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Outline

1. Microscopic description of crystal vibrations,
phonon band structure, experimental probes

2. Phonon kinetics in insulators
3. Electron-phonon coupling and phonon kinetics in metals

4. Relaxation cascade in a detector
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Born-Oppenheimer approximation

Solid
or
Solid

nuclei + electrons

atomic cores + valence electrons

i .

HEAVY light

M
 ~10% —10°
m

(valid up to several MeV)

(valid up to several tens eV)
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Born-Oppenheimer approximation

Step 1: Find the electron ground state at fixed positions of the nuclei {R., }

) Z e?
Ha({Rn}) = Z 2m 8r Z |I'z - r3| Z v —

i

He({Rn}) U({ri}[{Rn}) = Eo({Ry}) T({ri} [{R})
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Born-Oppenheimer approximation

Step 1: Find the electron ground state at fixed positions of the nuclei {R., }

IA{el({Rn}) - Z 'm 81. Z |rz — rj| Z |I‘

)

He({Rn}) U({ri}[{Rn}) = Eo({Ry}) T({ri} [{R})

Step 2: Use the obtained electron ground state energy Fy,({R,})
as an additional potential energy of the nuclei:

Hy — — Eo({R,,
N zn: oM, 9RZ n; R, _R,|  ColRab)
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Born-Oppenheimer approximation

Step 1: Find the electron ground state at fixed positions of the nuclei {R., }

IA{el({Rn}) - Z 'm 81. Z |rz — rj| Z |I‘

)

He({Rn}) U({ri}[{Rn}) = Eo({Ry}) T({ri} [{R})

Step 2: Use the obtained electron ground state energy Fy,({R,})
as an additional potential energy of the nuclei:

Z 7 €2

({Rn})

@ minimize with respect to {R }

equilibrium atomic positions
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Small vibrations: harmonic modes

%{A ©  Crystal: N — oo unit cells, v atoms per unit cell
a, &RB - Equmbr(:gm atomic positions: )
- R, nsmss =M@ + ngag +nzaz + R
ﬁI}A Indices: 5 =1,...,v atoms in unit cell
® 1 &RB o, =x,y,z Cartesian components
® ® (n1,n92,n3) =n
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Small vibrations: harmonic modes

?RA ©  Crystal: N — oo unit cells, v atoms per unit cell
a, &RB - Equmbr(:(l:m atomic positions: )
- R, nsmss =M@ + ngag +nzaz + R
?RA Indices: 5 =1,...,v atoms in unit cell
&RB o, =x,y,z Cartesian components
® (n1,n92,n3) =n

Potential energy @ small displacements: R, ; = R ;T Un;

W({R}) = W{HR™}) + 5 Z Z K33, (n = 1) tnja trjrg + O(u”)

pairwise interactions: K =
equivalent to springs OR JR
between atoms
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Small vibrations: harmonic modes

Equations of motion: Plane wave solutions:
d%ma ZKQB n— ') un s Up; = Q, piaRn; —iwt
VM
Eigenvalue problem to find Q; : Dynamical matrix (3V X 3v)
KJJ
W Qja = > D q) Qs D 2B emidRay
IB Z M M/
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Small vibrations: harmonic modes

Equations of motion: Plane wave solutions:
A’ Uy g o Q: . .
My e S )ty g = e
dt v VM,
Eigenvalue problem to find Q;: Dynamical matrix (3V X 3v)
2 B ]Jr KJJ
W Qja = Z D 5(‘1) Qjp D” e~ 'aRx;
7 Z w/M M/

Distinct solutions only for q in the 1st Brillouin zone

For each q, 3v eigenvectors Q}(q)

: 2 A=1..... 3V
3V eigenvalues wy ¢ , ,
. _ | K 128 h?
ESt|mate hwph ~ h M’ K ~ 02’ e] ~ W ~ 10eV

hwphw,/%Eelw?,omeV:%()K (1 eV = 11605 K)
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Example: diamond crystal structure

2 atoms in a unit cell
diamond, silicon,
germanium

P. Yu and M. Cardona,

1st Brillouin zone

Frequency [THz]

elementary translations
face-centered cubic lattice

Phonon dispersion of diamond
2mh x 40 THz = 165 meV

A Iy
7 5 25 L] F W
b P~ —1 2 T X|
, .
ks 1 #7 L] TN t
X4 23 B W4
d e
L\ x ) \<‘
1
h 25 W, Xy
X n i
I
A5 : 24
I L;
A X z r A L L K W X

r

Fundamentals of semiconductors”
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Optical probe:

incident
photon w

infrared spectroscopy

Photon absorption:

