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1. Introducción
• Oscilaciones
• Frecuencias y Autovectores
• Diagramas de Dispersión y Densidad de Estados Fonónica

2. Fonones en 3D
• Tensor de constantes de fuerza
• Matriz dinámica

3. Propiedades Vibracionales y Térmicas
• Ejemplo: Rutilo

4. Phonopy
5. Ejemplos
6. Nuevas herramientas
7. Sistemas discretos

1. Punteo
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n Introducción: 
n Oscilaciones de 1 y N grados de libertad

n Frecuencias y Autovectores
n Diagramas de Dispersión y Densidad de Estados Fonónica
n Propiedades Eléctricas

n Matriz dieléctrica
n Cargas de Born

n Propiedades Térmicas
n Entropía Configuracional
n Energía Libre de Helmholtz
n Capacidad Calorífica
n Transporte térmico

1. Punteo
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1. Introducción: Espectro Fonónico
p Estudiar estabilidad de fases:

n Presencia de modos de frecuencia imaginaria

p Determinar propiedades térmicas:
n Entropía, Energía Libre de Helmholtz y Gibbs, Entropía y Capacidad 

calorífica (Cv y Cp)

p Determinar propiedades vibracionales: 
n espectros IR y Raman
n Dispersión de Neutrones

p Propiedades estructurales dinámicas:
n Tensor de agitación térmica (XRD y ND)
n Coeficiente de dilatación térmica
n Propiedades estructurales dependientes de Temperatura

p Determinar propiedades de Transporte: 
n Conductividad térmica
n Aplicaciones en materiales termoeléctricos
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1. Oscilaciones

p Sistema masa resorte Simple

 

−kx = m!!x

ω = k
m
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1. Osciladores con dos grados
p Dos grados de libertad

 

−kx1 − k(x1 − x2 ) = m!!x1
−kx2 − k(x2 − x1) = m!!x2

x1 = x2

ω a =
k
m

x1 = −x2

ωb =
3k
m

Noviembre de 2025 6
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1. Osciladores con dos grados

p Dos grados de libertad

 

−kx1 − k(x1 − x2 ) = m!!x1
−kx2 − k(x2 − x1) = m!!x2
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1. Oscilaciones con dos Grados
p Determinamos 

frecuencias
p Determinamos 

Configuraciones
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1. Osciladores acoplados

a 

Resorte de constante C Masa, m

un un+1un-1

Posición de 
Equilibrio

Posición
deformada

un: Es el desplazamiento del átomo n respecto de su posición de 
equilibrio
p 2º Ley de Newton:

p un: tiene que tener forma de onda: 
  
M

d 2un

dt2 = Fn = c un+1 + un−1 − 2un⎡⎣ ⎤⎦

   
un = uexp −i

!
k ⋅ !r

na
" −ω t

⎛
⎝⎜

⎞
⎠⎟
= uexp −ik(na)−ω t( )Noviembre de 2025 9
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1. Cadena lineal de osciladores

a 

Resorte de constante C Masa, m

un un+1un-1

Posición de 
Equilibrio

Posición
deformada

p Dependencia temporal:

p Luego aparece una ecuación de diferencias en los desplazamientos:

( ) exp( )n nu t u i tw= -

2
1 1 2n n n nM u c u u uw + -= + -é ùë û   

−Mω 2un = c un+1+un−1 − 2un
#$ %&

  
⇒−Mω 2u = c exp(ika)+exp(−ika)−2$% &'u

  
⇒ω 2 =

2c
M

1−cos ka( )$
%

&
'
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p La solución para cada oscilador con vector de onda 
k y frecuencia

p Relación de ωk en función de k se llama relación de 
dispersión.

12
2k

c sen ka
M

w æ ö= ç ÷
è ø

k

Aproximación en el contínuo: k<<1/a (i.e. l>>a)

1. Relación de dispersión

Noviembre de 2025
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1. Red diatómica

12

Mm

un un+1vn

C C C

   

m!!un = C(vn − un )−C(un − vn−1)
M!!vn = C(un+1 − vn )−C(vn − un )

Modo normal : un(t) = une
− iωt ; vn(t) = vne

− iωt

⇒
(mω 2 − 2C)un +C vn + vn−1( ) = 0

( Mω 2 − 2C)vn +C un + un+1( ) = 0

⎫
⎬
⎪

⎭⎪
⇒ det ⎡⎣ ⎤⎦ = 0
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1. Red diatómica

13

p Resultado: 

p Ecuación se puede resolver para ω2, pero es más simple examinar casos límite:
n ka << 1 : cos(ka) = 1 - ½ (ka)2 + ...
n ka = π (borde 1ZB)

p Para ka << 1:

Mm

un un+1vn

C C C

( )
2

4 22 2 1 cos 0m M CC ka
mM mM

w w+æ ö- + - =ç ÷
è ø

2

2 2
2

1 12 ( ) ( )

( )
2

C rama óptica
m M
C k a rama acústica

m M

w

w

@ +

@
+Noviembre de 2025
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1. Relación de Dispersión
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2. Fonones a partir de Constantes de 
Fuerza:
p El desplazamiento de átomos respecto de su posición de 

equilibrio aumenta las fuerzas.
p Los métodos de ab–initio nos permiten calcular las fuerzas 

con  buena precisión.
p El análisis sistemático del conjunto de fuerzas asociado a 

desplazamientos simétricos nos provee las frecuencias de los 
fonones.

p Es posible trabajar con Density Functional Perturbation
Theory (DFPT)

Noviembre de 2025 15
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2. Fonones
p Energía Potencial: Expansión

 

Η = T +V

V = Φ0 + Φi M( )
i
∑

M
∑ Φi M( ) + 1

2
Φij M ,N( )

ij
∑

MN
∑ Ui M( )Uj N( ) +!

Φ = constantes de red (FCs)
i,j,k= componentes cartesianas

M,N,P= puntos de red

 
Φij Mµ,Nv( ) ! −

Fi Mµ;Δrj Nv( )( )
Δrj Nv( )

Noviembre de 2025 16

Fuerza (FCs)
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2. Fonones
p Aproximación armónica:

p Ecuación de valores propios y matriz 
dinámica:

Η = T +V

H = T + 1
2

Φij M µ ,Nv( )
ij
∑

MN
∑ Ui M µ( )Uj Nv( )

µ,v = coordenadas internas

 

Η = T +V

Dij µv, !q( ) = N0
−1

M µMv

Φij M µ ,Nv( )
ij
∑

MN
∑ ei

!q⋅
!
R Mµ( )− !R Mv( )( )

M= masa, N0 =número de átomos, R=posición
Noviembre de 2025 17
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2. Fonones
p Problemas de autovalores, diagonalización:

p D: matriz dinámica, w: autovector, s: índice de banda
 

D !q( )w !qs( ) = ω !qs( )⎡⎣ ⎤⎦
2 w !qs( )

Dij µv, !q( )  para dos átomos por red

 

D !q( ) =

Dxx 11( ) Dxy 11( ) Dxz 11( ) Dxx 12( ) Dxy 12( ) Dxz 12( )
Dyx 11( ) Dyy 11( ) Dyz 11( ) Dyx 12( ) Dyy 12( ) Dyz 12( )
Dzx 11( ) Dzy 11( ) Dzz 11( ) Dzx 12( ) Dzy 12( ) Dzz 12( )
Dxx 21( ) Dxy 21( ) Dxz 21( ) Dxx 22( ) Dxy 22( ) Dxz 22( )
Dyx 21( ) Dyy 21( ) Dyy 21( ) Dyx 22( ) Dyy 22( ) Dyy 22( )
Dzx 21( ) Dzy 21( ) Dzz 21( ) Dzx 22( ) Dzy 22( ) Dzz 22( )

⎛
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⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟

 

w !q, s( ) =

M1Ux 1,
!q, s( )

M1Uy 1,
!q, s( )

M1Uz 1,
!q, s( )

M 2Ux 2,
!q, s( )

M 2Uy 2,
!q, s( )

M 2Uz 2,
!q, s( )

⎛

⎝

⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
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2. Fonones:  
p Método en práctica

n Uso de Superceldas para determinar los 
Potenciales:

Noviembre de 2025 19
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2. Fonones: Constantes de Fuerza 
p Método de diferencias finitas

n Movemos un átomo
n Medimos la fuerza en los otros átomos

p Métodos perturbativos
n DFPT
n QE, VASP, etc.

 
Φij Mµ,Nv( ) ! −

Fi Mµ;Δrj Nv( )( )
Δrj Nv( )
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2. Fonones: DFPT
p Permite cálculos precisos y eficientes de las 

energías totales y sus subsecuentes derivadas 
utilizando diferentes perturbaciones. 

p Las constantes de fuerza se obtienen como 
derivadas segundas.

p En el caso de polarizabilidades (Raman) y 
propiedades de transporte, es necesario 
derivadas terceras.

