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Chapter 1

Introduction

In this manual/user guide describes how to operate the scph-program in which the self
consistent ab initio lattice dynamical method has been implemented (SCAILD) [1]. The
program is written in a way so that it can be easily be interfaced with the VASP package
[2], and with the phon-program of Dario Alfe [3]. Those of you who have used VASP and
phon will thus find it a ”peace of cake” to learn how to use the scph package.

There are also three different directories accompanying this manual with all the input files
needed to do three different SCAILD calculations. These directories are examples/bcc Ti/,
examples/hcp Ti/ and examples/CsI/ and it might be a good idea to take a look at these
files when reading this manual.
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Chapter 2

Theoretical Background

Self consistent phonon calculations are a natural extension of the theory of the harmonic
lattice, and we initiate our methodological description by first presenting the most important
features of this theory. The Hamiltonian of lattice dynamical system can be expressed as

H = Hh + Vanh (2.1)

where

Hh =
∑
R,σ

P 2
Rσ

2Mσ
+

1
2

∑
R,σ

∑
R′,σ′

URσ
¯̄Φσσ

′
(R+ bσ −R′ − bσ′)UR′σ′ , (2.2)

Vanh =
1
3!

∑
R,σ

∑
R′,σ′

∑
R′′,σ′′

∑
αβγ

Φσσ
′σ′′

αβγ (R+ bσ,R′ + bσ′ ,R′′ + bσ′′)URσαUR′σ′βUR′′σ′′γ + · · · ,

(2.3)

are the harmonic and anharmonic parts of the Hamiltonian, respectively. Here R are the
equilibrium lattice positions of the atoms, bσ the atomic positions relative to the primitive
Bravais lattice, URσ the displacements of the atoms, PRσ the momentum of the atoms,
Mσ the atomic mass, ¯̄Φσσ

′
the inter-atomic force constant matrices and Φσσ

′σ′′

α,β,γ the tensor
describing the third order anharmonic contribution to the potential energy. In order to
make the notation more transparent, in the following sections the notation of a monoatomic
lattice will be adapted without any loss of generality.

2.1 The harmonic lattice and its limitations

Diagonalizing the dynamical matrix

¯̄D(k) =
1
M

∑
R

¯̄Φ(R)e−ikR, (2.4)

for each wave vector k in the first Brillouin zone one finds the eigenvalues ωks and eigen-
vectors εks of different phonon modes (longitudinal or transverse) labeled by the symbol s,

4



2.1. THE HARMONIC LATTICE AND ITS LIMITATIONS 5

N being the number of atoms. Introducing the canonical phonon coordinates Qks and Pks,
the displacements UR and the kinetic energy operators PR can be expressed as

UR =
1√
MN

∑
k,s

Qksεkse
ikR (2.5)

PR =
1√
MN

∑
k,s

Pksεkse
ikR (2.6)

allowing a separation of the harmonic Hamiltonian Hh of the crystal into the Hamiltonians
of 3N independent harmonic oscillators.

Hh =
∑
ks

1
2

(P2
ks + ω2

ksQ2
ks). (2.7)

The thermodynamic average of the operators Q†ksQks determines the mean-square atomic
displacements and is given by

〈Q†ksQks〉 =
~
ωks

[1
2

+ n
(~ωks

kBT

)]
, (2.8)

where n(x) = 1/(ex−1) is the Planck function. In the classical limit, i.e for sufficiently high
temperatures, the operators (1/

√
M)Qks are replaced by real numbers,

Rks ≡ ±

√
〈Q†ksQks〉

M
. (2.9)

Calculating the gradient of the potential energy in Eqn. (2.2) with respect to the atomic
displacements gives the restoring force

FR = −
∑
R′

¯̄Φ(R−R′)UR′ . (2.10)

Fourier transforming Eqn.(2.10) and substituting UR with the expression in Eqn. (2.5)
gives

Fk = −
∑
s

Mω2
ksRksεks. (2.11)

Finally, using the orthogonality of the eigenvectors εks the phonon frequencies can be ex-
pressed as

ωks =
[
− 1
M

εksFk

Rks

]1/2
. (2.12)

The equations discussed so far can be solved for dynamically stable materials, where the
excitation of any individual phonon mode, i.e a finite Qks, will lead to an increase of the total
energy Etot of the system, i.e dEtot/dQks ≥ 0. For dynamically unstable materials however,
there exists one or several phonon modes (k, s) such that any finite Qks for these modes
will result in a decrease in the total energy of the lattice. In this situation the equations
discussed so far can not be used straight forwardly since they result in imaginary phonon
frequencies. This represents a situation where the lattice under consideration spontaneously
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shifts atomic planes and/or atomic positions so that a new crystal structure lowers the total
energy.

The only type of anharmonicity that can be taken into account by the above formalism
is the type of anharmonicity responsible for the thermal expansion. This is a weaker kind
of anharmonicity that most people are aware of is present in all solids. Qualitatively it can
be described by the simple argument that longer bonds are weaker, so the frequencies are
lower, so the entropy is higher. To capture the anharmonicity associated to the thermal
expansion quasiharmonic DFT works very well. Here the change of phonon frequencies is
almost entirely due to thermal expansion. However, whenever strong anharmonicity appears
quasiharmonic phonons may show unstable modes which cannot be stabilized by the thermal
expansion. Thus the interaction between phonons must be included in order to correctly
describe the lattice dynamics of the systems. In the following section it will be explained
how the interaction between phonons can been taken into account by means of the SCAILD
method.

