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Abstract. Density functional theory with the local density approximation has been used to
calculate Hellmann—-Feynman forces for two chalcopyrite crystals: Ag&aSd AgGaTe.
Applying the direct method, phonons at all high-symmetry points of the chalcopyrite structure
have been obtained. The results are in very good agreement with experimental data from Raman,
infrared, and inelastic neutron scattering.

1. Introduction

In last decade, first-principles calculations have been successfully used to obtain different
properties of materials. The structural parameters and dynamical properties of crystals
determine awide range of microscopic and macroscopic behaviour: diffraction, sound velocity,
elastic constants, Raman and infrared absorption, inelastic neutron scattering, specific heat,
etc. Additionally, low-frequency modes could be associated with the phase transitions. From
this point of view, calculation for phonons from first principles has recently become a very
important topic.

Density functional theory (DFT) in the local density approximation (LDA), using
the pseudopotential plane-wave method, has already been adopted for calculating phonon
dispersion curves for monatomic (K, Li, Na, Si) [1, 2], binary (GeS, TiC, Zr8lO, GaAs,
MgO) [2-8], and ternary (AgGa$SgeSrTiOs) [2,9, 10] compounds. In ZrPand SrTiQ, soft
modes have been found.

The present work deals with the AgGakX = Se Te) set of compounds, which belong
to the group of semiconducting materials crystallizing in the chalcopyrite structure with the
tetragonal space groug2d (D%ﬁ). These ternary compounds have a small energy gap between
the valence and conducting bands and proved to be of great interest as non-linear optical
materials [11,12].

The structural and dynamical properties of chalcopyrites are well known and have been
described in a number of papers [14-22]. For Aggaisi CdGeAsthe lattice dynamics has
been studied by Tyuterev and Skachkov [23,24] using Keating’s model. Five model parameters:
one angle-bending and two bond-stretching constants as well as two effective point charges,
have been determined by a least-squares fit to the Raman scattering data. Only the optical parts
of the phonon dispersion curves with LO/TO splitting that are obtained match experimental
data. Ab initio studies of the lattice dynamics for AgGaSw®ave already been carried out by
Karki et al[9] and Acklandet al[2]. Both of these calculations were based on minimizing the
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total energy of the crystal structure by the pseudopotential method within the LDA, evaluating
the force constants between atoms, and constructing the dynamical matrix at a given point of
the Brillouin zone and diagonalizing it. However, reference [9] provides only the zone-centre
phonons, and the calculations made by Acklahdl in reference [2] were carried out on a
supercell restricted to a primitive unit cell with eight atoms; this gives exact phonon values
only at thel” point.

The aim of this work is to determine phonon dispersion relations at all high-symmetry
points of the chalcopyrite structure for AgGa%ad AgGaTefromab initio calculations using
the direct method [1, 8, 25, 26] and a crystallographic unit cell with 16 atoms. Additionally,
the phonon density of states (DOS) has been derived.

2. Method

The calculations for phonons were carried out in two steps usingaithaitio package
CASTEP [27] for the total-energy minimization and the program PHONON [28]. Atthe outset,
using CASTEP, the crystal structure was optimized and Hellmann—Feynman (HF) forces were
evaluated; then, using the direct method, the phonon dispersion curves and phonon DOS were
obtained.

The total-energy minimization, the theory of which is described in detail by Payne
et al [29], uses norm-conserving pseudopotentials. The 17 500-plane-wave basis set with
an 890 eV energy cut-off was applied. The local density approximation was used for the
exchange energy term of the valence states of the Hamiltonian [30]. The integration over
the Brillouin zone was performed with two wave vectors generated by the Monkhorst—Pack
scheme [31]. The correction for the finite plane-wave basis set was included in the total energy.

In the direct method [26], the phonon frequencig%, j) are calculated as square roots
of eigenvalues of the supercell dynamical matrix:

D3 (k)e(k, j) = w*(k, ek, j) @
where thee(k, j) are the polarization vectors. The supercell dynamical matrix is defined as

D€ (k; pv) = > ®%(0. pim.v) exp(—2rik - [RO, p) — Rim.v)])  (2)

1
V MMMV meSC
where: the summation over runs over all atoms of the superced,, M, and R(0, ),
R(m, v) are atomic masses and equilibrium positions, respectivelykasthe wave vector.
The cumulant force constarr[zfjc are the sums of terms containing the second derivatives of
the ground-state energy with respect to the position vectors of interacting atordg [28].
In the direct method they are derived from HF forces, using

Fi(n,v) == > & (n,vim, wu;(m, ) )
m, [, ]

whereu ;(m, ) is an amplitude of displacement of an atom in the supercell specially shifted
from the equilibrium position.

The symmetry of the supercell and the site symmetry of the non-equivalent atoms usually
considerably reduce the number of displacements needed for reconstru@'ﬁn on the case
of chalcopyrite structure, there are seven independent displacementst{mtigz -directions
for both cations Ag, Ga, and in the, y-, andz-directions for the anion X. To minimize the
anharmonic effects and systematic errors,@ﬁ% are calculated with equation (3) using forces
arising from positive and negative displacements

For ionic crystals the macroscopic electric field must be taken into account by adding into
equation (1) the non-analytical term of the dynamical matrix at the wave vkcto0 [32].
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However, since one knows the phonon frequencies only at discrete wave vectors, it is justified
to extend the non-analytical term to theZ O region, through multiplying it by the Gaussian
damping factor. Therefore we add to equation (1) the following expression:

dre® k- Z*(Wlalk - Z* )]s

Ve /M, M, k|2

2 2 2
x exp(—2rig - (r, — Tv))exp<_ﬂ2|:(&) ¥ (&) ' (k_) D @
P p p

wherek is the wave vector within a Brillouin zone with its centre at the reciprocal-lattice
vectorg, V stands for the volume of the primitive unit cell, and,, r, are atomic masses
and internal positions. Th&*(u) are the tensors of the Born effective chargeg, is the
electronic part of the dielectric constant amds a damping factor, which we choose equal
to 2.0; then the non-analytical term vanishes close to the zone boundary. Consideration of
the effective charges leads to the LO/TO splitting atltheoint observed for chalcopyrites in
experiment.

