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Band structure of CdGeAs, near the fundamental gap
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First-principles band structure calculations were carried out for the chalcopyrite semiconductor CdGeAs,
using the linear muffin-tin orbital method, including spin-orbit coupling. The emphasis of the analysis is on the
band gaps and energy band splittings near the fundamental gap. The gap undercstimate due to the local-density
approximation is corrected using information on quasiparticle calculations for the parent compound GaAs. The
experimental information on optical transitions near the gap is reviewed critically in the light of our calcula-
tions. The polarization dependence and the pseudodirect nature of some of the transitions is discussed. The
effective masses of the conduction band and valence bands are derived from the calculated band structure. A
peneralization of the Luttinger Hamiltonian for chalcopyrite is presented and its parameters determined.
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L INTRODUCTION

Among the terary semiconductor compounds with chal-
copyrite (CKP) structure. CdGeAs, is one of the most protn-
ising ones for nonlinear optical frequency conversion be-
cause of its record value of the second harmonic generation
coefficient y'*'=350-500 pm/V.1? Recently, there has
been renewed interest in improving the crystal growth of this
material and in determining its fundamental properties, in
particular  the band structure, defect, and  optical
propf:rtic:s.4 8 On the experimental side, several studies of
the optical transitions were reported several decades ago, us-
ing various techniques.”"* On the theoretical side, there
have been only a few attempts to caiculate the band structure
and a detailed knowledge is still lacking. The earliest band
structure study by Ziatkin er @l. 4 did not include spin-orbit
interactions and was limited to a few k points.” Later work
by Polygalov er al ¥ did include the spin-orbit interaction
but still was limited to enly three k points.”* Madelon ef at.'¢
reported the first more complete empirical pseudopotential
calculations along symmetry directions of the Brillovin zone
{BZ) and also included spin-orbit interactions. To our knowl-
edge the first calculation in the framework of density func-
tional theory was by Zapol ef al.'” Their calculations, how-
ever. do not include spin-orbit coupling and focus primarily
on structural properties. They do not provide information
about the optical transitions. Rashkeev ef al. also performed
lecal density approximation band structure calculations (us-
ing the linear muifin-tin orbital method) and reported calcu-
lations of the linear and second order optical respense func-
tions but did not describe the details of the band structure
near the fundamental gap.

Here, we use a first-principies approach in which the only
experimental input consists of the crystal stucture parameters
{u, c/a, and ), except that some corrections are applied to
gvercome the well-known band gap underestimate of the lo-
cal density approximation {(LDA). We have earlier reported a
similar study of another CKP semiconducter ZnGeP, . '¥ Our
approach is, in fact, similar to the one followed in that paper.

(1 63-1829/2002/65{16)/165204(11)/$20.00

65 1652041

PACS number{s}; 71.20.Nr, 71.35.Cc

Namely, we exploit the similarity of the chalcopyrite semi-
conductors to their 111-V parent compound, for example GaP
for ZnGeP,. Since adequate experimental information as
welt as quasiparticle calculations in the GW approximation
are avaitable!” for the conduction bands at various k points
and the relation of these states to those in the chalcopyrite by
BZ folding are well understood, it is relatively straightfor-
ward to estimate the corrections to the important states near
the fundamental gap in the chalcopyrite material. The details
about the relation (band folding) between the zinc blende
(ZB) and chalcopyrite structures can be found in our earlier
paper on ZnGeP, and GaP.'® In the case of ZnGeP;, these
corrections do not significantly affect the effective masses or
valence band maximum effective Hamiltonian parameters
because the experimental minimum gap is ~2.2 eV and the
LDA gives a value of 1.1 eV, Thus those parameters could be
safely obtained from the LDA band structuse and only when
it comes to judging the direct versus indircct nature of the
band gap and optical properties, the corrcetions had to be
invoked. In the case of CdGeAs,, the problem is more severe
because in the LDA, we obtain a negative gap. Several ex-
periments reported the band gap to be ~0.6 V.M We
note that the LDA calculations of Zapol et af.!” obtained a
small but positive gap. The reason is most likely the use of
an incomplete basis sct. The result of our negative gap is that
the topology of the bands, i.g,, the way they are connected.
near " is strongly distorted and meaningful effective mass
information cannot be obtained from the LDA bands directly.
In order to extract any useful information at the band edges,
we need to adjust the Hamilionian matrix and recalculate the
band structure including corrections beyond LDA. Details of
how we accomnplish this are discussed in Sec. II

The rest of the paper is organized as follows. In the results
section, we first discuss the band structures and splittings at
I’ in Sec. lII A. Then we relate this to the optical transitions
in Sec. HIB. Next, we discuss the effective masses in the
conduction band in Sec. 111 C and the effective mass Hamil-
tonian for the valence band maximum (VBM) in II1 D.
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FIG. 1. The chalcopytite crystal structure.

