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P R O B I N G  T H E  F U L L  B Z

Inelastic neutron scattering

Inelastic X-ray scattering

Electron energy loss spectroscopy
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Infrared spectra is probed in absorption

1 photon is converted into 1 phonon

Typical energy scale is 100-4000 cm−1

The electric dipole changes during vibration

Only  phonons can be IR activeΓ
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IR probes mostly transverse optical (TO) modes in high-

symmetry crystals

The electric field is transverse to the photon propagation

→ couples to modes with polarization perpendicular to

q

E X C E P T I O N S

In non-isotropic materials, LO and TO mix into quasi-LO

and quasi-TO modes

Near surfaces with non-normal incidence: broken

isotropy enables LO coupling
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Absorption governed by κ(ω) — imaginary part of the refractive index

A ​(ω) ∝s κ(ω) cos θ (E  ∥  surface)2

P - P O L A R I Z AT I O N

Two distinct contributions:

· κ(ω) (traveling wave)    · ε₂(ω) / |ε(ω)|² (evanescent term)

A ​(ω) ∝p κ(ω) cos θ +2
​ sin θ
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ε ​(ω)2 2
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 is the Born-Oppenheimer hamiltonian, while  describes the coupling to the external field.

where  is the -th component of the total dipole moment operator.
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n

2mi
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i=x,y,z

∑ μ̂i i

​ ​μ̂i i
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Solving the quantum
nuclear dynamics
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(t)Ĥ ​ρ̂

​(t) =ρ̂ ​ ​ ​

⟨R
~
⟩

⟨P
~
⟩

δ δ⟨ R
~
R
~
⟩

δ δ⟨ P
~
P
~
⟩

δ δ⟨ R
~
P
~
⟩

 and =R
~

​Rm =P
~

P / ​m

Newton's equations

​ =
dt

d
⟨R
~
⟩ ​ =⟨P

~
⟩

dt

d
⟨P
~
⟩ − ​⟨

dR
~

dV
⟩

Quantum dynamics

​ ​

​ δ δ
dt

d
⟨ R

~
R
~
⟩

​ δ δ
dt

d
⟨ P

~
P
~
⟩

​ δ δ
dt

d
⟨ R

~
P
~
⟩

= δ δ + h.c.⟨ R
~
P
~
⟩

= − ​ δ δ + h.c.⟨
d dR
~
R
~

d V2

⟩⟨ R
~
P
~
⟩

= δ δ − δ δ ​⟨ P
~
P
~
⟩ ⟨ R

~
R
~
⟩⟨

d dR
~
R
~

d V2

⟩

L. Monacelli, F Mauri Phys Rev B, 103 (2021)

A Siciliano, G Caldarelli, L Monacelli, F Mauri Phys Rev B 107, 174307 (2023)
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Benchmarking the dynamics

t

ψ
∣

∣ψ
⟨

R̂
⟩

V
(R

, 
t)

L. Monacelli, F Mauri Phys Rev B 103, 104305 (2021)
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Linear response theory

L I N E A R  P E R T U R B AT I O N

We have an external perturbation  coupled to the ions through an operator f(t) Â

(t) =Ĥ ​ +Ĥ0 f(t)Â

The system is in equilibrium for , and the perturbation is switched on at .t < t ​0 t = t ​0
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Linear response theory
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We have an external perturbation  coupled to the ions through an operator f(t) Â

(t) =Ĥ ​ +Ĥ0 f(t)Â

The system is in equilibrium for , and the perturbation is switched on at .t < t ​0 t = t ​0

The  evolves around the equilibrium state  and we can write​(t)ρ̂ ​ ​ρ̂0

​(t) =ρ̂ ​ ​ +ρ̂0 ​ (t) iℏ ​ =ρ̂(1)

dt

d ​ρ̂
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Plugging it into the TD-SCHA equations we get:

iℏ ​ =
dt

d ​ρ̂(1)
​ +

Harmonic evolution

​[ ​ ​], ​[Ĥ ρ̂0 ρ̂(1)] ​​[ ​ (t)], ​ ​[Ĥ ρ̂(1) ρ̂0]

self-energy correction
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Linear response theory