. W . very
momentum conservation ¢ = — sin 6 small
C
energy conservation W = Wy A

:

Bulk MoS. from PRB 3, 4286 (1971) Polarizability

OO T T 7T T T T T T T T r T [ T T T [T T 711

50T Mo S,

2 experiment

40r- Elc
a =]

REFLECTIVITY (percent)

AR O TN U T T N A Y A O O B

~—oscillator model |

0] {,WH
20 8 i o * ﬁ' : I%_AWQ—F_

() — st &
_ a(w) = cons o 102

- measure absorption or reflectivity

2he x 400 cm™ ! = 50 meV

300 350 400 450 500
WAVE NUMBER (cm-!)

550
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Optical probe: Raman spectroscopy

ws < Wi — Stokes (T =0)
ws > Wi — anti-Stokes (thermal phonon population)

scattered
photon

incident
photon

Energy-momentum conservation for n-phonon Stokes:

a
1L-MoS,
—
(2}
=
= o
= = Ty ]
: S 7
o]
™
.
> S ¥
.{T') o M~ © o
c -2 S © S
) (o]
T |
c [ K
I |
530nm I |
S SRECI S e S A | oy S SR . W—
1 1 1 1 1 1 L | I 1 1 1 1 1 1 1 I | I

i
o
<

450

s8]
N
(o]

400 420 440 460 480

638

756
782
820

X1/3

150 200 250 300 350 400 450 500 550 600 650 700 750 800

Raman Shift (cm™)

qi+...+q, ="0"
Wqi Ay T -0 T Wq, N, = Wi — Ws

Raman spectrum of monolayer MoS.
Zhang et al, Chem Soc. Rev. 44, 2757 (2015)
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Acoustic phonons

|
A2| ; szv

soft Goldstone modes

. . 40 9 x :2] 2 By |
Crystal: continuous translation symmetry : = “'Qz\,\\i: < W *
spontaneously broken _ Wl e, J S wi 347
g I \o L, X3
5 2| & I 1 L N
E A5 :24

I
I
I

10 -

I

I

I

L i
A x oz o LL K W X

Ry; = Roj +u ) ZD (@ 0) = Dapar s Gor s + O(q")

symmetric 4-rank tensor

W({{R}) invariant under a constant shift

Sufficiently high crystal symmetry
(tetrahedral, cubic) ™ Pasas = ASagbars + B (Saadpp + Sapbarp)

Z D‘g’é (q) = A5a5q2 + 2B da93
Transverse and longitudinal 33’ = A (6089° — qaqp) + (A +2B) qags

sound velocity v, > UT\@ = ’U?[‘ <5a6q2 - anB) -+ ’Uﬁ 4098



D. M. Basko, “Phonons” @ DRTBT 2024

Acoustic phonons

Crystal: continuous translation symmetry

spontaneously broken

!

soft Goldstone modes

W({{R}) invariant under a constant shift

Rnj — Ruj +u ) ZD

Sufficiently high crystal symmetry
(tetrahedral, cubic)

Transverse and longitudinal

sound velocity vy, > v V2

q—>0

Frequency [THz]

40 {

30 -

20 |-

10 -

As

I
z 1

Daﬁa’ﬁ’ do’/4p’ + O(q4)

symmetric 4-rank tensor

1 > - -
X ' ’——m' — W, .
A2 i, £7%, Ly, \ 3
X4 ol 23 Wi
L\ X ;\é‘
| Zl
A[ IZ3 Wz X4
X5 l 1 L
I
A5 :24
I L3
|
, 1L
|
I
I
L i
A X R = L L K w X

30meV x 1 A/h ~ 5km/s

aluminium: 6.4, 3.0 km/s

copper:
silicon:

4.8, 2.3 km/s
8.4, 5.8 km/s
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Phonon imaging

/[~ laser
V4 pulse
Sig e superconducting
9 bolometer
crystal
(a)
meaurement y Northrop & Wolfe
circuit PRB 22, 6196 (1980)

Ballistic phonon propagation is determined
by the caustics in the phonon dispersion
(“geometric acoustics”)

FIG. 11. (a) Ballistic phonon image with laser beam
obliquely incident on three sample faces. The bolometer
is in the center of the back left (001) face. (b) Calculated
J=0 singularities projected onto an equivalent cube.
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Phonon Kkinetics In insulators
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Phonon specific heat

