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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 ¢dGeAs
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 underestimate 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
generalization of the Luttinger Hamiltonian for chalcopyrite is presented and its parameters determined.
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[. INTRODUCTION Namely, we exploit the similarity of the chalcopyrite semi-
conductors to their 1ll-V parent compound, for example GaP
Among the ternary semiconductor compounds with chalfor ZnGeR. Since adequate experimental information as
copyrite (CKP) structure, CdGeAsis one of the most prom- well as quasiparticle calculations in the GW approximation
ising ones for nonlinear optical frequency conversion beare availabl& for the conduction bands at varioéspoints
cause of its record value of the second harmonic generatioand the relation of these states to those in the chalcopyrite by
coefficient y(?)~350-500 pm/\~® Recently, there has BZ folding are well understood, it is relatively straightfor-
been renewed interest in improving the crystal growth of thisyard to estimate the corrections to the important states near
material and in determining its fundamental properties, inthe fundamental gap in the chalcopyrite material. The details
particular the band structure, defect, and opticalapoyt the relatior(band folding between the zinc blende
properties'™® On the experimental side, several studies of(zg) and chalcopyrite structures can be found in our earlier
the optical transitions were reported several decades ago, USaper on ZnGePand GaP? In the case of ZnGep these

. . . —13 . .
'r?g vznous t(lachnf|que t.t O? ihe tre?r?t'(tfl ;"ded tther? corrections do not significantly affect the effective masses or
ave been only a few attempts to caicuiate the band StuClute, o nco pand maximum effective Hamiltonian parameters

and a detailed knowledge is still lacking. The earliest ban ecause the experimental minimum gap-i8.2 eV and the

structure study by Zlatkiret al1* did not include spin-orbit )
interactions and was limited to a fekvpoints* Later work LDA gives a value of 1.1 eV. Thus those parameters could be
safely obtained from the LDA band structure and only when

by Polygalovet al® did include the spin-orbit interaction o ; >
but still was limited to only thre& points® Madelonet al® it comes to judging the direatersusindirect nature of the

reported the first more complete empirical pseudopotentid?@nd 9ap and optical properties, the corrections had to be
calculations along symmetry directions of the Brillouin zoneiNvoked. In the case of CdGeAsghe problem is more severe
(BZ) and also included spin-orbit interactions. To our knowl- because in the LDA, we obtain a negative gap. Several ex-
edge the first calculation in the framework of density func-Periments reported the band gap to ©€.6 eVv/~***Wwe
tional theory was by Zapast alX” Their calculations, how- note that the LDA calculations of Zapet al"’ obtained a
ever, do not include spin-orbit coupling and focus primarily small but positive gap. The reason is most likely the use of
on structural properties. They do not provide informationan incomplete basis set. The result of our negative gap is that
about the optical transitions. Rashkeshal> also performed the topology of the bands, i.e., the way they are connected,
local density approximation band structure calculatims  nearl" is strongly distorted and meaningful effective mass
ing the linear muffin-tin orbital methgdand reported calcu- information cannot be obtained from the LDA bands directly.
lations of the linear and second order optical response fundn order to extract any useful information at the band edges,
tions but did not describe the details of the band structureve need to adjust the Hamiltonian matrix and recalculate the
near the fundamental gap. band structure including corrections beyond LDA. Details of

Here, we use a first-principles approach in which the onlyhow we accomplish this are discussed in Sec. I
experimental input consists of the crystal stucture parameters The rest of the paper is organized as follows. In the results
(a, c/a, andu), except that some corrections are applied tosection, we first discuss the band structures and splittings at
overcome the well-known band gap underestimate of the loF in Sec. lll A. Then we relate this to the optical transitions
cal density approximatiofLDA). We have earlier reported a in Sec. Ill B. Next, we discuss the effective masses in the
similar study of another CKP semiconductor ZnG&POur  conduction band in Sec. Ill C and the effective mass Hamil-
approach is, in fact, similar to the one followed in that papertonian for the valence band maximuivBM) in Il D.
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results for the bands of interest. Since spin-orbit coupling
arises primarily from the inner part of the atomic spheres,
where the potential is very close to being spherically sym-
metric, this should be an adequate approximation.

Strictly speaking, the eigenvalues of the Kohn-Sham
equation are not the quasiparticle eigenenergies but only in-
termediate results in the total energy calculation. However,
the quasiparticle equation differs from the Kohn-Sham equa-
tion only 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 the experimental gap is small
FIG. 1. The chalcopyrite crystal structure. (~0.6 eV) and the LDA gap is negative. In order to inves-
tigate the band edges, it is imperative to modify the Hamil-
tonian so as to shift up the conduction baf@B) that is
crossing with the valence barf/B).