1. COMPUTATIONAL METHOD

Since we are here primarily interested in the band struc-
ture. we choose to perform all calculations at the experimen-
tal lattice parameters a=25.945 A, c/la=13887, and u
= () 285 (Ref. 20} rather than optimizing the structural pa-
rameters using the first-principles approach. We thus avoid
the typical underestimate of the lattice constant due to the
overbinding of the LDA. The CKP crystal structure is shown
in Fig. 1. It is a superfattice of the ZB structure with a spe-
cific ordered arrangement of the Cd and Ge cations accorn-
panied by small structural distortions. It can be described in
a body centered tetragonal primitive unit cell. The
corresponding  lattice  vectors aj=(—a/2,a/2.c/2), a,
={a/2,—al2.ei2), and ay=(a/2,ai2,c/2) are indicated in
Fig. 1. The structural parameters are the ¢ laitice constant,
the ¢/a ratio, and the internal structural parameter w, which
determines the position of the anion in its nearest neighbor
tetrahedron. For example, the atom in the lower left comer
has coordinates (a/d,ia.c/8). In the ideal structure c/a=2
and w=1/4.

We use the density functional theory (DFT) in the local
density approximation (LDA) (Ref. 21) as parametrized by
Hedin and Lundqvist’® The linear muffin-tin orbital
{(LMTO) method was used both in the full-petential {FF)
implementation of Methfessel® and in the atomic sphere ap-
proximation (ASA). The FP method uses nearly touching
muffin-tin radii with empty spheres inserted in the usual in-
terstitial sites for a tetrahedrally coordinated material. The
Cd 44 orbitals are treated as valence bands, while the deeper
Ge 3d orbitats are treated as core states. The angular mo-
mentum cut-off used for the interstitial region Hankel func-
tion basis set is /== 6. Brillouin zone integration was car-
ried out with a regularly spaced mesh of 8X8X8 points in
the reciprocal unit cell shifted from the origin as in the
Monkhorst-Pack method™ and reduced by symmetry to a set
of irreducible k points. For the calculations of the spin-orbit
splitting and the gap corrections, to be discussed below, we
used the atomic sphere approximation to the LMTO
method™” after checking that the ASA results without spin-
orbit coupling were in good agreement with the full-potential
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results for the bands of interest. Since spin-orbit coupling
arises primarily from the inncr part of the atomic spheres,
where the potential is very clase to being spherically sym-
metric. this should be an adequate approximation.

Strictly speaking. the cigenvalues of the Koha-Sham
cquation are not the quasiparticle eigenenergies but only in-
termediate results in the total energy calculation. However,
the guasiparticle equation differs from the Kohn-Sham equa-
tion onfy in that the exchange correlation potential should be
replaced by a nonlocal and energy dependent exchange cor-
relation self-energy operator. This leads to a well known un-
derestimation of the band gaps. In most cases in wide-
bandgap semiconductors, LDA gaps are still resonably large
and useful information near the band edges can immediately
be extracted from pure first-principle results. Unfortunately,
for the case at hand thc experimental gap is small
(~0.6 cV) and the LDA gap is negative. In order o inves-
tigate the band edges, it is imperative to modify the Hamil-
tonian so as to shift up the conduction band (CB) that is
crossing with the valence band (VB).

In the LMTO-ASA method the Hamiltonian has essen-
tially a two-center tight-binding form®*

Hpppooo(K)=Cridrpprirt VARSae e (KA,

(1
in which Sp; p¢/(K) is the structure constant matrix, RL
labe] the atomic sites R and angular momenta £=1Im of the
basis sct, and Cg, and A, are potential parameters that de-
termine, respectively, the “center of the RI band™ and the
“width of the bands.” To be precise, this Hamiltonian in the
so-called “nearly orthogonal representation” is correct to
second otder in (E— E,) with £, the linearization energy of
the LMTO method. In reality, we include further three-center
correction terms and third-order corrections but these are ir-
relevant for the present purpose of explaining our gap cor-
rection methad. The point is that by simply shifting the Cg,
we can modify the position of the center of the R/ band. It
tums out that the conduction band minimum at {" in tetrahe-
drally bonded semiconductors has primarily cation s charac-
ter, while the valence band maximum has primarily anion p
character. In the ASA, we introduce empty spheres at the
tetrahedral interstices to fill space with spheres which are not
too much overlapping. The wave fuactions then alse contain
expansions in muffin tin orbitals centered at these empty
sites. The empty sphere s basis states also have a large con-
tribution to the first few conduction band states, and in par-
ticular strongly influence the position of the statc at X (of
zinc blende BZ). Since in chalcopyrite the states at X become
folded at T, the first two conduction bands at X determine the
position of the second and third conduction band at I' for a
direct gap situation, Experience has shown that shifting of
the empty sphere and cation s states by a few 0.1 Ry shifts
the conduction bands up by the order of an eV without sig-
nificantly modifying the valence bands. Thus we can
semiempirically determine the necessary shifts to obtain a
target band gap at X and T, In the process, the gaps at other
k points also improve systematically because they have a
wave function basis set composition intermediate between
those states.
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TABLE 1. Sclected conduction band eigenvalues measured from
the VBM in CdGeAs, and GaAs in eV.

