Eo Tt
. MLT L =MUTE

-
L 7 ; Look f h
= _ 4 ook for a quantity wit
3d-3y = © P = 2 the dimensions of a time
g = A _ 4
i
1% 1
ah . - & o
K. A m - ( M Co > = wP
et n
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Typical velocity and length scales

Classical Quantum
Thermal speed « Fermi speed
Vi, = kg To /M vp =R (3n°n)'/? /m
Debye length (classical screening « Thomas-Fermi screening length
length) \V
V dre =
A = —th TF
P o, @p

For gold at T = 300 K:

- vp = 1.4 x10°m/s (<< c)

* A =0.1nm (NB: same order as rg)
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Plasma frequency

Slab with ne = ni

| |
« Typical frequency of electrostatic oscillations * B T
in an electron gas. i . E-9
. I | €0
o =—en = charge density + -|
| |
o =-p 0x = en Ox +1 _
2
- e E“1
0x =——BE=—— 0% oX /
m meg
—— _
2 o = surface charge
@y
* Harmonic oscillator with frequency w,
E =2 —electric field created by a plane capacitor
X(t) = (0) cos(wpt) £0

* NB: in this simple approximation there is
no damping of the oscillations.
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Screening length

» Positive charge is surrounded by negative
electrons

« Screening of the electrostatic field

Poisson’s equation

€ q
Ap = —a[nz‘ — Ne] — 8—05(1")
ne = noexp(ed/kple) ~no(l +edp/kpT) Nj =N
e“ng q
A = |26 - Low)
g e;mp)\.ll,l% Ap =Vin / @y =Debye length
¢~ 4dmeg r

Quantum case: Fermi-Dirac distribution: Arg =Vg / @p =Thomas - Fermi screening length

Master Lecture 1 G. Manfredi, IPCMS, Strasbourg




Coupling parameter

Dimensionless parameters: important to determine the physical regimes

Using the quantities: e, m, n, kT, €, one can construct only one (classical)
dimensionless parameter

Classical coupling parameter : o 18

B €0kBT

gc

Can be written as the ratio of the kinetic energy over the potential (Coulomb) energy

gc = Epot/Ekin Epot i 62711/3/80 . Ekin ~ ]{IBT
Quantum coupling parameter:
7 2 BN [, Bohr radius;
9Q = EpOt ~ 72 13 <E_p> ~| = ap = Inel
F Eo M F Qg 0 m.e2

* g <<1:“collective” effects dominate — “mean field”
« g=1 :binary collisions become important

Master Lecture 1 G. Manfredi, IPCMS, Strasbourg




A (classical) thought experiment

Let’s imagine we can “cut” an electron in two

: " e/2, m/2
Various quantities then transform as follows

- e—el2; m—-m/?2
- V=V
— n—2n, butp=en—p e/2, m/2
- T—>T/2, butp=nT—p
What happens to the classical time, space, and velocity scales :

- Wy =Wy
- A — A They remain invariant!
— Vih = Vi
Classical coupling parameter: g-. — g¢/ 2
After N>>1 “cuttings”, we end up with a continuous distribution of mass and charge

Only the mean field remains, which is thus characterized by:

— Classical time, space, and velocity scales : w, Vi, Ap

— Coupling parameter: g.— 0
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Typical metallic parameters

Gold
n 15.90 x 10%® m—3
hwy, 9.02 eV

T 0.5 s
Tr 6.42 x 10* K
Ep 5.53 eV

vp | 1.4 x 10% ms™!
ATF 0.09 nm

T 0.159 nm
rs/ag 3.01

} Same order of magnitude
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Metal vs. semiconductor nanostructures

Metals Semiconductors
Ne 1028 n—® ne o~ 107 m™
= W, mx =~ 0.067 me
€ = £ £ ~ 12 gg
ag ~ (0.0529 nm ag ~ 10 nm
Lscreen ~ (.1 nm Lscreen ~ 10 nm
wyl o~ 1fs wy' >~ 1ps
Fr ~ 5eV =60000K Er ~ 5meV =60K
47T6()h-2

ay =
mee?
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Log n - log T diagram

We have found three dimensionless parameters (which depend on nand T):

— T/ Tg: classical vs. quantum
— Q¢ collective vs. collisional (classical)

— Qg I/ay: collective vs. collisional (quantum)

o o o TITe =1
4 I C\)P> ToK g/ DWARF T T = K x n2/3
s CORONA ] F
— | ¥ s} viasov i 2
i s R WIGNER _
o= W’ - log(T/Tz)=logT 3 logn—log K
—l g” L SPACE |
B ] 2
o WIGNER | go=1 @\w\ ] logT =—logn+log K
i (+coll.) 1) 3
I Q
-5/ 1[99 feonansaes
0 10 20 30 40 20

v
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Log n - log T diagram

Log T

Mean-field classical

IT. Non-mean-field classical

IIT. Non-mean-field quantum

IV. Mean-field quantum

10

| * TOK: tokamak experiment
\CP\) T=T, i (magnetic confinement fusion)

