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We investigate whether the electric field gradient ~EFG! at an atomic site in the unit cell of a
periodic solid can be modeled via the electrostatic field gradient set up by atomic point charges
outside that site. To test this approach we contrast the EFG predicted by such point-ion models for
long-range ordered GaInP2 alloys with the results obtained from self-consistent all-electron
calculations in the local density approximation ~LDA!. We first tested our LDA approach for
ZnAl2O4, for which experimental data exist, finding the quadrupole coupling constant
Q cc~27Al!53.94 MHz, compared with the measured value of u Q u 53.68 MHz. Applying next the
LDA approach to perfectly ordered GaInP2 ~for which experimental data do not exist!, we find the
LDA quadrupole coupling constant Q cc524.83, 22.84, and 13.08 MHz for 69Ga, 71Ga, and
115
In, respectively. We further find that more than 95% of these EFGs originate from the anisotropic
electron charge distribution within a small sphere of radius ;0.2 Å about the respective atomic site.
Hence, the point-ion model significantly underestimates the magnitude of the EFG ~and in some
cases also gives an incorrect sign!. The point-ion model also fails in reproducing the relative trends
in the EFG as the crystal structure changes. We conclude that the point-ion model is not a viable
alternative to calculate EFG in periodic covalent solids. © 1997 American Institute of Physics.
@S0021-9606~97!50930-5#

I. INTRODUCTION

Substitutional solid solutions A 12x B x C of fourfold coordinated covalent semiconductors AC and BC ~e.g., GaAs,
GaP, InP, etc.! are rarely random.1 The two leading forms of
deviation from random are ‘‘short-range order’’ ~where the
number of local A – A, B – B, and A – B pairs is different
from what random statistics would grant! and ‘‘long-range
order’’ ~where A and B order crystallographically!. Spontaneous, CuPt-like long-range ordering of III-V semiconductor
alloys1 ~e.g., Ga12x Inx P, Al12x Inx As!, has been widely observed in vapor phase growth. This ordered phase consists of
alternate cation monolayer planes A x1 h /2B 12x2 h /2 and
A x2 h /2B 12x1 h /2 stacked along the @111# direction, where 0
< h <1 is the long-range order parameter.2 Perfect ordering
( h 51) corresponds to successive planes of pure A followed
by pure B, etc.
The interest in atomic-scale deviations from randomness
stems from the profound effects they have on optical
properties3 ~including level splittings, level shifts, new allowed transitions, and new light polarization rules!, and from
the implication of such nonrandom distribution on alloy
thermodynamics.4 These deviations from randomness can be
observed directly through diffraction5 and scattering6 techniques, or indirectly via their optical fingerprints.3 Another
approach, suggested recently,7 is to measure the quadrupole
interactions between the nuclei and the local electric field
gradient ~EFG! using nuclear magnetic resonance ~NMR!,
which is sensitive to the local symmetry about a nucleus.
Mao et al.7 deduced the degree h of long-range order in
Ga0.52In0.48P from the measured EFG through a point-ion
model. Here we utilize self-consistent local density electronic structure theory to compute the EFG directly from the

variational potential. We show that more than 95% of the
Ga, In, or P EFG originates from the anisotropic electron
charge distribution within a small sphere of radius ;0.2 Å
about the atomic site. Hence, the point-ion model, which
considers charge only on lattice sites, significantly underestimates the magnitude ~and in some cases also gives an incorrect sign! of the EFG. The point-ion model is further
found to fail in reproducing the relative trends in the EFG as
the crystal structure changes.
II. METHOD OF CALCULATION AND TESTS

We use the local density functional formalism8 to calculate the self-consistent crystalline charge density r~r! and
Coulomb potential V C(r), which is needed to obtain the
EFG. Using the local density functional approximation,9 we
first solve the self-consistent single particle equation
@ K op1V C~ r ! 1V xc~ r !# c i 5 e i c i ,

~1!

where K op is the kinetic energy operator, V C( r ) is the Coulomb potential, and V xc( r ) is the electronic exchangecorrelation potential. The electron charge density is obtained
by

r e ~ r! 5

(i u c i~ r! u 2 ,

~2!

where the summation runs over all the occupied states. We
solve Eq. ~1! using the all-electron full-potential linearized
augmented plan wave ~LAPW! method,10,11 which is highly
precise and a generally applicable technique for studying
ground state properties in periodic solids.10–15 In this approach, space is divided into two regions: the ~nonoverlapping! muffin-tin ~MT! spheres ~with radii R MT! centered
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TABLE I. Cartesian coordinates (x,y,z)a of atoms in the relaxed GaInP2
crystal having the CuPt structure. Here, a55.671 Å is the calculated equilibrium lattice constant. The two types of P atoms are denoted P~Ga3In! and
P~GaIn3!, respectively.