GaAs CdGeAs,

ZB  CKP LDA® GW? GW-LDA LDA LDA+" LDA++

r, I, 067 158 091 -047 044 0.60
Xz} T, 149 219 070 109 179 1.79
Xiz) Ty, 166 241 075 1350 225 2.25

*Reference 26.

b DA with corrections extracted from GaAs (column 6 -+ celumn
5.

SLDA with corrections extracted from GaAs and additional correc-
tion on T’ based on the LDA location of Cd-4d|; see text for detail.

The question then remains what corrections we should
expect. For that purpose, we again consider the parent 111-V
compounds. In the case of CdGeAs; it is not clear a priori
whether we should consider InAs or GaAs or some InGaAs;
alloy as the parent compound. However, it tums out that this
is irrelevant because very similar upward shifts of the In s
and Ga s and corresponding empty spheres s can be used to
correct the gaps in both InAs and GaAs and the gap correc-
tions themselves are also similar. Because more detailed re-
sults of quasiparticle calculations are available for GaAs than
for InAs we chose to base our correction on those of GaAs.
The band gap corrections in GaAs at the T' and X points are
taken from the guasiparticle calculations of Refs. 26,27,
which agree closely between each other, They show that the
I'|, state shifts up by 0.91 eV relative to the 5, (the VBM),
while the X, and X;,. states shift by, respectively, (.70 and
0.75 eV, We then assume that the T is also shifted by 0.91
eV and the T, and I"y, are shifted by 0.75 and 0.70 ¢V in
CdGeAs, because they are their chalcopyrite folded counter-
parts. We then determine the shifts of the Cpg, of the cation s
and empty sphere 5 necessary to obtain the target shifts of the
conduction bands. In fact, we find that the first threc CBs
have both Cd s and Ge s components and thus we apply the
same shift to all cation states. In addition, the first two higher
CB's as expected because they are folded X states, have large
empty sphere (ES) type I s component; the second higher CB
also has in addition a large ES type 1I component. Type I and
II refer to the nearest neighbors of the empty sphere which
are cations for type 1 and anions for type II. We can therefore
adjust each CB by changing the LMTO potential parameters
associated with the states that are dominant for the particular
band. Since we have three adjustable parameters, i.e., the
shifts of the cation s and the two types of empty spheres, and
there are three shifis to fit, it is straightforward to find a
unique solution for the three shifts since the gaps vary lin-
earty with the potential shifts.

The results are (see Table 1) still not entirely satisfactory
for the minimum conduction band. It predicts a band gap of
CdGeAs, of only 0.44 ¢V compared to the experimental gap
of ~0.6 eV. We believe the remaining discrepancy is due to
the effects of the Cd 44 band which lies at about —9 eV
below the VBM, One expects that the quasiparticle correc-
tions will shift this state down by about 1 ¢V. Because it
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FIG. 2. Band structure of CdGeAs, in the local density approxi-
mation without spin-orbit interaction at experimentat lattice param-
eters, The first three CB have been shifted up according to the
corrections obtained from available GW results on GaAs as ex-
plained in text.

hybridizes with the VBM which forms antibonding states
with it, a downward shift of the Cd 44 will result in a down-
ward shift of the VBM. However, inspection of the eigenvec-
tors reveals that the F,, and I’y states have similar 4 con-
tributions to those of the valence band maximum. Therefore
we expect the T, and Ty, states to shift along with the
VBM relative to the I';. state. This means that only the
minimum gap is expected to further increase from what we
expect on the basis of GaAs. Our approach has been to adjust
the minimum gap ['y, — T4, to a value of 0.6 ¢V as suggested
by cxperiment.

We emphasize that these corrections leave the valence
band splittings essentially unchanged so we can consider
these splittings as first-principles results. Also, the shifts at
the gaps at other k points were not adjusted and can be
considered *“first-principles” predictions once we have ad-
justed our Hamiltonian.

L RESULTS
A. Band structures

The band structure of CdGeAs, without spin-orbit inter-
action is shown in Fig. 2. The symmetry k points are labeled
following Ref. 18. The corresponding BZ is shown in Fig. 3
along with that of ZB for comparison. The band structure
including spin-orbit coupling is shown along the I'-T and
I"-N lines in Fig. 4.

CdGeAs, has a direct band gap at . The next higher
loca! minimum is at N, 0.45 eV higher. In Fig. 2, the most
refevant states are labeled according to their irreducible sym-
melry representations following the character table given by
Sandrock and Treusch,?® which coincide with the well-
known tables of Koster et al.”®

The lower three CB states counting from the CBM are
Ty, Ty, and ['y. Our ordering of the two higher CB is re-
versed from that of Madelon et al.'® and Zlatkin ef al.'* but
in agreement with Polygalov ef al.'* The energy splitting be-
tween 1" and T5 is 0.46 ¢V, larger than —0.20 eV (the
minus sign indicates that the I';, state lies above the I';,
state) predicted by Madelon et al'®
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FIG. 3. First Brillouin zone (BZ) of chalcopyrite structure (solid
lines) and its relation to that of the zinc blende (ZB) structure
{dashed lines). The points X, L, and # lie on the ZB BZ.