* CORONA: solar corona
| * IONO: ionosphere
e vl WICNER * DISCHA: electric discharge
10NO MET - : « SPACE: interstellar space
SPACE |
_ * |CF: inertial confinement fusion
« DWARF: white dwarf star

VLASOV

* JUP: Jupiter’s core

* MET: metals

Master Lecture 1 G. Manfredi, IPCMS, Strasbourg




Timescales beyond the plasma period (T,~1 fs)

Initial equilibrium: Te = Ti = 300K

The laser pulse deposits some
energy in the electron gas —
nonequilibrium distribution.

Mean field

p(E)  Electronic dephasimg: t < 20 fs; plasma oscillations

L] .

. ) :... :..'“':.:
Non-thermal | bt E,!.. b _& '.4
distribution | o . zz b ‘

Ep

The electron gas thermalizes via
e-e collisions: Te >> 300K

Beyond mean field

Electronic thermalisation : t < 200fs
quasi-particle scattering

Coupling to the ion lattice
(phonons) : the electron gas
returns to its initial temperature.

Beyond mean field

A
( " v v
%e LA B
\ %":i e s 8 8
! - , A.A.{ ® & 0
Cooling of electrons / e-phonon scattering : t < 10 ps
; )
p(E) \*k“‘\;‘\\
MR
ARARANAR
)

lattice vibrations (coherent) : t < 100 ps

e-e

_ph
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Collisional timescales — electron-electron collisions

Pauli principle reduces the e-e collision frequency
For T=0: no collisions, as all quantum states are occupied (“Pauli blocking”).

For T>0: only electrons with energy comprised in a range of kgT around the Fermi
surface (Er ) can undergo collisions. Their collision rate is (inverse of lifetime Tt):

v, ~ kgT/h (r =1/ AE)

The average collision rate is obtained by multiplying v’,, by the number of electrons
available for collisions, which is of the order T/T:

1.2 :
kpT? 1.0 ——————
1% ~J
ee h TF R 0.8‘:'
o y = 05
Using dimensionless quantities: il
2

Vee EF T _ 10_5 0.2F

Wp hw, \TF ) P

0.0 0.5 1.0 1.5 2.0

which would yield (at T=300K): t..= 1/v..= 8ps — far too long!
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Electron-electron collisions

But the previous reasoning is correct only at thermal equilibrium
Recall that the laser pulse brings the electrons strongly out of equilibrium

The kinetic energy acquired by the electrons in this early transient corresponds
to an effective temperature T = 3000 K

Using this value we obtain, for gold
T..~ 80fs

— Consistent with observations

Electronic thermalisation © t = 20015
quasi-particle scattering
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Electron-phonon collisions: two-temperature model

U = internal energy

dd—li = —(heat diffusion) — (heat transfer to ions) + (power injected)

dU =C(T)dT : C =heat capacity

dT, C..: heat it
Ce(Te) = VT, —G(T, —T;) + P(t) e,j - 11681 CAPACITIEs
4 G : coupling constant
T.
(OF d—tl =G(T. -T;) x : heat conductivity
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Electron-phonon collisions: two-temperature model

dTe 2 Sodium
Ce(re)W:KJV Te —G(Te —Tj) + P(t) , T
iT Ce(Te)z%nekBT—ez%.GTe I m2Kk]
Nl I T -
Cirge ~CUe M) C, =35x10° Im*K*|>>C,

G =0.4x10" [W m?*K?]

Teph — 1 =5 PS

360 ’

340

Ti (K)

320
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Summary of time scales

Tp

<< Tee

p(E)  Electromic dephasig: t < 20 fs: plasma oscillations

R -
| e
Non-thermal

E

distribution
- Te-ph Eg

LY
i

J

‘]

/]

s

Electronic thermalisation : t < 200fs

Te-e

quasi-particle scattering

0-50fs

Te-ph LR ) VR
50 — 500 fs 1 ps—5ps ‘g‘gg g
:.A ‘:.A.i e 8 0o 0

Cooling of electrons / e-phonon scattering : t < 10 ps

|(’ -\f’”\‘.P -.'_/- \.
R
f>}rz»,\/’f;f,2f:>~/«-’.
NEATLETATY
OO

p(E)

Master
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What we (might) have learnt from lecture #1...

Transition from classical to quantum at the nanometer scale
— Ag>r-n71B
- Te < TF
Typical time, velocity, and length scales
— Plasma frequency
— Thermal speed / Fermi speed
— Debye length / Thomas-Fermi screening length
Dimensionless coupling parameter (classical and quantum)
— Defines the “mean field” approximation
Various regimes in the log n — log T plane
Timescales beyond the plasma period
— Electron-electron collision time

— Electron-phonon collision time
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