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Electronic structure of ZnGeP2: A detailed study of the band structure near the fundamental
gap and its associated parameters
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Full-potential linear muffin-tin orbital band-structure calculations of ZnGeP2 in the local-density approxi-
mation ~LDA ! indicate several close-lying conduction-band minima at different points in the Brillouin zone.
Quasiparticle results available for the zinc-blende ‘‘parent’’ compound GaP are used to estimate corrections
beyond the LDA. Even including these corrections, ZnGeP2 appears to be truly indirect rather than pseudodi-
rect, as has been suggested in the literature. The experimental evidence is reviewed. The standard assignment
of features in optical data pertaining to the absorption edge is questioned and a tentative new interpretation is
presented in light of our multiple conduction-band minima model. Related band-structure parameters, such as
band-gap deformation potentials, effective masses at each of the minima, and the valence-band effective
Hamiltonian are determined.@S0163-1829~99!01835-4#
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I. INTRODUCTION

ZnGeP2 is a ternary semiconductor compound with ch
copyrite ~CKP! structure which has so far been studied p
marily for its potential as nonlinear optical material for fr
quency conversion applications.1,2 Recently, significant
progress has been made in optimizing its crystal growth3 and
in identifying and reducing its defects,4 drawing renewed
attention to it and its related materials. In spite of many ye
of study,5–18 there is still not a consensus on the nature of
band structure. Early work was based on comparison to
zinc-blende~ZB! parent III-V compound GaP and suggest
either a so-called pseudodirect band gap or an indirect b
gap. The conduction-band minimum of GaP at one of thX
points of the ZB Brillouin zone is folded onto theG point of
the chalcopyrite superstructure, while the other ones fall aT.
All of the X1 derived states@that is, the twoT11T2 ~time-
reversal degenerate! states and theG3 state using the sym
metry notation of Ref. 19# are thus candidates for th
conduction-band minimum in ZnGeP2. Because thec/a ratio
is slightly lower than 2, implying that there is a compress
uniaxial strain effect on theXZB state along thez axis, it was
argued that the state folded ontoG should fall below the ones
that fold ontoT.12 On the other hand, interactions with oth
folded bands suggest that theT11T2 state would be lower.7

Experimentally, one observes a weak and slowly increas
absorption edge, which is consistent with either an indir
transition or a very weak direct transition.10 Based on the
resulting splittings of the low-lying conduction-band stat
and the valence-band maximum atG, a model has also bee
proposed to explain the photoluminescence data.20–22

The first local-density-functional calculations were pe
formed by Jaffe and Zunger using a mixed basis-set met
and obtained a pseudodirectG3 gap, followed by minima at
N andT. The empirical pseudopotential calculations of Var
de Alvarez and Cohen15 found a direct gapG1 closely fol-
lowed by an indirect gap atN. More recently, more or les
simultaneously with our present work, of which some p
liminary results were first reported in Ref. 23, Zapol18 per-
PRB 600163-1829/99/60~11!/8087~10!/$15.00
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formed all-electron calculations using a Gaussian orbital
sis set and found the minimum location to depend sensitiv
on the unit-cell volume. At the experimental equilibrium vo
ume he obtains the orderN1 , G1 , T11T2.

In the present paper, we use all-electron full-potential l
ear muffin-tin orbital calculations in the local-density a
proximation. We find several close-lying conduction-ba
minima of which the lowest one is at a low symmetry po
of the Brillouin zone. We note that the differences betwe
the various minima are of order 0.1 eV, and may thus
modified by differences in quasiparticle self-energy corr
tions to the LDA eigenvalues. By examining the relatio
between the band structure of ZnGeP2 and that of GaP, we
estimate the corrections beyond the LDA from the diffe
ences between our LDA results and the quasiparticle ca
lations available for GaP.24 We then show that our result
may account for the available experimental data and p
out some problems with the traditional pseudodirect gap
terpretation. Our analysis includes a discussion of
crystal-field and spin-orbit splittings of the valence-ba
maximum.

Unfortunately, we must admit that the present compu
tional uncertainty does not permit us to draw a firm conc
sion on the pseudodirect or indirect nature of the gap. Rat
we think that a further experimental study is required.
facilitate further analysis and also because future mode
of the transport in this material may involve several of t
minima, we present additional results for the deformat
potentials for all the relevant gaps and for the effect
masses of the various conduction-band minima and
Kohn-Luttinger type effective-mass Hamiltonia
parameters26 for the valence-band maximum manifold o
states.

