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~Received 28 July 1994; accepted for publication 7 October 1994!

We have calculated the pressure coefficientsa of a few optical transitions in~001!, ~111!, ~110!, and
~201! GaP/InP ordered superlattices usingab initio methods. The equilibrium atomic geometries
under hydrostatic pressure are obtained by direct minimization of the elastic enthalpy. We find that
~i! the pressure coefficient of thelowestenergy transition is uniformly high, due to theG1c character
of the conduction-band minimum;~ii ! the pressure coefficient of the transition to thesecond lowest
conduction state atḠ distinguishes the~111!-oriented~CuPt! superlattice~a54.0 meV/kbar! from
the remaining structures~a.22 meV/kbar!. This is so because in CuPt we haveL folding, while
in the other structures we haveX folding; ~iii ! the calculated pressures for theG→X crossover are
45, 43, 12, and 16 kbar for the~001!, ~111!, ~110!, and~201! superlattices, respectively. These trends
reflect the zero-pressureG1c–X1c energy separation and theG1c pressure coefficient of these
structures. ©1994 American Institute of Physics.

Spontaneous ordering of random alloys into short-period
superlattices has now been observed during vapor-phase
growth in virtually all III–V semiconductor alloys.1 As in
artificially grown superlattices, Brillouin-zone folding is ex-
pected here too.2 Table I gives the folding relations of a few
states around the band gap for the ordered CuAu, CuPt, Y2,
and chalcopyrite structures of GaInP2. As Table I illustrates,
these structures are short-period superlattices with atomic
layers oriented along the~001!, ~111!, ~110!, and~201! direc-
tions, respectively. We see that the low-lyingḠ-type conduc-
tion states of these superlattices evolve from theG1c, X1c,
X3c, andL1c states of the parent zinc-blende materials. Since
the band-gap pressure coefficients of theseparent zinc-
blende states are rather different~see Table II!, one expects
that measurements of the band-gap pressure coefficients
could aid in the identification of thesuperlatticestructures
present in a given sample. Furthermore, measurements of the
pressure coefficients ofa few optical transitions in a given
superlattice could uncover the extent of the intervalley mix-
ing, e.g.,G–X in the CuAu structure andG–L in the CuPt
structure. A few groups have started experiments in these
directions.3,4 Here we provide theoretical predictions for the
pressure coefficients of a few optical transitions in the main
superlattice structures of GaP/InP. While a detailed compari-
son with the experiment would require knowing whether cur-
rently grown samples are substrate-constrained or uncon-
strained, our results for free-standing superlattices could
provide useful guidelines for the interpretation of experimen-
tal results.

To follow the evolution of the band structure with pres-
sure, one must first calculate the change in the unit-cell vec-
tors and the cell-internal atomic positions induced by exter-
nal hydrostatic pressure. For simplezinc-blendestructures,
there is but a single structural parameter, i.e., the cubic lattice
constanta. To linear order in the external pressureP, its
pressure dependence is given bya(P)5a0(12P/3B0!,
wherea0 is the equilibrium zero-pressure lattice constant and
B0 is the bulk modulus. The dependence of the structural
parameters of asuperlatticeon the external pressure is more
complicated. We can determine the atomic geometry at pres-

sureP by minimizing the zero-temperature enthalpyH5E
1PV, whereE is the internal energy andV is the volume of
the system. In a periodic solidH is a function of the strain
components$eab% and of the cell-internal atomic positions
$ts,a%. By minimizingH with respect to these variables, one
obtains the equilibrium atomic geometry of the system. We
will refer to this approach as the ‘‘direct minimization
method.’’ While, in principle, the internal energyE can be
computed byab initio local-density-approximation~LDA !
methods,5 here we approximateE using the Keating’s
valence-force-field~VFF! method,6 where all the bond-
bending force constants involved in the ternary compounds
~e.g., Ga–P–In, ...! have been fitted to the LDA total energies
of 25 ordered GamInnPm1n compounds.7 A conjugate-
gradient minimization of the enthalpy then yields, for each
external pressureP, the values of$eab , ts,a%. As an example,
the lattice constantsa and c of a tetragonal, free-standing
~GaP!1/~InP!1 ~001! superlattice~CuAu structure! are shown
as a function of the external pressureP in Fig. 1. We use the
VFF method only to determine the structural parameters of
the superlattice; the pressure coefficients are calculated by
applying first-principles methods to these structures.