Noviembre de 2025 21
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2. Fonones: Matriz Dinámica
p Problemas de autovalores, diagonalización:

p D: matriz dinámica, w: autovector, s: índice de banda
 

D !q( )w !qs( ) = ω !qs( )⎡⎣ ⎤⎦
2 w !qs( )

Dij µv, !q( )  para dos átomos por red

 

D !q( ) =

Dxx 11( ) Dxy 11( ) Dxz 11( ) Dxx 12( ) Dxy 12( ) Dxz 12( )
Dyx 11( ) Dyy 11( ) Dyz 11( ) Dyx 12( ) Dyy 12( ) Dyz 12( )
Dzx 11( ) Dzy 11( ) Dzz 11( ) Dzx 12( ) Dzy 12( ) Dzz 12( )
Dxx 21( ) Dxy 21( ) Dxz 21( ) Dxx 22( ) Dxy 22( ) Dxz 22( )
Dyx 21( ) Dyy 21( ) Dyy 21( ) Dyx 22( ) Dyy 22( ) Dyy 22( )
Dzx 21( ) Dzy 21( ) Dzz 21( ) Dzx 22( ) Dzy 22( ) Dzz 22( )

⎛
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⎜
⎜
⎜
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⎟

 

w !q, s( ) =

M1Ux 1,
!q, s( )

M1Uy 1,
!q, s( )

M1Uz 1,
!q, s( )

M 2Ux 2,
!q, s( )

M 2Uy 2,
!q, s( )

M 2Uz 2,
!q, s( )
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⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜
⎜

⎞

⎠

⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
⎟
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3. Ejemplo:
p Rutilo:
Grupo Espacial P 42/m n m
a=b= 4.5977(4)Å y c=2.9564(2) Å
Átomo Wyckoff x   y    z
Ti4+ 2a 0.0  0.0  0.0
O2- 4f 0.3023(3) 0.3023(3)

Noviembre de 2025
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3. Fonones: LO-TO splitting
p Los cálculos estáticos no dan cuenta de 

interacciones dipolo-dipolo a longitud de onda 
larga (𝑞 → 0).

p Necesario incluir aspectos dinámicos:
n Desplazamiento atómico induce cargas atómicas
n Estas cargas interaccionan entre si
n Deben ser incorporadas:

p Cargas de Born
p Tensor Dieléctrico Macroscópico

p Cargas de Born: 𝑍!,#$
∗ = &

'
()!
(*"#

p Tensor dieléctrico: 𝜀#$Noviembre de 2025 24

Incorporación de Términos 
No-Analíticos (NAC)

24
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3. Fonones: NAC
p Los cálculos estáticos no dan cuenta de

interacciones dipolo-dipolo a longitud de onda
larga (𝑞 → 0).

𝐷$% 𝑗𝑗&, 𝑞⃗ → 0 = 𝐷$% 𝑗𝑗&, 𝑞⃗ = 0 + '
(!("

)*
+#

∑$-$.",$&
∗ ∑$( -$(."(,$()

∗

∑&)-&/&)
* -)

Noviembre de 2025 25
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3. Cargas de Born: Rutilo
p Cargas de Born BORN EFFECTIVE CHARGES (e)

--------------------------------------------
ion    1  (Ti)

1     6.35763     1.04091     0.00000
2     1.04090     6.35765     0.00000
3     0.00000     0.00000     7.68997

ion    2  (Ti)
1     6.35763    -1.04091     0.00000
2    -1.04090     6.35765     0.00000
3     0.00000     0.00000     7.68997

ion    3 (O)
1    -3.16931    -1.82350     0.00000
2    -1.82348    -3.16930     0.00000
3    -0.00077    -0.00077    -3.84183

ion    4 (O)
1    -3.16968    -1.82377     0.00000
2    -1.82381    -3.16974     0.00000
3     0.00077     0.00077    -3.84183

ion    5 (O)
1    -3.16968     1.82377     0.00000
2     1.82348    -3.16930     0.00000
3     0.00077    -0.00077    -3.84183

ion    6 (O)
1    -3.16931     1.82350     0.00000
2     1.82381    -3.16974     0.00000
3    -0.00077     0.00077    -3.84183

Noviembre de 2025 26

MACROSCOPIC STATIC DIELECTRIC TENSOR 
(including local field effects in DFT)
-------------------------------------------------

7.423904     0.000000     0.000000
0.000000     7.423904     0.000000
0.000000     0.000000     8.849335

--------------------------------------------------

𝑍',)*∗ =
Ω
𝑒
𝜕𝑃',)
𝜕𝑟',*

26
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3. Representación Irreducible
p Character table:
1 ( 0.000):  A2u
2 ( 0.000):  Eu
4 ( 0.847):  A2u
5 ( 2.264):  B1u
6 ( 3.181):  Eu
8 ( 4.161):  B1g
9 ( 11.160):  Eu
11 ( 11.205): B1u
12 ( 12.674): A2g
13 ( 13.163): Eg
15 ( 14.261): Eu
17 ( 17.497): A1g
18 ( 23.857): B2g

Noviembre de 2025 27

A1g B1g

Eg Eg

27

Propiedades Térmicas
p Helmholtz free energy: 𝐹012 = 𝐸012 − 𝑇𝑆012

p Vibrational internal energy: 𝐸012 = ∑-3 ℏ𝜔 𝑞𝜈 '
4
+ '

5
ℏ, -.
/01 6'

p Vibrational Entropy: 

𝑆012 = −
𝜕𝐹012
𝜕𝑇 =

1
2𝑇6

-3
ℏ𝜔 𝑞𝜈 𝑐𝑜𝑡ℎ 𝑒

ℏ8 -3
490: −𝑘;6

-3
𝑙𝑛 2𝑠𝑖𝑛ℎ

ℏ𝜔 𝑞𝜈
2𝑘;𝑇

p Heat capacity:

𝐶< =
𝜕𝐸
𝜕𝑇 <

= 6
-3

𝑘;
ℏ𝜔 𝑞𝜈
𝑘;𝑇

4 𝑒
ℏ8 -3
90:

𝑒
ℏ8 -3
90: − 1

4
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Phonopy

Introducción

Noviembre de 2025 29
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4. Phonopy

Noviembre de 2025 30

p Es un paquete de cálculo de fonones
p Escrito en Python
p Utiliza resultados de cálculos de primero 

principios: VASP, WIEN2k, QE, SIESTA, 
DFTB+ etc.

p Requiere como input cálculos de fuerzas.
p Permite realizar un postprocesamiento

completo: fonones y propieades térmicas

30
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4. Phonopy: Esquema
p Estructura de equilibrio.
p Se generan superceldas con desplazamientos
p Se realiza el cálculo de Fuerzas y se colectan:

n Set of Forces
n Force Constants

p Análisis de fonones:
n DOS, bandas, propiedades térmicas, etc.

p Más allá de la aproximación armónica:
n Dilatación térmica y propiedades en función de T.

Noviembre de 2025 31
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4. Phonopy: Estructura de Equilibrio
p VASP:

n POSCAR
p QE

n Archivo.in
p WIEN2k

n Archivo.struct
p SIESTA

n Archivo.fdf

p En todos los casos
se debe partir de
una estructura
adecuadamente
convergida en
Energía y Fuerzas.

Noviembre de 2025 32
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4. Phonopy: Creación de 
Desplazamientos
p Se deben crear los desplazamientos para 

la celda pristina o para la supercelda:
n Phonopy –d –dim=“X Y Z”
n X,Y y Z corresponden a las dimensiones de la 

supercelda seleccionada

p Si se utiliza otro código que no se VASP se 
debe indicar el código e input:
n Phonopy -–qe –c archivo.in –d –dim=“X Y Z”

Noviembre de 2025 33
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4. Phonopy: Cálculo de Fuerzas
p Una vez generados los inputs se deben

calcular las fuerzas
p Esto implica la utilización del código ab-

initio:
QE:

Noviembre de 2025 34

&control
calculation = 'scf'
pseudo_dir = './'
tstress = .true.
tprnfor = .true.
verbosity = 'high',

PREC = Accurate
ENCUT = 500 
IBRION = -1 
NELMIN = 5 
EDIFF = 1.0e-08 
IALGO = 38 
ISMEAR = 0; 
SIGMA = 0.1 
LREAL = .FALSE. 
ADDGRID = .TRUE. 
LWAVE = .FALSE. 
LCHARG = .FALSE. 

VASP:

34
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4. Phonopy: Colección de Fuerzas
p Colectar las Fuerzas de los cálculos

realizados:

p VASP
n % phonopy –-dim=”X Y Z” –f 001/vapsrun.xml

002/vapsrun.xml 003/vapsrun.xml

p QE
n % phonopy --qe -c tio2.in –-dim=”X Y Z”  -f 001/tio2-

001.out 002/tio2-002.out 003/tio2-003.out

Noviembre de 2025 35
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4. Phonopy: DFPT (VASP)
p Por el momento sólo con VASP es posible

procesar los datos de fonones con phonopy:
p INCAR:

Noviembre de 2025 36

SYSTEM   = TiO2
ISTART   = 1
ICHARG   = 1
NWRITE = 3
PREC = Medium
ISMEAR   = -5
LREAL=.FALSE.
IBRION= 8
#ISIF= 3
NSW= 1
EDIFF= 1.0e-08
EDIFFG = -1.0e-08
IALGO = 38
LREAL = .FALSE.
ADDGRID = .TRUE.
LWAVE = .FALSE.
LCHARG = .FALSE.