II. COMPUTATIONAL METHOD

The details of the computational method are as follow
We use the density-functional theory in the local-dens
approximation27 as parametrized by Hedin and Lundqvist28

Since we are primarily interested in the band structure,
8087 ©1999 The American Physical Society
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8088 PRB 60LIMPIJUMNONG, LAMBRECHT, AND SEGALL
choose to perform all calculations at the experimental lat
parameters. Typically, the LDA provides good values
c/a and internal structure parameters such asu but underes-
timates the overall absolute length scale of the system or
volume per unit cell by up to a few percent. We have mi
mized the energy versus volume,c/a, and u to determine
how these parameters depend on each other. This the
lowed us to also determine some of the band-gap hydros
and uniaxial deformation potentials at the experimental
tice constant.

The full-potential~FP! linear muffin-tin orbital~LMTO!
method was used in the implementation of Methfessel
van Schilfgaarde.29 It uses nearly touching muffin-tin rad
with empty spheres inserted in the usual interstitial sites fo
tetrahedrally coordinated material. The Zn 3d orbitals are
treated as valence bands and an additonal so-called ‘‘l
orbital’’ 30 Zn 4d is included in the basis set. The deeper
3d orbitals are treated as core states. Similarly for the a
iliary calculations of GaP, we treat the Ga 3d as valence
orbitals and the Ga 4d as local orbitals. The local orbita
treatment means that the (f,ḟ) linear combination of the
linear method (f and ḟ being the radial wave-function so
lutions of the spherical average of the potential inside
sphere and its energy derivative at a chosen energy! is cho-
sen such that the wave function vanishes outside the sp
rather than properly matching to the outside wave function
the boundary of the sphere. This is a sufficient approxim
tion because the Zn 4d lies far from the bands of interes
near the gap and therefore the precise scattering boun
conditions on that wave function are not important. Its inc
sion nevertheless adds additional degrees of freedom to
wave function inside the sphere. This insures a better tr
ment of the conduction-band and valence-band maximum

The angular momentum cutoff used for the interstitial
gion Hankel function basis set isl max56. Brillouin-zone in-
tegration was carried out with a regularly spaced mesh o
3838 points in the reciprocal unit cell shifted from th
origin as in the Monkhorst-Pack method31 and reduced by
symmetry to a set of irreduciblek points. For the calcula-
tions of the spin-orbit splitting, we used the atomic-sph
approximation~ASA! to the LMTO method32 after checking
that the ASA results without spin-orbit coupling were
good agreement with the full-potential results for the ban
of interest. Since spin-orbit coupling arises primarily fro
the inner part of the atomic spheres, where the potentia
very close to being spherically symmetric, this should be
adequate approximation.

III. RESULTS

A. Band structures

The band structure of ZnGeP2 is shown in Fig. 1. The
corresponding Brillouin zone is shown in Fig. 2 along wi
that of the ZB. The CKP crystal structure is shown in Fig.
It is a superlattice of the zinc-blende structure with a spec
ordered arrangement of the Zn and Ge cations accompa
by small structural distortions. It can be described in a bo
centered-tetragonal primitive unit cell. The correspond
lattice vectors, a15(2a/2,a/2,c/2), a25(a/2,2a/2,c/2),
anda35(a/2,a/2,c/2), are indicated in Fig. 3. The structur
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parameters are thea lattice constant, thec/a ratio, and the
internal structural parameteru, which determines the posi
tion of the anion in its nearest neighbor tetrahedron. F
example, the atom in the lower left corner has coordina
(a/4,ua,c/8). In the ideal structure,c/a52 andu51/4.

We note that the lowest conduction-band state occurs
point B, a point slightly away fromT, closely followed by
minima atN and atG. To better understand the nature of th
bands, it is of interest to compare the band structure to tha
the parent compound GaP. In fact, ZnGeP2 can be thought of
as being derived from the III-V compound GaP by replaci
pairs of neighboring group-III elements~Ga! by a group II
~Zn! or group IV ~Ge! atom. This substitution can be consid
ered as a relatively small perturbation. Thus, it is of inter
to display the band structure of GaP in the CKP Brillou
zone. This can simply be done by performing the appropr
foldings of the ZB Brillouin zone. Specifically, we note th
the XZB in the z direction ~the direction in which the cubic
unit cell is doubled in CKP! folds ontoG. TheXZB of the x
andy directions folds ontoT and theLZB point folds ontoN.

FIG. 1. Band structure of ZnGeP2 in the local-density approxi-
mation at experimental lattice parameters. Some states of inte
near the gap are labeled for further reference in the text.