L I N E A R  P E R T U R B AT I O N

We have an external perturbation  coupled to the ions through an operator f(t) Â

(t) =Ĥ ​ +Ĥ0 f(t) iℏ ​ =Â
dt

d ​ρ̂(1)
​ +

Harmonic evolution

​[ ​ ​], ​[Ĥ ρ̂0 ρ̂(1)] ​​[ ​ (t)], ​ ​[Ĥ ρ̂(1) ρ̂0]

self-energy correction

In linear response, we can compress the full time dependency in only few variables:

​ (t) =ρ̂(1)
​ ​ ​ ⟹

(t)R
~ (1)

δ δ ​ (t)⟨ R
~
R
~
⟩

(1)

δ δ ​ (t)⟨ P
~
P
~
⟩

(1)

L + ω ​ ​ ​ =( 2)

(ω)R
~ (1)

δ δ ​ (ω)⟨ R
~
R
~
⟩

(1)

δ δ ​ (ω)⟨ P
~
P
~
⟩

(1)

​ ​ ​f(ω)

​ ​⟨
∂ ​R

~
a

∂A ⟩
(0)

​ ​⟨
∂ ​∂ ​R

~
a R

~
b

∂ A2
⟩

(0)

​ ​⟨
∂ ​∂ ​P

~
a P

~
b

∂ A
2

⟩
(0)

L. Monacelli, F Mauri Phys Rev B, 103 (2021)
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Linear response theory
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We have an external perturbation  coupled to the ions through an operator f(t) Â

(t) =Ĥ ​ +Ĥ0 f(t) iℏ ​ =Â
dt

d ​ρ̂(1)
​ +

Harmonic evolution

​[ ​ ​], ​[Ĥ ρ̂0 ρ̂(1)] ​​[ ​ (t)], ​ ​[Ĥ ρ̂(1) ρ̂0]

self-energy correction

In linear response, we can compress the full time dependency in only few variables:

​ (t) =ρ̂(1)
​ ​ ​ ⟹

(t)R
~ (1)

δ δ ​ (t)⟨ R
~
R
~
⟩

(1)

δ δ ​ (t)⟨ P
~
P
~
⟩

(1)

L + ω ​ ​ ​ =( 2)

(ω)R
~ (1)

δ δ ​ (ω)⟨ R
~
R
~
⟩

(1)

δ δ ​ (ω)⟨ P
~
P
~
⟩

(1)

​ ​ ​f(ω)

​ ​⟨
∂ ​R

~
a

∂A ⟩
(0)

​ ​⟨
∂ ​∂ ​R

~
a R

~
b

∂ A2
⟩

(0)

​ ​⟨
∂ ​∂ ​P

~
a P

~
b

∂ A
2

⟩
(0)

L + ω ​ (ω) =( 2) ρ̂(1) af(ω) L = L ​ +harm L ​anharm

L. Monacelli, F Mauri Phys Rev B, 103 (2021)
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The dynamical matrix decomposition

L ​(ω) =harm

−1
0 0

0
−1

0

0 0
−1

L ​(ω) =anh

0 − −

− − −

− − −

​ (t) =ρ̂(1)
​ ​

(t)R
~ (1)

δ δ ​ (t)⟨ R
~
R
~
⟩

(1)

δ δ ​ (t)⟨ P
~
P
~
⟩

(1)

= G (ω)(0)

= χ ​(ω)±
(0)

= D
(3)

= D
(4)

​ =D
(3)

abc ​ ​⟨
∂ ​ ∂ ​ ∂ ​R

~
a R

~
b R

~
c

∂ V3
⟩

(0)

​ =D
(4)

abcd ​ ​⟨
∂ ​ ∂ ​ ∂ ​ ∂ ​R

~
a R

~
b R

~
c R

~
d

∂ V4

⟩
(0)
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TD-SCHA response functions

​ (ω) =ρ̂(1)
​ ​ ​

(ω)R
~ (1)

δ δ ​ (ω)⟨ R
~
R
~
⟩

(1)

δ δ ​ (ω)⟨ P
~
P
~
⟩

(1)

(L + ω ) ​ (ω) =2 ρ̂(1) a f(ω)

⇓

​ (ω) =ρ̂(1) (L + ω ) a f(ω)2 −1
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TD-SCHA response functions

​ (ω) =ρ̂(1)
​ ​ ​

(ω)R
~ (1)

δ δ ​ (ω)⟨ R
~
R
~
⟩

(1)

δ δ ​ (ω)⟨ P
~
P
~
⟩

(1)