DFPT

Con esto se obtiene
directamente las contantes
de Fuerza

36
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4. Phonopy: Archivos de Fuerzas y 
Constantes de Fuerza 

Noviembre de 2025 37 
Φij Mµ,Nv( ) ! −

Fi Mµ;Δrj Nv( )( )
Δrj Nv( )

37

4. Phonopy: DOS
p Mesh.conf

% phonopy –p mesh.conf
% phonopy –p –s mesh.conf

n -p: plot
n -s: save

Noviembre de 2025 38

ATOM_NAME = Ti O
DIM = 1 1 1
MP = 20 20 20

38
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4. Phonopy: PDOS
p Mesh.conf

% phonopy –p mesh.conf
% phonopy –p –s mesh.conf

n -p: plot
n -s: save

Noviembre de 2025 39

ATOM_NAME = Ti O
DIM = 1 1 1
MP = 20 20 20
PDOS= 1 2, 3 4 5 6

39

4. Phonopy: Prop. Térmicas
p Mesh.conf

% phonopy –p –t mesh.conf
% phonopy –p –s –t mesh.conf

Calculating thermal properties...#      
T [K]      F [kJ/mol]    S [J/K/mol]  C_v [J/K/mol]     E [kJ/mol]       
0.000      35.1058142      0.0000000      0.0000000     35.1058142      
10.000      35.1056943      0.0866117      0.4911589     35.1065604      
20.000      35.0986108      1.6954350      5.1965987     35.1325195     
30.000      35.0669392      4.7579191     10.0095416     35.2096768      
40.000      35.0023507      8.1834766     13.9485985     35.3296898      
50.000      34.9028845     11.7323259     18.1171969     35.4895007      
60.000      34.7671120     15.4585352     23.0451455     35.6946241      
70.000      34.5928920     19.4295747     28.7336199     35.9529623      

40

ATOM_NAME = Ti O
DIM = 1 1 1
MP = 20 20 20

40
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4. Phonopy: Bandas (D. Dispersión)
p band.conf

% phonopy –p band.conf
% phonopy –p –s band.conf

41

DIM =1 1 1
BAND = 0 0 0 1/2 0 1/2 1/2 1/2 1/2 1/2 1/4 3/4 0 0 0
BAND_LABELS= /Gamma X L W /Gamma
BAND_POINTS = 201

41

4. Phonopy: Bandas (NAC)
p band.conf

% phonopy –p –-nac band.conf
% phonopy –p –s –-nac band.conf

p Archivo BORN

42

DIM =1 1 1
BAND = 0 0 0 1/2 0 1/2 1/2 1/2 1/2 1/2 1/4 3/4 0 0 0
BAND_LABELS= /Gamma X L W /Gamma
BAND_POINTS = 201
NAC = .TRUE.

# epsilon and Z* of atoms 1 3
7.6697240 -0.0000000 0.0000000 0.0000000 7.6697240 0.0000000 0.0000000 0.0000000 9.4960260
6.4698600 1.0376900 0.0000000 1.0377200 6.4698400 0.0000000 0.0000000 0.0000000 7.9652900
-3.2332500 -1.8710000 0.0000000 -1.8710100 -3.2331800 0.0000000 -0.0007800 -0.0007800 -4.0431800

42
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2. Ejemplo: Nanohilos de Anatasa
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3 Ejemplo 2: Nanohilos de Anatasa
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3 Ejemplo 2: Nanohilos
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3 Ejemplo 2: Nanohilos

Noviembre de 2025 46

46



Noviembre de 2025

24

3 Ejemplo 2: Nanohilos
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3 Ejemplo 2: Nanohilos
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3 Ejemplo 2: Nanohilos
p
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phonon density of states (phDOS), and performing a aω2

fitting, up to 1/4 of the frequency range, it was possible to
obtain the following values for ΘD: 706, 702, and 698 K for Az,
TBx, and TBy, respectively. It allows us to conclude that the
relative bond strength is higher for Az in comparison to the TB
wires, although the differences are not very pronounced.
However, when compared to the corresponding values for bulk
anatase and TiO2(B) the obtained values correspond to ΘD =
688 and 656 K respectively. According to these results, the
formation of the atomic wires induces relatively hardening of
the Ti−O bonds.

4. CONCLUSIONS
In this work, we optimized the structure of bare atomic wires
derived from TiO2(B) (001) ultrathin sheet and anatase,
finding locally stable structures. There is one in particular, TBy,
which has significantly lower formation energy in comparison
to the rest of the studied atomic wires. All these structures were
characterized in terms of structural, electronic, and thermody-
namic properties.
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case of TBy from 3.74 to3.23 Å (13.6%).This reflects the
change of titanium atoms coordination, which changes from
square pyramidal to tetrahedral environment. For TBx this
change is from 12.18 to 11.73 Å, which represents a 3.7%
variation.
TiO2(B) is a monoclinic system with space group C2/m. The

diffraction pattern of TBx shows a principal sharp peak
corresponding to (400) reflection which is coherent with
axial direction ([100]). It also evidence a loss of symmetry
where appear peaks associated with crystallographic planes
(h00), perpendicular to axial direction, with h ≠ 2n (Figure 8).
On the other hand, TBy notoriously presents higher order

symmetry, presenting point group D4h(4/mmm) with a
structural tolerance of 0.1 Å. In this case, DRX defined peaks
correspond to (020) and (040) reflections according to the
growth direction (cell parameter b). Pair distribution function
of TBx (Figure 8f) also evidence this higher symmetry, showing
less and more defined peaks.
3.2. Energetic and Electronic Properties. The compar-

ison of formation energies per unit of TiO2 are listed in Table 1
and were determined using expression vi, where Ewire stands for
the total energy of the atomic-wire, ETiO2‑bulk is the total energy
of the corresponding bulk structure, and NTi corresponds to the
number of TiO2 units inside the wire and corresponding bulk
structure, respectively.

= −E eV
E

N
E
N

( )form
wire

Tiwire

TiO bulk

Tibulk

2

(vi)

All the atomic wires present positive formation energies, as
expected, where TBy < Az < TBx. These results are in principle
expected, since the amount of under-coordinated atoms in
these atomic wires are very high when compared with other
wider wires or wider surface slabs of TiO2. Nevertheless, Az and

TBx presents similar formation energies, but TBy presents a
considerable lower formation energy, less than a half. These
results could be expressed in terms of the gained symmetry in
the case of TBy in comparison to TBx, as observed in the final
geometries and also evidenced in the simulated diffraction
patterns.
Furthermore, in both TB models, after optimization, all the

titanium atoms have tetrahedral environment. However, in TBx
[TiO4] tetrahedra have higher degree of distortion which is
evident when comparing O−Ti−O angles. In the case of TBy
the mean value is 109.3° and standard deviation is 5.7° while in
TBx the mean angle is 108.9° and the standard deviation 8.7°.
Considering that the ideal angle of a tetrahedral coordination is
109.5°, TBy mean angle is closest and the dispersion is lowest
(Figure S.I.2, Supporting Information). Another way to
compare the distortion is by considering the Ti−O bond
length distortion index, denoted DI(TO), as described by
Baur,34 eq vii, which expresses the average deviation of Ti−O
bond length. TOi and TOm stand for the individual and the
mean distances from titanium to oxygen atoms, respectively.
Mean DI(TO) values are 0.0063 and 0.0074 for TBy and TBx
respectively which reinforce that the tetrahedral distortion is
higher in TBx model consistent with stabilization of TBy in
comparison to TBx.

∑= | − |
=

DI(TO)
TO TO

4TOi

i m

m1

4

(vii)

The results are promising, since experimentally5 it was
argued that a system similar to Az was obtained, and according
to our calculations it could be possible to prepare and obtain
similar TB atomic wires. While the relative formation energies
are still somehow high, a further stabilization could be gained
protecting the surface of the wires, e.g., utilizing small surfactant
molecules or utilizing different solvents.
In reference to the band gap energies, there is an increase in

the values when compared to the bulks ones, as expected and
mainly due to the generated quantum confinement. With the
purpose to report the energy as precise as possible, we utilized
GGA-PBE and HSE06 as xc-functionals in order to limit the
values, using a functional that underestimates and overestimates
the band gap, respectively (see Table 1).
In the case of PBE, the Egap follows the trend Egap_Az

<
Egap_TBx

< Egap_TBy
, but when HSE06 is chosen, all the energy

gaps become equivalents to ∼4.25 eV. For these reason, we
would expect in general a relatively similar energy gap for all the
described atomic scale wires. Figure 9 presents the electronic
density of states, analogously to bulk TiO2 polymorphs, the
valence band is composed of p-states mainly contributed from
oxygen atoms, while conduction band mostly contributed from
the d-states of titanium atoms.