When the spin-orbit interaction is not included in the cal-
culation, we find the singlet (['y) is lying above the doublet
(I's) with the splitting (crystal-field splitting A;) of
~205 meV (the minus sign indicates that the singlet lies
above the doublet). When the spin-orbit interaction is in-
cluded in our calculations (the band structures is shown in

6

Energy {eV)

. ———.

T r N

FIG. 4. Band structure of CdGeAs, in the local density approxi-
mation with spin-orbit interaction at experimental lattice param-
eters. The first three CB have been shifted up according to the
corrections obtained from available GW results on GaAs as ex-
plained in text.
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Fig. 4), we use double group notation according to Refs.
28,30: ['s—(T'4,[7), T=TFg, [3—=T¢, [3—14, and T'y
—T',. Below, we will use a notation I';(4) to indicate the '
state detived mainly from the Iy,

The splittings at I” can be described by the Hamiltonian

H=A L2+ AN o+ AL (Lo, L,0,). (2)
which leads to the eigenvalues

Ie(3)=A4,+al

ki

e N e

The crystal field splitting A . is obtained from the calculation
without spin-orbit coupling. The first-principles calculation
including spin-orbit coupling provides us with two energy
differences in Eq. (3) from which we can cxtract both Al and
A7 . This gives

A =-—205 meV,
Al=114 mev. AZ=119 meV.

In fact, 0 a very good approximation. the guasicubic
modef in which A’=A}=A/3 holds. [f we make this as-
sumption and fit the two energy splittings directly we obtain
A,=356 meV and A =196 meV. The magnitude of our
A, of —200+5 meV is well within the experimental results
ranging frem 160 to 217 meV (Refs. 31,32) whereas our 4,
of 356 is onty slightly Jarger compared to the tange of 263—
330 meV in the same references. These small disagrecments
could result from strain in the crystal used in the experi-
ments. However, giving the error bar of the calculations
these values are in very satisfactory agreement.

B. Optical transitions

The most widely used model for optical transition ncar
the band gap considers transitions from the threc upper VB
to the lower three CB at F'. It divides the transitions into
three series of, in principle, identically spaced transitions ia-
beled {4.B.C}, {4',B',C’}, and {4”,B".C"}. Each series
corresponds to transitions from the three VB to one CB with
the lowest energy labeled as 4 and the highest energy as C.
The unprimed series corresponds to the transition to the
CBM [[y(1)1: the primed series to the next CB [I'5(3)]:
and the double-primed series to the third CB [[¢(2)].

We here consider additional indirect (phonon-assisted)
transitions series from the T point to other local minima in
the BZ in particular the & and T points. We will call these
series 44", BY. VY, {AT.BT,CT}, and {AT',BT',CT'}. We
will also consider direct transitions between the highest va-
lence band and lowest conduction bands at the ¥ and 7
points and will label these as DY and DT,

In Table [I, we label the relevant energy levels discussed
here using V (for VB) and C (for CB) with a subscript num-
ber counting from the band edge (V, means VBM; V, means
first lower VB; C, means CBM; C, means first higher CB;
etc.}, and a superscript Jabeling the k point, The symmetry
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TABLE II. Selected conduction and valence-band cigenvalues
measured from valence-band maximum in CdGeAs;.

State Symmetry LDA ++ energy (&V)
ct P 2,25
¢l I'+(3) 179
(o) Tg(1) 0.60
Vi T4(4) 0.00
vi Fa(5) ~0.15
v I';(5) —0.46
o 1.80
:7 2.10
cr 1.05
v —1.34
vy ~0.73

label of each energy level is given in the second column.
Using our calenlated energy levels shown in Table II, we
then examine various optical transition energies in Table IIL
In this table we aiso include information on the polarization
dependence.

When spin-orbit coupling is neglected, the selection rules
are determined by the single group. The allowed transitions
are then
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Ele: I'y—=I'),I's—T5.
Elc: 1=l a0, Tl 4}

On the other band, when spin-orbit interaction is included
the selection rules (of the double group) become

EHC: {‘7—*‘r6,rb—"r7.

l‘-;-—'r{!‘(:,,.i.17}. (5)
Strictly speaking, of course, we should only consider the
selection rules of the double group. However, if spin-orbit
coupling is not too strong. one may expect that wansitions
allowed in the double group but forbidden in the single
group, will be weak. For example the I"y(4)—T's(1) transi-
tion, which is the minimum band gap or A transition, is
strictly speaking allowed for EL ¢ in the double group but is
forbidden in the single group and is thus expected to be
weak. On the other hand for Ellc, this sarme transition is
allowed in both the single and double groups and is thus
expected to be strong. In Table 11 we will indicate this as A
for £{c meaning allowed in beth single and double group or
AF, allowed in double group but forbidden in single group,
for Eic.
In Figs. 5 and 6 we compare our calculated spectrum with
the experimental data. We caution that the height of the cal-
culated peaks do not correspond to intensities, not even in a

Ele:

TABLE III. Theoretical prediction of optical transitions peaks in the 0.5-3.0 &V range in CdGeAs,.