It is interesting to compare this direct minimization
method with the conventional continuum elasticity approxi-
mation ~CEA!,8 in which the internal energyE is expanded
to second order in strain around the equilibrium zero-
pressure geometry. Neglecting terms of orderPeab

2 and
higher, the enthalpy reads:

H5E01
1

2
V0 (

abgh

eabcabghegh1PV0S 11(
a

eaaD ,
~1!

wherecabgh are the elastic constants:

cabgh5
1

V0

]2E

]eab]egh
, ~2!

andV0 is the zero-pressure unit-cell volume. For every value
of $eab% in this expansion we assume that the internal degrees
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of freedom$ts,a% are relaxed to the minimum-energy con-
figuration. Minimizing the enthalpy with respect to strain, we
obtain:

(
gh

cabghegh52Pda,b . ~3!

The solution of this linear system gives the strain compo-
nentseab as a function of the external pressureP. When
dealing with superlattice structures, however, one often re-
sorts to the cubic approximation to continuum elasticity
~CCEA!, where~i! the elastic matrix is assumed to have the
same form as in cubic materials, so that only the lattice con-
stant can change with pressure, and~ii ! in ternary systems
the cubic elastic constantsc11 andc12 are taken as the aver-
age of the elastic constants of the binary constituents. In Fig.
2 we compare the ratioc/a between the lattice constants of a
tetragonal~GaP!1/~InP!1 ~001! superlattice obtained by the
CCEA method with that resulting from the direct minimiza-
tion of the VFF enthalpy. Whilec/a is constant in the CCEA
approximation, it increases almost linearly with pressure in

the VFF method, suggesting that the CCEA elastic constants
are somewhat different from the more accurate VFF ones. In
the following we will use therefore the VFF direct minimi-
zation approach to determine the atomic geometry of GaP/
InP superlattices under hydrostatic pressure.

The band structure at the atomic configuration corre-
sponding to a given external pressure is calculated using the
LDA5 as implemented by the linearized augmented plane
wave method~LAPW!.9 The calculation is semirelativistic
for the valence states; spin–orbit coupling is thus neglected.
The pressure coefficients relative to the valence-band maxi-
mum ~VBM ! are displayed in Tables I and II. From these
results we can conclude that:

~i! In all four superlattices the lowest-energy optical
transition evolves from aG1c-folding state, so its pressure
coefficient is rather high. However, mixing with off-G states
~e.g.,X3c in CuAu, L1c in CuPt! lowers the pressure coeffi-
cient with respect to the average of theG1c values of the
binaries~8.2 meV/kbar!. The extent of this lowering effect
depends on the pressure coefficients of the folded zinc-
blende states~Table II! and on the strength of the intervalley
mixing. Note that in the chalcopyrite structure, where the

TABLE I. Folding relations between zinc-blende states~in parenthesis! and superlatticeḠ states for four different GaP/InP ordered structures defined in the
heading. The LDA-calculated energy differencesDeLDA ~in eV, with reference to the VBM and the CBM!, and the calculated pressure coefficientsa ~in
meV/kbar, with reference to the VBM! are given for theḠ states of the completely ordered superlattices. The label CBM1i denotes thei th level above the
CBM, while VBM-i denotes thei th level below the VBM.

Name
Superlattice
Unit cell

CuAu
~GaP!1/~InP!1 ~001!

Tetragonal

CuPt
~GaP!1/~InP!1 ~111!

Trigonal

Y2
~GaP!2/~InP!2 ~110!

Orthorombic

Chalcopyrite
~GaP!2/~InP!2 ~201!