3.3. Thermodynamic Properties. Having the phonon
dispersion, it is easy to evaluate the main thermodynamic
properties such as entropy (S), Helmholtz free energy (F) and
internal energy (E). In the case of solids, the influence of the
pressure could be minimized, and thus the internal energy
corresponds to the enthalpy (H); and the Helmholtz free
energy (F) approximates to the Gibbs free energy (G).35 In
particular, for the case of Gibbs free energy we included the
ground state electronic total energy in order to compare G for
all the wires and polymorphs: G(V, T) ≅ Ewire(V) − Fvib(V, T).

Figure 7. (a) Schematic view of TBy atomic wire and (b) the
corresponding phonon dispersion with density of phononic states.
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TiO2(B) and Anatase Angstrom-Scale Wires: A Theoretical Study
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1253, B8000CPB - Bahía Blanca, Argentina
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ABSTRACT: In this work, we model TiO2(B) angstrom-scale
wires derived from TiO2(B) (001) ultrathin sheets. By means
of density functional theory (DFT) calculations, we study their
structural, electronic and thermodynamic properties, compar-
ing with anatase angstrom scale wire with z as growing
direction, of which there is experimental evidence. We found
locally stable structures. TiO2(B) atomic wire oriented along y
direction exhibits significantly lower formation energy (0.33
eV) than the other studied systems (1.05 eV for TiO2(B) wire
oriented along x- and 0.88 eV for anatase wire oriented along
z-direction). Additionally, we present the simulated X-ray
powder diffraction diagrams in order to help the experimental
identification of this potential titanium dioxide polymorph’s
nanostructures. These results could be interesting for their potential applications, such as energy storage and photovoltaic
applications, and for fundamental studies as well.

1. INTRODUCTION
One-dimensional (1D) TiO2 nanostructures have received
much attention due to their unique properties. High aspect
ratio, large specific surface area, chemical stability, and excellent
electronic properties allow their use in photocatalysis, sensors,
solar cells, hydrogen production and storage, lithium-ion
batteries, and biomedicine. The synthesis, structure, properties,
and applications have been reviewed previously in the
literature.1−4

Reaching the maximum of miniaturization, bulk synthesis of
extremely thin crystalline anatase TiO2 atomic wires with
diameters of a few angstroms (∼4 to 5 Å) and growth direction
[001] was reported some years ago by Liu and Yang.5 Using a
chemical solution method, they obtained nearly monodisperse
wires, with N-doping on the surfaces and capped by a
protective surface layer of oleic acid. Then, Iacomino et al.
performed first-principle calculations on anatase nanowires
investigating structural and electronic properties dependence
on the size, growth direction and surface coverage with
hydrogen and water.6

These one-dimensional systems are very promising for
fundamental study of physical and chemical properties at the
nanoscale. In particular, due to the small radius and the fact that
most of the atoms are on the surfaces, quantum and surface
effects are projected to be more relevant, which leads to
important changes in physical and chemical properties. From a
technological point of view, it could be used as building blocks
in devices engineering as well.
On the other hand, at the nanoscale, the interest in

polymorph B of titanium dioxide (TiO2(B)) is growing, since

it appears as a metastable phase during thermal annealing of
low contain sodium layered titanate nanostructures obtained via
alkali hydrothermal synthesis.7 Additionally, the theoretically
observation of an exceptional low energy formation of ultrathin
TB(001) slab has been reported.8,9 It is important to mention
that TB(001) presents normalized formation energy of 0.38 J
m−2, and the other cutting surfaces such as TB(100) presents a
considerably higher normalized formation energies of 0.83 J
m−2.
According to these results, the aim of this work is to

theoretically generate atomic wires derived from TiO2(B)
polymorph, particularly from the (001) surface, and to study its
structural, electronic, and thermodynamic properties in
comparison to another well-known atomic scale wires, such
as anatase atomic wires.

2. METHODOLOGY
2.1. System Selection. Atomic wires named TBx and TBy

are obtained by fragmentation of TB(001) ultrathin sheet
according to Figure 1 where [100] and [010] are respectively
growth directions. In all the cases we kept the stoichiometry in
order to ensure a 1:2 Ti:O ratio. As previously shown,8,10 the
bilayer named TB(001) goes into a reconstruction where atoms
reach a very symmetrical configuration. All the titanium atoms
present a square pyramidal geometrical environment, which
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4. Interacción Radiación materia
p Fotones y Fonones

 

!pi = "
!
ki =

h
2π
2π
λi  

!pf = "
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k f =
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2π
λ f
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4. Interacción Radiación materia
p Principios de conservación y simetría

n Todo principio de conservación surge de una 
relación de simetría
p Tiempo è Energía
p Posición è Momento Lineal
p Rotación è Momento Angular

n Sólido Cristalino
p Conservación del momento cristal

§ El fonón interactúa como si tuviera un momento
§ Conservación de energía

§ El fotón tiene un momento muy bajo, Q≈0 

 !
"
Qf
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4. Interacción Radiación materia
p Fotones y Fonones
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!pf = "
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4. Propiedades eléctricas
p Permitividad dieléctrica:

p Relación entre polarizabilidad y constante dieléctrica 
macroscópica: 

 

!
D = ε

!
E

!
D = ε0

!
E +
!
P

α ij =
V
4π

⎛
⎝⎜

⎞
⎠⎟
∂ε ij
∂uij

= V
4π

⎛
⎝⎜

⎞
⎠⎟
∂ε ij
∂qij

Di = ε ijEi

Di = ε0Ei + Pi
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4. Secciones eficaces
p IR:

p Cargas de Born

 
I IR = Nπ

3c
⎛
⎝⎜

⎞
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d !µ
dQi

2

I IR ∝ dµα
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2
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dτ kβ
Um kβ( )

2

kβ
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∑

I IR ∝ Zk ,αβ
* em kβ( )

kβ
∑

α
∑

Zk ,αβ
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e
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4. Secciones eficaces
p Raman

 

dσ i

dΩ
= 2πvs
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4. Secciones eficaces
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4. Ejemplo
p Rutilo:
p Grupo Espacial P 42/m n m
p a=b= 4.5977(4)Å y c=2.9564(2) Å
Átomo Wyckoff x y z
Ti4+ 2a 0.0  0.0 0.0
O2- 4f  0.3023(3) 0.3023(3) 0.0

p http://www.cryst.ehu.es
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4 Ejemplo: Rutilo
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4 Ejemplo:
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4 Ejemplo
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4. Ejemplo:
p Frecuencias

1 f  =   24.163760 THz 151.825382 2PiTHz  806.016250 cm-1    99.933315 meV
2 f  =   17.858403 THz 112.207657 2PiTHz  595.692194 cm-1    73.856446 meV
3 f  =   14.425855 THz 90.640323 2PiTHz  481.194726 cm-1    59.660564 meV
4 f  =   14.425855 THz 90.640323 2PiTHz  481.194726 cm-1    59.660564 meV
5 f  =   13.549475 THz 85.133864 2PiTHz  451.961834 cm-1    56.036146 meV
6 f  =   13.549475 THz 85.133864 2PiTHz  451.961834 cm-1    56.036146 meV
7 f  =   12.767136 THz 80.218282 2PiTHz  425.865805 cm-1    52.800649 meV
8 f  =   11.630951 THz 73.079419 2PiTHz  387.966746 cm-1    48.101763 meV
9 f  =   11.320651 THz 71.129750 2PiTHz  377.616271 cm-1    46.818467 meV

10 f  =   11.320651 THz 71.129750 2PiTHz  377.616271 cm-1    46.818467 meV
11 f  =    3.917258 THz 24.612861 2PiTHz  130.665672 cm-1    16.200484 meV
12 f  =    3.075099 THz 19.321416 2PiTHz  102.574256 cm-1    12.717591 meV
13 f  =    3.075099 THz 19.321416 2PiTHz  102.574256 cm-1    12.717591 meV
14 f  =    2.461587 THz 15.466605 2PiTHz   82.109687 cm-1    10.180307 meV
15 f  =    2.416689 THz 15.184503 2PiTHz   80.612056 cm-1     9.994625 meV
16 f/i=    0.016908 THz 0.106236 2PiTHz    0.563988 cm-1     0.069926 meV
17 f/i=    0.021903 THz 0.137620 2PiTHz    0.730600 cm-1     0.090583 meV
18 f/i=    0.021903 THz 0.137620 2PiTHz    0.730600 cm-1     0.090583 meV
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4 Ejemplo:
p Autovectores
p Ejemplo: Modo Nº 2

