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Abstract. Structural, thermodynamic and electronic properties of CdGe#ith chalcopyrite
structure are investigated in the framework of density functional theory. We employ the linear
combination of atomic orbitals method with the Gaussian basis sets and present the results for the
equation of state, the @neisen constant, the electronic band structure and the pressure coefficients
of the valence and conduction levels in CdGgAs

1. Introduction

There has been considerable interest in cadmium germanium arsenide (GG its
suitability for non-linear optical applications in the infrared region. It has the highest non-linear
optical coefficient, 236 pm V2, known for a phase-matchable compound semiconductor [1-4].
Additionally, it has a wide transparency region extending across the infrared from 2.41t0.18
Recent successes [5] in the horizontal-gradient freeze growth techniqgue made it possible to
grow large single crystals of CdGeAwhich has led to renewed efforts to utilize this material

for frequency doubling carbon dioxide laser emission lines from 9.3 to Ath§(i.e., for
second-harmonic generation).

Since the first CdGeAscrystals were grown [6] in the early 1970s, their bulk properties
have attracted much attention. Photoluminescence studies have revealed detailed information
about the nature of the band gap [7]. Electrical and Hall effect measurements have determined
the nature of the charge carriers in this material [8, 9]. The presence of at least two
native acceptors has been observed in experiments utilizing radiation damage [10], magnetic
resonance [11] and thermal admittance spectroscopy [12] techniques. The bulk modulus and
Debye temperature were also obtained from measurements of the ultrasonic wave velocities
[13]. On the theoretical front, empirical pseudopotential calculations have focused only on
its band structure [15, 16]. Although calculations based on first-principles methods have been
performed on several members of the chalcopyrite group [17, 18], we are not aware of any
such calculations on CdGeAs

In this paper, we report the results of calculations based on the density functional theory
for CdGeAs with the following aims: (i) to provide detailed information about its electronic
structure; (i) to determine its thermodynamic properties within a Debye-like model; and (iii) to
combine knowledge of the electronic structure and thermodynamics to determine the pressure
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dependence of its band structure. In the following section, computational details will be given.
The results will be discussed in section 4.

2. Computational details

The electronic structure calculations for CdGease based on the density functional theory
embedded in the CRYSTAL95 program [19] which has been successful in describing bulk and
surface properties of covalent materials such as Si and GaN [20, 21]. We perform calculations
in the framework of the local density approximation [22, 23] (LDA) to the density functional
theory (DFT). In some cases, gradient-corrected functionals (GGA)—those of Becke [24] for
exchange and Perdew and Wang [25, 26] for correlation—are employed to see the effect of
these corrections on the calculated structural properties.

A linear combination of Gaussian orbitals is used to generate a localized atomic basis
from which Bloch functions are constructed by a further linear combination with plane-wave
phase factors. To reduce the computational cost in the present work, we represent the core
electrons by Steven’s effective core potentials (ECPs) [27, 28] and describe the respective
valence electrons by the corresponding Gaussian basis set. The core electrons for Cd, Ge and
As are 13, 22, 2pP, 3¢, 3¢ and 3d°. It has been shown that the ECPs (such as for Zn
and Ge used in this work) derived from the Hartree—Fock calculations provide a satisfactory
description of the ground-state properties in the DFT calculations [29]. The Gaussian basis
set consists of four s, four p and three d-type shells for Cd (i.e. a 4121/4121/311 set), two s,
two p and a d-type shell for Ge (i.e. a 41/41/1 set), and two s, two p and a d-type shell for As
(i.e. a41/41/1 set). Itis to be noted here that the outermost 4d electrons of Cd are considered
explicitly here as valence electrons and are not included in the ECPs. Furthermore, the outer
exponents in each of the basis sets are reoptimized to yield the minimal total energy at the
experimental geometry of CdGeAs

The initial configuration for the geometry optimization is taken from the x-ray diffraction
data. At ambient conditions, CdGeAsrystallizes in the chalcopyrite phase [30, 31] with
a space group of42D. It can be constructed [7] by first considering a superlattice of the
(cubic) zinc-blende phase witya = 2, replacing half of the cations by Cd ions and the
other half by Ge ions and finally introducing a small distortion alongztais leading to
c¢/a = 1.889. Furthermore, the As atoms are placed in the lattice in the special positions given
by the internal parameter, which is related to the tetragonal distortion (i.e-2c/a)) in the
lattice. Geometry optimization calculations in the LDA approximation therefore involve the
following steps:

(a) for several fixed values of the crystallographic unit-cell volume, ranging approximately
from 0.8to 1.08 times the experimental one, the lattice congtamd the internal parameter
u are optimized with accuracies better thamd8 and 104, respectively;

(b) the calculated potential energy surface (i.e. total energy versus volume) is then used to
obtain the optimized value of the unit-cell volume; and

(c) the optimization ofz andu is again performed at this volume to get the values of the
equilibrium structural parameters.

In the GGA calculations, geometry optimization is achieved by a less exhaustive approach
where series of one-dimensional searches are performed varying each structural parameter
(i.e.a, c andu) one by one at each step, repeating the steps until convergence to within 0.01 A
in the parameter value is achieved. In all of these calculations, the tolerance on the total-energy
convergence in the iterative solution of the Kohn—Sham equations is set&¢{a@tree and a
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grid of 59k&-points was used in the irreducible Brillouin zone for integration in the reciprocal
space [32].

3. Results and discussion

3.1. Structural and electronic properties

The calculated equilibrium values of the structural parameters, namelya andu, for
CdGeAs are 5.914 A, 1.915 and 0.265 in the LDA approximation and 5.94 A, 1.89 and
0.265 in the GGA approximation respectively. On the other hand, the experimental values
of the lattice parameters [314, andc, are 5.9432 A and 11.2163 A respectively at 298 K
leading to thec/a ratio of 1.887. Comparison between the GGA and experimental values of
the lattice constants shows an excellent agreement. The calculated LDA unit-cell volume is
also well within 1% of the experimental value. However, the LDA calculations yield a slight
underestimation ofi and overestimation of the/a ratio as expected. Both LDA and GGA
values of the internal parametewre lower than the experimental value of 0.2785. Thisis in
accordance with the results of the LDA calculations for Zn&€RISnB and CdSnAs, where

the calculated: is consistently lower than the corresponding experimental value [18]. Itis to
be noted here that the x-ray diffraction studies obtain the value of the internal parameter,
only in an indirect way [7].

The calculated Cd—As and Ge-As interatomic distances are 2.579 and 2.474 A at the
LDA level and 2.581 and 2.477 A at the GGA level, respectively. It has been suggested that
the tetrahedral angle in the chalcopyrite lattice is generally conserved by the group-IV atom
(i.e. Ge). This results in a larger separation between the group Il and the group V atoms
relative to the group IV and the group V atoms in the lattice. This is what has been predicted
by our calculations for CdGeAs Assuming the conservation of tetrahedral bond radii, Jaffe
and Zunger [33] have reported the structural coordinates of chalcopyrites. In this scheme, the
calculated Cd—As and Ge—As distances turn out to be 2.63 and 2.45 A respectively. We note
here that the LDA calculations [18] for CdSnAgield a Cd—As distance of 2.611 A.

Figure 1 displays the upper valence and lower conduction band structure of CdGeAs
calculated at the LDA equilibrium geometry. The total and partial densities of states of the

CdGeAs2
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Figure 1. The electronic band structure of CdGeAs
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Figure 2. Total and projected densities of states of CdGeAs

valence band are shown in figure 2. Accordingly, the upper valence band is mainly formed
by the As p states with very small admixture of the Ge p states and the Cd p states (figure 2).
This band has a width of about 5.5 eV. In the absence of the spin—orbit interaction terms in the
present work, the top of the valence band consists of two levels having symirggtrgdr 4y,

the former being doubly degenerate. The two levels originate from the same triply degenerate
I'15 level of the sphalerite structure. The difference betweemth@ndI'y, levels is referred
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to as the crystal-field splittingAc¢) which is calculated to be 0.33 eV. The corresponding
experimental value is reported to be 0.21 eV [7].