Energy denS|ty per volume) T>0p o 3vT v atoms per unit cell
heogn Ve volume Vi ~a’
T<O, & T ( T " 2T )
30 \ (hvp)3  (hor)3
Debye temperature sl | Fid w

©p ~ hwpy, Qg ~7/a _

hundreds of Kelvins

I
N
7

Debye frequency gt i
wp = @D/h
T>0p classical harmonic oscillators (3 per atom)
C’U (T) = ag—(jj) _— e
T <<\é§\* 2 e n 277 1 thermal phonon
15 \ (hv)3  (hor)3 A3, wavelegth
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Anharmonicity and phonon decay

Potential energy expanded iIn small displacements:

W{HR}) = WHR™}) + Z Z K% (n = 0') tnjo g + O(u)

nnjj o, 3
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Anharmonicity and phonon decay

Potential energy expanded iIn small displacements:

W({R}) = W({R®}) + Z S KV (0 1) tpja unjs +

nn’jj o, 3

1 S
_ E J1J2J3 . . ) 4
+ 6 AOélOéQOés (n17 nz, n3) unl]lal un2320é2 un333043 -+ O(u )

Eel 3
A~ —= ~10eV/A

a
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Anharmonicity and phonon decay

Potential energy expanded iIn small displacements:

W(H{R}) = WH{R}) + Z S KV (0 1) tpja unjs +

nn’jj o, 3

1
_ E J1J2J3 ) ) ) 4
_|_ 6 AOé10420é3 (n17 na, n3) unl]lal un2320é2 un3j3043 _I_ O(u )

Eel 3
A~ —= ~10eV/A

a

Third-order processes:

w
phonon 9 Wa,x a1, Wai,As ohonon L “ars

decay A2, Was fusion G o
Y q2,12

energy conservation: wq x = Wq; A, + Was,As

reciprocal lattice vector

momentum conservation: = +qo+Db .
. | A=Az (umklapp scattering)



D. M. Basko, “Phonons” @ DRTBT 2024

Anharmonicity and phonon decay

. 2
High-energy phonon 1 hA ( i )pr . Lhwp (T >

decayrate: 71  M3wi \ hwp A K\ o
/ quantum
lattice ‘;':clfr’t]téatlons

constant

displacement

classical thermal
fluctuations

of the
displacement

1
— w
Reduced Wave Vector [£00] T < wp
Figure 1 The splitting of an LO phonon into two acoustic phonons and :
subsequent decay into lower-frequency phonons. The dispersion curves UnCertalnty

are for Gads. (from J. P. Wolfe, “Imaging Phonons”) principle ok
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Anharmonicity and phonon decay

Low energy, low temperature: acoustic phonons, no umklapps

vrlar + q2| = vr|ai| + vr|ae| impossible (triangle inequality +
wq, T concave function)

a1 q2
Transverse acoustic phonons do not decay
q
: 1 hwp [ w 2
vLlqr + Q2| = vrlai| + vr|az|  possible, but 2
T Ka? \wp
15¢ Ay . . . o
> LA phonon lifetime in silicon:
- ‘ Frequency Lifetime
g oL v (THz) 7, (ns)
: b 7.5 0.0006
= 3.75 0.018
=0T 1.88 0.58
_ As 0.94 19
(from J. P. Wolfe, “Imaging Phonons”)

r A

Yu & Cardona, “Fundamentals of semiconductors” Goldstone modes are robust
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Thermal conductivity

858_(tT) = —V -J heat current density

J=—k(T)VT Fourier's law (the current must vanish @ T = const)

T(x) Ty + 6T (z) Linearize the equation around To:
Ty =™ = = = = - 00T 5 diffusion equation
Co(To) ot 1(To) V2T tor temperature
s
specific heat thermal conductivity
_ 9&(T)
K J?
2 . . ..

o~ D ~ = phonon diffusion coefficient

[ = v mean free path

k(T) ~ Cy(T) v* 7(T)
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Thermal conductivity

2 2
High temperatures 7" > Op: k ~ L U fa ~ Ka @—D (Debye, 1929)
CL3 wWp i h T

Low temperatures 7' < ©p: 1. TAphonons 7 = o
2. LA phonons 7 o< 1/w®, but

q=4dq1 + 92 % no umklapps
momentum is conserved
energy current does not relax

A high-energy phonon needed to provide umklapp =) K eOn/T (Peierls, 1929)