2 f  =   17.858403 THz 112.207657 2PiTHz  595.692194 cm-1    73.856446 
meV

X         Y         Z           dx          dy dz
0.000000  0.000000  0.000000   -0.000000    0.000000    0.000000
2.294651  2.294651  1.476306     0.000000   -0.000000   -0.000000
1.394810  1.394810  0.000000    -0.353553   -0.353553   -0.000000
3.194493  3.194493  0.000000     0.353553    0.353553    0.000000
0.899841  3.689461  1.476306     0.353553   -0.353553   -0.000000
3.689461  0.899841  1.476306    -0.353553    0.353553   -0.000000
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4. Ejemplo: Rutilo
p Clasificación de los modos
freq (cm-1)     Irrep
1 (  0.000): A2u
2 (  0.000): Eu

4 (  2.428): B1u
5 (  2.464): A2u

6 (  3.075): Eu
8 (  3.918): B1g
9 ( 11.322): Eu

11 ( 11.631): B1u
12 ( 12.767): A2g

13 ( 13.550): Eg
15 ( 14.427): Eu

17 ( 17.859): A1g
18 ( 24.164): B2g

Noviembre de 2025 65

65

4. Ejemplo: Rutilo
p Rutilo:
p Grupo Espacial P 42/m n m
p a=b= 4.5977(4)Å y c=2.9564(2) Å
Ti4+ 2a 0.0  0.0  0.0
O2- 4f 0.3023(3) 0.3023(3)

Noviembre de 2025 66

66



Noviembre de 2025

34

4. Ejemplo: Rutilo
p Tensor Dieléctrico: εij

p MACROSCOPIC STATIC DIELECTRIC TENSOR 
(including local field effects in DFT)

--------------------------------------------------
7.423904     0.000000     0.000000
0.000000     7.423904     0.000000
0.000000     0.000000     8.849335

-----------------------------------------------------
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4. Ejemplo: Rutilo
p Cargas de Born BORN EFFECTIVE CHARGES (e)

--------------------------------------------
ion    1  (Ti)

1     6.35763     1.04091     0.00000
2     1.04090     6.35765     0.00000
3     0.00000     0.00000     7.68997

ion    2  (Ti)
1     6.35763    -1.04091     0.00000
2    -1.04090     6.35765     0.00000
3     0.00000     0.00000     7.68997

ion    3 (O)
1    -3.16931    -1.82350     0.00000
2    -1.82348    -3.16930     0.00000
3    -0.00077    -0.00077    -3.84183

ion    4 (O)
1    -3.16968    -1.82377     0.00000
2    -1.82381    -3.16974     0.00000
3     0.00077     0.00077    -3.84183

ion    5 (O)
1    -3.16968     1.82377     0.00000
2     1.82348    -3.16930     0.00000
3     0.00077    -0.00077    -3.84183

ion    6 (O)
1    -3.16931     1.82350     0.00000
2     1.82381    -3.16974     0.00000
3    -0.00077     0.00077    -3.84183

Zk ,αβ
* = Ω

e
∂Pα
∂ε kβ

Noviembre de 2025 68

MACROSCOPIC STATIC DIELECTRIC TENSOR 
(including local field effects in DFT)
-------------------------------------------------

7.423904     0.000000     0.000000
0.000000     7.423904     0.000000
0.000000     0.000000     8.849335

--------------------------------------------------

68



Noviembre de 2025

35

4. Ejemplo: Rutilo
p Actividad Raman

mode freq(cm-1)    alpha beta2     activity Irrep.
001   806.01625   0.0111139       0.119     0.842     B2g
002   595.69219   3.6897265  126.828  1500     A1g
003   481.19473   0.0093502      0.000     0.005      Eu
004   481.19473   0.0017736      0.000     0.001      Eu     
005   451.96183  -0.0246816   43.201   302      Eg
006   451.96183   0.0092582   43.239   302      Eg
007   425.86581   0.0028455    0.000     0.001      A2g
008   387.96675   0.0016885    0.000     0.000      B1u
009   377.61627   0.0072289    0.000     0.002      Eu
010   377.61627   0.0039901    0.000     0.001      Eu
011   130.66567   0.0017733    0.042     0.3     B1g
012   102.57426   0.0134835    0.000     0.008      Eu
013   102.57426   0.0080623    0.000     0.004      Eu
014     82.10969   0.0392713    0.000     0.071      A2u
015     80.61206  -0.0024535    0.000     0.000      B1u

dσ i

dΩ
= 2πvs

c
⎛
⎝⎜

⎞
⎠⎟
4 I Ram

45
h ni

b +1( )
8π 2vi

I Ram

45
= 45 dα

dQ
⎛
⎝⎜

⎞
⎠⎟

2

+ 7 dβ
dQ

⎛
⎝⎜

⎞
⎠⎟

2

= 45α '2+ 7β '2
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4. Ejemplo: Rutilo
p Modos Raman Activos

A1g     B1g
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4. Ejemplo: Rutilo
p Modos Raman Activos

Eg Eg
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5. Ejemplo: Fases del Bi2Se3

Rhombohedral (R-3m) 
Raman Modes (cm-1)

Theoretical Experimental Literature
Eg(1) 38.7 -- 37 41
A1g(1) 66.9 -- 72 41
Eg(2) 130.4 132 131 41
A1g(2) 174.5 177 175 41

Orthorhombic (Pnma)   
Raman Modes (cm-1)

B3g(1) 36.4 -- --
Ag(1) 45.9 -- --
Ag(2) 81.5 -- --
Ag(3) 108.1 109.0 --
Ag(4) 112.9 --
B3g(2) 123.4 126.6 --
B1g(1) 130.7 -- --
Ag(5) 137.1 141.1 --
B2g(1) 147.9 --
Ag(6) 155.2 158.7 --
Ag(7) 160.4 -- --
B2g(2) 169.2 173.0 --
Ag(8) 171.6 --

73

Síntesis electroquímica de fase metaestable del Bi2Se3(ortorrómbica,
Pnma) y su transformación hacia la fase estable (Rombohédrica,R-3m)
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5. Ejemplo Bi2Se3

Figure 3: In (a) Raman spectra at different
temperatures. (b) and (c) fitted Raman spectra for
temperatures of 330 and 540 K, respectively, and (d)
peak position of Eg(2), Ag(6), and A1g(2) as a function of
temperature, where the continuous lines are the
linear fit and the dashed line the simulated curves.

Figure 2: Simulated Raman spectra for both 
Pnma and R-3m crystallographic structure of 
Bi2Se3. The inset with the atomic scheme shows 
the displacement vectors for the Ag(6) mode of 
Pnma phase.

P. B. Souza1, M. A. Tumelero2 , R. Faccio3, R.Ahmed4, C. C. Plá Cid1, G. Zangari5, & A. A. Pasa, Submitted 2021
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5. Ejemplo Bi2Se3

Figure 3: In (a) Raman spectra at different
temperatures. (b) and (c) fitted Raman spectra for
temperatures of 330 and 540 K, respectively, and (d)
peak position of Eg(2), Ag(6), and A1g(2) as a function of
temperature, where the continuous lines are the
linear fit and the dashed line the simulated curves.

Figure 2: Simulated Raman spectra for both Pnma and
R-3m crystallographic structure of Bi2Se3. The inset with
the atomic scheme shows the displacement vectors for
the Ag(6) mode of Pnma phase.

P. B. Souza, M. A. Tumelero, R. Faccio, et al 
Phys. Chem. Chem. Phys., 2023,25, 14440
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6. REBa2Cu3O7-d

YBa2Cu3O7 unit cell in indicating the corresponding labeling (a) and 𝐴𝑔 symmetry 
eigenvectors corresponding to bands located at: 119, 157, 345, 422, 502 cm−1 (b–
f) and the 𝐵2𝑔 and 𝐵1𝑢 symmetry eigenvector corresponding to 556 cm−1 and 570 
cm−1 (g–h). Images obtained using VESTA (a) and the Phonopy code animation 
output with the 𝑣_𝑠𝑖𝑚 graphic interface (b–h) 
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6. REBa2Cu3O7-d

Calculated Raman spectra for Y1−𝑥Pr𝑥Ba2Cu3O7 with 𝑥 = 0,0.5 and 1. The 
arrows indicate the modification of the peaks as Pr content increases 
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6. REBa2Cu3O7-d
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6. REBa2Cu3O7-d

79

6. REBa2Cu3O7-d

It is found that the Raman band associated with oxygen vibrations in the CuO2
planes is shifted to lower frequencies when Pr content is increased in both,
measured and calculated spectra, explained in the simulations by the reduction
of the overlap population of Cu(1)-O(2⁄3) bonds.
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6. REBa2Cu3O7-d
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been performed on this compound. Some works have predicted
the phonon frequencies and eigenvectors of Bi2212 [21–23],
allowing to settle some of the controversies mentioned above.
However, these studies neglect the known incommensurate
superstructure [24–29], and consider a tetragonal unit cell
in the I4/mmm space group. Consequently, only a subset of
the experimental Raman and IR active modes is predicted
by the calculations. Other theoretical works have accounted
for the effect of such superstructure [30], but focusing on
the electronic properties, and not calculating the vibrational
spectra.