At about 9 eV below the top of the valence band (figure 2), a relatively narrow Cd 4d
band overlaps with the band representing the bonding between the Ge and As in the lattice.
Interestingly, the LDA calculations [18] for CdSpReported the Cd 4d band to be at about
—8.5 eV relative to the valence band maximum. However, we note here that the DFT
calculations in the absence of self-interaction correction tend to underestimate the location
of the d band with reference to the top of the valence band. Figure 2 also shows a band at
about—11 eV attributed mainly to the As s orbitals which appear to be hybridized with the
Cd and Ge orbitals. Relative to the valence band maximum, we have collected the energies of
the electronic states &, T and Nk-points [7] which correspond to maxima and minima of
the valence and conduction bands in table 1.

Table 1. Valence band energies in eVR{ T, N k-points [7] in the Brillouin zone of CdGeAs

Level

As p band maxima

Ty 0.00
sy -0.33
Tay + Tay —1.26
N1y —-0.72

As p band minima

T4y —4.49
Tay + Tsy —3.86
N1v —5.06
Ge-As band

Tay —7.05
oy —9.44
Tsy —7.50
N1y —7.52
Cd d band

Tmax -8.24
Tmin —8.85
Tmax —8.40
Tmin —-8.72
Nmax —8.50
Nmin —8.90
As s band

sy —11.04
Iy —-11.09
Iy —13.10
Tiy + Tsy —11.09
Tsy —-12.34
N1y —-11.23
N1y —-12.19

In contrast to a very reasonable description of the valence states, the one-electron solutions
of Kohn—Sham equations corresponding to the states in the conduction band are not known to
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be reliable. The most evident and well-known discrepancy is a severe underestimation of the
forbidden band gap. For example, the calculated band gap in the present work for Cd&eAS
0.16 eV as compared to the experimental value of 0.61 eV. This discrepancy may be corrected
by employing a semiempirical correction [34] which simply shifts states in the conduction
band using the following equation:

A dev 1)

€0
wheree, is the high-frequency dielectric constant of the material. For CdGeASis about
11.0[1,2,14] leading to a value of the gap of 0.98 eV (table 2).

Table 2. The minimum-energy direct and pseudo-direct band gaps and crystal-field splittings (in
eV) for CdGeAs.

DFTgap Correctedgap Experiment

Edirect 0.16 0.98 0.62
Epseudo-direct  1.16 1.98 —
Act —0.33 — -0.21

a Reference [7].

The lowest gap between top of the valence band and the bottom of the conduction band
is found to be af". Thus, the present DFT calculations predict the gap to be diFegtl('1c)
in agreement with experimental and empirical pseudopotential studies [15]. The ordering of
states in the conduction band (il&. < I'sc < I'zc) is also correctly predicted. We note here
that experimental assignments are only tentative because transitions to the last two states are
only weakly allowed.

3.2. Thermodynamic properties

To determine thermodynamic properties of CdGgAge have used a quasi-harmonic Debye-
like model in which the Debye temperatué®,depends only on the volume of the crystal. Itisa
non-empirical model that only needs the knowledge of the potential energy surface (i.e. a set of
computed ¥V, E\a(V)) points) to generate the equation of state (EOS) and a number of related
guantities for a given material. Itis relevant to notice that whereas the key parameters from the
experimental point of view are pressupe @nd temperaturely), the appropriate variable for
controlling the computation is the volum®). The computational strategy therefore includes
optimization of the lattice constantand the internal parametefor several fixed values of the
unit-cell volume to obtain the energy surface (see section 2). Figure 3 shows such an energy
surface for CdGeAscalculated using the LDA approximation.

Assuming isotropic condition®) can be given by [35]

_h 21,12, 1%/3 | Bs
0= o [67%V%r] m f(o) (2
where# is the reduced Planck constakiy, is the Boltzmann constany/ the molecular mass
of the compound; the number of atoms per molecular uri, the adiabatic bulk modulus of
the crystal and the Poisson ratio which is taken to be 0.25, the value for the Cauchy solid [35].
The value off (¢ = 0.25) then becomes.B859 95. Note that the explicit expression ftfo)
in equation (2) is [35]

1/3

2 1+0 \*2 (11+0\¥?]
1= 3[2<§m) (517%) } | ®
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Figure 3. Total energy versus volume for CdGeAs the chalcopyrite phase.

In equation (2),Bs depends otV andT. In order to balance computational demand and
accuracy, we further assume

(4)

PE (V)
Bg >~ Bstatic= V(;tt>

dv?

whereBgaiic is the static bulk modulus.

