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• IntroducLon: Role of LaQce Anharmonicity in Materials ComputaLon

And Geophysics

• Method: Phonon QuasiparLcle Approach

• ApplicaLon to Si (Diamond Structure)

• ApplicaLon to MgSiO3 Pv/PPv (Weakly Anharmonic)

• ApplicaLon to CaSiO3 Pv (Strongly Anharmonic)

• ApplicaLon to bcc/hcp Be (Strongly Anharmonic Metal)

• Hands-on: phq code

Outline



La3ce Anharmonicity in Real Space

Harmonic

Anharmonic

+ …



1. Free energy and thermodynamics including anharmonicity

-- Phase transiLon

-- Thermal expansivity

-- Heat capacity

-- Thermal elasLcity

2. La<ce thermal conduc=vity

High T}

Role of Anharmonicity in Materials Computa>on



Role of Anharmonicity in Geophysics

- Thermodynamic proper0es are essen0al for geodynamic modeling
(𝛼, 𝐶!, 𝐶", 𝐾#, 𝐾$)

- Accurate free energies are needed for determining phase boundary:
seismic discon0nui0es

- Thermoelas0c proper0es are needed for interpre0ng seismic 
tomography (𝑐%&, G, 𝐾$, 𝑣", 𝑣', 𝑣$) 



- Thermal conduc0vity (𝜅) of the lower mantle (LM) minerals

Core-mantle boundary (CMB) ~ 2890 km depth

Interface between molten metallic core and 
rocky mantle

Mass transport is impeded

Conduction: main mechanism of heat 
transport across the CMB

Lower mantle: 55 vol% of the enGre Earth
23 < P < 135 GPa, 2000 < T < 4000 K

Subducted mid-ocean ridge basalt (MORB)
accumulates above the CMB



Ab ini(o methods to compute thermodynamic proper0es at high T

1. Perturba2on theory + quasiharmonic approxima2on (QHA)

2. Ab ini&o molecular dynamics + thermodynamic integra2on (TI)

3. Phonon quasipar2cle approach + phonon gas model

𝜕ω
𝜕𝑇 !

= 0

&ω = &ω (𝑇),   𝑁 → ∞

Limited N



Ab initio methods to compute lattice thermal conductivity

1. Finite displacement method

• Does not explicitly express the higher-order IFCs.
• Easy to compute.
• In principle, anharmonicity is included to all orders in perturbaGon theory.
• RenormalizaGon of harmonic IFCs is included.

• Explicitly express the higher-order interatomic force constants (IFCs).
• Higher-order IFCs are computaGonally heavy and may suffer from numerical

errors and truncaGon issues.
• Considering only the 3rd-order IFCs may overesGmate the 𝜅.
• Fail for strongly anharmonic systems with imaginary phonon frequencies

without the renormalizaGon of IFCs.

2. Phonon quasipar2cle approach + relaxa2on 2me approxima2on (RTA)



Phonon quasiparticle approach + phonon gas model

Harmonic approximation:

Consider anharmonicity:

phonon quasiparticle:

Phonon gas model:

Vibra0onal free energy:
𝑛 = exp(ℏ ⁄&𝜔 𝑘" 𝑇) − 1 #$𝑆%&' = 𝑘"8 𝑛+ 1 ln 𝑛 + 1 − 𝑛ln𝑛

((𝜔, 𝜏) Γ = (
)*

+,
+# !

= 0 𝜏 → ∞

(𝜔 = (𝜔(𝑇) 𝜏~ps

ℏ(𝜔

𝐹 = 𝑈 − 𝑇𝑆-%.