In this work, we !rst generate a distorted unit cell, from the
tetragonal one, by forcing displacements along the imaginary
normal modes and then relaxing the atom positions until reach-
ing the equilibrium positions. We argue that the displacements
generated with this distortion allow to account for the average
expansion and contraction of the Bi–O bonds observed in the
incommensurate superstructure. We then use this new distorted
unit cell to calculate the phonon frequencies and eigenvectors
for the Raman and IR-active modes, allowing us to perform
a complete mode assignment for both spectra, by observing
the main atom displacements in each mode. We obtained a
very good concordance with the experimental reports for the
Raman modes, and an acceptable one for the IR-active modes.
We also reported the electronic density of states (DOS) and
band structure for the tetragonal and distorted unit cell.

The computational method is described in section 2.
Section 3 is devoted to our results and discussion. In subsec-
tion 3.1 we present the distorted unit cell used for the calcu-
lations. The Raman and IR spectrum analyses are shown in
subsections 3.2 and 3.3, respectively. Subsection 3.4 presents
a brief interpretation of the electronic DOS and band structure.
Finally, we draw conclusions in section 4.

2. Computational method

Ab initio calculations based on density functional
theory [31, 32], were performed using the Vienna ab
initio simulation package (VASP) code [33–36]. Pseudopo-
tentials were described in a plane wave basis set using
the projector augmented wave method [37, 38], working
with the GGA exchange correlation functional according
to the Perdew–Burke–Ernzerhof parametrization [39, 40].
The energy cutoff was set to 400 eV. A uniform 6 × 6 × 2
Monkhorst–Pack k-point mesh was used for all calculations
[41]. The structure was optimized until the forces on all
atoms were lower than 0.01 eV Å−1. In order to get a proper
description of the strong correlation present in this system
a strong Coulombic interaction was incorporated according
to the Dudarev et al [42] approach, setting a Ueff = U − J
of 4.0 eV on the Cu 3d-orbitals. The selection of Ueff was
based on previous works doing calculations in close related
cuprates [43], looking for a better description of the electronic
localization and thus correlation in Cu–d states. Nevertheless,
the aim of this work is to obtain a better structural and vibra-
tional description of Bi2212. For this reason, we performed

Figure 1. Idealized tetragonal crystal structure of Bi2Sr2CaCu2O8.
OSr: apical oxygen, OBi: oxygens in the BiO layers, OCu: oxygens in
the CuO2 layers.

a Ueff scan, studying its effect in the description of the unit
cell parameters. After this search, we found that the best
agreement with the experimental lattice parameters was given
for a value of Ueff = 4 eV, which is quite proximate to the one
used in the previously mentioned works.

After the unit cell and atoms positions were fully
optimized, the vibrational properties were determined by den-
sity functional perturbation theory (DFPT) [44–47]. The post-
processing was carried out with the Phonopy code [48]. In
order to improve the vibrational description (and lower the
amount of imaginary modes obtained) a structural modulation
correction was performed, generating displacements along the
imaginary normal modes at the Γ point. After this correc-
tion, the structure was fully optimized again with the same
convergence parameters mentioned above.

The off-resonant Raman activity was determined applying
the methodology established by Porezag and Pederson [49],
implemented in the vasp_raman.py script [50]. The IR
activity was obtained from the Born effective charges, using
the method published by Gianozzi and Baroni [51], imple-
mented in the ir.sh script [52]. The overlap population
(OP) was analyzed using the DDEC6 methodology [53–57].
In order to obtain accurate values with this approach, we ver-
i!ed the convergence of the OP results with the density of the
fast fourier transform mesh (FFT-mesh) and without symme-
try considerations. Finally, the DOS was obtained using an
electronic cold-smearing.
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Table 1. Lattice parameters, unit cell volume and total energy of Bi2212
before and after performing the modulation correction.

Before (tetragonal) After (distorted)

a = 3.72135 Å α = 90.0000◦ a = 3.775 50 Å α = 90.5047◦

b = 3.72135 Å β = 90.0000◦ b = 3.757 19 Å β = 87.6678◦

c = 30.65056 Å γ = 90.0000◦ c = 30.300 16 Å γ = 90.0722◦

V = 424.462 641 Å3 V = 429.443 151 Å3

Etot = −162.614 56 eV Etot = −163.659 98 eV

Figure 2. Bi2212 unit cell before and after performing the structural modulation correction. (a) View of the ac plane. (b) View of the bc
plane. The gray shadowed areas show the BiO layers, where the greatest changes in the relative atom positions occurred. (c) View of the ab
plane for one of the BiO layers.

3. Results and discussion

3.1. Unit cell distortion

The starting structure of Bi2212 is the one reported by Liang
and collaborators [58], and is presented in !gure 1. It corre-
sponds to the idealized tetragonal crystalline system, under the
I4/mmm space group, with a = b = 3.825 Å and c = 30.82 Å.
After performing the geometrical optimization and calculat-
ing the eigenvectors and eigenvalues of the dynamical matrix,
!fteen imaginary modes were obtained. This large number
can be attributed to the use of a small supercell (1 × 1 × 1),

or to the fact that the convergence criteria for relaxation was
not tight enough (forces lower than 0.01 eV Å−1). In any
case, since the unit cell of Bi2212 is large (30 atoms), improv-
ing any of the conditions mentioned above entail a signi!cant
increase in the computational resources needed to complete the
calculation.

For this reason, we decided to perform a modulation cor-
rection, generating displacements along the imaginary normal
modes projected at theΓ point in the !rst Brillouin zone (FBZ),
as implemented in the Phonopy code. After this correction, we
carried out a geometrical optimization with the same conver-
gence parameters as before and re calculated the dynamical

3
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Figure 3. Calculated IR (top) and Raman (bottom) spectrum of
Bi2212. The vertical lines show the individual cross sections for
each vibrational mode. A complete table with all the phonon
frequencies and cross sections is included in the supplementary
material (https://stacks.iop.org/JPCM/33/185705/mmedia).

matrix. At this stage we obtained the acceptable number of
three imaginary normal modes, corresponding to the acoustic
modes.

Table 1 shows the lattice parameters before and after per-
forming the modulation correction. The unit cell before mod-
ulation has already undergone the geometrical optimization
described in section 2. A decrease in the c axis length was
obtained, together with an increase of the a and b axis. The
overall unit cell volume increased in 1.2%. Also, the decrease
in the total energy shows that this ‘distorted structure’ is in
fact more stable than the idealized tetragonal one. Figures 2(a)
and (b) present a view of the ac and bc plane of the unit cell,
respectively, before and after this correction. It can be seen that
the main atomic displacements appear to be on the BiO layers,
with the oxygens shifting along the ab plane. Figure 2(c) shows
an ab-plane view of one of the BiO layers, where it is clear that
some of the Bi–O bonds were shortened, while others were
expanded. This is one of the effects of the incommensurate
superstructural modulation observed in the structure [59]. For
this reason, we interpret that this distortion allows to account
for an average effect of such superstructure.

3.2. Raman spectrum analysis

The off-resonant Raman spectrum simulation is shown in
!gure 3 (bottom). It can be seen that the spectrum presents
a similar shape to experimental reports [4–14], except for a
strong shift enhanced in the high frequency region. In order
to illustrate this shift, we present in !gure 4 a graphical com-
parison of the calculated Raman frequencies versus the ones
reported by Kakihana et al [10]. It can be seen that this shift
is mainly percental and estimated at about 10%, as is expected
in DFPT calculations.

Figure 4. Graphical comparison of the calculated Raman-active
modes with respect to the experimental Raman shifts reported in
[10].

The mode assignment was performed observing the eigen-
vectors for each normal mode with a cross section higher than
1% of the maximum. Since the structural modulation cor-
rection decreased the symmetry present in the unit cell, it is
expected for the modes to be partially mixed, and therefore
show the vibration of several atoms. In these cases, we con-
sidered for the assignment the atom or atoms that vibrated
with a higher amplitude. Table 2 shows our assignment com-
pared to the one reported in the literature from experimental
measurements [4–10]. In addition, !gure 5 shows a schematic
representation of all the modes presented in table 2.

In the high frequency region we found two modes in 561
and 552 cm−1, which correspond to the peaks around 650 cm−1

and 630 cm−1 observed in the experimental spectra. There is
no consensus in the assignment regarding these two modes
in the literature. In particular, the 630 cm−1 mode is highly
debated: part of the community assigned it to the z-axis (crys-
tallographic c-axis) vibrations of the OBi atoms [4, 6, 8, 9, 12],
and the other to the z-axis vibrations of the OSr atoms [5, 7, 10,
13, 14]. According to our calculations, both modes observed
correspond to the z-axis vibrations of the apical oxygens (OSr),
in accordance with references [5, 7, 10, 13, 14] and more recent
theoretical calculations [21, 23].