Symbol Energy between Polarization *

(eV) Ele Eic
A 0.60 T4 —T (1) A AF
B 0.75 Te(5)—-Te(1) F A
C 1.06 To(5)-T (1) AF A
A .79 )= E AF
B 1.94 Iy(5)—T4(3) AF A
c! 225 I'2{5)—14(3) F A
4" 225 [(4)—T'g(2) AF AF
B" 240 Te(5)—T6(2) F A
c" 271 M5 —=T{2) AF A

Phonon assisted transitions
AV 1.05 Ly —c¥
B¥ 1.20 Te(5)—CF
cH 1.51 I'5(5) Y
AT 1.80 T4)y—-Cr
BT 1.95 F(5)—CT
ol 2.26 r:(5)—C]
4T 2.10 4yl
g™ 225 r(5)—c?
ct’ 2.56 T5)—CF
Direct transitions at other k points

Dy 1.78 vy
Dy 314 Vil

A allowed, F: forbidden, AF: allowed in double group, forbidden in single group and hence weak.

165204-3



SUKIT LIMPIJUMNONG AND WALTER R. L. LAMBRECHT

1.0 Energy (eV) 20

£
i
5
AT.‘ BTI CT"
=
2
&
-~ "~ i’ 7 ~
P oy o B Sw o
As

FIG. 5. Comparison of the optical transition levels predicted by
our first principle band structure to the results from wavelength
modulation (Ref. 9) {solid lines), electroreflectance (Ref. 8) {dashed
lines), and photon e.m.f. (Ref. 7) (dotted lines). In our plot, two
levels amplitude and line thickness distinguished the direct transi-
tions from phonon-assisted transitions.

qualitative manner but only indicate the different nature of
the transitions. In the first of thesc figures, we include the
experimental data of Madelon e af® as well as those of
Krivaite et al.® and Borschevskii et al.” The rcason why
Madeton et ol.® do not observe the B transition is not clear
but is discussed in their paper.

While good agreement is obtained for the well established
transitions 4, B, and C,"*" the identification of the primed
and double-primed series is more problematic. We note that
the 4, B, and C transitions basically provide us with infor-
mation about the crystal field and spin-orbit splitting of the
valence band, discussed in the previous section, but not with
information about the conduction band splittings.

The A transition provides the minimum gap and the val-
ues for this range from 0.58 ¢V at room ternperature,” to 0.65
eV at T=77 K." An additional series with 4 at 0.57 eV was
also found at 7=77 K by Borschevskii ef al.” but associ-

1.0 Energy (£V) 20

T

[T
£
3
[%s]
ATI kri Cﬂ
E
W A F
- S (e
A g

FIG. 6. Comparison of the optical transition levels predicted by
our first principle band structure to the OAS results by Smith et af.
{Ref. 31). The amplitudes of Smith ef al.’s results reflected their
actual measurement amplitude. In our plot, two levels amplitude
and ling thickness distinguished the direct transitions from phonon-
assisted transitions.
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ated with a shallow acceptor to band transitions. The mini-
mum gap at low temperature should thus be considered to be
about 0.65 eV.

‘We also note that the polarization dependence is in agrec-
ment with the measurements of Krvaite ¢t ol.® As predicted
by our theory, the A peak is strong for E|lc and weak for
E1 ¢. The B peak only is allowed for £1 ¢ and the C peak is
stronger for £4 ¢ than for Efic.

In Fig. 6 we compare our calculated spectrum with the
recent data of Smith et a/.>! In this case, the peak heights of
the experiment do correspond to measured intensities but the
measurements are for unpolarized light. There arc several
more peaks in the low energy region than in the other experi-
mental results. These are Hkely of extrinsic {defect related)
origin. Also, the strong peaks in the region 1.2-1.6 ¢V were
tentatively identified by these authors with Cr defect levels.

In contrast to the unprimed series, the primed and double-
primed series have not been clearly identified experimentally.
Either certain lines appear to be missing or additional lines
not fitting in this simple description appear. Furthermore
onig a few studies consider the energy region above 1.2
eV.”*! A one-to-one correspondence between theoretical and
experimental transitions appears impossible in the energy
range above 1.2 eV. We belicve the reasons for this are that
(1) the primed and double-primed series correspond to weak
pseudedirect transitions and {2) additional direct transitions
appear in this same energy region.