Method



Phonon quasipar0cle approach

Mode-projected Velocity AutocorrelaLon FuncLon (VAF):

𝑉𝐪)(0)𝑉𝐪)(𝑡) = lim
*→,

1
𝜏
A
-

*
𝑉𝐪)∗ 𝑡/ 𝑉𝐪) 𝑡/ + 𝑡 𝑑𝑡′

𝑉𝐪) 𝑡 =8
&0$

1

𝑀&𝐯& 𝑡 𝑒&𝐪2𝐑! G H𝐞𝐪)&

Ab ini)o molecular dynamics           Ab ini)o harmonic phonons            

i: 1, 2, …, N supercell atoms
q: wave vector
s: 1, 2, …, 3n phonon branches

Method



Well-defined quasipar2cle 

𝑉𝐪)(0)𝑉𝐪)(𝑡) = 𝐴𝐪)cos(&𝜔𝐪)𝑡)𝑒#4𝐪#5 𝐺𝐪) 𝜔 = ∫-
, 𝑉𝐪)(0)𝑉𝐪)(𝑡) 𝑒&65𝑑𝑡

7

Method

𝐕𝐀𝐅

T. Sun et al., PRB 82, 224304
(2010); D.-B. Zhang et al., 
PRL 112, 058501 (2014).



Well-defined quasipar2cle 

𝑉𝐪)(0)𝑉𝐪)(𝑡) = 𝐴𝐪)cos(&𝜔𝐪)𝑡)𝑒#4𝐪#5 𝐺𝐪) 𝜔 = ∫-
, 𝑉𝐪)(0)𝑉𝐪)(𝑡) 𝑒&65𝑑𝑡

7

𝐕𝐀𝐅(&𝜔, 𝜏) = 𝐴𝐪)cos(&𝜔𝐪)𝑡)𝑒#5/(7*𝐪#)

Method

𝐕𝐀𝐅

&𝜔𝐪)(𝑇)

Γ𝐪) =
1
2𝜏𝐪)

T. Sun et al., PRB 82, 224304
(2010); D.-B. Zhang et al., 
PRL 112, 058501 (2014).



EffecLve harmonic dynamical matrix
[H𝐞𝐪] = [H𝐞𝐪$, H𝐞𝐪7, … , H𝐞𝐪;<] Ω𝐪 = diag[&𝜔𝐪$7 , &𝜔𝐪77 , … , &𝜔𝐪;<7 ]

]𝐷 𝐪 = H𝐞𝐪Ω𝐪H𝐞𝐪
=

]Φ(𝐫) =8
𝐪

]𝐷 𝐪 𝑒&𝐪2𝐫

]𝐷 𝐪′ =8
𝐫

]Φ(𝐫) 𝑒#&𝐪/2𝐫

T-dependent phonon dispersion, VDoS, phonon velocity  𝑣𝐪) =
?6𝐪#
?𝐪

Method



Phonon gas model with T-dependent VDoS

𝑆%&'(𝑇) = 𝑘"8
𝐪)

[ 𝑛𝐪) + 1 ln 𝑛𝐪) + 1 − 𝑛𝐪)ln𝑛𝐪)]

𝑛𝐪) = exp(ℏ&𝜔𝐪)(𝑇 ⁄) 𝑘" 𝑇) − 1
#$

Method



Relaxation time approximation (RTA) of 
linearized Boltzmann transport equation (LBTE)

𝜅 =
1
3
8
𝐪)

𝑐𝐪)𝑣𝐪)𝑙𝐪)

𝑙𝐪) = 𝑣𝐪)𝜏𝐪)

𝜅 =
1
38
𝐪)

𝑐𝐪)𝑣𝐪)7 𝜏𝐪)

Method



Applica>on to Si (Diamond Structure)

Si:

- Simple structure with a 2-atom primitive cell

- Anharmonicity is not strong

- Neutron scattering data is available



Ab ini+o MD simulaLon details

PBE

4×4×4 supercells (128 atoms)
NVT ensemble

dt = 1 fs 
SimulaGon Gme = 50 ps

Nosé dynamics

Si



T-dependent phonon dispersions and vibra2onal density of states (VDoS)

20×20×20 q-mesh



Frequency shifts
@ constant V



Frequency shifts

where,

@ constant V



neutron sca-ering exp: PRB 28, 1928 (1983).  APL 41, 1016 (1982).