Since we are here primarily interested in the band struc- In the LMTO-ASA method the Hamiltonian has essen-
ture, we choose to perform all calculations at the experimentially a two-center tight-binding forAt
tal lattice parametersa=5.945 A, c/a=1.887, andu
=0.285 (Ref. 20 rather than optimizing the structural pa- HRL,R’L'(k):CRI5RL,R’L’+\/A_R'SRL,R’L'(k) VAR,
rameters using the first-principles approach. We thus avoid @
the typical underestimate of the lattice constant due to thén which Sg| g/ /(K) is the structure constant matrij L
overbinding of the LDA. The CKP crystal structure is shown label the atomic siteR and angular momenta=Im of the
in Fig. 1. It is a superlattice of the ZB structure with a spe-basis set, an€g, and Ay, are potential parameters that de-
cific ordered arrangement of the Cd and Ge cations accontermine, respectively, the “center of ttel band” and the
panied by small structural distortions. It can be described irfwidth of the bands.” To be precise, this Hamiltonian in the
a body centered tetragonal primitive unit cell. The so-called “nearly orthogonal representation” is correct to
corresponding lattice vectorsa;=(—al2,a/2,c/2), a, second order inE—E,) with E, the linearization energy of
=(al2,—al2,cl/2), and az=(a/2,a/2,c/2) are indicated in the LMTO method. In reality, we include further three-center
Fig. 1. The structural parameters are théattice constant, correction terms and third-order corrections but these are ir-
the c/a ratio, and the internal structural parametewhich  relevant for the present purpose of explaining our gap cor-
determines the position of the anion in its nearest neighborection method. The point is that by simply shifting t8g,
tetrahedron. For example, the atom in the lower left cornewe can modify the position of the center of tRé band. It
has coordinatesa(4,ua,c/8). In the ideal structure/a=2  turns out that the conduction band minimunTain tetrahe-
andu=1/4. drally bonded semiconductors has primarily catsocharac-

We use the density functional theofFT) in the local ter, while the valence band maximum has primarily anjpon
density approximatioflLDA) (Ref. 21) as parametrized by character. In the ASA, we introduce empty spheres at the
Hedin and Lundquist? The linear muffin-tin orbital tetrahedral interstices to fill space with spheres which are not
(LMTO) method was used both in the full-potenti@P)  too much overlapping. The wave functions then also contain
implementation of Methfesséland in the atomic sphere ap- expansions in muffin tin orbitals centered at these empty
proximation (ASA). The FP method uses nearly touching sites. The empty spherebasis states also have a large con-
muffin-tin radii with empty spheres inserted in the usual in-tribution to the first few conduction band states, and in par-
terstitial sites for a tetrahedrally coordinated material. Theticular strongly influence the position of the stateXatof
Cd 4d orbitals are treated as valence bands, while the deepeinc blende BZ. Since in chalcopyrite the statesXbecome
Ge 3 orbitals are treated as core states. The angular mdelded atl’, the first two conduction bands 4tdetermine the
mentum cut-off used for the interstitial region Hankel func- position of the second and third conduction band’ &br a
tion basis set i$,o,=6. Brillouin zone integration was car- direct gap situation. Experience has shown that shifting of
ried out with a regularly spaced mesh ok8X 8 points in  the empty sphere and catienstates by a few 0.1 Ry shifts
the reciprocal unit cell shifted from the origin as in the the conduction bands up by the order of an eV without sig-
Monkhorst-Pack methdfiand reduced by symmetry to a set nificantly modifying the valence bands. Thus we can
of irreduciblek points. For the calculations of the spin-orbit semiempirically determine the necessary shifts to obtain a
splitting and the gap corrections, to be discussed below, wearget band gap & andI'. In the process, the gaps at other
used the atomic sphere approximation to the LMTOk points also improve systematically because they have a
method® after checking that the ASA results without spin- wave function basis set composition intermediate between
orbit coupling were in good agreement with the full-potentialthose states.

Il. COMPUTATIONAL METHOD
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TABLE I. Selected 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 0.44 0.60
X,(z) Ty 149 219 070 109 1.79 1.79
Xsz) T, 1.66 241 075 150 2.25 2.25

Energy (eV)

8Reference 26.

BLDA with corrections extracted from GaAgolumn 6+ column
5).

°LDA with corrections extracted from GaAs and additional correc- r T HC r NP I T
tion onI'; based on the LDA location of Cdd4 see text for detail.