FIG. 2. First Brillouin zone~BZ! of chalcopyrite structure~solid
lines! and its relation to that of the zinc-blende~ZB! structure
~dashed lines!. The pointsX, L, andW lie on the ZB BZ.
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In Fig. 4, we show the band structures of GaP a
ZnGeP2 along a smaller portion of the CKP Brillouin zone
The states are labeled according to their ZB ‘‘folding’’ or
gin. Table I provides the correspondence between the C
space group (D2d

12) notation for the states to the ZB notatio
along with the numerical values of the states in question.
now see that in GaP, several locations compete for the m
mum of the conduction band. AtG, we note that the folded
stateX1 is lower than theG1 state. But also note that theL
gap is very low and that the minimum actually occu
slightly away fromX along theDZB axis. This location of the
minimum, along the D axis, is in agreement with
experiment.33 This is related to the small splitting of theX1

FIG. 3. The chalcopyrite crystal structure.

FIG. 4. Band structure of GaP~a! compared to that of ZnGeP2

~b!, both displayed in the chalcopyrite BZ but using ZB notation
labeling of the states of interest. In~a! the dashed and dash-dotte
lines are obtained by folding.
d

P

e
i-

and X3, which in turn is related to the low ionicity. This
makes the band structure similar to that of Si near theX
point. In ZnGeP2, on the other hand, we find theG1 state to
be below theG3 ~folded X1) state. However, both the
minima atT andN are actually lower and the lowest state
all, as mentioned above, is atB.

Closer inspection reveals that atT the next higher band is
of symmetryT5. This corresponds to the foldedX3(xy) of
the parent compound~GaP!. Along T2H or B, the symmetry
group permits only two representations and the order of
bands is, e.g.,B1 , B2 , B1 , B2. The closeness of the twoB1
bands is what leads to their repulsive interaction and thu
the minimum being displaced fromT. Also, atN, the mini-
mum is not strictly atN but slightly displaced. We will dis-
cuss this further in Sec. III D.

It is well known that the band gaps are not given acc
rately by the Kohn-Sham eigenvalues in the LDA becau
these do not truly represent quasiparticle excitation energ
The quasiparticle equation contains a nonlocal and ene
dependent self-energy operatorSxc(r ,r 8,v) instead of the
exchange-correlation potentialvxc(r ). For GaP, calculations
of the quasiparticle excitations have been performed wit
theGW ~Ref. 34! approximation.24 We can use this informa
tion to estimate the band-gap corrections in ZnGeP2. In fact,
from the general aspects ofGW theory35 it is clear that the
difference between the self-energy operator and
exchange-correlation potential depends primarily on the
electric constant and the overall electron density, both
which are expected to be similar in these two compoun
Furthermore, the first-order correction^c i uSxc2vxcuc i& ~us-
ing LDA eigenfunctions! should be similar for similar states
In terms of the folding we can establish a one-to-one co
spondence between states in GaP and ZnGeP2, which should
differ only slightly. TheGW calculations for GaP~Ref. 24!
and the experimentally known optical transitions in GaP
dicate that the self-energy corrections beyond the LDA
slightly larger atG than at X, with those ofL falling in
between. In fact, this ordering is quite general in the III
semiconductors. Thus, we assume the same LDA→GW ei-
genvalue corrections in ZnGeP2 as found in GaP for the

TABLE I. Selected conduction- and valence-band eigenval
measured from the valence-band maximum in ZnGeP2 and GaP.

GaP ZnGeP2

ZB CKP LDA GWa Expt. LDA corrected

G1 G1 1.60 2.85 2.89 1.24 2.49
X1(z) G3 1.51 2.55 2.39 1.27 2.31
X3(z) G2 1.68 2.81 2.75 1.54 2.67
X1(xy) T11T2 1.51 2.55 2.39 1.20 2.24
L1 N1 1.50 2.67 2.64 1.14 2.31
D1 min 1.45

Bmin 1.13 2.17

G15 G4 0.00 0.00 0.00 0.00 0.00
G5 20.10

aReference 24.
bBecause of the close proximity ofBmin to theT point, we use the
same correction for it as for theT point.
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8090 PRB 60LIMPIJUMNONG, LAMBRECHT, AND SEGALL
corresponding states. This should work well since we trea
GaP and ZnGeP2 in exactly the same manner within th
LDA.

Applying these corrections, we obtain the results in
cated in Table I. We see that this interchanges the orderin
the levels. AtG, we restore the previously accepted pictu
of the foldedG3 state being lower thanG1. Nevertheless, we
find the N-point minimum to be belowG3 and the lowest
state is still atB.