® is now simply a function oV . Itis also evident from equations (2) and (4) that there
is no explicit consideration of the structural parameters in the volume derivatives, since we
restrict consideration to hydrostatic conditions. This relevant feature of the model makes it
fully independent of any particular crystal structure. Even if the crystal energy depends on
many internal parameters and cell constants, a set of [aigs ) is sufficient for employing
the model. A more detailed description of the model is given in references [35, 36].

Our computed values of isothermal and adiabatic bulk mo@#{p = 0) = By andBs)
and their pressure and temperature derivatives are given in table 3 along with the available
experimental data. Figure 4 shows the equation of state generated using the normalized
V(p)/ Vo values, wherély is the corresponding equilibrium volume at zero pressure. It
should be noted here that Hailirg al [13] used the experimental bulk modulus and its first
derivative obtained at pressures up to 0.1 GPa from ultrasonic measurements as parameters
and did not fit the equation of state to the experimental curve. The higher experimental value
of 69.7 GPa ofBy relative to the calculated one of 57.0 GPa makes the simulated crystal more
compressible, as illustrated in figure 4.

Table 3. Bulk moduli and related properties of CdGeAs

By (GPa) Bs (GPa) B B} (GPal)

This work: 0 K 57.03 57.03 4.79-0.32
This work: 300 K 53.21 54.43 5.47-0.46
Experiment: 300K 69.7 — 6.18 —

a Reference [13].
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Figure 4. The equation of state of CdGeAs

In the quasi-harmonic model used here, the Debye temper&tygraurns out to be 273 K
at the static equilibrium and 269 K at room temperature. This variation is due to change of
equilibrium volume with temperature. On the other hand, the specific heat measurements [37]
made betwee 2 K and 30 K determin®p to be 230 K whereas the ultrasonic wave velocity
experiment [13] yields the value of 257 K f&rp.

We note here that the thermodynamic properties that are especially sensitive to comput-
ational details are those related to the volume dependené® since they involve third
derivatives of the static lattice energy. The most important factor in computing this set of
properties is the @meisen constany,. Our calculations yield a value gf of 2.262 at 300 K
for CdGeAs. For the volume thermal expansion coefficiemf,the calculated values are
309 x 108 K~! at 300 K and 338 x 10°% K~! at 400 K, as compared to the experimental
value of 18x 107° K1,

The optical transitions in chalcopyrites are sensitive to the applied hydrostatic pressure,
leading to a dependence of the pressure coefficients on the nature of the band gap. For example,
it has been found [38] that the pseudo-direct-gap chalcopyrites [39], such as Zn@ef
a small positive or negative slope of the absorption edge, while CdGa#d other direct-
gap chalcopyrites have a large positive slope. Although the LDA calculations do not provide
very good quantitative predictions of the band gap, they do provide reliable predictions of
the change in gap under hydrostatic conditions. For Cdgess find that both the valence
and conduction levels at T, N arid k-points in the Brillouin zone show a linear variation
with applied pressure up to 10 GPa. The calculated pressure coefficients [40] of these levels
are given in the table 4, and yield a coefficient of the minimum-energy directiggpl{(ic)
of 9.5 x 1078 eV bar?. Itis in very good agreement with the experimental value [41] of
9.3 x 10°® eV bar. Itis thought that knowledge of the pressure coefficients for different
levels would assist experimentalists in identifying various optical transitions in CdGeAs

In summary, we have calculated lattice constants, the equation of state, the Debye temp-
erature, the @Gmeisen constant and the electronic band structure of CdGethe chalcopyrite
structure, and these are in very good agreement with the available experimental data. The
calculated results have also provided details of the valence and conduction bands, predicting
their variation with pressure.
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Table 4. Pressure coefficients in (18 eV bar 1) of valence and conduction levels of CdGeAs

Level

sy 0.9
Tay 6.5
Iac -29
i 16
Tav+ay —0.87
Tse 2.2
N1y 2.6

N1c 8.4
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Note added in proof Recently, Rashkeev, Limpijumnong and Lambrecht [42] have reported the band structure of
CdGeAs at the experimental values of the structural parameters. Their calculations were based on the linear muffin-tin
orbitals (LMTO) method within the atomic sphere approximation (ASA). Although the gap was found to be negative
at the LDA level, semiempirical corrections to the conduction band states yielded a gap of 1.01 eV.
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