Considering the other direct transitions, we note that the &
state corresponds to the folded L state of ZB, which is usu-
ally associated with a strong saddlepoint transition (usually
called the E, transition in ZB materials). In fact, we may
note that the valence and conduction bands along the I'-NV
direction necar NV are nearly parallel, indicating a high joint
density of states. Thus, we can safely say that above this
cnergy range direct transitions will clearly dominate indirect
transitions. The direct transitions at T corresponding to
folded direct transitions at X are at somewhat higher energy
outside the range we wish to consider here,

On the other hand, the primed and double-primed series
correspond to transitions to the folded X states of ZB. They
are so-called pseudodirect and are hence expected to be
rather weak. In fact, our previous study of ZnGeP; indicated
that the momentum matrix elements for such transitions are
very weak. The experimentally observed oscillator strengths
for these transitions in ZnGeP; indicated the assistance of
{zero momentum) phonons. They are thus similar to corre-
sponding indirect transitions. In particular, we should note
that the first two conduction bands at 7 correspond to the
same ZB X states (X, and X)) as the folded I';, and I';,.,
respectively, except that these are the states corresponding to
the x or y direction whereas the folded ones at I" correspond
to the z direction, They will thus have slightly different en-
ergy because of the chalcopyrite symmetry breaking between
z and {x,y}, but one expects similar intensity between the
indirect and pseudodirect transitions. [n fact, we find that the
indirect transitions from T to the fowest state at T coincides
very nearly with the primed scries, whereas the transitions to
the second state at T lie somewhat below the double primed
series.
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TABLE V. Conduction band effective masses in CdGeAs,, in
units of the electron mass.

Band my m,

It 0.067 0.080
Tg(2) 1.780 0.319
T+ 1.202 0.360

The A" line of the indirect transitions from I' to ¥ coin-
cides with the C transition. Possibly the I'-V transitions may
cortepond to the transitions observed by Madelon er al. at
1.28, 1.35, and 1.64 eV if we allow for the possibility of a
slight shift of the conduction band at N to slightly higher
energy. Definitely, the uncertainty in our estimates of the gap
corrections by at least 0.1 eV would allow this. However, it
is not clear whether this weak indirect transition should be
expected to be visible if other pseudodirect and inditrect tran-
sitions are not observable.

Above 2 eV we definitely think it is no longer possible to
identify the peaks in the reflectivity spectrum or its deriva-
tive as measured by Madelon et ¢l.’ with individual transi-
tions at specific k points because we deal with 2 continuum
of transitions. Rather & direct comparison with calculated
e:{w) or better reflectivity curves should be used. While
e,{@) curves were already reported in Refl 3, a detailed
analysis and comparison with the data remains to be done.
We postpone this task for later work.

C. Conduction-band effective masses

The conduction band masses are obtained by directly fit-
ting the first principles bands with parabola. The masses of
the three CB studied are shown in Table I'V. The lower CB
has very little anisotropy and has a very light mass of my
=0.067 m, and m, =0.080 m, as expected because of the
small band gap. Our value is a factor two larger than the
masses obtained by the empirical pseudopotential calculation
(0.03 m,)."® The only experimental estimate of the conduc-
tion band effective mass is based on differential thermoelec-
tric power measurements and is 0.027 m,.'"*? Kildal*® pro-
vided 4 X4 k-p expressions for the mass in chalcopyrite
semiconductors and used an estimated P momentum matrix
element based on the average value of III-V compounds,
which also gives values of my=0.030 m, and m,
=0.039 m,. This is most likely an underestimate because it
does not include interactions with higher conduction bands.
On the other hand, we should note that in narrow band gap
semiconductors it is rather difficult to obtain reliable band
masses. In particular, for GaAs, the LDA mass of 0.025 m, is
well known to be strongly underestimated compared to the
experimental value of 0.067 m,, whereas the GW mass of
0.08 m, is slightly overestimated.

I. Valence-band effective Hamiltonian

Because of the three-fold degeneracy at I in ZB semicon-
ductors in the absence of spin-orbit coupling, the effective
masses are best described in terms of an effective 6X6
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Hamiltonian (including spin degeneracy) as described in Lut-
tinger's theory.** Here we discuss the extension of this model
to chalcopyrite semiconductors.

Following the theory of invariants™ the Hamiltonian is
constructed from combinations of the angular momentum
operator £ {with L =1 describing the three-fold degeneracy
of the states at ['), the spin of the valence band electron o
and k. All terms up to linear and quadratic in k, L* and the
spin-orbit coupling are included. Higher order relativistic
terms involving o and k or &% are neglected. Group theory
allows us to classify the operator compenents according to
their irreducible representations and to find those product
combinations that are invariant, i.e., transform as the ¢ fully
symmetric representation. Using the character tables and
coupling coefficient tables of Koster er af.?® we thus arrive at
the following Hamiltonian for the point group D,,:

Hp, =AL2+AlL,0+ANL 0+ L)+ 4 k]
+ AR+ KR+ ALK
AL LI LKD) + A(L2 - LI (K2 kD)
+A4,[L, ,Lj,]kxk}. +A{L, L.k k.,
L, LYk k) + AL o+ Lok,), (6)

in which L, L, ,L, are the angular momentum operator cont-
ponents (in Cartesian coordinates), and o,,0,.0; are the
Pauli spin matrices and [Z,,L,]=(L.L,+L,L,}/2. The
above Hamiltonian can be written as the 7, symmetry
Hamiltonian corresponding to the usual zine blende sernicon-
ductors plus exira terms. The usual T, Luttinger Hamiltonian
is