In the next section, we will consider the implications
these results for optical transitions and compare to exp
mental values. Before we do so, however, we need to dis
the valence-band splittings. Without spin-orbit interactio
the threefold-degenerateG15 state of ZB the splits into a
singlet G4 and doubletG5 in CKP. Our calculated crystal
field splitting is20.1 eV, where the minus sign means th
the singlet lies above the doublet. When spin-orbit coupl
is included, we switch to double group notation:5,19 G4
→G6 and G5 splits into a G7 and G6 state,G1→G6 , G2
→G6, andG3→G7. We can adequately describe the splitti
of the zinc-blendeG15 with a quasicubic model, which in
cludes a tetragonal crystal-field splittingDc and a single
spin-orbit parameterDs . This model only neglects the pos
sible anisotropy in the spin-orbit coupling, which should
small. One obtains the eigenvalue splittings:

E~G7!2E~G6!5
Dc1Ds

2
6

1

2
A~Dc1Ds!

22
8

3
DcDs.

~1!

Using this model, we extract a spin-orbit and crystal-fie
splitting in ZnGeP2 of 87 meV and297 meV, respectively,
from our first-principles calculation. This value of th
crystal-field splitting is in good agreement with the one o
tained directly in the FP-LMTO calculation without spin
orbit coupling, which is2100 meV. The value of the spin
orbit splitting is close to that of GaP~80 meV!.25

B. Optical transitions

Optical absorption,20 thermoreflectance,11 electrore-
flectance,13 wavelength modulated absorption,14

cathodoluminescence,20 and photoluminescence spectra21,22

of the near-band-gap optical transitions have in the past b
interpreted in terms of three series of~more or less! identi-
cally spaced transitions labeled$A8,B8,C8%, $A9,B9,C9%,
and $A,B,C% ~in increasing order of energy!. The most
widely used model is that each of these series correspon
transitions from the valence bands to a different conducti
band state atG, namelyG6(3), G7(2), andG7(1), respec-
tively. Here the subscript indicates the double group nota
and the index in parentheses indicates the single group
from which it is derived. Sometimes, the lowest of these w
ascribed as possibly being a combination of indirect tran
tions to theT11T2 states and the pseudodirect transitions
theG3 states. Within this model, the small splittings betwe
A, B, andC should be the same as those in the correspond
primed and double-primed series, because they correspo
the splitting of the valence-band maximum. The transitio
labeled A ~with or without primes! originate from the
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valence-band maximumG6(4), the transitions labeledB
originate from theG7(5), and thetransitions labeledC origi-
nate fromG6(5).

We note that not all lines are clearly resolved in all spe
tra. The unprimed$A,B,C% series clearly corresponds t
transitions to theG1 state because they correspond to t
strongest peaks in reflectance and therefore must be
dipole-allowed direct transitions. They are clearly visible
electroreflectance13,12 and provide a good basis for assessi
the valence-band splitting. Also, the polarization depende
of these states was clearly determined and confirms this
terpretation, theA transitions appearing predominantly
parallel toc-axis polarization and theB exclusively in per-
pendicular.

Our present calculations give valence-band splittingsA-B
andB-C of 80 and 70 meV, respectively. The correspondi
values obtained by Shayet al.13 are 60 meV and 80 meV a
derived from the strongest set of lines~the unprimed series!.
Shileika,12 who summarized results of these splittings for
whole series of chalcopyrites, gives 70 and 60 meV for th
splittings in ZnGeP2. Gorban20 gives slightly smaller split-
tings 50 and 40 meV as deduced from the$A8,B8,C8% series
and 40 and 40 meV as deduced from the$A9,B9,C9% series.
The discrepancy of this set of data obtained from cathodo
minescence and absorption spectroscopy already sug
that the interpretation of the primed series of peaks is
quite consistent with the model.

Our calculations would predict five distinct series
$A,B,C% lines: one strong one corresponding toG1, two
weak ones very closely spaced at 172 and 176 meV belo
corresponding to transitions toG3 andN1, another series a
239 meV below the top one corresponding toT11T2, and
finally one at 313 meV corresponding to transitions toB.
Including the weak~pseudodirect! transitions to theG2
would predict another weak series 182 meV above the m
G1 series. However, because this series would lie in the
gion above the strong direct absorptions, it would presu
ably be very difficult to observe. Figure 5 displays how o
might roughly expect these series to add up. In this figu
we have simply used vertical lines of arbitrary but cod
height for each series of lines. The series correspondin
the transitions toG1 is indicated by a high intensity becaus
these transitions are allowed. The other ones have been g
heights of 0.2, 0.3, 0.4, 0.5, 0.6 for, respectively, transitio
to G2 , B, T11T2 , N1 , G3. Full lines correspond to transi
tions fromG6(4), dotted lines to transitions fromG7(5), and
dashed lines to transitions fromG6(5). One cannotice that
several of these transitions are predicted to fall very close
each other and to form a more or less evenly spaced se
features, suggestive of$A,B8,C8,A9,B9,A,B,C% and thus
not inconsistent with the data. We note in particular th
except for the cathodoluminescence data above the edg
measured by Gorbanet al.,20 nobody seems to resolve theC9
line.