Tetragonal

Folding DeLDA a Folding DeLDA a Folding DeLDA a Folding DeLDA a

CBM12 Ḡ1c(X3c) 1.21 0.3 Ḡ1c(G15c) 3.16 20.5 Ḡ3c(X3c) 0.88 20.8 Ḡ3c(X3c) 0.86 20.7
CBM11 Ḡ4c(X1c) 0.85 21.6 Ḡ1c(L1c) 1.07 4.0 Ḡ3c(X1c) 0.52 22.2 Ḡ2c(X1c) 0.56 22.3
CBM Ḡ1c(G1c) 0.00 7.3 Ḡ1c(G1c) 0.00 6.4 Ḡ1c(G1c) 0.00 7.6 Ḡ1c(G1c) 0.00 8.1

VBM Ḡ5v(G15v) 0.00 0.0 Ḡ3v(G15v) 0.00 0.0 Ḡ4v(G15v) 0.00 0.0 Ḡ4v(G15v) 0.00 0.0
VBM21 Ḡ4v(G15v) 20.23 20.7 Ḡ1v(G15v) 20.31 20.7 Ḡ3v(G15v) 20.13 20.4 Ḡ5v(G15v) 20.04 20.2
VBM22 Ḡ5v(X5v) 22.53 23.9 Ḡ3v(L3v) 21.27 22.3 Ḡ1v(G15v) 20.15 20.4 Ḡ5v(X5v) 22.41 24.0

FIG. 1. Pressure dependence of the lattice constantsa and c of a free-
standing~GaP!1/~InP!1 ~001! superlattice~CuAu structure!, as obtained from
the VFF direct minimization method.

FIG. 2. Pressure dependence of thec/a lattice-constant ratio for the CuAu
structure, as obtained from the cubic approximation to continuum elasticity
~CCEA! and from the VFF direct minimization method~VFF!.
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mixing with off-G states is rather weak, the pressure coeffi-
cient is very close to the binary average.

~ii ! The pressure coefficients given in Table I correspond
to perfectlong-range order~LRO parameterh51!, where the
admixture with off-G states is maximal. The pressure coeffi-
cients for lower degrees of order~0,h,1! can be derived
from:10

a~h!5a~0!1h2@a~1!2a~0!#. ~4!

Approximating the pressure coefficienta~0! of the random
alloy with the average of the binaries~Table II!, we obtain
aG~0!58.2 meV/kbar andaX~0!522.0 meV/kbar. This com-
pares well with the previously measured pressure coefficients
of the disordered Ga0.5In0.5P alloy: aG~0!58.8,3 8.660.6,11

and 8.460.2 ~Ref. 12! meV/kbar, andaX~0!522.060.2
meV/kbar.12 In all the four structures considered here we
haveaG~1!,aG~0!, so from Eq.~4! it follows that the pres-
sure coefficient of the conduction-band minimum~CBM! de-
creaseswith increasing ordering.

~iii ! The VBM→CBM11 transition distinguishes the
L1c-folding CuPt structure~a54.0 meV/kbar! from the re-
maining X1c-folding superlattice structures~a.22 meV/
kbar!.

~iv! Since theG1c-folding states have large,positive
pressure coefficients, while theX1c-folding states havenega-
tive pressure coefficients, one expects that above a critical
pressurePc theX1c-folding states will become lower in en-
ergy than theG1c-folding states. ThisG→X crossover has
been observed both indisorderedand inorderedGaxIn12xP
alloys.3,11,13,14In pure InP we find that theG→X crossover
occurs at 103 kbar, in good agreement with the extrapolated
value of 104 kbar obtained by Mu¨ller et al.15 from photolu-
minescence measurements. When GaP is added to InP to
form the GaxIn12xP alloy, theX-like conduction band is low-
ered in energy with respect to the CBM~it becomes the
CBM for x>0.7 at zero pressure14!. Thus, theG→X transi-
tion pressure is expected to decrease as GaP is added. Using
the LDA-correctedG1c–X1c gaps at zero pressure and our
calculated pressure coefficients we estimatePc to be 45 kbar
in CuAu, 43 kbar in CuPt, 12 kbar in Y2 and 16 kbar in
chalcopyrite. Note that the values ofPc are larger in the

CuAu and CuPt structures than in the Y2 and chalcopyrite
structures, because in the former case theG1c–X1c energy
separation is larger and theG1c pressure coefficient is
smaller.