2.2 The SCAILD method

To understand how the SCAILD incorporates the effect of anharmonicity in the calculations
of phonon frequencies it is instructive to substitute the lattice displacements in the Hamil-
tonian (2.1) with the decomposition of UR given by Eqn. (2.5), to obtain the following
expression for the Hamiltonian

H =
1
2

∑
ks

[
P2

ks + ω2
ks

(
1 +

1
3

∑
k1,k2

∑
s1,s2

A(k,k1,k2, s, s1, s2)
Qk1s1Qk2s2

Qksω2
ks

+ · · ·
)
Q2

ks

]
(2.13)

where

A(k,k1,k2, s, s1, s2) =
1

(MN)3/2
∑

R,R1,R2

∑
α,β,γ

Φαβγ(R,R1,R2)εksαεk1s1βεk2s2γe
i(Rk+R1k1+R2k2) (2.14)

The full Hamiltonian of Eqn. (2.13) is contrary to the Harmonic problem not separable into
N independent Hamiltonians. Nevertheless by replacing the operators Qks appearing in the
curved brackets of Eqn. (2.13) with

√
MRks the following mean-field Hamiltonian can be

constructed
HMF =

∑
ks

1
2

(P2
ks + ω̄2

ksQ2
ks) (2.15)

where

ω̄2
ks = ω2

ks

(
1 +
√
M

2

∑
k1,k2

∑
s1,s2

A(k,k1,k2, s, s1, s2)
Rk1s1Rk2s2

Rksω2
ks

+ · · ·
)

(2.16)

The set of equations 2.8-2.9 and 2.15-2.16 can, once the interaction termsA(k,k1,k2, s, s1, s2),
and an initial guess in terms of normal modes have been provided, be solved self consistently.

It follows from experience of calculations of anharmonic effects in metals [10, 11] that
usually odd-order terms are dominant for close packed stiff lattices, such as Ir metal [10].
At the same time, soft-mode phonon behavior in essentially anharmonic bcc metals, such as
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Ca and Sr, is determined by the even-order terms [11]. The phonon damping is connected
mainly with three-phonon processes and cannot be taken into account in the framework of
self-consistent phonon picture. In this sense, our approach is reminiscent the quasiparticle
self-consistent GW approximation [12] where only real part of the electron self-energy is
taken into account.

In the SCAILD scheme Equations (2.8)-(2.9) and (2.15)-(2.16) are solved by first calculat-
ing a starting guess for the phonon dispersions by means of a standard supercell calculation,
see e.g Ref. [13]. The phonon frequencies corresponding to k-vectors commensurate with the
supercell are then used to calculate the atomic displacements through Eqn. (2.5) and Eqns.
(2.8)-(2.9). Here it should be noted that the signs of the amplitudes Aks (see Eqn.(2.9)),
should be chosen randomly, with equal probabilities for + and -. It should also be stressed
that in the first iterations of the calculation unstable modes may be present, i.e there may
be modes with ω2

ks < 0. In order to calculate the Fourier amplitude Rks for these modes by
means Eqns. (2.8)-(2.9) the frequencies have to be guessed. In these situations the absolute
value |ωks| of the imaginary frequencies have been used as guesses of the real frequencies.

The forces induced by the displacements UR can be calculated by any standard ab initio
method. From the Fourier transform of the atomic forces a new set of frequencies ω̄2

ks are
calculated through Eqn. (2.12) (in the appendix we describe how one from Eqn. (2.12) can
extract ω̄2

ks) The symmetries of the different k-vectors are restored by

Ω2
ks =

1
mk

∑
S∈S(k)

ω̄2
S−1kS , (2.17)

where S(k) is the symmetry group of the wave vector k, and mk the number of elements of
the group. The mean value of all iterations supplies a new set of frequencies,

ω2
ks(NI) =

1
NI

NI∑
i=1

Ω2
ks(i), (2.18)

where Ωks(i), i = 1, ..., NI are the symmetry restored frequencies from all iterations. Here
NI is the number of iterations. The new set of frequencies calculated in (2.18) determine
a new set of displacements used to calculate a new set of forces. In Fig. 2.1 a schematic
outline is shown of the different steps performed in a SCAILD calculation. Philosophically
our approach is similar to Born’s self consistent phonon theory, with the main difference
being that we consider a direct force calculation from a super cell with Hellman-Feynman
forces calculated from density functional theory.
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Figure 2.1: (color online). Schematic outline over the different tasks performed in a self-
consistent phonon calculation.

2.3 Theoretical appendix

This appendix shows how the eigenvalues ω̄2
ks of the mean field Hamiltonian (2.15) can be

retained from Eqn. (2.12). Using the sum convention for the coordinate indexes the forces
can be expressed as

FRj = −
∑
R′

¯̄Φjα(R−R′)UR′α −
1
2

∑
R′,R′′

Φjαβ(R,R′,R′′)UR′αUR′′β + · · · (2.19)

By replacing the operators Qks/
√
M with the real numbers Aks in the normal mode expan-

sion of UR, the Fourier transform of the forces can be expressed as

Fkj = −
∑
s

Mω2
ksεksjRks −

1
2N3/2

∑
k1,k2

∑
s1,s2

Φjαβ(k,k1,k2)εk1s1αεk2s2βRk1s1Rk2s2 + · · · .

(2.20)

Finally multiplying (2.20) with −εksj/(RksM) and summing over j gives

−F kεks

MRks
= ω2

ks

(
1 +
√
M

2

∑
k1,k2

∑
s1,s2

A(k,k1,k2, s, s1, s2)
Rk1s1Rk2s2

Rksω2
ks

+ · · ·
)
.

(2.21)

where A(k,k1,k2, s, s1, s2) is given by (2.14). Now from 2.21 becomes obvious that the left
hand side of (2.12) is equivalent to ω̄k,s.