@ constant V

@ P = 0 GPa

Frequency shifts



Frequency shiCs
Γ Point L PointX Point

neutron scattering exp: PRB 28, 1928 (1983).  APL 41, 1016 (1982).

@ P = 0 GPa



Applica>on to MgSiO3 Pv (weakly anharmonic)

MgSiO3 Perovskite (MgPv): 
most abundant phase of the LM (75 vol%)

Pbnm space group (20 atoms / primiLve cell)



Ab ini+o MD simulaLon details

LDA

2×2×2 supercells (160 atoms)
NVT ensemble

dt = 1 fs 
SimulaGon Gme = 60 ps

Nosé dynamics

MgPv



Durben and Wolf, American Mineralogist (1992). 
Gillet et al, Physics of the Earth and Planetary Interiors (2000). 
Lu et al, J. Geophys. Res. (1994).

Experimental Results: Six Raman active modes with irregular 
thermal shifts under 700 K.

250 
263 
281
384
393 
507 

250 263 281(cm-1) 

MgPv



@ P = 0 GPa

Zhang et al., PRL (2014)

@ constant V



Zhang et al., PRL (2014)

Ω𝐪 = diag[(𝜔𝐪"# , (𝜔𝐪## , … , (𝜔𝐪$%# ]
-𝐷 𝐪 = 0𝐞𝐪Ω𝐪0𝐞𝐪

&

-Φ(𝐫) =6
𝐫

-𝐷 𝐪 7 𝑒(𝐪)𝐫

-𝐷 𝐪′ =6
𝐫

-Φ(𝐫) 7 𝑒*(𝐪+)𝐫

Fourier interpola0on



Zhang et al., PRL (2014)

Fourier interpolation

2×2×2 → 10×10×8 q-mesh
for accurate free energy evaluaLon



Satura=on of 𝜿𝒍𝒂𝒕 at high T

Satura<on

𝜅/𝜅-

𝑇/𝑇-

1/𝑇



Satura=on of 𝜿𝒍𝒂𝒕 at high T

Minimal Mean Free Path Theory

Satura<on

𝜅/𝜅-

≥ La?ce parameters

- KiSel, Phys. Rev. (1948).
- Ziman, Electrons and Phonons (New York 1960).
- Spitzer, J. Phys. Chem. Solids (1970).

𝑇/𝑇-

1/𝑇



𝜏 = 0.36 ps                              𝜏 = 0.07 ps             

q = (0, 0, 1/2)
MgPv

Zhang et al., PRB (2017)



Breakdown of Minimal Mean Free Path Theory

Lafce parameters of Pbnm crystal:  a0 , b0 , c0

MgPv

Zhang et al., PRB (2017)



Applica>on to MgSiO3 PPv (weakly anharmonic)

MgSiO3 Postperovskite (MgPPv)

MgPv → MgPPv above 125 GPa and 2500 K
MgPPv: most abundant phase in the lowermost 
mantle (D” region)

Cmcm space group (20 atoms / unit cell):
layered structure
Monolinic 10-atom primitive cell



Ab ini+o MD simulaLon details

LDA

3×3×2 supercells (180 atoms)
NVT ensemble

dt = 1 fs 
SimulaGon Gme = 50 ps

Nosé dynamics

MgPPv



𝐕𝐀𝐅('𝜔, 𝜏) = 𝐴𝐪:cos('𝜔𝐪:𝑡)𝑒;</(>?𝐪")

MgPPv

Zhang et al., PRB (2021)

Collected phonon quasiparLcles:



MgPPv

Zhang et al., PRB (2021)

MgPv

Weakly anharmonic



Zhang et al., PRB (2021)

𝜅 = 𝜅ABC
𝑇ABC
𝑇

D 𝑉ABC
𝑉

E

𝑔 = 𝑏 𝑙𝑛 !$%&
! + 𝑐

𝜅(𝑉, 𝑇)



Zhang et al., PRB (2021)

𝜅 𝑉, 𝑇 → 𝜅 𝑃, 𝑇

Using the quasiharmonic EoS:

𝜅 depends linearly on pressure



Zhang et al., PRB (2021)