Ga
In
P~Ga3In!
P~GaIn3!

x

y

z

0.000 00
1.003 25
1.262 31
0.239 93

0.000 00
1.003 25
1.262 31
0.239 93

0.000 00
1.003 25
1.262 31
0.239 93

about each atom, and the interstitial region between the atoms. The total ~electrons and nuclei! charge density r~r! in
the solid is expanded as

r ~ r! 5

H

S r lm ~ r ! Y lm ~ r̂ !

inside the MT spheres,

l,m

.

S r Ge iG•r

in the interstitial region

G

~3!

For a given total charge density r~r!, the Coulomb potential
of the crystal is obtained by solving the Poisson’s equation
using a method proposed by Weinert.16 The resulting Coulomb potential V C5V(r) is expanded in analogy with Eq. ~3!
as
V ~ r! 5

H

S V lm ~ r ! Y lm ~ r̂ !
l,m

S V Ge iG•r
G

inside the MT spheres,
.
in the interstitial region
~4!

FIG. 1. Calculated EFG of CuPt ordered GaInP2. The lines show the contributions to EFG from charges inside a sphere as a function of the sphere’s
radius R @Eq. ~11!#. The solid dots on the right hand side of the figures give
the total EFG; ~a! for the two types of P atoms and ~b! for Ga and In.

Given the Coulomb potential V(r), the electric field gradient
~EFG! tensor V ai j at the ath nuclear site can be defined as
V ai j 5

a

] V
]xi ]x j
2

U

~5!

,
r a 50

where i and j are Cartesian coordinates. ~For simplicity, we
will ignored the index a below.! Since the potential of Eq.
~4! near the nucleus at r50 has the asymptotic form17
V ~ r→0 ! 5

r l F lm
(
l,m

F G
4p
2l11

V xx 5

V y y 52

~6!

only the l52 ~m522 to 2! terms give nonzero EFG. Specifically, the EFGs at a nuclear site are

TABLE II. Calculated principle components of the electric field gradient
V z 8 z 8 ~in Ry/bohr2! of CuPt ordered GaInP2. Here, z 8 is along the @111#
ion
direction. EFGNN
are obtained from Eq. ~13! by summing over only nearest
ion
neighbor ions, EFGtotal
are obtained from the full sum of Eq. ~13!, while
EFGLDA are obtained from first-principles all-electron LDA calculations.
Sites

ion
EFGNN

ion
EFGtotal

EFGLDA

Ga
In
P~Ga3In!
P~GaIn3!

20.003 27
20.000 38
20.003 47
0.006 34

0.003 86
20.007 39
20.003 88
0.007 74

20.241 62
0.137 46
20.249 58
0.273 66

1/2

~ F 2,22 1F 2,2! 2F 2,0 ,
1/2

3
2

~ F 2,22 1F 2,2! 2F 2,0 ,

3
2

1/2

V xy 52i

3
2

1/2

V yz 52i

1/2

Y lm ~ r̂ ! ,

SD
SD
SD
SD
SD
3
2

V zx 5

3
2

~ F 2,22 2F 2,2! ,

~7!

~ F 2,21 1F 2,1! ,

1/2

~ F 2,21 2F 2,1! .

Here,

* 5 lim
F 2m 5F 2,2m
r→0

F G
5
4p

1/2

V 2m ~ r !
,
r2

~8!

and the traceless condition of the EFG requires
V zz 52 ~ V xx 1V y y ! 52F 2,0 .

~9!

As we can see from Eqs. ~3!–~8!, the EFG can be easily
obtained once the self-consistent charge density of Eq. ~3! is
known. Further, one can always find principal axes
(x 8 ,y 8 ,z 8 ) of the potential V such that V i j 50 if iÞ j. Con-
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TABLE III. Cartesian coordinates (x,y,z)a of atoms in the relaxed
GaInP2 crystal having the Z2 structure. Here, a55.671 Å is our calculated
equilibrium lattice constant. Only symmetry nonequivalent atomic positions
are given. The three types of P atoms are denoted P~Ga4!, P~Ga2In2!, and
P~In4!, respectively.