(L + ω ) ​ (ω) =2 ρ̂(1) a f(ω)

⇓

​ (ω) =ρ̂(1) (L + ω ) a f(ω)2 −1

For an observable , we can compute its perturbed average asB̂

⟨B⟩ ​(ω) =(1) ​ ​ ​ ​ (ω) +
a

∑⟨
∂ ​R

~
a

∂B
⟩

(0)
R ​a
~ (1)

​ ​ ​⟨δ ​δ ⟩ ​(ω) +
ab

∑⟨
∂ ​∂ ​R

~
a R

~
b

∂ B2

⟩
(0)

R
~
a R

~
b (1) ​ ​ ​ ⟨δ ​δ ​⟩ ​(ω) ≡

ab

∑⟨
∂ ​∂ ​P

~
a P

~
b

∂ B2

⟩
(0)

P
~
a P

~
b (1) b ⋅⊤

​ (ω)ρ̂(1)
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TD-SCHA response functions

​ (ω) =ρ̂(1)
​ ​ ​

(ω)R
~ (1)

δ δ ​ (ω)⟨ R
~
R
~
⟩

(1)

δ δ ​ (ω)⟨ P
~
P
~
⟩

(1)

(L + ω ) ​ (ω) =2 ρ̂(1) a f(ω)

⇓

​ (ω) =ρ̂(1) (L + ω ) a f(ω)2 −1

For an observable , we can compute its perturbed average asB̂

⟨B⟩ ​(ω) =(1) ​ ​ ​ ​ (ω) +
a

∑⟨
∂ ​R

~
a

∂B
⟩

(0)
R ​a
~ (1)

​ ​ ​⟨δ ​δ ⟩ ​(ω) +
ab

∑⟨
∂ ​∂ ​R

~
a R

~
b

∂ B2

⟩
(0)

R
~
a R

~
b (1) ​ ​ ​ ⟨δ ​δ ​⟩ ​(ω) ≡

ab

∑⟨
∂ ​∂ ​P

~
a P

~
b

∂ B2

⟩
(0)

P
~
a P

~
b (1) b ⋅⊤

​ (ω)ρ̂(1)

​⟨B⟩ ​(ω) = b (L + ω ) af(ω)(1)
⊤ 2 −1
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TD-SCHA response functions

​⟨B⟩ ​(ω) = b (L + ω ) af(ω)(1)
⊤ 2 −1

⟨B⟩ ​(ω) =(1) χ ​(ω) f(ω)AB

​χ (ω) = b (L + ω ) aAB
⊤ 2 −1
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TD-SCHA response functions

​⟨B⟩ ​(ω) = b (L + ω ) af(ω)(1)
⊤ 2 −1

⟨B⟩ ​(ω) =(1) χ ​(ω) f(ω)AB

​χ (ω) = b (L + ω ) aAB
⊤ 2 −1

Perturbation coupling: Observable gradient:

a = ​ ​ ​

​ ​⟨
∂ ​R ​a

~
∂A ⟩

(0)

​ ​⟨
∂ ​∂ ​R

~
a R

~
b

∂ A2
⟩

(0)

​ ​⟨
∂ ​∂ ​P

~
a P

~
b

∂ A2
⟩

(0)

b = ​ ​ ​

​ ​⟨
∂R

~
∂B⟩

(0)

​ ​⟨
∂ ​∂ ​R

~
a R

~
b

∂ B2
⟩

(0)

​ ​⟨
∂ ​∂ ​P

~
a P

~
b

∂ B2
⟩

(0)

L + ω =2

−1

− −

−
−1

− −

− −
−1

−
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Phonon Green's function

P H O N O N  G R E E N ' S  F U N C T I O N

The phonon propagation is define by the mass-rescaled displacement-displacement susceptibility:

G ​(t) =ab ​( (t) − R ​) ​( (0) − R ​) ​ G ​(ω) =⟨ m ​a R̂ a
(0) m ​b R̂ b

(0) ⟩
0

ab χ ​(ω)
​ ​R

~
aR

~
b
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~
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~
b
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(0) B̂ ​( −m ​b R̂ R ​) a =

b

(0)
​ ​ ​ b =
δ ​ai

0
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Phonon Green's function
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~
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Phonon Green's function

P H O N O N  G R E E N ' S  F U N C T I O N

The phonon propagation is define by the mass-rescaled displacement-displacement susceptibility:

G ​(t) =ab ​( (t) − R ​) ​( (0) − R ​) ​ G ​(ω) =⟨ m ​a R̂ a
(0) m ​b R̂ b

(0) ⟩
0

ab χ ​(ω)
​ ​R

~
aR

~
b

=Â ​( −m ​a R̂ R ​) =a
(0) B̂ ​( −m ​b R̂ R ​) a =

b

(0)
​ ​ ​ b =
δ ​ai

0
0

​ ​ ​

δ ​bi

0
0

G ​(ω) =ab χ ​(ω) =
​ ​R

~
aR

~
b

L + ω ​( 2)
−1

ab
-1

11

−1
− −

−

−1

− −

− −

−1

−

= + + + …
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Phonon Green's function

O N E  P H O N O N  P R O PA G AT O R T W O  P H O N O N S  P R O PA G AT O R

G(ω) = ω −D =( 2 )
−1

G(ω) = ω −D − Π(ω)( 2 )
−1

χ ​(ω) =μν
(+)

​ =
ω − (ω ​ + ω ​)2

μ ν
2

(1 + n ​ + n ​)(ω ​ + ω ​)μ ν μ ν

χ ​(ω) =μν
(−)

​ =
ω − (ω ​ − ω ​)2

μ ν
2

(ω ​ − ω ​)(n ​ − n ​)μ ν μ ν
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Phonon Green's function

O N E  P H O N O N  P R O PA G AT O R T W O  P H O N O N S  P R O PA G AT O R

G(ω) = ω −D =( 2 )
−1

G(ω) = ω −D − Π(ω)( 2 )
−1

χ ​(ω) =μν
(+)

​ =
ω − (ω ​ + ω ​)2

μ ν
2

(1 + n ​ + n ​)(ω ​ + ω ​)μ ν μ ν

χ ​(ω) =μν
(−)

​ =
ω − (ω ​ − ω ​)2

μ ν
2

(ω ​ − ω ​)(n ​ − n ​)μ ν μ ν

The free energy Hessian is the static limit
of G(ω)

​ =
d ​d ​R

~
a R

~
b

d F2

− ​ G(ω) ​

ω→0
lim [ ]−1

ab
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Computing the phonon
Green's functions



C O M P U T I N G  G R E E N ' S  F U N C T I O N S

The Lanczos algorithm

T H E  P R O B L E M

 is a  matrix — it acts on the full space of , , and .

Direct inversion for each  costs  — completely intractable even for a few atoms!

K R Y L O V  S U B S PA C E

. The Lanczos algorithm orthogonalises

, yielding a tridiagonal  matrix .

L A N C Z O S  R E C U R R E N C E

Start with , . For :

​χ ​(ω) = b (L + ω ) aAB
⊤ 2 −1

L (6N) ×2 (6N)2 R
~ (1)

⟨δ δ ⟩ ​R
~
R
~

(1) ⟨δ δ ⟩ ​P
~
P
~

(1)

ω O(N )6

K ​ =M span{a, La, L a, … , L a}2 M−1

M ≪ (6N)2

K ​M M × M T ​M

β ​v ​ =1 1 a v ​ =0 0 n = 1, … ,M

β ​v ​ =n+1 n+1 Lv ​ −n α ​v ​ −n n β ​v ​n n−1

α ​ =n ⟨v ​∣L∣v ​⟩, β ​ =n n n+1 ∥w ​∥n+1
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Tridiagonal projection

L A N C Z O S  R E S U LT

After  iterations,  is projected onto the tridiagonal  matrix:

Inverting  costs only  flops per  — trivial compared to .

The  element of the inverse has a continued fraction representation.

​χ ​(ω) ≈ ∣a∣ [(T ​ + ω ) ] ​AB
2

M
2 −1

11

M L M × M

T ​ =M ​ ​ ​ ​ ​ ​ ​ T ​v ​ =

α ​1

β ​1

β ​1

α ​2

β ​2

β ​2

⋱
⋱

⋱
⋱
β ​M−1

β ​M−1

α ​M

M n β ​v ​ +n−1 n−1 α ​v ​ +n n β ​v ​n n+1

(T ​ +M ω )2 O(M) ω O(N )6

(1, 1)
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Continued fraction representation

 admits a closed continued fraction form:(T ​ +M ω ) ​

2
11
−1

[(T ​ +M ω ) ] ​ =2 −1
11

​

ω + α ​ − ​

2
1

ω +α ​− ​

2 2

⋯− ​

ω +α ​

2
M

β ​

M−1
2

β ​2
2

β ​1
2

1
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From response
functions to
experiments