Chapter 3

Setting up a SCAILD
calculation

In order to set up a SCAILD calculation one needs, apart from the scph-program, a first
principles program that can calculate inter-atomic forces. Any first principles program can
of course be used for this purpose, however since the input- and output-format of the scph-
program follows that of VASP, it will be assumed in this manual that the ab initio program
is VASP. The scph-program and the ab initio program are interfaced by means of a simple
shell script. The structure of the script is the same as the structure found in the schematic
picture presented in Fig. 2.1. Translating this picture into a simple bash script one would
obtain the following: (Observe that the small numbers to the right of each active line of the
script are not part of the script, they are just used for reference)

#!/bin/sh
#First displacement
cp POSCAR START1 POSCAR 1

./vasp 2

./force extract 3

cp FORCESI KRAFTER.1 4

· · ·

#n:th displacement
cp POSCAR STARTn POSCAR 5

./vasp 6

./force extract 7

cp FORCESI KRAFTER.n 8

#Here we run scph and generate starting guess displacements:
cp POSCAR REF POSCAR 9

./scph 10

9
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for i in 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 11

do 12

cp POSCARTEMP1 POSCAR13

./vasp 14

./force extract 15

cp FORCESI KRAFTER 16

cp POSCAR REF POSCAR17

./scph18

done19

3.1 Overview of the SCAILD calculation

In this section a short overview of the different tasks performed in a SCAILD calculation
will be discussed. All along this discussion references will be made to the generic bash script
that was presented in the very beginning of this chapter.

The lines 1-4 and 5-8 in the script is the part of the SCAILD calculation where the
initial phonon dispersion is calculated. This initial calculation is what is referred to as the
starting guess calculation (see STEP 1 in Fig. 2.1). Here the files POSCAR START1 and
POSCAR STARTn contain the atomic positions of the supercell. In these files all but one of the
atoms are placed in their equilibrium positions. The number of files/initial displacements
needed to calculate the initial phonon dispersion depend upon the symmetry of the crystal.
In order to generate the files POSCAR START1 - POSCAR STARTn, the phon-program [3] has
been used. At lines 1-2 and 5-6 the forces induced by the displaced atoms in POSCAR START1
- POSCAR STARTn are calculated. At lines 3 and 7 the perl script force extract is used to
extract the forces in the OUTCAR-files into the file FORCESI. The FORCESI-files are then copied
to the files KRAFTER.1 - KRAFTER.n on lines 4 and 8 so that they later on may be recognized
and used by the scph program on line 10.

On line 9 the file POSCAR REF containing the equilibrium coordinates of the supercell is
copied to the file POSCAR, which is to be used as input by the scph program on line 10. At
line 10 the scph program uses the files KRAFTER.1 - KRAFTER.n and POSCAR (The following
files are also used: INPHON, INPUTFLJ, QPOINTS and SYMOP, but they will be discussed in the
next section) to calculate the force constant matrices ¯̄Φ(R), the initial phonon dispersion,
the atomic displacements UR through Eqn. 2.5, 2.8 and 2.9 and the new atomic positions
R + UR (see STEP 2 in Fig. 2.1). The new atomic positions are then written to the file
POSCARTEMP1 by the scph program.

At lines 11-19 the script enters the main loop of the SCAILD calculation, where self
consistency is to be obtained (see STEP 2, 3, 4 and 5 in Fig. 2.1). At lines 13-15 the forces
FR acting on the atoms positioned at R + UR are calculated (see STEP 3 in Fig. 2.1). At
lines 16-18 the forces stored in the fie KRAFTER are used by the scph program to calculate a
new set of phonon frequencies through Eqn. 2.12, 2.17 and 2.18 (see STEP 4 and 5 in Fig.
2.1). New atomic positions R + UR are then calculated by the scph program and written
to the file POSCARTEMP1. The file POSCARTEMP1 is then used at lines 13 and 14 to calculate
a new set of forces. (i.e back to step 2 in Fig. 2.1).
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3.2 The input files

The input files of the scph-program are the following:
INPHON
POSCAR
INPUTFLJ
DIPOLEINTERACT
KRAFTER
KRAFTER.1, . . . , KRAFTER.n
QPOINTS
SYMOP
MEMORYFILE

3.2.1 The INPHON-file

This is the same INPHON-file as the one used by the phon-program [3]. Here only those fea-
tures important for the scph-program will be commented, for a more complete description of
the file please look into the manual of the phon-program [3]. Below an example of a typical
INPHON-file is given:
# symmetryze force constant matrix
# LSYMM=.FALSE.

# number of ions types and masses
NTYPES = 1; MASS = 44.956 1

# generate superlattice
LSUPER = .F.; NDIM = 4 4 4; DISP = 1002

# free energy calculation
LFREE = .F.; TEMPERATURE = 16733

# q points section
LRECIP = .T.4

ND = 4; NPOINTS = 1005

QI = 0.0 0.0 0.0 \6
0.5 -0.5 0.5 \7
0.25 0.25 0.25 \8
0.0 0.0 0.0
QF = 0.5 -0.5 0.5 \9
0.25 0.25 0.25 \10
0.0 0.0 0.0 \11
0.0 0.0 0.512

# density of states
LGAMMA = .TRUE.13

QA = -100; QB = 100 ; QC = 10014

DOSIN = 0; DOSEND = 10; DOSSTEP = 0.05; DOSSMEAR = .05115

# write force constant matrix



12 CHAPTER 3. SETTING UP A SCAILD CALCULATION

LFORCEOUT = .T.16

In the following the contents of the above example INPHON-file will be referenced to by
the small number appearing to the right of each active line.