Hrd:?s

(L- o)+ AR+ (B~ ALY+ LIS+ L2KD)
—2C([L, Ly Jhk, t T Ly LYk (L LRk,
(7}
We can identify A=A,, B—A=A,+A;, and —2C=4,. In
addition to the usual T, terms, there are then additional terms
Hp, =Hp + (4= 4:)k;
F{A3— A= AL+ (A~ AL+ LKD)
+(A7_A6)([L: vL.r]kzkx
+[Ly LYok, + Ag(L oy Lok,) + AL

¢ A L As']
+ ﬁ's—'3— Lo+ A_‘.—TI(L:(TX#"L_VO'),}.

{8
We introduce the notations 4'=4 | —4,, 4"=4,~45. 8’
=Ay— Ay~ As=A3— B+ A, A;=-2C"', D=4y for the
extra terms. A quasicubic approximation consists in main-
taining only the cubic A,B,C terms, the crystal field splitting
and assuming that Ail= A7 =A,/3. This approximation tumns
out to be fairly good. However the extra linear-in-k terms
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TABLE V. Valence band effective mass expressions in terms of effective Hamiltonian parameters neglect-
ing spin-orbit coupling and their values in CdGeAs,. m,, means the band connecting to the T'y state in the
z-direction. The relation with the expression in the fourth column is m,, = —{4+4')"". The subscripts # and

! stand for heavy and light.

k direction m —-m"i= value of m (m,)
b=k, =0, k.#0 r-r my, A+A’ 0.068
s B+A'+B' 0.351
b=k =0, k,#0 r-H My B-+A"—-DYA, 0.370
sy, B+D?A, 0.379
st A+4" 0.077
k=0, ko =k, #0 I-N My, (2B+A"-2D%AR £.349
5 (A+A"+B—-C+2DYA )2 2,030
ey (A+A4"+B+C)i2 0.068
k=0, k,=k,#0 r-am M4z (A+A'+A"+B—DYA )2 0.148
Mszon (2B+A4'+B'+DYA)2 0.368
Psys) (A+B+A'+A"+B")2 0.103
with parameter A3 have the effect of fully fifting the degen- H 0 Hy H,'
eracy of the bands in the k¥, plane into six distinct eigenval- H=( ) + ‘ ] ®
ues, i.e., they lead to a spin splitting. This also leads to the v 0 Hy, HE HY )

effect that the valence band maximum is slightly displaced
from the I" point.

Using as basis {X7),{¥T}.1271),|X1).|¥L},iZ1), the form
of the 6 X 6 matrix is

A 4 (A+ A"+ B2

with the part without spin-orbit coupling

v
' Clhek, Ckok,+iDk,
+(B+B +AN? = TRy
H, = A+ (A+ A+ BEE 10
! C'h ok, " Ch k,—iDk, 10y
‘ +(B+B"+ 4
Chkk,—iDk, Chk,+iDk, (A+A )k} +(B+ AWK+ kD)

and the spin-orbit coupling parts

o —ial ¢
Hy=| st o o {1
6 0 o
and
0 0 At
Ho={ 0 0 —iAy (12)
~AL AL

For several special directions, and in the absence of spin-
orbit coupling the bands can easily be obtained analytically
to terms of order 47 . The results are summarized in Table V.
The first-principles results without spin-orbit coupling along
these directions are shown in Fig. 7. In Fig. 7, circles repre-

sent results along I'-T and I'-N while asterisks represent
results along I"-A and I"-M (this direction is defined as £,
=0 and k,=k,#0), We note that in the quasicubic model
several simple relations hold for the masses in these direc-
tions. We also note that the parameter ¢’ only produces
terms of order &* which we neglect. This is because the ¢
couples states separated by the crystal ficld splitting whereas
the terms in C couple two degenerate states at T'.

We attempted to determine the eleven masses defined in
Table V by simply performing parabolic fits to the first-
principles cigenvalues, up to &£=0.04 2w/a. For £
=(.04 27/q, the first-principles values can be fitted very
well by parabola in the first three directions listed in the
table. However, this is not true for I'-A direction, where the
bands already diverge from parabolic behavior even at this
small & value (see Fig. 7). This means that the expressions in
Table V for the I"-AM direction hold only for an even smaller
region near I'. We thus decided not to use them in the fit.
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Energy {meV)

<-TH 004 r 0.04
Wave Vector (2n/a)

FIG. 7. Valence bands near maximum without spin-orbit cou-
pling and their fit by the effective Hamiltontan for several direc-
tions. LMTO results; circles for I'-T and T'-N, asterisks for T'-A
and I'-A. Full and dashed lines: best fit.

This left us with eight equations for seven unknowns. The
next step is to deiermine the seven parameters 4, B, C, 47,
A", B', and DA, or D (since we already know A.) by
solving the list of equations shown in Table V.