Modeling of 𝜅23445 and 𝜅2345 along the geotherm

𝜅@ABBC is 
~25% larger



Zhang et al., PRB (2021)

𝜅 increase due to 
structural phase transi0on

MgPPv’s smaller primitive:
MgPPv (10 atoms), MgPv (20 atoms)

MgPPv’s larger �̅�

MgPPv’s larger 𝜅

MgPPv’s higher proporLon 
of acousLc branches:
MgPPv (3/30), MgPv (3/60)



The quasi-harmonic approximaLon (QHA) formula is no longer valid:

𝐹(𝑇) = 𝐸- +
1
2
8
𝐪)

ℏ𝜔𝐪) + 𝑘F𝑇8
𝐪)

ln 1 − 𝑒#
ℏ6𝐪#
H'I

Reason:

- The phonon quasiparGcle frequencies are temperature-dependent

Free energy and thermodynamics calculations



The formula for vibraLonal entropy is sLll valid:

𝑆JKL(𝑇) = 𝑘F8
𝐪)

[ 𝑛𝐪) + 1 ln 𝑛𝐪) + 1 − 𝑛𝐪)ln𝑛𝐪)]

Phonon gas model

Helmholtz free energy (insulators): 

𝐹 𝑇 = 𝐸- +
1
2
8
𝐪)

ℏ𝜔𝐪) −A
-

I
𝑆JKL 𝑇/ 𝑑𝑇/

𝑛𝐪) = exp(ℏ&𝜔𝐪)(𝑇 ⁄) 𝑘F 𝑇) − 1
#$

𝐸- is the staGc energy, 𝜔𝐪) are the harmonic frequencies.



𝑆,-.(𝑇) = 𝑘/6
𝐪0

[ 𝑛𝐪0 + 1 ln 𝑛𝐪0 + 1 − 𝑛𝐪0ln𝑛𝐪0]

𝑛𝐪0 = exp(ℏ(𝜔𝐪0(𝑇 ⁄) 𝑘/ 𝑇) − 1
*"

𝐹 𝑇 = 𝐸- +
1
2
8
𝐪)

ℏ𝜔𝐪) −A
-

I
𝑆JKL 𝑇/ 𝑑𝑇/

&𝜔𝐪)(𝑇) → 𝜔𝐪)

𝐹(𝑇) = 𝐸- +
1
28
𝐪)

ℏ𝜔𝐪) + 𝑘F𝑇8
𝐪)

ln 1 − 𝑒#
ℏ6𝐪#
H'I



Z. Zhang et al., PRB 106, 054103 (2022).

𝑃 = −
𝜕𝐹
𝜕𝑉 !

𝛾 =
𝑉𝛼𝐾!
𝐶"

)𝐾# = 𝐾!(1 + 𝛾𝛼𝑇 )𝐶$ = 𝐶"(1 + 𝛾𝛼𝑇

Anharmonic thermodynamic proper0es
𝛼 =

1
𝑉

𝜕𝑉
𝜕𝑇 $

𝐾! = −𝑉
𝜕𝑃
𝜕𝑉 !

𝐶" = 𝑇
𝜕𝑆
𝜕𝑇 "

Solid: Pv
Dashed: PPv



PHQ and QHA comparison

𝛼 𝛾 𝐶!

Z. Zhang et al., PRB 106, 054103 (2022).

Purple: PHQ
Black: QHA



MgPv-PPv phase boundary

Z. Zhang et al., PRB 106, 054103 (2022).



MgPv-PPv phase boundary

𝐺 = 𝐹 + 𝑃𝑉

Z. Zhang et al., PRB 106, 054103 (2022).

Clapeyron slope
(𝑑𝑃/𝑑𝑇)
increases with T



CaSiO3 perovskite (CaPv):

Third most abundant mineral in the lower 
mantle: ~7 vol%

More abundant in subducted mid-ocean 
ridge basalt (MORB): ≥ 23 vol%

Applica>on to CaSiO3 Pv (strongly anharmonic)



Challenge for CaPv

Low T
Tetragonal and 
orthorhombic

High T
Cubic

T ≥ 600 K

- Komabayashi et al., Earth Planet. Sci. LeJ. (2007).
- Ono et al., Am. Mineral. (2004). 
- Kurashina et al., Phys. Earth Planet. Inter. (2004).



