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ph.x

The program ph. x solves this self-consistent linear system for

3 x Nz perturbations at a fixed vector q. With 83'?;’()(]) for all

perturbations, it calculates the dynamical matrix

DSas’B(q)

at the given q as discussed above. Diagonalizing this matrix we
obtain 3 x Ny frequencies wq,,. By repeating this procedure for
several q we could plot wq,, as a function of g and display the
phonon dispersions. However, it is more convenient to adopt a
different approach that requires the calculation of the dynamical
matrix in a small set of vectors q.
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Phonon dispersions

The dynamical matrix of the solid:

1 82 Etot /q(R R )
/ = v H 1
DSOcS 5(q) /7MSM3’ ~ aup,saauys’ﬁ € ( )

is a periodic function of q with Ds,s3(q + G) = Dsas(q) for
any reciprocal lattice vector G. Furthermore, due to the
translational invariance of the solid, it does not depend on .
Eq.1 is a Fourier expansion of a three dimensional periodic
function. We have Fourier components only at the discrete
values R, of the Bravais lattice and we can write:

1 02 Eor Q

G T ABQqDsus 5(q) e AR R,
MSMS’ e VS’E (2 )3 / S SB( )
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Discrete Fourier transform

We can use the properties of the discrete Fourier transform and
sample the integral in a uniform mesh of q vectors. This will
give the inter-atomic force constants only for a certain range of
values of R, neighbors of R,,.

In order to recall the main properties of the discrete Fourier
transform, let us consider a one dimensional periodic function
f(x + a) = f(x) with period a. This function can be expanded in
a Fourier series and will have a discrete set of Fourier
components at k, = %”n, where nis an integer (positive,

negative or zero).
f(x) =) coe™™
n

where the coefficients of the expansion are:
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Discrete Fourier transform - Il

1 /2 -
Ch = / f(x)e kX dx.
alo
In general, if f(x) is a sufficiently smooth function, ¢, — 0 at
large n. Now suppose that we discretize f(x) in a uniform set of
N points x; = jAx where Ax = a/Nandj=0,...,N -1, then
we can calculate:

—_

N—
- 1 2w
1S e i

-

Cn is a periodic function of nand ¢,y = Cn. So, if N is
sufficiently large that ¢, = 0 when |n| > N/2, ¢, is a good
approximation of ¢, for |n| < N/2 and the function
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Discrete Fourier transform - il

n=N/2
fx)= Y Cne"™
n=-N/2
is a good approximation of the function f(x) also on the points
x different from x;. In three dimensions the discretization of
Eg. 2 on a uniform mesh of q; vectors is:

N,
92 Eror 1 — g (R —
_ = C - e iqi(R. Ru)7
O,saOU,gs Ny ?_1: sas'5(di)

where we defined Cs,s3(q) = vVMsMg Dsos5(q). Since

_ PEr R _
TR TR depends only on the vector R = R, — R,,, we can call
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g2r.x
Csass(R) = auﬁ% and write the relationship:
Csasp(R Z CSas’ﬁ qi)e g R,

The code g2r . x reads a set of dynamical matrices obtained for
a uniform mesh of q; vectors and calculates, using this
equation, the inter-atomic force constants for some neighbors
of the point R = 0.
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matdyn.x

If the dynamical matrix is a sufficiently smooth function of q, the
inter-atomic force constants decay sufficiently rapidly in real
space and we can use Eq. 1 limiting the sum over v to the few
neighbors of R,, for which we have calculated the inter-atomic
force constants. With the present notation Eq. 1 becomes:

Csas'p(A) = Z CSas’ﬁ(R)eiqR; 3)
R

a relationship that allows the interpolation of the dynamical
matrix at arbitrary q, by a few inter-atomic force constants. The
program matdyn . x reads the inter-atomic force constants
calculated by g2r . x and calculates the dynamical matrices at
an arbitrary q using this equation.
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This procedure fails in two cases:

@ In metals when there are Kohn anomalies. In this case
Ds.s5(q) is not a smooth function of q and the inter-atomic
force constants are long range.