In the photoluminescence data of McRaeet al.21 and
Petcuet al.,22 one observes a fairly broadband emission w
peaks at 1.4 eV and 1.6 eV on which different fine struct
emerges depending on the excitation source. In Petcuet al.,22

the near-gap luminescence is observed to peak at 2.35
with minor features interpreted asA8,B8,C8, and B9. This
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corresponds to the room-temperature luminescence whic
dominant at room temperature over the defect-related tra
tions. We note that theirA feature, which appears at 2.35 eV
is consistent with the reflectivity data of Shayet al.13 ~at 2.34
eV! but differs from our position of theA feature at 2.49 eV
because our calculation corresponds to absolute zero
perature and does not include the excitonic binding ene
The temperature-dependent cathodoluminescence dat
Gorbanet al.20 indicate a shift of about 70 meV between 30
K and 4 K. By including an exciton binding energy of a fe
10 meV, one can explain the 0.1 eV difference betwe
theory and experiment of the directG1 gap. Moreover, we
note that even theGW corrected band gaps have uncerta
ties of at least 0.1 eV.

From Fig. 5 one might expect theC8 peak to be the nex
strongest feature in absorption or reflectivity after theA peak
because four different indirect and pseudodirect transiti
contribute to it. TheC8 peak in Fig. 5 occurs at about 0.2 e
belowA, consistent with the data of Shayet al.,13 who place
A at 2.34 eV andC8 at 2.11 eV.

FIG. 5. Predicted optical transitions and their tentative interp
tation of the observed experimental features. The full, dotted,
dashed lines correspond, respectively, to transitions from
G6(4), G7(5), andG6(5) valence bands, usually labeled asA,B,C.
The heights of the bars are coded to represent transitions toG2 , B,
T11T2 , N1 , G3 , G1, as indicated for the full line series by th
labels on top. They do not represent oscillator strengths, except
the transitions toG1 were chosen to be drawn significantly strong
than all the other ones because it is the only truly direct dipo
allowed transition. The second label provides a connection to
peak labels used by experimental studies in the past.
is
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In the present model the transitions are mostly mixtures
different indirect and pseudodirect transitions and very lit
if any polarization dependence of these peaks is expec
BecauseC8 among others contains theG6(5)→G6(3) tran-
sition, which is purely perpendicularly polarized, one m
expect a slightly stronger line in perpendicular polarizatio
This is consistent with the data of McRaeet al.21 for the peak
centered around 1.4 eV. In their spectra, the more the e
tation shifts towards shorter wavelengths or higher ene
~including the cathodoluminescence!, the more the transi-
tions originating in the higher conduction-band levels sh
up. This is consistent with the expected thermalization of
carriers to the bottom of the band.

To gain further insight into the nature of the pseudodir
transitions, we have calculated the dipole transition ma
elements from the valence-band maximum to the conduc
bands atG. This reveals that the transitions directly toG3
should be a factor 104 weaker than those toG1. Such a large
difference is not observed. The indirect transitions gener
involve a phonon to satisfy momentum conservation. It
safe to assume that the largest contribution comes from t
sitions involving an allowed transition to an intermedia
state such asG1 followed by a phonon emission or absor
tion. It should be recalled that energy conservation is
required for the transitions to and from the intermediate~or
virtual! state, but only with the overall process involving th
final indirect excitonic state including the emitted~or ab-
sorbed! phonon. Similarly, the fact that the pseudodire
transitions toG3 are not as weak as calculated directly wit
out phonons suggests that this must also be a phon
assisted process. Further experimental investigations, suc
piezomodulated transmission, may enable one to identify
phonons involved in these transitions and thereby may as
in determining which transitions are indirect or pseudodir
by providing signatures of specific phonons. See, for
ample, Glembocki and Pollak36 and Alawadhiet al.37 for
studies of this type in GaP.

C. Deformation potentials

Because the various conduction-band minima under c
sideration are very close in energy to each other, it is imp
tant to consider their deformation potentials. In fact, th
ordering could be changed by strain. As already mention
the values for the gaps given in Sec. III A used the expe
mental lattice constants. In order to determine the hydrost
band-gap deformation potentials, we first need to investig
how the internal structural parametersu and thec/a ratio
vary with unit-cell volume.

Our total-energy results are summarized in Table II. Thu

-
d
e

at

-
e

TABLE II. Lattice parameters of ZnGeP2.