Challenge for CaPv
Thermal elasLcity

Gréaux et al., Nature (2019).       P < 23 GPa, T < 1700 K

Thomson et al., Nature (2019).   P < 16 GPa, T < 1500 K

Measured shear moduli are substantially lower than 
theoretical predictions.

VP

VS



Challenge for CaPv

Cubic phase:

• Ground-state double-well potenLal

• Ab ini+o phonon dispersions have
imaginary frequencies

SGxrude et al., Am. Mineral. (1996).

R25



Ab ini+o MD simulaLon details

LDA

NVT ensemble
dt = 1 fs 

SimulaGon Gme = 60 ps
Nosé dynamics

CaPv



Real space:
The distribution of atomic displacements of O atom 
of cubic CaPv from MD simulations

Sun et al., PRB (2014)



Phonon quasiparGcle emerges at 600 K (at ~26 GPa)→ CaPv is dynamically stable. 

R25

R25

Sun et al., PRB (2014)



Phonon quasiparGcle emerges at 600 K (at ~26 GPa)→ CaPv is dynamically stable. 

R25

Good agreement with EXPs: 
- Komabayashi et al., Earth Planet. Sci. Lett. (2007). 
- Ono et al., Am. Mineral. (2004). 
- Kurashina et al., Phys. Earth Planet. Inter. (2004). Sun et al., PRB (2014)

R25



Short-lived so/ modeLong-lived mode

QuasiparGcles remain well-defined
at higher T

𝑉𝐪)(0) G 𝑉𝐪)(𝑡) = 𝐴𝐪)cos(&𝜔𝐪)𝒕)𝑒#5/(7*𝐪#)



Subminimal mean free path

Zhang et al., PRB (2021)



𝜅 of CaPv

𝜅 = 𝜅ABC
𝑇ABC
𝑇

D 𝑉ABC
𝑉

E

𝑔 = 𝑏 𝑙𝑛
!$%&
! + 𝑐

𝑎 = 1.11

Results

Z. Zhang et al., PRB 104, 184101 (2021).

𝜅(𝑉, 𝑇)



𝜅 of CaPv

𝜅(𝑃, 𝑇)

Results

~1300 K

1950 K

Z. Zhang et al., PRB 104, 184101 (2021).



𝜅CaPv along the geotherm

Geotherm:
Stacey et al., Physics of the
Earth 4th ediSon (2008).

Results

Z. Zhang et al., PRB 104, 184101 (2021).



𝜅 of the lower mantle
Pyrolite mantle:

With CaPv:
7 vol% CaSiO3 + 75 vol% (Mg,Fe)SiO3 + 18 vol% (Mg,Fe)O

Without CaPv:
82 vol% (Mg,Fe)SiO3 + 18 vol% (Mg,Fe)O

Voigt-Reuss-Hill averaging scheme

Results



Es0ma0on of 𝜅 of the lower mantle

CaPv: 7 vol% abundance

Increases the 𝜅LM by ~11%

Results

Z. Zhang et al., PRB 104, 184101 (2021).



The quasi-harmonic approximaLon formula is no longer valid:

𝐹 = 𝐸- +8
𝐪)

1
2
ℏ𝜔𝐪) + 𝑘"𝑇6

𝐪0

ln 1 − 𝑒
*
ℏ2𝐪"
3#4

For two reasons:

- The phonon quasiparticle frequencies are intrinsically temperature-dependent

- The phonon quasiparticles of the cubic phase are not well-defined at low temperatures

Free energy and thermodynamics calcula0ons



The formula for vibraLonal entropy is sLll valid:

𝑆%&'(𝑇) = 𝑘"8
𝐪)

[ 𝑛𝐪) + 1 ln 𝑛𝐪) + 1 − 𝑛𝐪)ln𝑛𝐪)]