~v! For the disordered Ga0.5In0.5P alloy we can estimate
Pc using our approximated values foraG~0! andaX~0! and
the zero-pressureG1c–X1c energy separation of 0.29 eV.12

This givesPc528 kbar. Thus, we predict alower transition
pressure in the disordered alloy than in the CuAu and CuPt
ordered structures. However, the Y2 structure, if present in
the sample, will show aG→X crossover at a lower pressure
than the disordered phase.

~vi! Uchidaet al.3 identified an emission withnegative
pressure coefficienta520.5 meV/kbar from a state located
;0.28 eV above the direct gap at zero pressure. They sug-
gested that this could come from thesecond~X-folded! Ḡ
conduction state of the Y2 structure. However, thefirst ~G-
folded! conduction state of the Y2 structure is expected to be
higher in energy~with respect to the VBM! than the CBM of
the CuPt structure~our calculated energy difference is;0.2
eV!. Hence, an emission from the Y2 CBM should have been
observed if sufficiently large domains of Y2 were present in
the sample.
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U.S. Department of Energy, OER-BES, Grant No. DE-
AC36-83CH10093.

1A. Zunger and S. Mahajan, inHandbook of Semiconductors, 2nd ed.
~Elsevier, Amsterdam, 1994!, Vol. 3.

2S.-H. Wei and A. Zunger, Phys. Rev. B39, 3279~1989!.
3K. Uchida, P. Y. Yu, N. Noto, and E. R. Weber, Appl. Phys. Lett.64, 2858
~1994!. These authors characterize erroneously the Y2 structure as~001!-
ordered instead of~110!-ordered~see Table I!.

4I. P. Herman, S. Kim, J. A. Tuchman, O. J. Glembocki, and R. S. Sillmon,
Bull. Am. Phys. Soc.39, 86 ~1994!.

5W. Kohn and L. J. Sham, Phys. Rev. A140, 1133~1965!.
6P. N. Keating, Phys. Rev.145, 637 ~1966!.
7A. Silverman, A. Zunger, R. Kalish, and J. Adler, Phys. Rev. B~to be
published!.

8J. F. Nye,Physical Properties of Crystals~Clarendon, Oxford, 1957!.
9S.-H. Wei and H. Krakauer, Phys. Rev. Lett.55, 1200 ~1985! and refer-
ences therein.

10D. B. Laks, S.-H. Wei, and A. Zunger, Phys. Rev. Lett.69, 3766~1992!.
11D. Patel, J. Chen, S. R. Kurtz, J. M. Olson, J. H. Quigley, M. J. Hafich,
and G. Y. Robinson, Phys. Rev. B39, 10978~1989!.

12J. Chen, J. R. Sites, I. L. Spain, M. J. Hafich, and G. Y. Robinson, Appl.
Phys. Lett.58, 744 ~1991!.

13D. Patel, J. Chen, I. L. Spain, J. H. Quigley, M. J. Hafich, and G. Y.
Robinson, Phys. Rev. B38, 13206~1988!.

14A. R. Goni, K. Syassen, K. Stro¨ssner, and M. Cardona, Phys. Rev. B39,
3178 ~1989!.

15H. Müller, R. Trommer, M. Cardona, and P. Vogl, Phys. Rev. B21, 4879
~1980!.

TABLE II. LDA-calculated pressure coefficients in meV/kbar~with respect
to the VBM! of bulk GaP and InP.

G1c X1c X3c L1c

GaP 9.0 22.0 20.9 3.3
InP 7.4 21.9 0.2 3.4

2992 Appl. Phys. Lett., Vol. 65, No. 23, 5 December 1994 A. Franceschetti and A. Zunger

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

128.138.41.170 On: Tue, 14 Jul 2015 11:57:17