We can see from Fig. 7 that the heavy mass band along
the I'-N direction 1s very flat, resulting in a larger error bar
than the other bands. Therefore, we do not use this mass to
determine the parameters. Now, we have seven equations
with seven unknowns. However, the value of D%/A_ is very
small (<0.01 #%/2m,), compared to the accuracy of other
parameters. Note that we can obtain D separately from the
splitting of the bands when spin-orbit coupling is switched
on, as shown below. Direct determination of the value of
DY A, from the equations in Table V, leads to a D?/A, with
the wrong sign and diminished the accuracy of other param-
eters. We found it is better and perfectly accurate to set
D*/A,=0, while determining the other parameters. We use
the first five equations in Table V to determine 4, B, 4', A",
and B’ parameters. Then we solve the eighth equation in
Table V for C. We obtain the values given in Table VL. With
these parameters we can construct the complete effective
Hamiltonian given in Eq. {9). To test the accuracy, we repro-

TABLE V1. Effective valence band Hamiltonian parameters.

Parameters and their values units
A B c
- 12974 ~-2.639 —13.778 h%2m,
A r ’4 » B I3
—1.646 —0.064 1.436 #%2m,
b
0.04 e?f2
A, Al A,
<205 114 119 meV
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-100 | ]

-200 L ]

Energy (meV)
8
o

-T 0.04 r 0.04 =N
Wave Vector (2r/a)

FIG. 8. Valence bands near maximum including spin-orbit cou-
pling and their fit by the effective Hamiltonian. LMTO results:
circles, effective Hamiltonian; full lines.

duce the band structures using this effective Hamiltonian.
The results are shown as solid (for the '-T and I'-N direc-
tions) and dashed (for the I'-# and I"-Af directions) lines in
Fig. 7. As we can see, the bands from the effective Hamil-
tonian match the first principles bands quite well inside the
fitting area of k<004 24/a. Note especially the good
agreement along the ['-M direction which has not been used
in the fitting. To further ensure that there is a good fit in all
directions, we also compare the effective-Hamiltonian band
structures to the first principles results on a regular mesh of
points within a sphere of radius £=<0.04 2a/a containing
290 points in total. The agreement is very impressive with
the average error being less than 2 meV and the maximum
error being less than 4 meV.

Next, we turn on the spin-orbit coupling in our first prin-
ciples calculations and caleulate the band structure using the
same set of & points above. Adding the spin-orbit splitting
obtained in Sec. 11 A to the effective Hamiltonian along with
the above 4, B, A", A", and B’ parameters we get an almost
complete model for the band structures with spin-orbit cou-
pling. The spin splitting in our model arises solely from the
D parameter. We found that D=0.04 ayRy gives the best fit
between the model and the first principle results (note that
ayRy=¢"/2). We see that it provides a good match for the
highest two bands but slightly less good for the crystal field
split off band. This is probably due to the fact that we ne-
glected higher relativistic tertms coupling k with spin-orbit
coupling. Nevertheless for the highest two valence bands,
which are the most important for modeling transport, the
agreement is guite good. On the set of 290 k points, we
obtain an average error of less than 6 meV and the maximum
error is less than 14 meV. The comparisons along two special
directions are shown in Fig, 8. The effective masses at [’
along various directions are summarized in Table VIL
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TABLE VII. Hole effective masses ncar band ecdges of
CdGeAs, including spin-orbit coupling (in unit of m1,)

k direction M4 M5y Mges)
I-r 0.078 .351 0.219
I'N 0.290 3.128 0.141
I'-H 0.290 0.128 0.141
r-a 0.122 0.187 0.172

IV. CONCLUSION

First-principles band structure calculations were carried
out for CdGeAs, using the ASA-LMTO method including
spin-orbit coupling and gap corrections. The results without
spin-orbit coupling and strictly in the LDA were checked to
be in agrecment with those of FP-LMTO calculations. The
underestimation of the band gap due to the LDA was cor-
rected by shifting some of the ASA-LMTO Hamiltonian di-
agonal matrix elements using results for the parent com-
pound GaAs as a guidance. We emphasize that the valence
band splittings due to spin-orbit coupling and crystal field
splitting are essentially not modified by this approach and are
truly first-principles results. Good agreement with experi-
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ment is obtained for these splittings. The optical transitions
in the vicinity of the fundamental gap were analyzed in a
modet going beyond the standard model which includes only
transitions at T between the top three valence bands and the
bottom three conduction bands. We point out, in particular,
that the transitions to the higher two conduction bands, the
so-called 4'B'C' and A"B" (" series are weak pseudodirect
transitions and should therefore be treated at the same level
as corresponding indirect transitions from " to Mand " to T.
However, we caution that these series might be difficult to
identify because from 1.8 eV on, other direct transitions start
overwhelming the indirect transitions. Our values for the lo-
cation of these higher energy transitions differ slightly from
earlier work. A 6 X6 effective Hamiltonian was derived to
describe the valence band manifold using the theory of in-
vartants and its parameters as well as the effective masses of
the valence and conduction bands were obtained by fitting to
the first-principles bands.
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