FIG. 2. Band structure of CdGeA# the local density approxi-
mation without spin-orbit interaction at experimental lattice param-

The question then remains what corrections we shoul@ters. The first three CB have been shifted up according to the
expect. For that purpose, we again consider the parent IllI-\¢orrections obtained from available GW results on GaAs as ex-
compounds. In the case of CdGeAisis not cleara priori  plained in text.
whether we should consider InAs or GaAs or some InGaAs
alloy as the parent compound. However, it turns out that thi
is irrelevant because very similar upward shifts of thesIn
and Gas and corresponding empty spheresan be used to

hybridizes with the VBM which forms antibonding states
with it, a downward shift of the Cdd will result in a down-
ward shift of the VBM. However, inspection of the eigenvec-
tors reveals that th&,. andI' ;. states have similad con-
Gributions to those of the valence band maximum. Therefore

tions themselves are also similar. Because more detailed rg;o expect thel',, and '3, states to shift along with the
sults of quasiparticle calculations are ayailable for GaAs thay/gm relative to thel';. state. This means that only the
for InAs we chose to base our correction on those of GaAsminimum gap is expected to further increase from what we
The band gap corrections in GaAs at theind X points are  expect on the basis of GaAs. Our approach has been to adjust
taken from the quasiparticle calculations of Refs. 26,27 he minimum gagd’,.—I'4, to a value of 0.6 eV as suggested
which agree closely between each other. They show that thgy experiment.

I'; state shifts up by 0.91 eV relative to thgs, (the VBM), We emphasize that these corrections leave the valence
while the X, and X3, states shift by, respectively, 0.70 and pand splittings essentially unchanged so we can consider
0.75 eV. We then assume that the is also shifted by 0.91  these splittings as first-principles results. Also, the shifts at
eV and thel',c andI'; are shifted by 0.75 and 0.70 €V in the gaps at othek points were not adjusted and can be

CdGeAs because they are their chalcopyrite folded counterconsidered “first-principles” predictions once we have ad-
parts. We then determine the shifts of g, of the cations  justed our Hamiltonian.

and empty sphergnecessary to obtain the target shifts of the
conduction bands. In fact, we find that the first three CB’s ll. RESULTS
have both Cds and Ges 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 foldedates, have large The band structure of CdGeAsvithout spin-orbit inter-
empty spher€ES) type |I's component; the second higher CB action is shown in Fig. 2. The symmetkypoints are labeled
also has in addition a large ES type Il component. Type | andollowing Ref. 18. The corresponding BZ is shown in Fig. 3
Il refer to the nearest neighbors of the empty sphere whickalong with that of ZB for comparison. The band structure
are cations for type | and anions for type Il. We can thereforancluding spin-orbit coupling is shown along tieT and
adjust each CB by changing the LMTO potential parameter$’-N lines in Fig. 4.
associated with the states that are dominant for the particular CdGeAs has a direct band gap &t. The next higher
band. Since we have three adjustable parameters, i.e., thecal minimum is atN, 0.45 eV higher. In Fig. 2, the most
shifts of the catiors and the two types of empty spheres, andrelevant states are labeled according to their irreducible sym-
there are three shifts to fit, it is straightforward to find ametry representations following the character table given by
unique solution for the three shifts since the gaps vary lin-Sandrock and Treuscf, which coincide with the well-
early with the potential shifts. known tables of Kosteet al?®

The results arésee Table)l still not entirely satisfactory The lower three CB states counting from the CBM are
for the minimum conduction band. It predicts a band gap ofl";, I'5, andT",. Our ordering of the two higher CB is re-
CdGeAs of only 0.44 eV compared to the experimental gapversed from that of Madeloat al*® and Zlatkinet al** but
of ~0.6 eV. We believe the remaining discrepancy is due tdn agreement with Polygaloet al!® The energy splitting be-
the effects of the Cd d band which lies at about9 eV  tweenI, andI'; is 0.46 eV, larger than-0.20 eV (the
below the VBM. One expects that the quasiparticle correcminus sign indicates that thE;. state lies above th&,.
tions will shift this state down by about 1 eV. Because itstate predicted by Madelowt al®

A. Band structures
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Fig. 4, we use double group notation according to Refs.
/_::_.A.———‘f‘z“'\\ 28,30:F5—>(r6,r7), Fl—>F6, FZ%FG, F3->F7, and r4

—TI";. Below, we will use a notatioh';(4) to indicate thd",
state derived mainly from thE,.
The splittings af” can be described by the Hamiltonian

H=AL2+AlL o+ AL (Lo, +Ly0y), 2
* which leads to the eigenvalues

Ie(5)=A +Al,

5 AC—AQ \/ AC—Al 5 .
O : r7(4)— S—+ S| t2a2 (@

FIG. 3. First Brillouin zongBZ) of chalcopyrite structurésolid ~ The crystal field splitting\; is obtained from the calculation
lines) and its relation to that of the zinc blend&B) structure  without spin-orbit coupling. The first-principles calculation
(dashed lines The pointsX, L, andW lie on the ZB BZ. including spin-orbit coupling provides us with two energy

differences in Eq(3) from which we can extract boml and

When the spin-orbit interaction is not included in the cal-A{ . This gives
culation, we find the singletl{,) is lying above the doublet