Present calc. Expt.a Relative error CRYSTAL95 FLAPW

u 0.250 0.2582 23% 0.251~0.251! 0.250
c/a 1.9765 1.965 10.5% 1.986~1.97!
a(Å) 5.396 5.463 21% 5.432~5.62!

aReference 39.
bZapol ~Ref. 18!, first number LDA, second~in parentheses! generalized gradient approximation~GGA!.
cContinenzaet al. ~Ref. 38!.
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8092 PRB 60LIMPIJUMNONG, LAMBRECHT, AND SEGALL
value is found to be close to ideal and thec/a value is found
to be slightly too large. The overall length scale set bya is
underestimated by about 1% as is usual for the LDA. Th
results are in very good agreement with other LDA calcu
tions including the tendencies of the errors indicating t
these are indeed due to the LDA and not to FP-LMTO c
vergence parameters. Our calculations further indicate
under compression thec/a decreases by only 1% per perce
change in unit-cell volume:d(c/a)/d ln V50.01 and that the
equilibriumu remains unchanged as a function of lattice co
stant andc/a. Since these deviations are smaller than
errors in the calculatedc/a and u compared to experiment
we decided to calculate the changes in the band gaps
function of unit-cell volume withc/a and u kept fixed at
their experimental values. The behaviors of the various g
as a function of unit-cell volume are shown in Fig. 6. No
that these are the LDA gaps rather than the corrected g
One may note that several crossings occur. This means
the location of the minimum gap may change with stra
The corresponding deformation potentialsai5dEi /d ln V

FIG. 7. LDA band gaps as functions ofc/a at fixed experimen-
tal volume andu.

FIG. 6. LDA band gaps as functions of volume at the expe
mentalc/a andu.
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are given in Table III. The values are accurate here to
extent that the corrections beyond the LDA are much l
volume dependent than the LDA eigenvalues. The crys
field splitting Dc is found to decrease with unit-cell volum
by dDc /d ln V530 meV.

Because in thin-film growth the strain in a film is ofte
uniaxial, we have also calculated the deformation potent
bi5dEi /d(c/a) at fixed experimental volume. Again, w
have keptu fixed at the experimental value. These values
also given in Table III and the eigenvalues as a function
c/a are shown in Fig. 7.

D. Conduction-band effective masses

The conduction-band masses are summarized in Table
The situation is rather complex because of the numerous
cal minima. At G, the fourfold symmetry dictates that t
second order ink, the bands are described by an ellipsoid
revolution, characterized by two masses, one parallel
c(mi) and one perpendicular toc(m'). At T11T2, the two
bands become degenerate. As already mentioned, this z
boundary degeneracy is related to time-reversal symm
and the nonsymmorphic nature of the group, or the prese
of a fourfold screw axis. The point is not a minimum but
saddle point for one of the two bands. The lower band
comes extremely flat in the direction parallel toG2N, mak-
ing it nearly impossible to extract a significant mass, a

TABLE III. Band-gap deformation potentials in ZnGeP2.

dE/d ln V(eV) dE/d(c/a)(eV)

G1 27.7 1.2
G3 1.9 4.0
G2 0.6 4.8
T11T2 0.5 1.9
N1 23.0 1.5
Bmin 1.0 1.0

-

TABLE IV. Conduction-band effective masses.

state m1 m2 m3

G1
a 0.097 0.109

G3 26.7 0.26
G2 0.40 0.24
T11T2

b 0.46 20.34
0.35 0.27

Nc 0.50 0.21 0.37
Bmin

d 1.03 0.27 0.28

aNearG each of the bands to orderk2 is described by an ellipsoid o
revolution withmi5m1 andm'5m25m3.

bAt T there is a degeneracy between a band with a minimum
another one with a saddle point.m1 corresponds toT2G, m2 to
T2I .

cThe minimum actually occurs slightly~within 0.00832p/a) away
from N alongN2G; m1 is the longitudinal mass alongN2G, m2

is alongN2P, and m3 in the direction orthogonal toN2G and
N2P.

dm1 , m2 , m3 alongkx , ky , andkz , respectively.
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obtains a negative mass in the directionT2H. This leads to
the actual minimum atB along T2H. At B, three different
masses are required to describe the bands to second o
NearN, the minimum is actually very slightly removed from
the symmetry point itself because of the symmetry-impo
degeneracy at the zone boundary. See Fig. 8. At the m
mum, the lower band is characterized by three effect
masses, one in the longitudinal directionN2G and two in
the two directions perpendicular to that, of which one is p
allel to thec axis.