@ In polar insulators where the atomic displacements
generate long range electrostatic interactions and the
dynamical matrix is non analytic for @ — 0. This case,
however, can be dealt with by calculating the Born effective
charges and the dielectric constant of the material.
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Use of symmetry

Phonon dispersions require the DFPT calculation on a uniform
mesh Ng, x Ng, x Ng, = Ny of q vectors. The CPU time can be
roughly estimated as

Ng x 3 x Ny x Tyt

where Ty is the CPU time of a single self-consistent
calculation. Using symmetry the g-vector mesh is reduced to a
set of Ny non equivalent q vectors. The calculation of the
dynamical matrix at each q vector requires an amount of CPU
time roughly proportional to the size of its star of q vectors. So
low symmetry q vectors require much more CPU time than high
symmetry q vectors mainly because ph. x uses only the
symmetries of the small group of q to reduce the k points.
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Use of symmetry - Il

On the other hand, from the dynamical matrix at q we can
obtain, for free, the dynamical matrices of the star of q that is
larger for low symmetry q. Not all the 3 x N, perturbations
have to be calculated simultaneously at each ¢. Choosing
displacement patterns that transform according to an
irreducible representation (irrep) of the small group of q, the
number of patterns that transform among themselves is equal
to the dimension of the irreducible representation. For standard
point groups the maximum dimension is 3, while for q at zone
border and nonsymmorphic point groups the maximum
dimension could be larger, up to 6.
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g-vectors parallelization

The phonon code is parallelized as the pw. x code: reciprocal
lattice vectors G can be distributed among CPUs and/or k
vectors used for the integration over the Brillouin zone can be
distributed among pools of CPUs. In addition, it is possible to
calculate in parallel the contribution to the dynamical matrix of
each irrep for each q vector.

Different q vectors might require quite different CPU time so the
dynamical matrix of each q vector is calculated independently.
The two input parameters start_gand last_g allow the
choice of the q vector in the list of Ny vectors. To parallelize
only on q vectors it is convenient to send many runs on different
CPUs with different outdir directories. Preliminarily, the
outdir produced by pw. x has to be copied in all the outdir
directories where ph . x will run.
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q vectors and irreps parallelization

q vectors and irreps parallelization is slightly more complex
because each run must use the same displacement patterns.
Therefore, after running pw. x, a preliminary run of ph . x with
the two flags start_irr=0and last_irr=0 calculates and
saves on disk the displacement patterns for all q vectors and
irreps. Then ph. x can run separately on different machines or
on different CPUs. Each run calculates one or more irrep as
specified by the four variables start_g, last_q, start_irr,
last_irr. The outdir produced by pw.x and by the
preliminary run of ph. x has to be copied in all the outdir
directories where ph. x will run.
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Collecting the results

After running ph . x for all q vectors and all irreps the results are
collected in a single outdir directory and ph.x is run again to
produce the dynamical matrices. The files with the
contributions of the irreps to the dynamical matrix are in the
outdir/_phprefix.phsave directories and are called
data-file.xml.#iqg.#irr. All these files have to be copied
in one outdir/_phprefix.phsave directory and ph.x must
be run on this outdir without any flag. Note that if the file
data-file.xml.#iqg.#1irr for some qg-vector or for some
irreps is missing ph . x will recalculate the missing contribution
to the dynamical matrix.
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Image parallelization

It is possible to run ph. x using the image parallelization. The
code is run with the option —-ni=number of images and the
total number of processors is divided into ni groups, each
group running a certain number of irrep. The division of
irrep among images is done at the beginning of the run by
the driver and the images run independently without talking to
each other. The number of processors must be a multiple of the
number of images. Finally you need to run ph. x another time
to collect the results and obtain the frequencies The last run of
ph.x as well as the initial run of pw.x must be done with a
number of processors equal to the number of processors used
with images divided by the number of images. The number of
pools must be kept invariant.
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THERMO_PW

The image features of ph. x are further developed in the
thermo_pw code. This is presently available at:

https://dalcorso.github.io/thermo_pw/

This code allows to run asynchronously the different images, so
that it is not necessary to divide the work among images at the
beginning of the run. Each image runs a new task as soon as it
finishes to run the current task until there are tasks to run.
Finally the results are collected automatically and g2r . x and
matdyn.x are run after the phonon calculation.
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The quantum mechanical Hamiltonian