I R  R E S P O N S E

IR: the dielectric response

P E R T U R B AT I O N

The electric field couples to the ionic dipole:

O B S E R VA B L E

The response is the induced dipole:

​ε ​(ω) = ε ​ + ​χ ​(ω)αβ αβ
∞

V

4π
M ​M ​α β

ion

(t) =Ĥ ′ − ​( )E ​(t)M̂β R̂ β ​ ​ (ω) =⟨M̂α⟩
(1)

χ ​(ω)E ​(ω)M ​M ​α β

ion
β

​χ ​(ω) = a ​(L + ω ) a ​M ​M ​α β

ion
α
⊤ 2 −1

β



I R  R E S P O N S E

IR: building the  and  vectors

R E S P O N S E  V E C T O R

B O R N  E F F E C T I V E  C H A R G E

a b

a ​ =β ​ ​ ​ =

​ ​⟨
∂ ​R

~
a

∂M ​β ⟩
0

​ ​⟨
∂ ​∂ ​R

~
a R

~
b

∂ M ​

2
β ⟩

0
0

​ ​ ​

Z ​ ​ / ​⟨ βa
∗ ⟩

0
m ​a

​ ​ / ​⟨
∂ ​R

~
a

∂Z ​βb
∗

⟩
0

m ​b

0

Z ​(R) =βa
∗

​ ​ =
∂R ​a

∂M ​(R)β

∂R ​a

∂Z ​βb
∗

​

∂R ​∂R ​a b

∂ M ​

2
β

1-PHONON

phonon Green function

2-PHONON

Γ Γ

two-phonon propagator

MIXED

Γ D³

Z Z

Z

Z ​ =αa ​ ,
​m ​a

Z ​ ​⟨ αa
∗ ⟩0

Γ ​ =α,ab ​

​m ​m ​a b

∂ ​Z ​ ​⟨ R ​a αb
∗ ⟩0



I R  R E S P O N S E

IR: practical spectrum

C O N S TA N T  B O R N  C H A R G E S

If  is independent of the ionic configuration, only

the one-phonon block is needed:

W H AT  I S  C O M PA R E D  T O  E X P E R I M E N T ?

Experiments measure absorption of light, which is

related to the dielectric tensor.

Absorption follows .

Z∗

χ ​(ω) =M ​M ​α β

ion
​ ​ G ​(ω) ​

ab

∑
​m ​a

Z ​αa
∗

ab
​m ​b

Z ​

βb
∗

phonon Green function

​

​m ​a

Z ​

αa
∗

​

​m ​b

Z ​

βb
∗

G(ω)

ε ​(ω) =αβ ε ​ +αβ
(∞)

​χ ​(ω)
V

4π
M ​M ​α β

ion

(ω) =n~ ​ =ε(ω) n(ω) + iκ(ω)

κ(ω)
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IR: practical spectrum

C O N S TA N T  B O R N  C H A R G E S

If  is independent of the ionic configuration, only

the one-phonon block is needed:

W H AT  I S  C O M PA R E D  T O  E X P E R I M E N T ?

Experiments measure absorption of light, which is

related to the dielectric tensor.

Absorption follows .

Z∗

χ ​(ω) =M ​M ​α β

ion
​ ​ G ​(ω) ​

ab

∑
​m ​a

Z ​αa
∗

ab
​m ​b

Z ​

βb
∗

phonon Green function

​

​m ​a

Z ​

αa
∗

​

​m ​b

Z ​

βb
∗

G(ω)

ε ​(ω) =αβ ε ​ +αβ
(∞)

​χ ​(ω)
V

4π
M ​M ​α β

ion

(ω) =n~ ​ =ε(ω) n(ω) + iκ(ω)

κ(ω)
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Raman is a scattering process
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A process where a photon is firstly absorbed and emitted.