E. Valence-band effective Hamiltonian

Because of the close relationship of the present b
structure to that of its cubic parent compound, we can
tempt to describe the valence-band manifold by an effec
quasicubic Hamiltonian,

H5DcLz
21

1

3
DsL•s1Ak22~A2B!~L•k!2

22C(
i j

@Li ,L j #1kikj , ~2!

in which Dc is the crystal-field splitting which splits
(x,y)-like states fromz-like states,Ds is the cubic spin-orbit
splitting, s is the Pauli spin matrix vector,L the angular
momentum operator with subindicesi 5x,y,z, and the last
sum is over the three cyclic permutations and@Li ,L j #1

5 1
2 (LiL j1L jLi). Aside from the crystal-field term, thi

Hamiltonian is the same as that for a cubic crystal with
A,B,C parameters being the usual cubic Kohn-Lutting
parameters.26 The effect of theDc terms is the same as tha
of a tetragonal strain in a cubic crystal.

We first study this Hamiltonian without the spin-orb
coupling term. In terms of theA, B, C parameters, the
directional-dependent hole effective masses can be sum
rized by

m~G4!521/A, m~G5!521/B ~3!

for the G2T direction (kx5ky50), and wherem(G4)
means the mass of the band originating in theG4 state;

FIG. 8. Lowest conduction bands near theN point.
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m~G4!521/B, mh~G5!521/B, ml~G4!521/A
~4!

for the directionG2H, ky5kz50, and whereh and l sub-
indices stand for heavy and light, respectively, and

m~G4!521/~2B!, mh~G5!521/~A1B2C!,

ml~G4!521/~A1B1C! ~5!

for the G2N direction (kx5ky ,kz50). Within this model,
certain relations are predicted between the masses along
ferent directions. For example, the mass of the doubly
generate band originating inG5 alongG2T, which we find
to be 0.358, should equal the mass of the heavy-hole b
originating inG5 alongkx , for which we find 0.383, and of
the band originating inG4 along kx , for which we find
0.364, and should be twice the mass of theG4 derived band
along G2N, for which we find 0.171. Similarly,A deter-
mines the light mass of theG5 derived band alongkx , for
which we find 0.1098 and theG4 derived band alongkz , for
which we find 0.1060. We see that this model with only thr
inverse mass parameters is satisfied rather well. The va
for A, B, and C, given in Table V, are determined by
least-square fit to a regularly spaced grid of points within
spherical region ofk space extending to 0.0632p/a, or
roughly to energies down to 300 meV below the valen
band maximum. The residual root-mean-square error is o
2 meV and the maximum error is 9 meV.

This model also satisfactorily reproduces the fourfo
symmetry of the energy contours of theG5 derived bands in
the xy plane. Following Lietz and Ro¨ssler ~LR!,6 the latter
can be described by

E~G5!1,25Dc1C1kz
21C2k'

2

6k'
2AC321C4

212C3C4cos 4w, ~6!

wherew measures the angle from thekx direction. The pa-
rameters in this model are related to our present model

C15B, C25A1B, C35~A2B1C!/4,

C45~A2B2C!/4, ~7!

as can easily be checked by comparing the expressions
the w50 andw5p/4 directions.

In LR’s model, the bands derived fromG4 are given by

E5C18kz
21C28k'

2 . ~8!

In our model,C185A, C285B.
Following Bir and Pikus’s theory of invariants,40 our

Hamiltonian matrix could be generalized as follows:

TABLE V. Valence-band effective Hamiltonian parameters.

Dc ~meV! 297
Ds ~meV! 87
A(\2/2me) 29.90
B(\2/2me) 22.75
C(\2/2me) 211.65
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H5S Dc1Akx
21B~ky

21kz
2! Ckxky C8kykz

Ckxky Dc1Aky
21B~kx

21kz
2! C8kxkz

C8kykz C8kxkz A8kz
21B8~kz

21ky
2!
D . ~9!
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Within this generalized model, the relation to LR’s para
eters is obviously thatC185A8, C285B8. The possibility of a
C8 parameter different fromC would allow for theC3 and
C4 parameters to depend onkz and goes beyond LR’s ap
proach of separating theG4 andG5 derived bands from the
start as separate vector spaces. From our fittings of the
principles bands to the simple quasicubic Kohn-Lutting
model, which does not distinguish between primed a
unprimedA,B,C parameters, it appears that the errors due
the non-parabolicity~as apparent from slightly different va
ues obtained depending on the range ofk space over which
we fit! are larger than the differences between the primed
unprimed quantities.