The Hamiltonian of the ions:
P2 O2E;
H — I ot
%: oM T2 Z au,a(?u Aumouy et

can be rewritten in terms of phonon creation and annihilation
operators a'”(q) and a’(q) as:

S (e )

so that its eigenvalues E; depend on a set of non negative
integer quantum numbers nq,, that gives the number of
phonons in each mode.
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The canonical partition function

The possible vibrational energies of the solid are therefore:

'
E=) <”q,v + 2) hwq,vs
q7V

where / indicates the set of integer numbers ngq,. At a given
temperature T the probability that the solid has a certain
energy E; can be calculated by statistical methods and it is:

1 ,
P(E)) = ?e_ﬂE’
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where Z is the canonical partition function defined as
z=> e"5
i

The sum is over all the possible sets of integers nq,, and
8 =1/KgT (Kg is the Boltzmann constant). We can write

Z = Z e BE — H i g (n+1/2)Bhwq,.
i

q,v \n=0
Making the sum over n and taking the logarithm gives:

e_%ﬂmq,u

B B . Bhwq,,
|nZ = qzl;ln ‘I_em ——qzy:ln |:25|nh( 2 )

= —ﬁqzl;m];’y — qzl;ln [1 - e’m"”q’”} )
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The thermodynamic functions

The vibrational energy per cell of the solid is:

U— 1YEePs _ 19mZ
N >, e FFEi N 98~
where N is the number of unit cells.
The Helmholtz free energy per cell (F = U — TS, where S'is the
entropy per cell) is given by:
11
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The thermodynamic functions - Il

Using the expression of In Z in terms of the phonon
frequencies, the vibrational energy per cell becomes:

1 qu hwq,v
U= qu 2 Nzeﬁhqu—

while the Helmholtz free energy per cell becomes

R ol T /\;/5 %}:In [1 - efﬁmqw} ,

N 2

q,v

or

1 . Bhwq,u
F= Nﬂqzyln [ZSmh(zq)] .
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Other thermodynamic quantities

The entropy per cell can be computed as:
~lwu-F
=z ),

while the isochoric heat capacity is:

ou 1 0 1
Co=or = NXleagt )

_ KB Bhwqu 2
N Z[Zsmh ﬁhwq,,/Z)} '
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The phonon density of states

Introducing the phonon density of states per cell:
g(w) = N Z d(w — wq,v)

we can write the thermodynamic fuctions as one dimensional
integrals over the frequencies:

e hw i hw

_ ;/Om dew g(w) In {25inh(ﬁzw)] .
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The thermodynamic functions

The isochoric heat capacity of one unit cell:

2
Ks /O oo () [M]

sinh(25)

_ou
- oT

Cv

%

[eS) B 2
= KB/O dw g(w)e”™ [eﬁqu} :

All these functions are plotted by the thermo_pw software after
a phonon dispersion calculation. Other small codes that
compute these quantities from the phonon density of states are
available in the QE package or on the web.

NB: require stable systems where all frequencies are positive.
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Equilibrium volume of a solid at constant
temperature T

We consider a solid at temperature T and at pressure p. If the
volume of the solid changes by df2 the solid does a work pdQ2
against the pressure p. To keep the temperature constant the
solid absorbs some heat dQ. According to the second law of
thermodynamic dQ = TdS where S is the entropy. According to
the first law of thermodynamic the change of the internal
energy is equal to the adsorbed heat minus the work done

dU = TdS — pdQ2. Therefore, at constant temperature:

_ (U 1dS\| _ OF(Q.T)
P="\aa " '9a)|,” " oa |,

At temperature T and zero pressure, the solid is in equilbrium
at the volume 2 that minimizes the free energy.

Andrea Dal Corso Vibrational thermodynamic properties



Phonon interpolation and dispersions
g-vectors parallelization: a few ideas
Thermodynamics

Quasi-harmonic approximation

The volume as a function of temperature

The total free energy per unit cell of volume Q is:
F(Qv T) = UO(Q) + th(Q? T) + Fe/,

where Uy(Q2) is the DFT total energy, Fpn(2, T) = F is the
vibrational free energy, and F, is the electron excitation energy,
needed only for metals and computed from the electron density
of states.