The next mode obtained was located at 370 cm−1.
Experimentally, a mode is observed in the region between
390–426 cm−1 [4–6, 8, 10]. Some of these reports have
assigned this mode to OBi or OSr vibrations [5, 8]. Our calcu-
lation predicts this mode to be assigned to the z-axis vibrations
of the OCu atoms, similar to what was reported in [4, 6, 10]. In
this mode, the oxygen atoms from each CuO2 planes vibrate
out of phase. This is also in accordance with the theoretical
calculation presented by Kovaleva [21]. However, since this is
the second highest intensity mode in our calculation, it should
not be ruled out that it could be related to the 460 cm−1 mode.
In fact, the lower symmetry due to the distortion could pro-
duce a non-monotonic shift in frequency. This second assign-
ment would be in accordance with the calculation performed
by Falter and Schnetgöke [23], where the mode predicted at
451 cm−1 involved mainly OCu(z) vibrations, and with the
experimental assignment performed by Boekholt and collab-
orators [7].

4
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Figure 5. Schematic representation of the most relevant
Raman-active vibrational modes and their corresponding
frequencies for Bi2212. The atomic displacements, associated to
each eigenvector, are represented with arrows.

The mode at 315 cm−1 is associated with the one reported
in the 349–355 cm−1 region. According to the simulation, it
is assigned to the OCu vibrations along de z-axis, but with
the CuO2 planes vibrating in-phase. Previous reports have
assigned this mode to the OCu atoms, but vibrating along the
x-axis (crystallographic a-axis) [8]. Liu et al argued that this
mode is not predicted when performing factor group analysis
considering a Bbmb space group, but it is made Raman-active
due to the orthorhombic distortion. To best of our knowledge,

this is the !rst theoretical calculation that predicts this mode,
observed as a consequence of the distortion induced in the
unit cell, through the structural modulation correction. This
is also the case for the following two modes, located at
297 and 265 cm−1. We assigned them to the z-axis vibrations
of the OBi atoms, which is consistent with previous experimen-
tal reports [7, 9–11]. These modes were also considered to be
disorder induced [10].

The mode at 258 cm−1 was not predicted to have a sig-
ni!cant Raman activity, but it is unambiguously assigned to
the out-of-phase vibration of the OCu atoms along the z-axis.
It should be noted that it is not unusual for some of the
Raman activities to be lower than expected, since this calcu-
lation involves the evaluation of high order derivatives, where
small noises in the displacements of the atoms can cause large
changes in the predicted intensities. There has been no dis-
crepancy with the assignment of this last mode in the literature
[4–10, 12, 13] nor in previous calculations [21]. The accurate
correspondence of the modes described so far, validates the
frequency shift considered and the theoretical approach used
for the calculations.

Next to this last mode, we found another one located at
249 cm−1 and assigned to the z-axis vibrations of the Ca
atoms. This mode has not been reported experimentally, which
is reasonable considering a tetragonal unit cell with I4/mmm
symmetry, where the full point-group symmetry of Ca does
not allow for a Raman-active mode of this atom. It is also
very close to the previously mentioned OCu mode, which may
explain why it is not experimentally observed.

The mode at 172 cm−1 was assigned to Sr vibrations along
the z-axis in accordance with [4, 8, 10], and previous calcu-
lations [21, 23]. The ones at 126 and 121 cm−1 were both
assigned to Cu vibrations along the z-axis, in partial agreement
with references [4–10]. Previous theoretical calculations pre-
dict only one mode in the 115–140 cm−1 region, although they
also assign it to Cu vibrations [21].

The two modes obtained in the lower frequency region were
not predicted to have high Raman intensity, but were located
preserving the percental shift between the simulated and exper-
imental frequencies. They were both found to be in agreement
with some of the reports considered. The Cu–Sr stretching
mode along the y-axis (95 cm−1) is observed in experimental
reports [6, 8, 9], but it was not predicted in previous calcu-
lations. The last one, at 51 cm−1 involved mainly Bi vibra-
tions along the z-axis, in agreement with [5–7, 10] and the
calculation presented in [21].

The very good correspondence between our calculated fre-
quencies and the experimental reports, together with the pre-
diction of modes usually assigned to orthorhombic distortion
or disorder, validate our theoretical approach and therefore the
assignment performed.

3.3. IR spectrum analysis

Before analyzing the assignment obtained for the IR-active
modes, it is worth noticing that this measurement presents
further experimental dif!culties compared to the Raman one
[60]. For this reason, there are fewer experimental reports in
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Table 2. Phonon frequencies (ω in cm−1) and assignments of the Raman-active modes in Bi2Sr2CaCu2O8+x, compared with previous experimental reports.

Present work Cardona et al Denisov et al Sugai and Sato Boekholt et al Liu et al Martin and Lee Kakihana et al

1988 [4] 1989 [5] 1989 [6] 1990 [7] 1992 [8] 1995 [9] 1996 [10]

ω Assignments ω Assignmentsa ω Assignmentsb ω Assignmentsc ω Assignmentsa ω Assignmentsc ω Assignmentsd ω Assignmentsd

28 Agf 24 f

53 Bi Ag 47 Agi,f 47 A1gj 48 Bif

51 Bi(z) 65 Bi(z) Ag 63 Bi Ag 63 Bi(z) Ag 62 Bi(x) Age 62 Bi(x) A1g 60 Bi A1g
106 Bi(y) B1ge 105 (Bi/Sr)g

95 Cu(y–Sr(y) 108 Sr(y) B1g 109 Cu(x) Age 110 Cu(x) A1g
122 Bi(z) Ag 120 Sr(z) Ag 121 Sr Ag 120 Sr(z) Ag 119 Bi(z) Ag 120 Bi(z) A1g 117 Sr(z) A1g

121 Cu(z) 133 Bi(z) A1ge 132 Sr Ag 129 Cu(z) Ag 129 Cu(z) A1g 129 (Bi/Sr)g

126 Cu(z) 156 (Sr/Cu) Ag 175 Cu(z) Ag 141 Cu(z) Ag 165 Cu(z) Ag 180 Sr(x) Age 182 Sr(x) A1g 145 Cu(z) A1g
172 Sr(z) 184 (Sr/Cu) Ag 200 Cu(z) Ag 187 Cu(x) Ag 180 Sr(z) Ag 175 (Cu)g

219 (Sr/Cu) Ag 195 (Bi/Sr)g

249 Ca(z)
254 OCu(z) B1g 282 OCu(z) B1g 280 OCu(z) B1g 289 OCu(z) B1g 275 OCu(z) B1g 285 OCu(z) B1g 269 OCu(z) B1g 287 OCu(z) B1g
265 OBi(z) 296 OBi(xy) Ag 300 OCu(z) Ag 293 OSr(x) Ag 290 OBi Ag 295 OBi(x) Age 287 OCu(z) A1g 294 (OBi/OSr)g

297 OBi(z) 313 OBi(xy) Ag 320 OCu(z) Ag 327 OCu(z) Ag 313 OBi Ag 310 OBi(z) A1g 325 (OBi/OSr)g

315 OCu(z) 339 OSr(y) B1g 355 OCu(x) Age 350 OCu(x) A1g 353 (OBi/OSr)g

391 OCu(z) Ag 400 OBi(z) Ag 394 OCu(z) Ag 400 OSr(x) Age 386 OSr(x) A1g 395 (OBi/OSr)c

370 OCu(z) 426 OCu(z) B1g 409 OCu(z) A1g
469 OSr(z) Ag 460 OBi(z) Ag 469 OSr(z)Ag 463 OCu(z) Ag 465 OSr(z) Ag 458 OSr(z) A1g 463 OBi(z) A1g

593 OBi B1g
552 OSr(z) 631 OBi(z) Ag 634 OSr(z) Ag 632 OBi Ag 625 OSr(z) Ag 630 OBi(x) Ag 627 OBi(z) A1g 629 OSr(z) A1g
561 OSr(z) 659 O Extrah/folded 655 OSr(z) Ag 663 OBi Ag 650 OSr(z) Ag 660 O Extrah/folded 661 OBi(x) A1g 657 OSr(z) A1g

OBi Ag OBi Ag

aAmaa symmetry.
bFmmm symmetry.
cBbmb symmetry.
dI4/mmm symmetry.
eOrthorhombic distortion.
fSuperstructural modulation.
gDisorder induced.
hInduced by extra oxygen.
i2nd order scattering.
jRigid layer mode.
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Table 3. Phonon frequencies (ω in cm−1) and assignments of the IR-active modes in Bi2Sr2CaCu2O8+x, compared with previous experimental reports.