(I's) with the splitting (crystal-field splitting A;) of A.=—-205 meV,
—205 meV (the minus sign indicates that the singlet lies I N
above the doublgt When the spin-orbit interaction is in- Ag=114 meV, A5=119 meV.

cluded in our calculationgéthe band structures is shown in In fact, to a very good approximation, the quasicubic

model in whichAl= At =A¢3 holds. If we make this as-
sumption and fit the two energy splittings directly we obtain
A,=356 meV andA.=—196 meV. The magnitude of our

\/ A, of —200£5 meV is well within the experimental results
4 ranging from 160 to 217 meYRefs. 31,32 whereas oui\ ¢
of 356 is only slightly larger compared to the range of 263—
2 ﬁff‘
4)

6

330 meV in the same references. These small disagreements
I

could result from strain in the crystal used in the experi-
O \\\\
o

T (s the band gap considers transitions from the three upper VB

B. Optical transitions

ments. However, giving the error bar of the calculations

The most widely used model for optical transition near

I . . .
7 to the lower three CB af'. It divides the transitions into

these values are in very satisfactory agreement.
27 % three series of, in principle, identically spaced transitions la-
g beled{A,B,C}, {A’,B',C’'}, and{A",B",C"}. Each series
—

Energy (eV)
o
w

The unprimed series corresponds to the transition to the
CBM [T'4(1)]; the primed series to the next CB',(3)];
and the double-primed series to the third OB;(2)].

We here consider additional indire¢phonon-assisted
transitions series from thE point to other local minima in
the BZ in particular theN and T points. We will call these
series{AV,BN,cN}, {AT,BT,C™}, and{AT ,B",CT'}. We
will also consider direct transitions between the highest va-
lence band and lowest conduction bands at thand T

T r N points and will label these @8N andD".

FIG. 4. Band structure of CdGeA# the local density approxi- In Table II, we label the relevant energy levels discussed
mation with spin-orbit interaction at experimental lattice param-here using Mfor VB) and C(for CB) with a subscript num-
eters. The first three CB have been shifted up according to th&er counting from the band edge {¥heans VBM; \, means
corrections obtained from available GW results on GaAs as exfirst lower VB; C, means CBM; G means first higher CB,;
plained in text. etc), and a superscript labeling thepoint. The symmetry

Q corresponds to transitions from the three VB to one CB with
. <

the lowest energy labeled @sand the highest energy &
-8 1
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TABLE IlI. Selected conduction. and \{alence-band eigenvalues Elc: TI'y—T;,Ts—Ts,

measured from valence-band maximum in CdGeAs

Elc: Iy—TI5,Ts—{I1,T5,I'3,4}. (4)
State Symmetry LDA+ energy(eV) On the other hand, when spin-orbit interaction is included
ct Te(2) 2905 the selection rulegof the double groupbecome

I
C% r3) L.79 Efc: T7—Te,I'e—T7,
ct Ie(1) 0.60
Vi r,(4) 0.00 Elc: TI';—{I's, 7} (5)

2 I'4(5) -0.15 ; ; ;

2 6 : Strictly speaking, of course, we should only consider the
V3 I'7(5) —0.46 selection rules of the double group. However, if spin-orbit
Ci 1.80 coupling is not too strong, one may expect that transitions
(ol 2.10 allowed in the double group but forbidden in the single
cy 1.05 group, will be weak. For example tH&(4)—1"g(1) transi-

VI —1.34 tion, which is the minimum band gap & transition, is
v —0.73 strictly speaking allowed foE_L ¢ in the double group but is

forbidden in the single group and is thus expected to be
weak. On the other hand fdg|c, this same transition is

label of each energy level is given in the second column@/lowed in both the single and double groups and is thus
Using our calculated energy levels shown in Table I, weexpected to be strong. In Table Ill we will indicate this as A
then examine various optical transition energies in Table Il1for E[c meaning allowed in both single and double group or
In this table we also include information on the polarizationAF, allowed in double group but forbidden in single group,
dependence. for ELc.

When spin-orbit coupling is neglected, the selection rules |n Figs. 5 and 6 we compare our calculated spectrum with
are determined by the single group. The allowed transitionshe experimental data. We caution that the height of the cal-

are then culated peaks do not correspond to intensities, not even in a

TABLE lll. Theoretical prediction of optical transitions peaks in the 0.5-3.0 eV range in CdGeAs

Symbol Energy between Polarizatidn
(eV) Ellc ElLc
A 0.60 I';(4)—Tg(1) A AF
B 0.75 I'g(5)—Tg(1) F A
C 1.06 I';(5)—Tg(1) AF A
A’ 1.79 [(4)—T(3) F AF
B’ 1.94 I'g(5)—T4(3) AF A
c’ 2.25 I';(5)—T4(3) F A
A" 2.25 I';(4)—Tg(2) AF AF
B” 2.40 I'g(5)—Tg(2) F A
c” 2.71 I';(5)—Tg(2) AF A