Within the quasi-harmonic approximation the vibrational free
energy depends on volume since the phonon frequencies
depend on volume.

Minimizing F(2, T) at each T, we obtain the equilibrium volume
as a function of temperature, Qo(T).
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Free energy minimization: Murnaghan equation

The bulk modulus BOT is the inverse of the compressibility.
Calculated at constant temperature it is:

1 _pr_ 1092
%‘K“Q<w)f

The Murnaghan equation:
By
i <%)41
By—-1\Q

obtained assuming a constant derivative of the bulk modulus B;
with respect to pressure, depends on €, By, and B;. By fitting
the free energy at each temperature we obtain Qq(T), Bo(T),
and By(T).

By
By

B

F(2) = F(0) + BT
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The volume thermal expansion

The volume thermal expansion is defined as:

]
h= Qo(T)

dQo(T)
dT

[m]

=
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Thermal expansion from Grineisen parameters

The Grlneisen parameters are defined by:

. Q d(/.)q7y
Fyqﬂ/_ (Uqﬂj dQ '

Thermal expansion in terms of Grlineisen parameters:

199(T) 1 oT)| op(T)| _ 1 PFQT)

P=amm ot o QM op(T)|; 0T |g  Be(T) TR

Only the vibrational part of the free energy depends on T:
1
B = m %}: Cq,vYq,vs
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where ¢cq,, is given by:

_hwq,ya[ 1 ]

“av =70 9T |efwar —1

It is also common to define the average Griineisen parameter
as:

- > g Car Vv
Zq,l/ quy ,
or, in terms of macroscopic quantities,
_ B(T)By(T)Q
Cv(T)
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Isobaric heat capacity, isoentropic bulk modulus

The heat capacity measured at constant pressure can be
obtained as:
Cp— Cy = TQBy 2.

The difference between the bulk modulus measured at constant
entropy (without heat exchange) or at constant temperature can
be obtained as:

11 T
BS B Cr

Inserting in the second equation TQ3? from the first, one finds:

By _Cr
B ~Cv
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Thermal equation of state

From the free-energy at each T we can obtain

L OF(Q,T)

PELT) = ——55

which is the thermal equation of state.
It is also possible to minimize (for each p) the auxiliary function:

Gp(2,T) = F(Q, T) + pQ2

obtaining the function Q(p, T). This equation remains valid
when F depends on several crystal parameters in anisotropic
solids.
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Anisotropic solids

For anisotropic solids the previous approach is still valid, but for
each volume there are several crystallographic parameters. For
tetragonal, hexagonal, and trigonal solids there are two
parameters (a, ¢/a, or a, cosa), for orthorombic solids three (a,
b/a, and c/a), for monoclinic solids four (a, b/a, ¢/a, cosy) and
for triclinic solids six (a, b/a, ¢/a, cosa, cos3, cosy).
There are three options:
@ Change only a and keep all angles and ratios constant.
Simple but approximated.
@ Optimize all the parameters at fixed volume so that the
stress is a uniform pressure. Less approximated.

@ Compute the free energy as a function of the crystal
parameters and optimize it at each T. Exact but heavy.

Andrea Dal Corso Vibrational thermodynamic properties



Phonon interpolation and dispersions
g-vectors parallelization: a few ideas
Thermodynamics

Quasi-harmonic approximation

Anisotropic solids: Strain

Instead of changing the volume, we change the size and the
shape of the unit cell. The strain applied to a solid is described
by a symmetric 3 x 3 tensor ¢; ;. Calling a4, ap, a3 the primitive
vectors of the unperturbed solid, and a), a5, aj those of the
strained solid, we have:

3
!
Q=4+ Z €j kK-
k=1

Since ¢ x is a symmetric tensor we can describe it with the
V0|gt notation where ¢; = €1,1, €2 = €22, €3 = €33, €4 = 262,3,
€5 = 26173, and € — 26172.
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Anisotropic solids: Stress

%

We call stress o ; the force (f) per unit area A; (j indicates the
perpendicular to the surface) present in a solid. The work per
cell made by a solid with a stress o ; to change its strain by de; ;
is dW = —Q3%, ioijde;j, where Q is the unperturbed unit cell
volume.
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Uniform pressure