Phonon gas model

Helmholtz free energy: 

𝐹 𝑉, 𝑇 = 𝐸 𝑉, 𝑇- − 𝑇-𝑆%&' 𝑉, 𝑇- −A
I(

I
𝑆%&' 𝑇/ 𝑑𝑇/

𝑛𝐪) = exp(ℏ&𝜔𝐪)(𝑇 ⁄) 𝑘" 𝑇) − 1
#$

The reference temperature 𝑇- = 1500 K
𝐸 𝑉, 𝑇- is the Gme-averaged internal energy obtained from the MD simulaGon at 𝑇-.



Anharmonic phonon dispersions and vibra0onal density of states (VDoS)

R25

20×20×20 q-mesh

Zhang et al., PRB (2021)



Free energy:

Pressure:

𝑃 = −
𝜕𝐹
𝜕𝑉 I

Z. Zhang et al., PRB 103, 104108 (2021).

Vibra0onal entropy:



Anharmonic thermodynamic properties
𝛼 =

1
𝑉

𝜕𝑉
𝜕𝑇 $

𝐾! = −𝑉
𝜕𝑃
𝜕𝑉 !

𝐶" = 𝑇
𝜕𝑆
𝜕𝑇 "

𝛾 =
𝑉𝛼𝐾!
𝐶"

)𝐾# = 𝐾!(1 + 𝛾𝛼𝑇 )𝐶$ = 𝐶"(1 + 𝛾𝛼𝑇

Z. Zhang et al., PRB 103, 104108 (2021).



Z. Zhang et al., PRB 103, 104108 (2021).

Comparison

𝛼 𝛾 𝐶!

Solid: PHQ
Dash-doled: Mie-Grüneisen-Debye formulaGon



Applica>on to bcc/hcp Be (strongly anharmonic metal)

- RadiaLon windows: because of its low atomic number and very low 
absorpLon for X-rays.
- Lightweight structural components in high-speed aircraq, spacecraq, 
and satellites.
- Nuclear applicaLon: used to surround the fissile material.
- Neutron sources in laboratory devices.



Ab initio MD simulation details

PBE

Mermin funcGonal

4×4×4 supercells (128 atoms)
NVT ensemble
dt = 1 fs 

SimulaGon Gme = 50 ps
Nosé dynamics

Be



bcc Be

hcp Be

The bcc structural is unstable
at low temperatures. Phonon
quasiparLcles of bcc Be are
well-defined above 1000 K.

Lu et al., PRL (2017)



Helmholtz free energy: 

𝐹 𝑉, 𝑇 = 𝐸 𝑉, 𝑇- − 𝑇-𝑆B[B 𝑉, 𝑇- − 𝑇-𝑆%&' 𝑉, 𝑇- − ∫I(
I 𝑆B[B 𝑇/ 𝑑𝑇/ −∫I(

I 𝑆%&' 𝑇/ 𝑑𝑇/

The reference temperature 𝑇- = 1000 K
𝐸 𝑉, 𝑇- is the time-averaged internal energy obtained from the MD simulation at 𝑇-.

𝐸 and 𝑆B[B can be obtained from ab initio calculations software.
𝑆%&' can be computed from the quasiparticle spectra.



𝐺 𝑃, 𝑇 = 𝐹 𝑉, 𝑇 + 𝑃 𝑉, 𝑇 𝑉

20×20×20 q-mesh Lu et al., PRL (2017)

𝐹 𝑉, 𝑇



Phase diagram of pre-mel0ng bcc/hcp Be

Lu et al., PRL (2017)



Zhang et al. Comput. Phys. Commun. (2019)

Hands-on: phq code

hQps://github.com/MineralsCloud/phq



Phonon quasipar0cle approach

Mode-projected Velocity AutocorrelaLon FuncLon (VAF):