Phonon assisted transitions

AN 1.05 I';(4)—CY
BN 1.20 I'g(5)—CY
cN 1.51 r4(5)—cy
AT 1.80 r',(4)—Cl
BT 1.95 I'4(5)—C]
cT 2.26 r,(5)—Cl
AT 2.10 r';(4)—C}
BT 2.25 I'4(5)—C)
cv 2.56 r;(5)—Cj

Direct transitions at othéex points

Dy 1.78 v
Dy 3.14 Vi—Cl

8A: allowed, F: forbidden, AF: allowed in double group, forbidden in single group and hence weak.
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1.0 Energy (eV) 2.0 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 agree-
ment with the measurements of Krivaieal® As predicted
by our theory, theA peak is strong folE|/c and weak for
A" B ¢ El c. TheB peak only is allowed foE_L ¢ and theC peak is

stronger forEL ¢ than forE||c.
In Fig. 6 we compare our calculated spectrum with the
| recent data of Smitet al3! In this case, the peak heights of
' ! the experiment do correspond to measured intensities but the
Ag & Y A e measurements are for unpolarized light. There are several
A"R more peaks in the low energy region than in the other experi-
mental results. These are likely of extringaefect relateg

FIG. 5. Comparison of the optical transition levels predicted byorigin. Also, the strong peaks in the region 1.2—1.6 eV were
our first principle band structure to the results from Wa"elengthtentatively identified by these authors with Cr defect levels.
modulation(Ref. 9 (solid liney, electroreflgctanc(af{ef. 8 (dashed In contrast to the unprimed series, the primed and double-
lines), and photon e-”?-f(Ref.- 7 (dotte.zd.hne; In our pl(.)t' two primed series have not been clearly identified experimentally.
l‘iec:’rf;sfrinnlpl'L”:neog_n;s;'irslfegh't‘r:;g;‘?; :S'St'ngu'ShEd the direct ransigjyher certain lines appear to be missing or additional lines

P ' not fitting in this simple description appear. Furthermore

only a few studies consider the energy region above 1.2
qualitative manner but only indicate the different nature ofeV.>3! A one-to-one correspondence between theoretical and
the transitions. In the first of these figures, we include theexperimental transitions appears impossible in the energy
experimental data of Madeloat al® as well as those of range above 1.2 eV. We believe the reasons for this are that
Krivaite et al® and Borschevskiiet al.” The reason why (1) the primed and double-primed series correspond to weak
Madelonet al® do not observe th® transition is not clear pseudodirect transitions ari@) additional direct transitions
but is discussed in their paper. appear in this same energy region.

While good agreement is obtained for the well established Considering the other direct transitions, we note thaf\the
transitionsA, B, andC,"®*3the identification of the primed state corresponds to the foldedstate of ZB, which is usu-
and double-primed series is more problematic. We note thadlly associated with a strong saddlepoint transitiosually
the A, B, and C transitions basically provide us with infor- called theE; transition in ZB materials In fact, we may
mation about the crystal field and spin-orbit splitting of the note that the valence and conduction bands alongl'tine
valence band, discussed in the previous section, but not withirection nearN are nearly parallel, indicating a high joint
information about the conduction band splittings. density of states. Thus, we can safely say that above this

The A transition provides the minimum gap and the val- energy range direct transitions will clearly dominate indirect
ues for this range from 0.58 eV at room temperafti@0.65  transitions. The direct transitions &t corresponding to
eV atT=77 K.!3An additional series witth at 0.57 eV was  folded direct transitions aX are at somewhat higher energy
also found afT=77 K by Borschevskiiet al.” but associ- outside the range we wish to consider here.

On the other hand, the primed and double-primed series
correspond to transitions to the foldedstates of ZB. They
are so-called pseudodirect and are hence expected to be

Experiment

Present

1.0 Energy (eV) 20

| ” | ‘ rather weak. In fact, our previous study of ZnGefdicated
K that the momentum matrix elements for such transitions are
= very weak. The experimentally observed oscillator strengths
‘g for these transitions in ZnGgRndicated the assistance of
v I . (zero momentumphonons. They are thus similar to corre-
A c sponding indirect transitions. In particular, we should note
= that the first two conduction bands &tcorrespond to the
2 same ZBX states K;. andX3.) as the folded 5. andI,,
v _ 7 respectively, except that these are the states corresponding to
AB C A B the x or y direction whereas the folded oneslatorrespond
A8 ¢ D A B to the z direction. They will thus have slightly different en-
AT g . y gntly