Phonon scattering on isotopic defects: — ~ wp — (Pomeranchuk,
T now\ M WD 1942)

fraction of defective atoms

All phonon scattering mechanisms become very inefficient at low temperatures
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Ballistic phonons

rough surface — diffuse scattering (Casimir, 1938)

scattering time 7~ w/v Wy k(T) ~ C,(T) vw
‘!

escape to the substrate

/ area
. . A
Heat current density across the interface: J, = o AT
K

\3

Kapitza resistance

Acoustic mismatch model:  wave refraction at a flat interface
Diffuse mismatch model: random scattering at a rough interface
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Isotope and boundary effects

S P.D. Thacher, T ]
Phys. Rev. 189, o
975 (1967) "

(s}
o
T
O...,_-_h
Sﬁ

=
NS

.
W

(@)

o

o o

a—

“age)
‘tz%?::

o

THERMAL CONDUCTIVITY IN WATTS CM-' DEGREE"!

THERMAL CONDUCTIVITY IN WATTS CM-! DEGREE-!

2_
05
i L.
02
Qﬁ_% -
A
Ql
0.2F r 1 005
O I 1 1 L 1 1 ' \ |
'| 2 5 10 20 50 100 ooz - ;
TEMPERATURE IN DEGREES KELVIN ' ETEMPEHATSF\'E ™ DFEGREESZ?(ELVIN = 100
F1c. 4. Thermal conductivity of LiF showing the efiect of F1e. 1. Thermal conductivity of isotopically pure LiF showing
isotopes. %, 7Li in LiF: (A) 99.99, (B) 97.2, (C) 92.6 (natural the effect of boundaries for sandblasted crystals. Mean crystal
LiF), (D) 50.8. Mean crystal widths: (A) 7.25 mm, (B) 5.33 mm, widths: (A) 7.25 mm, (B) 4.00 mm, (C) 2.14 mm, (D) 1.06 mm.

(C) 5.44 mm, (D) 5.03 mm. Crystals A, B, and C were regrown
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Isotope and boundary effects

[ T = T . T =
Silicon (111)
10!} Klitsner & Pohl
T Phys. Rev. B 36, 6551 (1987)
TE 10° |
[}
E
ey 1
; 10" -
E . polished
'g A - 2 R Au
2 O - 30 & Au
O 1072 | O - 7000 & Al 1
= = —  rough
E
o
=
“ 107 -
10~% :
0.1 1 10 100

Temperature (K)

FIG. 5. Thermal conductivity of a pure silicon single crystal
with different surface treatments. Top curve: Syton polished
and cleaned; bottom: sandblasted. The intermediate curves
were measured after metal films were deposited (ex situ) onto
the polished and cleaned surfaces.
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Phonon kinetics in metals
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Acoustic phonons in metals

Atoms give away their valence electrons

g ® ® O
lons in electron jellium charge +Z/\j
instead of atoms with springs mass
d*u oW PHng density n; ® ©)
dt> ou,, from ions & electrons

Uniform system is electroneutral

Deformed system with ion displacements: u, = u(R,,) = uqeian—iwt

b change in the ionic density 5”;53) — —V -u(R) = —iqug e'IR~W!
. d°R/ A Zen; o
Coulomb potential ¢(R) = R R Zedny(R') = __”q;n iqug, elIR—i!

b o, Amni(Ze)? > ionic plasma frequency,
W = ~ CUD .
not acoustic phonon
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Screening by the Fermi sea

_ Fermi level
Electron density _
responds to the potential: Fermi  Gcpletion
€F
Ine(r) =~ rep(r) =it
v ic densi /tN
electronic density of states X\
at the Fermi level AN \\\\XX\\ AN \\\
—ep(r

Fermi energy ep ~ a few eV
Fermi momentum pp ~ 1A
Fermi velocity vp ~ (a few) eV A/A ~ 10°m/s
1
(a few) eV A’

UV ~

Self-consistent potential from ions and electrons: screened Coulomb
d3R/ e—mD|R—R'|

—V2p(r) = 4nZe dni(r) — 4me dne.(r) M p(R) = / R_R Zedni(R')
_, Inverse Debye
kp = VAme?v ~ 1 A (Thomas-Fermi)

screening length
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Acoustic phonons in metals

Atoms give away their valence electrons

g ® ® O
lons in electron jellium charge +Z/\j
instead of atoms with springs mass
d*u oW PHng density n; ® ©)
dt> ou,, from ions & electrons