𝑉𝐪)(0)𝑉𝐪)(𝑡) = lim
*→,

1
𝜏
A
-

*
𝑉𝐪)∗ 𝑡/ 𝑉𝐪) 𝑡/ + 𝑡 𝑑𝑡′

𝑉𝐪) 𝑡 =8
&0$

1

𝑀&𝐯& 𝑡 𝑒&𝐪2𝐑! G H𝐞𝐪)&

Ab ini)o molecular dynamics           Ab ini)o harmonic phonons            

Method



Ab ini+o MD:

4×4×4 supercells (128 atoms)

Ab ini+o harmonic phonons:

4×4×4 q-mesh

cubic diamond Si as an example

The q-points sampling for the
harmonic phonon calculaLons
should be commensurate with
the supercell size.



Input files

scf.out dyn.out inputmd.out

structure of the 
primiLve cell

ab ini+o harmonic
phonons

ab ini+o MD settings for phq

Zhang et al. Comput. Phys. Commun. (2019)



scf.out

Number of elements
Number of atoms

Element name followed by the mass
Lafce parameter in Bohr radius

Lafce vectors scaled by the lafce parameter

Atomic positions in crystal coordinates



dyn.out

dyn.out is simply a concatenaGon of all the 
output dynmat files by ph.x of Quantum 
ESPRESSO package.

$ cat dynmat* > dyn.out

…



md.out
Total number of ab ini)o MD steps

Equilibrium atomic posiGons in 
crystal coordinates of the supercell

Atomic posiGons during the MD in 
crystal coordinates of the supercell

Step # 

…

…



md.out

Correct Wrong



input Time step for MD in Rydberg atomic unit,
1 a.u. = 4.8378 * 10^-17 s

Number of MD steps to use for the phq code

CorrelaGon Gme in dt to calculate for the VAF

Parameter used in the maximum entropy 
method to filter high-frequency components.
Usually a reasonable range (200 – 2000) can 
yield smooth spectrum.

Supercell size

Temperature of the MD

QuasiparGcle properGes obtained 
by which method to construct ]𝐷:
0: curve fifng (recommended)

1: Fourier transform

2: maximum entropy method, also yields Lorentzian spectrum

𝑉𝐪)(0) G 𝑉𝐪)(𝑡) = 𝐴𝐪)cos(&𝜔𝐪)𝑡)𝑒#4𝐪#5

𝐺𝐪) 𝜔 = A
-

,
𝑉𝐪)(0) G 𝑉𝐪)(𝑡) 𝑒&65𝑑𝑡
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You can get phq from github

$ git clone https://github.com/MineralsCloud/phq

Get phq



If you are using gfortran compiler on Linux machine

$ mv makefile_linux_gfortran makefile
$ make

If you are using ifort compiler on Linux machine

$ mv makefile_linux_ifort makefile
$ make

Compile phq



phq is a serial Fortran code

$ ./phq < input  

Run phq



Output files

frequency.freq

Mode # Harmonic 𝜔
&𝜔 by curve 
fifng &𝜔 by FT &𝜔 by MEM

Renormalized frequencies



Output files

dynmatmd0

Effective harmonic 
dynamical matrices

dynmatmd1

dynmatmd2

dynmatmdnq
]𝐷 𝐪 = H𝐞𝐪Ω𝐪H𝐞𝐪

=

where, Ω𝐪 = diag[&𝜔𝐪$7 , &𝜔𝐪77 , … , &𝜔𝐪;17 ]



Anharmonic phonon dispersion / VDoS from dynmatmd

matdyn.inq2r.in

$ q2r.x < q2r.in

$ matdyn.x < matdyn.in

]Φ(𝐫) =8
𝐫

]𝐷 𝐪 𝑒&𝐪2𝐫

]𝐷 𝐪′ =8
𝐫

]Φ(𝐫) 𝑒#&𝐪/2𝐫



How to get anharmonic phonon dispersion

In the example/Si/postprocessing/dispersion folder:
q2r.in, dispersion.in, plotband.in

$ q2r.x < q2r.in > q2r.out
$ matdyn.x < dispersion.in > dispersion.out
$ plotband.x < plotband.in > plotband.out



Thank you!