ergy because of the chalcopyrite symmetry breaking between

FIG. 6. Comparison of the optical transition levels predicted byZ @nd {X,y}, but one expects similar intensity between the
our first principle band structure to the OAS results by Sreitfal. indirect and pseudodirect transitions. In fact, we find that the
(Ref. 31). The amplitudes of Smittet al’s results reflected their indirect transitions froni" to the lowest state ak coincides
actual measurement amplitude. In our plot, two levels amplitudevery nearly with the primed series, whereas the transitions to
and line thickness distinguished the direct transitions from phononthe second state dtlie somewhat below the double primed
assisted transitions. series.
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TABLE IV. Conduction band effective masses in CdGgAs  Hamiltonian(including spin degeneragys described in Lut-

units of the electron mass. tinger’s theory** Here we discuss the extension of this model
to chalcopyrite semiconductors.
Band my m, Following the theory of invariants the Hamiltonian is

constructed from combinations of the angular momentum

I'g(2 0.067 0.080 . L.
FZEZ; 1.780 0319 operatorL (with L=1 describing the three-fold degeneracy
T'.(3) 1202 0.360 of the states al'), the spin of the valence band electron

andk. All terms up to linear and quadratic ky L? and the
spin-orbit coupling are included. Higher order relativistic
terms involvingo andk or k? are neglected. Group theory
allows us to classify the operator components according to
their irreducible representations and to find those product
combinations that are invariant, i.e., transform asahéully

The AN line of the indirect transitions fror' to N coin-
cides with theC transition. Possibly th&'-N transitions may
correpond to the transitions observed by Madedtral. at

1.28, 1.35, and 1.64 eV if we allow for the possibility of a . . X
slight shift of the conduction band &t to slightly higher symmetric representation. Using the character tables and

. . . 29 .
energy. Definitely, the uncertainty in our estimates of the gaﬁ:r?uffl'lrllg goeff;{men} taples fOf Kr? stet 'aI. we thu; arrive at
corrections by at least 0.1 eV would allow this. However, it N€ following Hamiltonian for the point group -
is not clear whether this weak indirect transition should be _ 2. Al 1 2

S X o =A.Ls+AL,0,+A(Lyoy+L + Ak
expected to be visible if other pseudodirect and indirect tran-  D2a e 2 Ss-20z s(baotLyoy) Ak

sitions are not observat_)le. o _ + Ay (K24 K2) + AgL2k2
Above 2 eV we definitely think it is no longer possible to y
identify the peaks in the reflectivity spectrum or its deriva- +ANLEH LY (KE+KD) +As(LE— L) (K2~ kD)
tive as measured by Madelat al® with individual transi-
tions at specifik points because we deal with a continuum +Ae[ Ly, LyJkuky + A7([ Ly, Lo]kk,
of transitions. Rather a direct comparison with calculated FILy  LoTkyky) + Ag(Lyky Lok, (6)

e,(w) or better reflectivity curves should be used. While
e,(w) curves were already reported in Ref. 3, a detailedn whichL, L, L, are the angular momentum operator com-
analysis and comparison with the data remains to be dongonents(in Cartesian coordinatgsand oy,0y,0, are the
We postpone this task for later work. Pauli spin matrices andL,,L]=(LsL,+LyL,)/2. The
above Hamiltonian can be written as tfilg; symmetry
Hamiltonian corresponding to the usual zinc blende semicon-
ductors plus extra terms. The usdglLuttinger Hamiltonian
The conduction band masses are obtained by directly fitis
ting the first principles bands with parabola. The masses of
the three CB studied are shown in Table IV. The lower CB
has very little anisotropy and has a very light masspf
=0.067 m, andm, =0.080 m, as expected because of the
small band gap. Our value is a factor two larger than the —2C([ Ly, LyJkeky+ Lz, Lylkke+ Ly, L lKyK,).
masses obtained by the empirical pseudopotential calculation 7
(0.03 m,).'® The only experimental estimate of the conduc- o
tion band effective mass is based on differential thermoelecVe can identifyA=A,, B—A=A;+As, and—2C=Ag. In
tric power measurements and is 0.02z.%*2Kildal® pro- addition to the usudl 4 terms, there are then additional terms
vided 4xX4 k-p expressions for the mass in chalcopyrite Ho. =Hr +(Aj—A,)K2
semiconductors and used an estimafechomentum matrix Dog™ "' Tg 1 72/
element based on the average value of IlI-V compounds, A 21,2 _ 20,2 1 21,2
which also gives values ofm;=0.030 m; and m, (A= As Ag) LK+ (As= Ag) (LGt Liky)
=0.039 m,. This is most likely an underestimate because it +(A7—Ag)([L,, L Tk Ky
does not include interactions with higher conduction bands.
On the other hand, we should note that in narrow band gap +[ Ly, LoIKyky) + Ag(Lyket Lyky) +AcLZ
semiconductors it is rather difficult to obtain reliable band
masses. In particular, for GaAs, the LDA mass of 0.625s +
well known to be strongly underestimated compared to the
experimental value of 0.06ih,, whereas the GW mass of 8
0.08 m, is slightly overestimated.