Line (1):
Here the number of different atomic species are entered together with the different masses.
This specific file refers to a SCAILD calculation of bcc Sc. For example if this file where to
be used in a calculation of ZrO2 the corresponding line would read:
NTYPES = 2; MASS = 91.224 15.9994

Line (2):
Here the flag LSUPER should always be set to false when the INPHON-file is used by the scph-
program. However if the INPHON-file is used by the phon-program [3], then setting this flag
to true will make the phon-program create a supercell by increasing the primitive cell given
by the POSCAR-file along the three primitive lattice vectors. The increase/multiplication of
the cell is given by the array NDIM. The resulting supercell will be written to the file SPOSCAR.
Whenever the INPHON-file is to be used by the scph-program the array stored in NDIM should
correspond to the supercell size used. In the above example NDIM = 4 4 4 corresponds to a
SCAILD calculation with a 64-atom supercell. The parameter DISP is unimportant an can
be set to an arbitrary value when the INPHON-file is to be used by the scph-program.

Line (3):
Whenever the INPHON-file is to be used by the scph-program the flag LFREE should be set to
false. The parameter TEMPERATURE is more or less self explanatory and it is the temperature
T appearing in Eqn. 2.8 and in the calculation of the phonon contribution to the free energy
given by

F phon(T ) =
∫ ∞

0

dωg(ω)[
~ω
2

+ kBT ln(1− e−~ω/kBT )], (3.1)

where g(ω) is the phonon density of states.

Line (4-12):
These lines specify between which points in reciprocal space the phonon dispersion ωk,s

should be calculated. The output is written to the file FREQ. For a more detailed description
of this input please have a look in the manual of the phon-program [3].

Line (13):
Please have a look in the manual of the phon-program [3].

Line (14-15):
These lines determines how the phonon density of states g(ω) is to be calculated. The
parameters QA, QB and QC is the mesh in reciprocal space used to calculate the density of
states g(ω). If the INPHON-file is used by the phon-program the minus sign in QA ”tells” the
phon-program that the q-point mesh already exists and is present in the file QPOINTS. If the
first mesh number, i.e QA, is positive the phon-program will calculate the q-points used to
calculate the density of states g(ω) and write them to the file QPOINTS.
If the INPHON-file is to be used by the scph-program then the parameters QA, QB and QC have
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the same meaning as described above. However in this case the QA parameter should always
be negative. In the event that the QPOINTS-file doesn’t exist the scph-program will at the
first iteration ( STEP 1 in the SCAILD calculation, see Fig. 2.1) generate the QPOINTS-file.
The parameters DOSIN and DOSEND specifies the frequency range in THz in which the density
of states should be calculated. The parameter DOSSTEP is the maximum resolution of each
state in THz. The parameter DOSSMEAR is the gaussian smearing in THz used to smear each
state.

Line (16):
If this flag is true the force constant matrix ¯̄Φ will be written to the file HARMONIC.

3.2.2 The POSCAR-file

This file contain the structural information of the system. It has exactly the same format
as the format used by the VASP package [2]. The POSCAR-file used by the scph-program
contains the equilibrium atomic positions of the atoms of the supercell. The dimensions of
the supercell stored in the POSCAR-file should be the same as specified by the array NDIM
in the INPHON-file. The simplest way to obtain a desired POSCAR-file is to just take the
SPOSCAR-file generated with the phon-program [3].

3.2.3 The INPUTFLJ-file

This file ”tells” the scph-program weather or not the inter-atomic forces are to be calculated
externally by some ab initio code, or internally by means of model potentials. Furthermore
the INPUTFLJ-file also specifies the number of initial displacements, the amplitude and di-
rection of these displacements and which atoms that have been displaced in the initial
calculation (STEP 1 in Fig. 2.1). Below an example of an INPUTFLJ-file is given:
POT ABI1

NDISP 12

DISPL 1 0.0 0.01 0.01 1 0.0 0.0 0.02 1 0.0 0.0 0.02 1 0.0 0.0 0.023 .......
RM 3.23234

BETA -1.13635

X1 1.300006

X2 1.650007

B1 0.013312008

B2 -0.245730009

B3 1.904700010

B4 -8.05410011

C6 20.2160012

C8 -30.806013

C10 28.50600000014

EPS 11.28516908015

RCUT 30.016

RK 1.00000000 1.05000000 1.55000000 1.60000000 1.65000000 1.70000000 1.750000017

AK -38.4084159 36.9240324 -6.06706900 8.45632500 -4.68932080 7.95571790 -5.644938918

AZ -0.44417136 1.07926027 -0.67936231 -14.90219

SAMPLING NGAUSS20
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NGAUSSAMPLE 121

MAXITTER 6022

DSITTER 1023

SUPERSAFE .FALSE.24

MAXAMP 1.025

Line(1):
The parameter POT ”tells” the scph-program weather or not the inter-atomic forces are to
be calculated externally by some ab initio code, or internally by means of model potentials.
If the parameter is equal to ABI the inter-atomic forces will be calculated externally, and the
lines 4-19 will not be used since they only refer to model-potential parameter data. If the
parameter POT equals any of the following three letter combinations MSV, ZRP, EAM, PAS or
PIN the inter-atomic forces will be calculated internally from model-potentials. In chapter
4 the model potentials will be discussed in greater detail.

Line(2):
The parameter NDISP equals the number of initial single atom displacements needed to ob-
tain the starting guess phonon frequencies (STEP1, in Fig. 2.1). This version of the scph
can only manage a maximum of 6 initial displacements.