By sampling the dynamical matrix at 10 000 randomly selected wave vectors, one obtains
the partial and the total phonon DOS.

D,y (k: pv) = DG (ki uv) +

3. Results

The geometry-optimization process for both crystals was continued until the average root mean
square force and root mean square stress decreased to below 0.00% evidd0.01 GPa,
respectively. The resulting structural parameters are listed together with experimental data in
table 1. One can see good agreement among them.

Table 1. Structural parameters of AgGaX

AgGaSe AgGaTe

Present [13,14] Present [13,15]

ao (A)  6.047 5.993 6.305 6.296
co(A) 10.714 10.884 11.985  11.990
u 0.284  0.276 0.272 0.260

The primitive unit cell of the chalcopyrite structure contains eight atoms with 24 degrees
of freedom. According to the group theoretical analysis, at the centre of the Brillouin zone
there are 21 optical modes, which can be decoupled to irreducible representations of the point
group Dy as follows:

I' = 1A; + 3B, + 3B, + 6E + 2A,. (5)

Here, three modes of symmetry 8nd six doubly degenerate modes of symmetry E are infrared
active. These vibrations are also Raman active, together with;tl@dthree B modes. The
A modes are silent.

In table 2 we compare calculated phonon frequencies af'tpeint with Raman and
infrared data. For AgGaSgeinelastic neutron scattering data for theZ direction are also
available [21]. We compare them with our results in figure 1. To obtain the LO/TO splitting
we use the effective chargey; = 0.67 andZg, = 1.03 published by Taninet al [33]. The
calculated phonon dispersion relations agree perfectly with the experimental ones.
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Table 2. Frequencies of phonons at titepoint (in THz). The two frequencies given for some
Raman data correspond to LO and TO modes. Single values are quoted when the LO/TO splitting
was not reported.

AgGaSe AgGaTe
Irreducible Neutron  Raman Raman Infrared
representation  Present [21] [20] Present [22] [22]
A 5.39 5.43 4.02 3.87
A, 6.15 6.25 4.32
4.73 4.68 3.87
E 7.57 7.60 8.30/7.52 6.28 6.15
7.39 7.10 7.64 6.20 6.03 6.03
5.03 4.80 4.86/4.95 4.44
4.22 4.10 4.11/4.14 3.77 3.45
2.49 2.40 2.52 2.01 1.92 1.86
0.60 0.81 0.81 0.83 1.29
B; 7.17 7.10 7.58 6.24 6.60
4.76 4.68 4.80 4.14 2.79
1.81 1.62 1.74 1.83 1.93
By 7.39 8.20 7.55/8.24 6.15 6.03 6.03
4.75 4.95 4.65/4.83 4.31 4.26 3.96
1.85 1.76 1.74 1.77 1.53
r VA

1=

8.0 m] 7
% E = i

1=

»

~—~

N T A e DO s OO o

A —
- n
~ [®

g | 0
o

%d [m] 1
(o

[}

S

Lo

N
.-.-D‘ =
a

(m]

L | L | L | L
0.2 0.4 0.6 0.8 1.0

o
(==
o

Wave vector

Figure 1. Comparison of the calculated phonon dispersion curves of Ag&éBes) with
experimental data (squares) [21].

The calculated frequencies at the remaining high-symmetry points: X, Z, P, and N, are
presented in table 3. At the points X, Z, and P, all phonon branches are doubly degenerate,
while at point N all modes are singly degenerate.

Infigure 2 we show the phonon density of states for AgGafd AgGaTecompared with
the previously calculated DOS for AgGaf84]. The highest energy bands are formed mainly
from Ga and X vibrations, and their frequency decreases with increasing mass of anion X.
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Table 3. Calculated phonon frequencies at high-symmetry points (in THz). All modes at X, Z, and
P points are doubly degenerate.

AgGaSe AgGaTe

X 4 P N X z P N

095 089 105 063 453 088 098 097 0.75 4.02
160 146 160 101 489 150 121 145 090 4.28
164 146 170 130 496 153 143 161 126 4.36
249 193 224 143 526 198 153 183 129 4.37
332 318 347 172 584 288 259 3.06 161 455
387 440 386 203 604 326 389 315 163 4.67
476 479 476 233 7.11 420 421 420 203 6.06
510 500 509 248 733 439 441 438 208 6.15
589 587 588 3.08 749 450 442 451 243 6.19
708 749 709 320 761 6.05 615 6.05 279 6.42
762 757 761 395 770 6.34 634 634 327 6.44
776 778 7.76 395 775 647 660 6.47 354 6.47
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Figure 2. The calculated total phonon density of states for Agg@X = S, Se Te). The data for
AgGa$ are taken from reference [34].

4. Conclusions

We conclude that first-principles calculations based on total-energy minimization give stable
structures of the correct symmetry and correct values of the structural parameters for both
above-mentioned chalcopyrite crystals. The vibrational properties obtained using the direct
method fit very well to experimental data. The non-analytical term used in the dynamical
matrix properly reconstructs the LO/TO splitting.
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