Uniform system is electroneutral

Deformed system with ion displacements: u, = u(R,,) = uqeian—iwt

b change in the ionic density mB) . u(R) = —iqug e/ IRt
ni
i AmZen, . iqR—iwt
Screeneed Coulomb potential ¢(R) = ———— iquq €™
q° + KD
, 4mni(Ze)* ¢ 5 5 Z2p km
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Electron-phonon interaction

Born-Oppenheimer:

W({{u,}) from electronic ground state energy at fixed {u,}

d*u,  OW basic assumption:

M dt2 ~  Qu, electrons follow adiabatically the nuclear motion

Validity: w << E;s = Eo electronic energy gap

Breaks down in any metal, semimetal, doped semiconductor

: 1

i Z2 -
Electrons feel (r) n V- u(r)e !

oscillating field
A J

the potential — ¥ Y

deformation potential ~ 10-20 eV
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Phonon absorption by electrons

Electronic density response Phonon decay rate:
to an oscillating potential

.74 /.2
from the Kubo formula: II(q, w) ‘ l=—<,uImH(q,w) njﬁg Nw,/%
L

T

. . Decay rate due to anharmonicity:
The main mechanism
of acoustic phonon decay in metals: 1 m( w )’ much
phonon absorption by electrons - ~ WD M E weaker

or escape to the substrate (Kapitza)
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Phonon absorption by electrons

Electronic density response Phonon decay rate:
to an oscillating potential

1 iZ4 2
from the Kubo formula: II(q, w) ‘ — = —wImIl(q,w) nquég Nw,/%
L

T

. . Decay rate due to anharmonicity:
The main mechanism
of acoustic phonon decay in metals: 1 m( w )’ much
phonon absorption by electrons - ~ WD M E weaker

or escape to the substrate (Kapitza)

Inverse process: phonon emission by electrons (detailed balance)

Electron temperature T Heat flow from electrons to phonons:

Phonon temperature 7pn power per unit volume = ¥ (T3 — T3))
(Teb Tph < @D)

experimentally measurable coefficient

> hvg 1
2 1 5
/0 qdqeth/T_szcT
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Phonon absorption by electrons

Wellstood, Urbina & Clarke,
PRB 49, 5942 (1994)

N

AuCu

Yllllllllﬁ

Electron temperature T
Phonon temperature Tp

‘ 105 mK

T 025 mK S
|

ll ) ) "" —

-1!.__
107

Te (K)

o] I NS S
104 1072 100 102 10

P (PW)
FIG. 8. Measured electron temperature 7, vs dissipated
power for resistor 1 at two bath temperatures. The solid line is

the fit of Eq. (4.1) to 25-mK data with n =4.87. The dashed line
is the “‘simple heating model.”

Heat flow from electrons to phonons:
: — 5 5
power per unit volume = 3 (T — T,
experimentally measurable coefficient

> hvg 1
2 + 5
/0 quthQ/T—lTOCT
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Specific heat and thermal conductivity

T/0p)3 1
Phonons: Cpn(T < ©p) ~ ( /a3D) Con(T > Op) ~ -
s, d>p €
Electrons: C, = _2/ P
Call) = 77 (27h)3 elen—er)/T 11
2 T/ep _ _
Ca(T' < er) = 5 vI'~ —=5— dominate below a few Kelvins
N&
1/a®
T
>
Op €F

Superconductor:  Cy(T < T,.) = V2r vA (?> o~ A/T
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Specific heat and thermal conductivity

27T2 T3 2T3
Phonons: Con(T < 6p) = 15 ((i‘wL)3 + (ﬁ’UT)3)

2
T . .
Electrons: Co(T < €r) = — vI" dominate below a few Kelvins

Electronic thermal conductivity: k¢ ~ Cg U%Tel dominates over phonons

\3

much larger than sound velocity

Electric conductivity: o ~ ev v

2
Wiedemann-Franz law:

o 3 e?
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Electron energy relaxation

Electron-electron collision: /0
kick another electron from the Fermi sea < Fermi level
(emit an e-h pair) ;
Fermi
| N (e —€p)? (Landau & sea
Tel he i Pomeranchuk)

Superconductors: quasiparticle gap A

/

breaking a Cooper pair: cost 2A 2\ \

w T4

ground state
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Electron energy relaxation