Line(3):
The array DISPL contains 6 blocks with 4 elements each. The first element in each block
refers to the atom in POSCAR-file that has been displaced. The following three elements in
each block describe the direction and amplitude of the displacement in direct coordinates.
In the above example of an INPUTFLJ-file one initial displacement is used (NDISP=1), the
atom being displaced is the atom with the topmost coordinate appearing in the POSCAR-file,
and the displacement is described by the vector 0.0000 0.01 0.01 i.e
DISPL 1 0.0 0.01 0.01,.... In the above example the 20 following elements of the array
DISPL, i.e
1 0.0 0.0 0.02 1 0.0 0.0 0.02 1 0.0 0.0 0.02 ....
are not used since NDISP equals 1. Nevertheless the number of elements following DISPL
should always be 24 otherwise the scph-program will crash.

The simplest way to obtain the parameters NDISP and DISPL is to generate the supercell
with the phon-program, i.e by setting LSUPER = .T. in the INPHON-file and to run the
phon-program. The output of such a run will not only generate the SPOSCAR-file but also a
DISP-file.

Example 1:
If the initial POSCAR-file used to generate the SPOSCAR-file was that of a primitive bcc -cell
(see exaples/bcc/ ), the following DISP-file would be generated:
1 0.00000000 0.00100000 0.00100000
revealing that we only need one initial displacement, i.e have to move the first atom in the
SPOSCAR-file and this atom should be moved by the vector
0.00000000 0.00100000 0.00100000. The corresponding line 2 and 3 in the INPUTFLJ-file
would then read:
NDISP 1
DISPL 1 0.0 0.001 0.001 n x.x y.y z.z n x.x y.y z.z n x.x y.y z.z ....
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where n x.x y.y z.z.... is used to indicate the arbitrariness of the second to sixth block
of the array DISPL.

Example 2:
If the initial POSCAR-file used to generate the SPOSCAR-file was that of a primitive hcp-cell
(see exaples/hcp/), the following DISP-file would be generated:
1 0.00120000 0.00120000 0.00000000
1 0.00000000 0.00000000 0.00200000
revealing that two displacements had to be used in order to obtain the initial phonon spec-
trum. The corresponding line 2 and 3 in the INPUTFLJ-file would then read:
NDISP 2
DISPL 1 0.0012 0.0012 0.0 1 0.0 0.0 0.002 n x.x y.y z.z n x.x y.y z.z....

Also do not forget that the supercell files POSCAR START1, POSCAR START2, ... used
in the calculation of the initial phonon frequencies should be obtained through modifica-
tions of the SPOSCAR-file according to line 3 in the INPUFLJ-file. For example see the files
examples/bcc/POSCAR START and examples/hcp/POSCAR START1,
examples/hcp/POSCAR START2.

Line (4-19):
On this lines of the INPUTFLJ-file the different model-potential parameters are specified.
Later in Chapter 4 these parameters will be related to existing model-potentials. WARN-
ING, even though you decide to calculate the inter-atomic forces externally, i.e you set the
flag POT equal to ABI the lines 4-19 must still be left in the INPUTFLJ-file otherwise the scph
program will crash. The safest approach is to use one of the INPUTFLJ-files stored in the
examples/-directory as a Generic INPUTFLJ-file and modify it according to your needs.

Line (20-21):
The parameter SAMPLING at line 20 determines if the atomic displacement amplitudes, Rqs,
should be approximated by a discretized version of a gaussian distribution, or if they should
be sampled from the true gaussian distribution. If the parameter SAMPLING is equal to GAUSS
then the sampling of the atomic displacement amplitudes, Rqs, will be gaussian with mean
square deviation, σ, equal to

σ2(ωq,s, T ) =
〈Q†qsQqs〉

M
=

~
Mωqs

[1
2

+ n
(~ωqs

kBT

)]
. (3.2)

If the parameter SAMPLING is not equal to GAUSS, then the atomic displacement amplitudes,
Rqs, will be sampled from discrete set of amplitudes ±R1,±R2, ...,±Rn, where the number,
n, of amplitudes is given by the input parameter NGAUSSAMPLE on line 21. The discrete
probability distribution P(±Ri), i = 1, ...n is then constructed in such a way that

2
n∑
i

P(Ri)R2
i = σ2(ωq,s, T ) (3.3)

is always fulfilled.
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Line(22):
This line contains the parameter MAXITTER and in it the maximum number of SCAILD iter-
ations is stored. This parameter is used to avoid that a periodic sequences of +/- signs will
appear when the Fourier-amplitudes Rqs given in Eqn. 2.9 are calculated, i.e the parameter
is used to assure that the +/- are chosen in a ”truly” random way.

Line(23-25):
The parameter DSITTER is the number of iterations up to which the scph-code in the calcu-
lations of the atomic displacements will replace commensurate phonon frequencies whenever
the frequencies are too close to zero with:

ωqs = ωD
|q|
|qmax|

. (3.4)

Here ωD is the Debye frequency, q the wave-vector of the phonon mode and |qmax| is the
distance to the Brilloun-zone boundary in the direction of q. This is a safety mechanism
implemented to avoid singular displacements during the first DSITTER-iterations of the self
consistent cycle. To close to zero is defined by the parameter MAXAMP (line 25, in units of Å),
i.e the above replacement (Eqn. 3.4) only take place wheneverRqs > MAXAMP and the number
of iterations is less than DSITTER (for a definition of Rqs see Eqn. 2.8 - 2.9). However, if the
parameter SUPERSAFE (line 24) is set to .TRUE., then whenever Rqs > MAXAMP and number
of iterations < DSITTER the mode contribution to the atomic displacements, Rqs, is set to
zero.