Present work Piro et al Zhong et al Pal et al Hudáková et al Tsvetkov et al Kovaleva et al

1989 [15] 1991 [16] 1991 [17] 1996 and 2004 [18, 19] 1999 [20] 2004 [21]

ω Assign ω Assign ω Assign ω Assign ω Assign ω Assign
70 — 95 Originated in 98 Involves Cu 97 Bi against

Bi–O layers atoms Cu,Ca and
Sr (A2u)

129 Cu axial
stretching

161 Sr–Cu–OCu(z) 169 Symmetric stretching 157 Sr–CuOCu 174 Cu–OCu 168 Sr–Cu
stretching involving Ca of Sr planes bending + stretching

Bi and Sr (A2u)
193 Bi–Sr(y) 200 Sr–OCu 220 In-plane optical 210 Sr-Ca

phonon stretching
(A2u)

237 Sr-OCuOBi(z) 331 Sr–O vibrations 252 Sr–OCu stretching 282 —
stretching involving Ca involving Ca

252 Bi–OBiOSr(y) 275 Cu–OCu in-plane 298 Cu–OCu in-plane
294 Bi–OBiOSr(x) Bending (Eu) Bending
317 OBi –OSr(xz) + Cu–OCu(z) 406 Cu–O–Cu 304 OBi–OCu

stretching involving Ca out-of-plane bending (A2u) vibrations
(A2u)

336 Cu(x)–OCu in-plane bending 360 Bi–OSr –Cu 418 Bi–OSr –Cu 345 Bi–OSrOBi 328 OSr–OBi

345 Cu(y)–OCu in-plane bending Bending (Eu) Bending (Eu) Stretching
370 OCu(z) 300–450 Cu–O–Cu 488 Bi–OSr –Cu 460 OCu–OSr 383 OCu–OSr 358 OCu against

out-of-plane stretching (A2u) against Cu Ca and OBi

(A2u)
bending (A2u) 469 Zone boundary 462 —

modea

472 Zone boundary modea 521 —
557 OSr(z) 500–570 Bi–OSr –Cu 609 OBi –OSr 566 OBi–OSr 628 OSr–OBi 583 OSr –OBi

stretching (A2u) stretching stretching out of phase stretching
vibrationb (A2u)

655 Cu–OCu(x) stretching
600 Cu–OCu in-plane 612 Cu–OCu 637 Cu–OCu in- 632 Cu–OCu 655 OSr–OBi 640 —673 Cu-OCu(y) stretching

stretching (Eu) stretching (Eu) plane stretching stretching out of phase
vibrationb

aMade IR-active due to the lattice distortion.
bSplitting due to the incommensurate structural modulation.
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Figure 7. Electronic DOS of Bi2212 (a) before and (b) after
performing the modulation correction. The contribution of the CuO2
planes (dashed line) and BiO planes (dotted line) is also shown.

Cu–OCu bending mode along the z axis. This z axis vibra-
tion is in accordance with [16]. The mode located at 237 cm−1

involves the vibration of all the atoms in the structure along
the z direction (see !gure 6). Considering the vibrations with
greater amplitude, it is probably related to the already reported
Sr–OCu stretching vibrations along the z axis, also involving
Ca displacements [16, 18]. This mode was not predicted in the
theoretical calculations considered.

Finally, the two lower modes at 193 and 161 cm−1 are
assigned to Bi–Sr vibrations along the y axis and Sr–Cu–OCu

stretching along the z-axis, respectively. None of the experi-
mental reports considered appear to have detected a mode like
the one at 193 cm−1. Only Tsvetkov [20] considers the pos-
sibility of an in-plane optical phonon near this frequency. On
the other hand, the assignment of the mode at 161 cm−1 is in

Figure 8. Band structure of Bi2212 (a) before and (b) after
performing the modulation correction, along the Γ–X–S–Γ path
(inset of (b)) of the FBZ. The circles and triangles indicate the
contribution of the CuO2 and BiO planes, respectively.

accordance with experimental and theoretical reports [16, 20,
21, 23].

To sum up, in the IR case, a good correspondence between
our calculated frequencies and the experimental reports is
obtained. It is worth mentioning that the high dispersion in
the frequencies reported makes the correlation more dif!-
cult. Additionally, two of the Eu modes were assigned in
the opposite order compared to previous reports. However,
the experimental evidence that supports the assignment previ-
ously reported is not conclusive. It should be noted that, once
again, the distortion induced in the unit cell allowed to pre-
dict modes that were observed experimentally but not obtained
in previous theoretical calculations. This, together with the
results obtained in our calculation of the Raman spectrum
gives con!dence on the IR assignment performed.

3.4. Electronic properties

In this section, we present a brief analysis of the electronic
properties calculated for Bi2212, in an attempt to further
understand the effect of the distortion implemented on the unit
cell described in section 3.1.

Figure 7 shows the DOS before and after performing the
modulation correction. The relative weight of the CuO2 and
BiO layers to the total DOS is also presented in this !gure,
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Abstract
In this work, ab initio calculations were performed in order to study the vibrational spectra of
the Bi2Sr2CaCu2O8 (Bi2212) compound. A structural modulation correction on some atomic
positions, producing a distorted structure with lower symmetry, is used for the calculation. We
argue that this correction allows to account for an average effect of the incommensurate
superstructure, generating a more accurate representation of the real unit cell observed in this
compound. A complete and conclusive vibrational assignment is performed, discussing the
correspondences with previous experimental and theoretical reports. A brief analysis of the
electronic density of states and band structure comparing the tetragonal and distorted unit cell
is also included.

Keywords: Density functional theory, BSCCO, vibrational spectra, Raman
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(Some !gures may appear in colour only in the online journal)

1. Introduction

The Bi-based cuprates (Bi–Sr–Ca–Cu–O compounds) is
one of the most studied families among the high temper-
ature superconducting (HTSC) systems. The critical tem-
perature (Tc) of this family ranges from 7 K to 110 K
and is directly related to the four possible superconducting
phases, i.e., Bi2Sr2CuO6 (Bi2201), Bi2Sr2CaCu2O8 (Bi2212),
Bi2Sr2Ca2Cu3O10 (Bi2223) and Bi2Sr2Ca3Cu4O12 (Bi2234)
[1–3]. Some of the advantages of this family is that it presents
a high critical current density and its upper critical magnetic
!eld is higher than that of other systems. All these features
make this material promising for future applications. In par-
ticular, Bi2212 has a high Tc, and its synthesis condition is
more stable than Bi2223 and Bi2234.

∗ Author to whom any correspondence should be addressed.

The HTSC still have some very important questions to be
responded regarding their theoretical background, for example
the role of phonons is not clear. For a better understanding
of the role of phonons and its possible in"uence in super-
conductivity, we !rst need to have a correct description and
assignment of the vibrational modes in HTSC compounds,
with consensus on experimental data. To this end, a lot of effort
has been devoted in performing an accurate assignment of the
Raman and infrared (IR)-active modes for Bi2212. On the one
hand, there is a large number of experimental reports on both
spectra. Regarding the Raman-active modes [4–14], the fre-
quencies of the phonons appear to be fairly well reproducible.
However, some contradictory assignments can be found, par-
ticularly in the high frequency region. With respect to the IR-
active modes [15–21], there is a much higher dispersion in
the frequencies reported and the assignments are also a mat-
ter of debate. On the other hand, theoretical calculations have

1361-648X/21/185705+11$33.00 1 © 2021 IOP Publishing Ltd Printed in the UK
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Force Field Machine Learning
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Motivation

1

3 Molecular dynamics (MD) simulations allow to calculate many finite-
temperature properties of materials and molecules (free energies and phase
transitions, thermal expansion, diffusivity, heat transport...).

! How energies and forces are computed determines the accessible time and size scales.

First-principles methods

Accurate; too slow

Force fields

Fast; often inaccurate

Machine-learned
potentials

Speed & accuracy

Rowe et al., PRB 97, 054303 (2018) Bartók et al., Sci. Adv. 3, 1701816 (2017)
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MLFF: VASP
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MLFF: VASP
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Training and validation

Training on the fly: 592 DFT calculations (PBEsol) vs. 1.5 ⇥ 105 total
MD steps (T up to 2800 K).

28

Training and test errors
Energy (meV/atom) Force (eV/Å) Stress (kbar)

BLR 1.70 (1.78) 0.13 (0.13) 1.87 (1.89)
SVD 1.45 (1.42) 0.11 (0.11) 1.67 (1.76)

Phonon errors (meV)
Cubic Tetragonal Monoclinic

BLR 2.73 0.96 0.68
SVD 1.59 0.80 0.55
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MLFF: VASP
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Temperature-induced structural phase transitions

Monoclinic to tetragonal to cubic phase:

29

Monocl. Tetra. Cub.

Fully anharmonic Gibbs free energy: G (T ) = �T

Z T

T0

H(T 0)

T 02 dT 0 +
G0

T0

T

Verdi, Karsai, Liu, Jinnouchi & Kresse, npj Comput. Mater. 7, 156 (2021)
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7. Sistemas Discretos
p Cálculos ab initio o Primeros Principios

p DFT
n Gaussian 09
n Gaussian 16
n VASP
n Quantum-Espresso
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7. Simulación de IR y Raman
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Poloxamer P184
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poly(ethyleneoxide)/poly(propyleneoxide)/poly(ethylene oxide)
Molecular Dynamics Simulation
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Poloxamer P184 Simulation
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Poloxamer P184 Simulation
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