A uniform pressure corresponds to a diagonal stress (o;; = 0
for i # j) with:

3
1
0l =P p=-gtrloi) = }:

The work made by the solid becomes:

3
adWw = —QZO‘,’JC‘/E,‘J = Q,OZ de,-,,- = de.
ij i=1
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Equation of state for an anisotropic solid

When the strain of the solid changes of de; ;, at constant T and
stress o ;, the solid makes some work and adsorb some heat to
keep the temperature constant so the internal energy of the
solid changes as:

dU=TdS+ Q) oj;dei;.

ij
From this equation we obtain the equation of state (at constant
temperature):
1 /oU 0S 1 OF
Oij==s\|3a — — T = = .
Q (96,',]' (96,',/' T Q 86,',/' T

For a solid with no stress, the strain minimizes the Helmholiz
free energy.
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Crystal parameters as a function of the
temperature and thermal expansion

Considering only strains that do not change the Bravais lattice,
we fit the free energy with a quadratic or quartic polynomial of
the crystal parameters and minimize it. From the minimum we
obtain a(T), b(T), ¢(T) etc. The thermal expansion measures
the strain induced by a change of temperature at constant
stress:
Oejj
Qjj = T J.
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Thermal expansion from crystal parameters

In order to relate the thermal expansion tensor to the change of
crystal parameters, we can use the following considerations. If |
is a versor in a given direction, the thermal expansion in that

direction is:
o) = E 04,'7]'/,'/]'.
i?j

Taking | perpendicular to a set of lattice planes whose distance

is h, we have also:
1 dh

a)
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Thermal expansion from crystal parameters - ||

In a cubic solid taking | = (1,0,0) we have oy = ay1 and h= a
or h=a/2so
1 da(T)
a1 = ﬁ a7
In a tetragonal, hexagonal or trigonal solid taking I = (1,0, 0) or
I =(0,0,1) we have:

1 da(T) 1 de(T)

T QT dr T BT 1) dT
In an orthorombic solid taking I = (1,0,0), 1 = (0,1,0), or
I =(0,0,1) we have:

1 da(T) 1 adb(T) 1 dc(T)

MW T ATy dT 0 BT (1) dT ¢ T oT) dT
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Volume thermal expansion

From the thermal expansion tensor we have

100
f=

3
O€;
qo7), = 97

Za,, = Tr(a)

[m]

=
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Elastic constants and compliances

The concepts that generalize the bulk modulus and the
compressibility are the elastic constants and compliances. The
elastic constants, at constant temperature, are defined as the
stress induced by a strain:

ikl 86;(7/ T

The inverse of the elastic constants tensor are the elastic
compliances that measure the strain induced by a stress:

ST, 31‘
Ikl 80’/(7/ T
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Thermal expansion from Grineisen parameters

The generalization of the Griineisen parameters are:

i i 1 dw
I7 J— q v
’Yq{y

wqy dejj’

and the thermal expansion tensor becomes:

6611 N T 82F 6 T)
Zaak, B QZS'IK’ OTdex)
Only the vibrational part of the free energy depends on T:

B T k.1
Qjj = Z Sij,kl Z Cq,vVq,v-
k,l q,v

86[/ 80;(/

ai’j
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Heat capacity at constant stress

The difference between the constant stress and constant strain
heat capacities is:

T
CU - C6 = TQZOJ/JC,‘LMOKK’/.
ij Kl

Taking a uniform pressure as stress and comparing with the
corresponding equation:

Cp — Cy = TQBy,

we see that, for non cubic solids, the heat capacity at constant
volume and at constant strain might differ:

. 1
Cy—C" =-TQB, 52 + EO I.Zjai’jbi’j ,
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where the b; ; are the thermal stresses:

Z ij, kI k1>

calculated from the product of the elastic constants and the
thermal expansion.

80,71

bij=
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Isoentropic elastic constants and compliances

The difference between the isoentropic and isothermal elastic
compliances is:

TQa,-,jak,/
Ce '

The difference between the isoentropic and isothermal elastic
constants is:

S T _
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The thermo_pw software

DO geometry

Geometry parallel

ENDDO
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