3.2.4 The DIPOLEINTERACT-file

If this file is present in the directory where the scph-program is executed, the scph-program
will use the data stored in the DIPOLEINTERACT-file to adjust the Longitudinal-optical and
Transverse-optical phonon frequencies at the Γ-point for the long-ranged dipole-dipole in-
teraction. The non-analytical dipole-dipole interaction correction to the dynamical matrix
in the vicinity of the Γ-point is given by the expression found in Parlinski et al [4]

Dµνmn(q)corr =
4πe2

V
√
MµMν

( ¯̄Zµq)m( ¯̄Zνq)n
q¯̄ε∞q

e−iG(bµ−bν)e−q2/ρ2 . (3.5)

Here m,n are cartesian coordinate indices, V the volume of the primitive cell, Mµ, ¯̄Zµ is
the mass respectively Born-effective-charge matrix of atom µ. Furthermore, ¯̄ε∞ is the static
infinite wavelength dielectric matrix, G is the reciprocal lattice vector at which q is centered
and ρ is a free damping-parameter which is used to suppress the correction term as |q| > 0.
Below a DIPOLEINTERACT-file is given as an example
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0.25 ←− ρ
66.52396339200000000000 ←− V
34.0 0.00 0.00 ←− (ε∞)1n
0.00 34.0 0.00 ←− (ε∞)2n
0.00 0.00 34.0 ←− (ε∞)3n
6.16 0.00 0.00 ←− ZPb1n

0.00 6.16 0.00 ←− ZPb2n

0.00 0.00 6.16 ←− ZPb3n

-6.16 0.00 0.00 ←− ZTe1n

0.00 -6.16 0.00 ←− ZTe2n

0.00 0.00 -6.16 ←− ZTe3n

This file was used in a scph-calculation of PbTe, and the data was taken from the work
of Waghmare et al [5]. The arrows and text to the right of the arrows are not part of the
actual file, they are only printed out for the sake of clarity.

The first and second line of the DIPOLEINTERACT-file always contain the free-damping
parameter, ρ, and the primitive cell volume, V . The following three lines always correspond
to the rows of the dielectric tensor, ¯̄ε∞. The entries following the rows of the dielectric
tensor, are the Born-effective-charge matrices. They are entered in blocks of 3 rows, and the
number of blocks (matrices) following the entries of the dielectric matrix should be equal to
the parameter value of NTYPES found in the INPHON-file.

3.2.5 The KRAFTER-file

This file just contains the forces extracted from the OUTCAR-file by means of the perl script
force extract. The forces stored in this file is used by the scph-program to calculate a
new set of phonon frequencies by means of Eqn. 2.12. The forces in this file are the forces
being calculated in STEP 3 in Fig. 2.1.

3.2.6 The KRAFTER.1, ..., KRAFTER.n-files

These files contain the forces calculated from the n initial single atom displacements ( see
STEP 1 in Fig. 2.1). From these forces the initial/starting-guess phonons are calculated.
Observe once again that in this version of the scph-code the maximum number of initial
displacements n are 4.

3.2.7 The QPOINTS and the SYMOP -files

The QPOINTS-file contains the q-point mesh used by scph-code to calculate the phonon den-
sity of states. The QPOINTS-file can be generated in to different ways:
(1): Set the parameters QA, QB, QC to the desired q-point resolution and let the QA-parameter
be positive in the INPHON-file and use the phon-code to generate the QPOINTS-file.

(2): Set the parameters QA, QB, QC to the desired q-point resolution and let the QA-parameter
be negative in the INPHON-file. Make sure that one of the files QPOINTS or SYMOP is not present
in the same directory that you are running the scph-code. Then when running the the scph-
code the QPOINTS- and the SYMOP -file will be generated when the scph-code calculates the
initial guess, i.e STEP 1 in Fig. 2.1.
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The SYMOP -file contains all the symmetry operations used in Eqn. 2.17. To generate
the SYMOP -file make sure that one of the files QPOINTS or SYMOP is not present in the same
directory that you are going to run the scph-code. Then when the scph-code is executed
the QPOINTS- and the SYMOP -file will be generated during the initial-guess calculations, i.e
during STEP 1 in Fig. 2.1.

3.2.8 The MEMORY-file

If a SCAILD calculation is to be initialized, i.e started from scratch by calculating the
initial-guess phonons there is no need to provide the scph-code with any MEMORY-file. In fact
there should not be any MEMORY-file present in the directory where the scph-code is executed
if one wants to start a SCAILD calculation from scratch. The MEMORY-file is created as an
output-file from the scph-code after the first initial calculation. The MEMORY-file contains
all the data that needs to be saved in between the external force calculations (STEP 2 and
4 in fig 2.1). The MEMORY-file contains all the phonon eigenvectors εks, Fourier amplitudes
Rks used to calculate the atomic displacements UR given by Eqn. 2.5. If the output of εks
and Rks was stored in the MEMORY-file, at let’s say iteration number n, this information is
used as input by the scph-code the (n + 1):th time the scph-code is called, to calculate a
new set of frequencies from the forces calculated the (n+ 1):th iteration, the stored εks and
Rks through Eqn. 2.12.

If the SCAILD calculation crashes or is interrupted because the external force calculation
crashes or is interrupted, at let’s say iteration number (n + 1), and you want to restart
the calculation from the n:th iteration, then all you need to do is to make sure that the
POSCARTEMP1-file corresponding to the MEMORY-file of the n:th iteration is the same file as
the POSCAR-file before you restart the external force calculation (vasp).