C. Conduction-band effective masses

A
H, = ?S(L - o)+ AR+ (B—A)(LEKE+LoK2+L2K2)

H AS 1 AS
Ag— 3 L,o,+| Ag— 3 (Lyoy+Lyoy).

We introduce the notation8’=A;—A,, A"=A,—As, B’
=A;—A;,—As=A3;—B+A, A,=—-2C’', D=Ag for the
extra terms. A quasicubic approximation consists in main-
Because of the three-fold degeneracy ah ZB semicon-  taining only the cubi®&,B,C terms, the crystal field splitting
ductors in the absence of spin-orbit coupling, the effectiveand assuming thall= AL =Ay3. This approximation turns
masses are best described in terms of an effectivés 6 out to be fairly good. However the extra linearknterms

D. Valence-band effective Hamiltonian
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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 CdGegAsn,, means the band connecting to thg state in the
z-direction. The relation with the expression in the fourth colummjs= — (A+A’) *. The subscripts and

| stand for heavy and light.

k direction m -ml= value ofm (my)
ky=k,=0, k,#0 r-T My, A+A 0.068
Ms, B+A’+B’ 0.351
k,=k,=0, ke#0 r-H Myy B+A"—D%A, 0.370
Msyh B-+D?/A, 0.379
My A+A" 0.077
k,=0, ky=k,#0 I'-N Maxy (2B+A"—2D?%A)/2 0.349
Msyyh (A+A"+B—C+2D?/A.)/2 2.030
M| (A+A"+B+C)/2 0.068
ky=0, ky=k,#0 r-M Max, (A+A"+A"+B—D?A,)I2 0.148
Msyrh (2B+A’+B’'+D?/A)/2 0.368
M| (A+B+A'+A"+B')/2 0.103
with parameteAg have the effect of fully lifting the degen- H, O Hyg Hs
eracy of the bands in thie, plane into six distinct eigenval- H :( ) + ) (9)
ues, i.e., they lead to a spin splitting. This also leads to the 0 H; H; :H
effect that the valence band maximum is slightly displaced
from thel point.
Using as basigX1),|YT),|Z1),|X1),[Y1),|Z]), the form
of the 6X6 matrix is with the part without spin-orbit coupling
Ao+ (A+A"KE+BK ,
o C'kyky Ck.k,+iDk,
+(B+B'+A")k:
"1,2 2
Hi C'kyky Act(A+A )kthkx Ck,k,—iDk, (10
+(B+B'+A")kS
Chkyek,—iDk, Ckyk,+iDky (A+A")KZ+(B+A")(Ki+K)

and the spin-orbit coupling parts

o —ial o
Hg=|ial 0 0
0O 0 O
and
0 0 A
Hy=| O 0 —iAg
—AL iAY 0

(1D

12

sent results alond™-T and I'-N while asterisks represent
results alongl’-H andT'-M (this direction is defined ak,
=0 andk,=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 parametet only produces
terms of ordek* which we neglect. This is because t6¢
couples states separated by the crystal field splitting whereas
the terms inC couple two degenerate stateslat

We attempted to determine the eleven masses defined in
Table V by simply performing parabolic fits to the first-
principles eigenvalues, up tok=0.04 27/a. For k
<0.04 27/a, the first-principles values can be fitted very
well by parabola in the first three directions listed in the

For several special directions, and in the absence of spiriable. However, this is not true fdi-M direction, where the
orbit coupling the bands can easily be obtained analyticalpands already diverge from parabolic behavior even at this
to terms of ordekiz. The results are summarized in Table V. smallk value(see Fig. 7. This means that the expressions in
The first-principles results without spin-orbit coupling along Table V for thel'-M direction hold only for an even smaller
these directions are shown in Fig. 7. In Fig. 7, circles reprefegion nearl’. We thus decided not to use them in the fit.
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0 0
-100 r -100
S
o -200 | o/ —~ -200 Ls
E S j
5 E
L _300 > -300
& 5
]
—400 | + -400
~500 , ‘ -500
<-T.H 0.04 T 0.04 —>NM )
Wave Vector (2r/a)
-600 . .
<T 0.04 T 0.04 ->N

FIG. 7. Valence bands near maximum without spin-orbit cou-
pling and their fit by the effective Hamiltonian for several direc-
tions. LMTO results: circles fol’-T and I'-N, asterisks forl-H
andI'-M. Full and dashed lines: best fit.

Wave Vector (2n/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.

This left us with eight equations for seven unknowns. The

hext step is to determine the seven parametes, C, A', duce the band structures using this effective Hamiltonian.