When the spin-orbit coupling terms are added, an ad
tional splitting occurs atG, as already discussed in Se
III A. In addition, the masses are affected because new c
plings become allowed by symmetry and the bands bec
nonparabolic. The bands including spin-orbit coupling d
duced from our effective Hamiltonian are shown in Fig.
along with the first-principles results. The agreement is
cellent, indicating that there is no need to complicate
model with an anisotropic spin-orbit splitting. The effectiv
masses atG in various directions are summarized in Tab
VI. Note that in theG2T direction, these are close to th
ones obtained without spin-orbit coupling~0.11 for theG4
derived band and 0.36 for theG5 derived bands!. For theG
2N direction, however, the bands derived fromG5 have
either a very high~1.34! or very low mass~0.04! without
spin-orbit coupling. With spin-orbit coupling these mass
become almost equal but the bands are strongly nonp
bolic. TheG4 derived band would have a mass of 0.17 wit
out spin-orbit coupling.

IV. CONCLUSION

In this paper, we have studied the lower conduction ba
and upper valence bands in ZnGeP2 in detail by first-
principles FP-LMTO calculations. In particular, we have r
investigated the question of the pseudodirect or indirect
ture of the minimum gap in this semiconductor. While the
still remains some uncertainty regarding this issue, due to
presently attainable accuracy in quasiparticle calculati
from first principles, our calculations lead to several n
findings.

TABLE VI. Hole effective masses including spin-orbit couplin
~in units of me).

k direction mA mB mC
a

kz or G2T 20.107 20.364 20.300
kx5ky , kz50, or G2N 20.329 20.158 20.166

aA, B, C correspond, respectively, toG6(4), G7(5), G6(5).
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First, it is clear that several energetically very close
spaced conduction-band minima occur at different points
the Brillouin zone, all of which should be taken into accou
on an equal footing in future studies of transport and abso
tion edge optical properties. The point at which we find t
actual minimum has to the best of our knowledge not pre
ously been identified. It appears to be a point slightly aw
from theT11T2 state on the surface of the Brillouin zone
thekx direction. The reason for the displacement of the mi
mum from the high-symmetry point was identified in term
of interactions between close-lying bands of the same s
metry. While we did not explicitly performGW calculations,
we addedGW corrections to our LDA results by making th
well-justified assumption that these should be very close
those in GaP at the correspondingk points. The systematic
differences inGW corrections between differentk points
play a significant role in establishing the energetic order
the various conduction-band states under consideration
other words, a simple constant energy gap shift over
Brillouin zone is not sufficient.

We reexamined the optical-absorption edge data wit
the light of our model and came to the conclusion that
previously widely accepted assignment is not valid. The t
ditional assignment is based on three well-separated se
three closely spaced lines, the separation of the sets b
determined by the conduction-band splittings and the sp
tings within each set being determined by the valence-b
splittings. In our model, on the other hand, more conducti
band minima are considered and their spacings are com
rable to the valence band splittings, leading to a more co
plex interweaving of these sets of lines. We show that
model may explain why certain lines in the traditional mod

FIG. 9. Valence bands near maximum including spin-orbit co
pling: circles, first-principles~ASA-LMTO! results; solid lines, as
derived from effective Hamiltonian given in Eq.~2! and using pa-
rameters given in Table V.
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appear to be missing from the data and why the polariza
dependence is not as clearly established as would be
pected on the basis of the previous model. We think that
results basically from the fact that some of the observed
tures are actually superpositions of several transitions w
different selection rules. While there still remains some co
putational uncertainty in our present results as to the pre
order of states and their splittings, it is clearly unjustified
simply neglect the indirect minima in favor of the direct~or
pseudodirect! transitions atG. Thus further experimenta
work with higher resolution seems to be required to und
stand the optical data. This would hopefully also lead to
identification of the phonons involved in these phono
assisted transitions and may thus finally resolve the m
question posed in this paper. We also noted that even
pseudodirect transitions toG3 probably are phonon-assiste
In other words, the phonon-assisted processes appear to
higher oscillator strength than the direct process, which
found to be much weaker compared to the truly direct tr
sitions toG1 than indicated by experiment.
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Finally, because the various conduction-band mini
may play a role in transport and in future interpretations
the optical data, we extracted further details about th
minima from our calculations. In particular, we present
effective masses and their anisotropies for the vari
minima investigated. We also present a relatively sim
quasicubic effective Hamiltonian for the upper valence ba
around k50. Its parameters were determined and it w
shown to accurately describe the valence bands in the
evant region. Because the conduction-band minima are
closely spaced, it is also important to study their shifts
energy and possible changes in ordering due to strain.
that purpose, we have calculated the band-gap deforma
potentials for hydrostatic and tetragonal uniaxial strains
the various minima.
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