Furthermore, the topmost entry of the MEMORY-file corresponds to the number of times
the scph-code has been executed after external force calculations, including the time the
scph-code has been executed after the ”starting-guess” calculation.

3.3 The output files

The output files of the scph-program are the following:
MEMORYFILE
POSCARTEMP1
DISPLACEMENTS
FREQ
DOS
DOSPROJ
CONVERGENCE
QPOINTS
SYMOP
BLANDAD

3.3.1 The MEMORY-file

See previous section 3.2.7 for information about this file.
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3.3.2 The POSCARTEMP1-file

The POSCARTEMP1-file contains the direct coordinates of the displaced atoms of the supercell,
i.e they contain the positions R+UR where UR has been calculated by means of Eqn. 2.5.
This file is used to calculate the forces on the atoms in STEP 3 of (see Fig. 2.1) the SCAILD
cycle.

3.3.3 The DISPLACEMENTS-file

The DISPLACEMENTS-file contains the atomic displacements UR .

3.3.4 The FREQ-file

In the FREQ-file the calculated phonon-frequency dispersion along the high-symmetry di-
rections specified in the INPHON-file are stored. The frequencies in this file are the ”re-
normalized” frequencies ωks(NI) given in Eqn. 2.18.

3.3.5 The DOS-file

In this file the phonon density of states of the last SCAILD iteration is stored. The phonon
density of states is calculated from the ”re-normalized” frequencies ωks(NI) given in Eqn.
2.18, by using the q-point mesh stored in the QPOINTS-file. The phonon density of states is
given by

g(ω) =
∑
q,s

δ(ω − ωqs). (3.6)

3.3.6 The DOSPROJ-file

In this file the atom resolved density of states is stored. The atomic resolved density of
states is given by

gµ(ω) =
∑
q,s

|εµks|
2δ(ω − ωqs). (3.7)

Here εµks is the phonon eigen-vector of the atom type µ.
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3.3.7 The CONVERGENCE-file

This file contains information about the progress of the SCAILD calculation. Below the
typical output of a CONVERGENCE-file is given:

ITTER F [ eV ] E [ eV ] DF [eV] V[eV] Dos Integral <U(R)̂ 2> [a**2]
1 -0.3980787615 0.25966453 0.00161204 0.000 0.9991328509 0.0809776567040
2 -0.3966599357 0.25962036 0.00141882 0.000 0.9999996853 0.0747259537950
3 -0.4071303956 0.25953731 0.01047045 0.000 0.9999996853 0.0877559584183
4 -0.4123015394 0.25949212 0.00517114 0.000 0.9999993653 0.0789842087423
5 -0.4155397163 0.25946007 0.00323817 0.000 0.9999996854 0.0894309802517

In the first column the iteration number is given. In the second column the phonon free
energy calculated with Eqn. 3.1 is given. In the third column the internal energy is given.
In the fourth column the difference in lattice dynamical free energy between consecutive
iterations is given. In the fifth column the static lattice energy of the system is given if a
model potential is being used to calculate the inter-atomic forces. If the inter-atomic forces
are being calculated externally this column will only display zeros. In the sixth column the
integrated density of states is given, i.e

1
3nN

∫ ∞
0

g(ω)dω. (3.8)

Here n is the number of atoms in the primitive cell and N =QA×QB×QC. This means that
the numbers in the sixth column should be close to 1 in order to assure that no imaginary
phonon frequencies exists. The reason why the numbers in the sixth column need not be
exactly equal to 1 is because smearing has been employed in the calculation of g(ω).

In the seventh column the mean square deviation of the atoms from their equilibrium
positions are given, i.e

< U(R) >≡
∑

R∈SC

U2
R, (3.9)

where SC denotes the set of atomic positions of the supercell.

WARNING: If the numbers in the seventh column are & 1 Å then the atomic displace-
ments are most probably too big. The reason behind this erratic behavior is that one or
several of the phonon frequencies calculated at a commensurate q-point are close to zero.
To understand the danger of ”commensurate phonon frequencies” being too close to zero
please inspect Eqn. 2.8. To avoid this problem try with increasing the integer number of
the parameter DSITTER or decreasing the value of the parameter MAXAMP.

3.3.8 The QPOINTS and SYMOP-file

See previous section 3.2.6 for information about these files.
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3.3.9 The BLANDAD-file

This file keeps track on weather or not the frequencies corresponding to commensurate q-
vectors have been updated since they first where calculated by the starting guess iteration.
Below we see a typical output from a BLANDAD-file

K= 5
0.0000000000 0.2500000000 0.0000000000

T
F
T

The first two lines above give information about the q-vector. The following three lines con-
tains information regarding the individual modes of the q-vector (longitudinal, transverse,
optical). If all the letters following the first two lines are T it means that the scph-program
has successfully manage to project out the frequency of all the modes of the q-vector (see
Eqn. 2.12 ). If the letter F appears on any of these lines it means that the frequency of at
least one of the modes has not been uptdated since the initial starting-guess calculation.



Chapter 4

Model-potential calculations

As has been mentioned previously in this manual there is also the possibility to calculate
the inter-atomic forces internally, i.e by using the model-potentials implemented within the
scph-program. In this chapter the analytic formulae of these potentials will be presented
and their respective parameters will be coupled to the data in the INPUTFLJ-file.