” ’ 2 H
A .B ' and.D /A or D (since we .already knowh) by The results are shown as solidr the I'-T andI'-N direc-
solving the list of equations shown in Table V. .

We can see from Fig. 7 that the heavy mass band alonﬁc.ms) and dashedfor theI'-H andI'-M directiony Iipes in .
the I'-N direction is very flat, resulting in a larger error bar '9. 7. As we can See, t.he_bands from th_e eﬁect|ye_Ham|I—
than the other bands. Therefore, we do not use this mass {gnian match the first principles bands quite well inside the

determine the parameters. Now, we have seven equatiofiding area of k<0.04 2m/a. Note especially the good
with seven unknowns. However, the valuelf/A, is very ~ @greement along the-M direction which has not been used
small (<0.01 #%/2m,), compared to the accuracy of other in the fitting. To further ensure that there is a good fit in all
parameters. Note that we can obt@inseparately from the directions, we also compare the effective-Hamiltonian band
splitting of the bands when spin-orbit coupling is switchedstructures to the first principles results on a regular mesh of
on, as shown below. Direct determination of the value ofpoints within a sphere of radius<0.04 2m/a containing
D?/A. from the equations in Table V, leads td&/A . with 290 points in total. The agreement is very impressive with
the wrong sign and diminished the accuracy of other paramthe average error being less than 2 meV and the maximum
eters. We found it is better and perfectly accurate to seerror being less than 4 meV.
D?/A.=0, while determining the other parameters. We use Next, we turn on the spin-orbit coupling in our first prin-
the first five equations in Table V to determiAeB, A", A",  ciples calculations and calculate the band structure using the
and B’ parameters. Then we solve the eighth equation irsame set ok points above. Adding the spin-orbit splitting
Table V for C. We obtain the values given in Table VI. With obtained in Sec. Ill A to the effective Hamiltonian along with
these parameters we can construct the complete effective abovea, B, A’, A”, andB’ parameters we get an almost
Hamiltonian given in Eq(9). To test the accuracy, we repro- complete model for the band structures with spin-orbit cou-
TABLE VI. Effective valence band Hamiltonian parameters. ~ Pling. The spin splitting in our model arises solely from the
D parameter. We found th&t=0.04 ayRy gives the best fit
Parameters and their values units between the model and the first principle resutiste that
agRy=¢€?%/2). We see that it provides a good match for the

’512 974 728639 713C778 K2/om highest two bands but slightly less good for the crystal field
' ' ' e split off band. This is probably due to the fact that we ne-
A’ A B’ glected higher relativistic terms couplirig with spin-orbit
—1.646 —0.064 1.436 #212m, coupling. Nevertheless for the highest two valence bands,
which are the most important for modeling transport, the
D ) agreement is quite good. On the set of 20(oints, we
0.04 el2 obtain an average error of less than 6 meV and the maximum
A, Al Ad error is less than 14 meV. The comparisons along two special
-205 114 119 meV directions are shown in Fig. 8. The effective masse$ at

along various directions are summarized in Table VII.
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TABLE VII. Hole effective masses near band edges of ment is obtained for these splittings. The optical transitions

CdGeAs including spin-orbit couplindin unit of mg) in the vicinity of the fundamental gap were analyzed in a
— model going beyond the standard model which includes only
k direction m7(4) Mg (s5) m7(s) transitions af” between the top three valence bands and the
r-T 0.078 0.351 0.219 bottom three F:_onducuon bapds. We point out., in particular,
that the transitions to the higher two conduction bands, the
I'-N 0.290 0.128 0.141 ledA’B’ C’ dA"B"C” . K dodirect
I-H 0.290 0128 0141 so-calle an series are weak pseudodirec

transitions and should therefore be treated at the same level
as corresponding indirect transitions frdirto N andI” to T.
However, we caution that these series might be difficult to
identify because from 1.8 eV on, other direct transitions start
IV. CONCLUSION overwhelming the indirect transitions. Our values for the lo-
cation of these higher energy transitions differ slightly from
First-principles band structure calculations were carrietarlier work. A 6x 6 effective Hamiltonian was derived to
out for CdGeAs using the ASA-LMTO method including describe the valence band manifold using the theory of in-
spin-orbit coupling and gap corrections. The results without/ariants and its parameters as well as the effective masses of

spin-orbit coupling and strictly in the LDA were checked to the valence and conduction bands were obtained by fitting to
be in agreement with those of FP-LMTO calculations. Thethe first-principles bands.

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 Supported by the Air Force Office of Scientific Research
band splittings due to spin-orbit coupling and crystal fieldunder Grant No. F49320-00-1-0037. We thank S.R. Smith
splitting are essentially not modified by this approach and arand M.C. Ohmer for making their paper available before
truly first-principles results. Good agreement with experi-publication.
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