The rate is provided by the Fermi golden rule

I(ω) ∝ ​p ​ i∣ ∣f δ ω − ​

i,f

∑ i ∣⟨ α̂ ⟩∣2 (
ℏ

E ​ − E ​f i)
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From Fermi golden rule to the autocorrelation
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S T O K E S  

 The  picks , so

A N T I - S T O K E S  

, the  picks . Exchanging ,

(Ω ​ =O U T Ω ​ −L Ω )

E ​ >f E ​i δ ω

I ​(ω) =S C ​(ω)αα

(Ω ​ =O U T Ω +L Ω , Ω > 0 )

E ​ <f E ​i δ −ω i ↔ f

I ​(ω) =AS C ​(−ω)αα
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Fluctuation–dissipation: from  to 

F L U C T U AT I O N – D I S S I PAT I O N  T H E O R E M

C(ω) χ(ω)

C(ω) = − ​ Imχ(ω)
π

ℏ 1 + n(ω)[ ]
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R A M A N  R E S P O N S E

Fluctuation–dissipation: from  to 

F L U C T U AT I O N – D I S S I PAT I O N  T H E O R E M

C(ω) χ(ω)

C(ω) = − ​ Imχ(ω)
π

ℏ 1 + n(ω)[ ]

Stokes Anti-Stokes

I ​(ω) ∝S − 1 + n(ω) Imχ ​(ω)[ ] αα I ​(ω) ∝AS − ​ Imχ ​(−ω)

−n(ω)

​1 + n(−ω)[ ] αα

I ​(ω) ∝AS −n(ω) Imχ ​(ω)αα

S P E C T R A L  F U N C T I O N

The Raman response is proportional to the polarizability-polarizability spectral function,

multiplied by the appropriate Bose occupation number



R A M A N  R E S P O N S E

Raman: building the  vector

R E S P O N S E  V E C T O R
AT O M I C  R A M A N  T E N S O R
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A P P L I C AT I O N S

TD-SCHA in practice



A P P L I C A T I O N S

TD-SCHA benchmark: high-pressure hydrogen

P H A S E  I I I  O F  H Y D R O G E N  @  3 0 0  G PA

The IR and Raman spectrum of high-pressure

hydrogen.

Phase identification

L. Monacelli & F. Mauri, Phys. Rev. B 103, 104305 (2021)
L. Monacelli et al., Nature Phys. 17, 63 (2021)



A P P L I C A T I O N S

Vibrational spectroscopy of organic molecules

E T H A N O L  —  R A M A N  &  I R

Raman and IR spectrum of organic

molecules

M. Miotto & L. Monacelli, npj Comput. Mater. 10, 240 (2024)



A P P L I C A T I O N S

Ice XI: Raman scattering & dielectric function

I C E  X I  —  H 2 O  &  D 2 O  @  2 0 0  K

The TD-SCHA reproduces the Raman

spectrum and the imaginary part of

the dielectric function of ice XI

M. Cherubini, L. Monacelli & F. Mauri, J. Chem. Phys. 155, 184502 (2021)



A P P L I C A T I O N S

CsSnI3: spectral functions at any q-point

B - Α  C S S N I 3  @  4 5 0  K

Phonon spectral functions are not limited

to Γ — the TD-SCHA Lanczos algorithm

gives access to the full q-resolved

spectrum.

L. Monacelli & N. Marzari, Chem. Mater. 35, 1702 (2023)



I N  S U M M A R Y

Thank you github.com/SSCHAcode

01
Experimental spectra are susceptibilities

IR absorption, Raman scattering, neutron and X-ray

scattering are all described by a susceptibility .

Evaluating the right  with the correct operators  and

 directly yields the measured spectrum.

02
Observed phonons  SSCHA frequencies

The physical phonon peaks are the poles of the interacting

Green's function , which differ from both the harmonic

Hessian frequencies and the SSCHA auxiliary frequencies.

Only the dynamical theory reveals the true phonon

spectrum.

03
TD-SCHA computes it all

The Lanczos algorithm within TD-SCHA efficiently

evaluates the phonon Green's function and any

susceptibility . From these, Raman, IR, and inelastic

scattering spectra follow directly, with ab-initio linewidths

and at any q-point.

The dynamical structure factor  is also the density-density susceptibility.

Therefore neutron scattering, inelastic X‑ray scattering are equally accessible within the same TD-

SCHA + Lanczos framework.

Lorenzo Monacelli

Università di Roma «Sapienza», Dipartimento di Fisica

www.sscha.eu

χ ​(ω)AB
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https://sscha.eu/