4.1 The MSV-potential

By setting the input parameter POT in the INPUTFLJ-file to MSV the inter-atomic forces will
be calculated from the Morse-spline-van der Waals analytical pair potential [18], given by

V (R) = ε

 e−2β(x−1) − 2e−β(x−1) , 0 < x ≤ x1

b1 + (x− x1){b2 + (x− x2)[b3 + (x− x1)b4]} , x1 < x < x2

−C6x
−6 − C8x

−8 − C10x
10 , x2 < x

(4.1)

where x ≡ R/Rm, and Rm beaing the interatomic separation at the minimum of the poten-
tial. In the following the above parameters will be coupled to their respective input in the
INPUTFLJ-file. In the list below the model-potential parameters will presented to the left
of the equality signs, and their corresponding input parameters will presented to the right
of the equality sign. (The same convention will be used for all the following model-potentials)

Rm = Rm
β = BETA
x1 = X1
x2 = X2
b1 = B1
b2 = B2
b3 = B3
b4 = B4
C6 = C6
C8 = C8
C10 = C10
ε = EPS

22
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4.2 The ZRP-potential

By setting the input parameter POT in the INPUTFLJ-file to ZRP the inter-atomic forces will
be calculated from the N-body analytical pair potential given by Willaime et al [19], given
by

V (R) = A
∑
R<Rc

e

[
−p
(
R
R0
−1

)]
−

{
ξ2
∑
R<Rc

e

[
−2q

(
R
R0
−1

)]}1/2

(4.2)

In the following the above parameters will be coupled to their respective input in the
INPUTFLJ-file.

A = B1
ξ = B2
p = B3
q = B4
R0 = X1
Rc = X2

4.3 The EAM-potential

By setting the input parameter POT in the INPUTFLJ-file to EAM the inter-atomic forces will
be calculated from the embedded atom method (EAM) type of potential [20]. For this
potential type the total potential energy is given by:

E =
∑
i

[∑
j

φ(Rij) +
√∑

j

h2(Rij)

]
, (4.3)

where

φ(R) = Ae
−p
(
R
R0
−1

)
e
p

[
−
(
R
Rc

)nc
+

(
R0
Rc

)nc]
, (4.4)

h(R) = Be
−q
(
R
R0
−1

)
e
q

[
−
(
R
Rc

)nc
+

(
R0
Rc

)nc]
. (4.5)

Here the index j is that of an atom at distance Rij from the atom i. In the following the
above parameters will be coupled to their respective input in the INPUTFLJ-file.

A = B1
B = B2
p = B3
q = B4
R0 = X1
Rc = X2
nc = Rm
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4.4 The PAS-potential

By setting the input parameter POT in the INPUTFLJ-file to PAS the inter-atomic forces will
be calculated from the embedded atom method (EAM) type of potential [21]. For this
potential type the total potential energy is given by:

E =
∑
i

[1
2

∑
j(6=i)

V (Rij) + F (ρi)
]
. (4.6)

Here the pair potential part is given by

V (r) =
7∑
k=1

Ak(Rk − r)3Θ(Rk − r), (4.7)

where Θ(x > 0) = 1, Θ(x < 0) = 0. The density is given by

ρi =
∑
j(6=i)

Rij
a
e−

βRij
a , (4.8)

and the embedding function correct to second order in ρ is given by

F (ρ) = F0 +
F ′′0
2
ρ2 (4.9)

In the following the above parameters will be coupled to their respective input in the
INPUTFLJ-file.

Rk=RK
Ak=AK
β = BETA
a = Rm
F ′′0 = X1
F0 = 0 ( you don’t have to set this parameter )
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4.5 The PIN-potential

By setting the input parameter POT in the INPUTFLJ-file to PIN the inter-atomic forces will
be calculated from the embedded atom method (EAM) type of potential [22]. For this
potential type the total potential energy is given by:

E =
∑
i

[1
2

∑
j

V (Rij) +
√
ρi

]
. (4.10)

Here the pair potential part is given by

V (r) =
7∑
k=1

Ak(Rk − r)3Θ(Rk − r), (4.11)

and the density is given by

ρi =
∑
j

2∑
k

ak(rk −Rij)3Θ(rk −Rij) (4.12)

n the following the above parameters will be coupled to their respective input in the
INPUTFLJ-file.

Rk =RK (first six numbers from the left in the INPUTFLJ-file)
Ak=AK (first six numbers from the left in the INPUTFLJ-file)
a1 = B1
a2 = B2
r1 = B3
r2 = B4
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4.6 The PAA-potential

By setting the input parameter POT in the INPUTFLJ-file to PAA the inter-atomic forces will
be calculated from the embedded atom method (EAM) type of potential [23]. For this
potential type the total potential energy is given by:

E =
∑
i

[1
2

∑
j(6=i)

V (Rij) + F (ρi)
]
. (4.13)

Here the pair potential part is given by

V (r) =
7∑
k=1

Ak(Rk − r)3Θ(Rk − r), (4.14)

and the density is given by
ρi =

∑
j

φ0f(Rij), (4.15)

where

f(r) =


e−5r

r , r ≤ Rm
(r −Rc)3(a1r

2 + a2r + a3) , Rm < r ≤ Rc
0 , Rc ≤ r

(4.16)

Furthermore the embedding function for the EAP of Zr is expressed as a 8:th order polyno-
mial

F (ρ) =
8∑
k=0

Bkρ
k. (4.17)

In the following the above parameters will be coupled to their respective input in the
INPUTFLJ-file.

Rk=RK
Ak=AK
Rm = X1
Rc = X2
a (lattice constant of reference structure in Ref. [23]( = Rm
φ0 = EPS
a1 = AZ (first element, counting from the left in the INPUTFLJ-file, i.e AZ[1])
a2 = AZ[2]
a3 = AZ[3]
B8= B1
B7= B2
B6= B3
B5= B4
B4= C6
B3= C8
B2= C10
B1= AZ[4]
B0= BETA
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