Phonon emission PP aVaVaVaV (‘
er ~ (a few) eV Fermi level
hwp ~ (a few) 10 meV Eormi
A ~ (a few) 100 peV sea €r
ho_ 0.658 f;
leV i N
1 if Ton >> Rwp, then 1/74 ~ Ty /h
_ > o~ ph D, el ph
€—er < hwp Tol “D random walk in energy
1 —€r)3 ®
A<Ke—ep < hwp N(e 65) PaVAVAVAVEE
Tel h3wD Q
a A :
A A 1 (E—EF—A)7/2 Eay
—Ep— a5 - ~ RN ground state
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Electron energy relaxation

107"

slopes between 3 and 4

clean electrons: 1 /7, o< T°

7 ()

: : » 1
electrons scattering on impurities: — o T
Tel

IO-IZ |

10"

15 . 20 I 25 . 30
Temperature (K)

M. Sidorova et al., PRB 102, 054501 (2020)
Disordered NbN
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Relaxation cascade in a detector
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> 100 eV - cascade of atomic collisions =

Overall picture

Kozorezov et al., PHYSICAL REVIEW B 75, 094513 (2007)

[eV],

102 ]

10° 4

1024

FIG.

L.

2
E,

E: *’gug’%
~ fiéi’“
Q < - Z

conversion in a superconductor.

Time

[s]

| 41015
Hot electron plasma

1012
Phonon bubble

Phonon controlled
109 stage

Electron controlled
stage

Schematic picture of photoelectron energy down-

0.40 [
0.30F

0.20¢

0.10¢

0.05

| P. Sqrenslen, PRD 91|, 083509 (2(|)15)

| I N N T N T Y O N |

0.1 1 10
nuclear recoil energy [keV]
fraction of energy given to electrons
by a fast Ge atom in a Ge crystal )

e

electronic plasmons (10-20 eV)

1Landau damping

electron-hole pairs

within (a few) femtoseconds
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Formation of the phonon bubble

Electron-hole pair Phonon
emission rate emission rate

(e —er)?/(Rer) > wp

—
—
—
«—
—

% ~1lev.
A VAVAVAVAN

R\ (E—EF)Q/(FLEF> < Wp
PPAVAVAVaVEd
< > Cascade emission

) of phonons with w ~ wp
PAVAVAVAY: (
PNV @ ~ 1 picosecond

R

hwp ~ 30 meV Phonon bubble
Fermi level size ~ 10 nm
Fermi Most of the deposited energy

sea is stored in the phonons w ~ wp
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Phonon down-conversion

phonon —» escape to the substrate

30 nm
~ 10
/ 3 km/s be

produce electron-hole pair

1/Tpn ~ wy/m/M O
electron and hole emit phonons A -
1/7.61 -~ (6 . 6F)3/(h3w%) \O> VAVAVAVANS

Fermi sea
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Phonon down-conversion
-7 \\

// phonon\  » escape to the substrate
/ / \ DI 10ps
3 km/s
/ \
/ produce electron-hole pair |

[ 1/7pn ~ wy/m/M / O

NN\

| electron and hole emit phonons  /

\ s ud) 7 \05 NN
total\\ s / Fermi sea
energy \ /

conserved N~ e — —
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Phonon down-conversion
-7 \\

// phonon\  » escape to the substrate
/ / \ DI 10 ps
3 km/s
/ \
/ produce electron-hole pair |

/ 1/Tpn ~ wy/m/M / O

: | P

| electron and hole emit phonons  /

\ s ud) 7 \05 NN
total\\ s / Fermi sea
energy \ /

conserved N~ e — —

pair-breaking threshold

Down to w ~ 2A in a superconductor

~ 1 nanosecond
Kozorezov et al.,

PRB 61, 11807 (2000)
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Quasiparticle cloud

4 e
er+3A
O\ w < 2A escape to the substrate
y O
O escape to the substrate (> 10 ps)
erp + A
w > 24 break a Cooper pair (~ 1 ns)
gap NN\N\Np per pai S
€F
ground state To recombine,
two quasiparticles
must meet

Detect quasiparticle population:

Cloud expansion:
1. Increase in the kinetic inductance quasiparticle diffusion

2. Increase in the dissipative conductivity
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Useful textbooks

Ashcroft and Mermin, Solid State Physics

Ziman, Electrons and Phonons: The Theory of Transport Phenomena in Solids
Lifshitz & Pitaevskii, Physical Kinetics

Abrikosov, Fundamentals of the Theory of Metals

Yu & Cardona, Fundamentals of Semiconductors

Wolfe, Imaging Phonons: Acoustic Wave Propagation in Solids
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