Ga
In
P~Ga4!
P~Ga2In2!
P~In4!

FIG. 2. Calculated point-ion EFGion of CuPt ordered GaInP2. The lines
show the EFGion as a function of the ratio between the coordination shell
radius R and the lattice constant a, where only ions inside the sphere are
included in the summation of Eq. ~13!. The solid dots on the right hand side
of the figures are the total ionic EFG: ~a! for the two types of P atoms and
~b! for Ga and In.

x

y

z

0.000 00
0.000 00
0.250 00
0.250 00
0.250 00

0.000 00
0.000 00
0.250 00
0.750 00
0.250 00

0.000 00
0.960 76
0.230 46
0.689 68
1.230 46

et al.,18 who find V z 8 z 8 520.2102 Ry/bohr2. This test demonstrated that it is possible to obtain reliable EFG from firstprinciples LDA band structure calculations.
In the study of GaInP2, a local orbital extension12 is
applied to the full-potential LAPW method. Local orbitals
are used to treat accurately the extended Ga 3d and In 4d
semicore states. We use the Ceperley–Alder exchange correlation potential21 as parameterized by Perdew and
Zunger.22 Core states are treated relativistically using a
spherical approximation ~so they do not contribute in this
approximation directly to the EFG!, while the valence states
are treated semirelativistically with the full potential. Highly
converged basis sets with a cutoff energy of 19.3 Ry is used
~corresponding to ;230 LAPW basis functions per atom!.
The Brillouin-zone integration is performed using special
k-points corresponding to the ten special k-points in the zincblend structure.23
III. RESULTS AND ANALYSIS
A. First-principles LDA calculations

ventionally, one orders the Cartesian components according
to their magnitude so that u V z 8 z 8 u . u V y 8 y 8 u . u V x 8 x 8 u . Thus,
the EFGs are usually specified by just two parameters: the
principal component V z 8 z 8 and the anisotropy parameter
l5 ~ V x 8 x 8 2V y 8 y 8 ! /V z 8 z 8 ,

~10!

where 0,l,1.
Before performing the EFG calculations for the CuPt
ordered structure of GaInP2, we tested our procedure by calculating the Al EFG in ZnAl2O4. We chose this system because accurate experimental data18–20 are available for comparison.
ZnAl2O4 has the normal spinel structure. The Al atoms
are located at the octahedral sites with a local trigonal
(D 3d ) symmetry. Hence, the EFG at the Al site is axially
symmetric (l50) with the principal component V z 8 z 8 oriented along the @111# direction. We calculated the EFG of Al
in ZnAl2O4 at the measured structural parameters a
58.0813 Å and u50.3887. The calculated V z 8 z 8
520.2390 Ry/bohr2 is in good agreement with the experiexp
mentally measured value19,20 of u V z 8 z 8 u50.2233 Ry/bohr2,
and is also in good agreement with the recent first-principles
all-electrons Hartree–Fock cluster calculations of Mitchell

The equilibrium lattice parameters and cell-internal crystallographic parameters of the ordered GaInP2 were determined by minimization of the total energies. The calculated
structural parameters of CuPt ordered GaInP2 are given in
Table I. In this ordered structure there are two chemical
types of cations ~Ga and In! and two crystallographic types
of anions inside the trigonal primitive unit cell. Each cation
is surrounded by four nearest neighbor ~NN! P atoms. One
anion P is surrounded by three Ga and one In atoms @denoted
as P~Ga3In!#, while the second P is surrounded by one Ga
and three In atoms @denoted as P~GaIn3!#. All atoms have
locally a trigonal (C 3 v ) symmetry, thus the EFGs at all sites
are axially symmetric (l50) with the principal component
V z 8 z 8 oriented along the ordering @111# direction. The last
column of Table II shows our calculated V z 8 z 8 ~denoted as
EFGLDA! for the four atoms in perfectly ordered ( h 51)
GaInP2.
To understand the different contributions to the EFG of
GaInP2, we have decomposed the V z 8 z 8 into two parts: ~i!
sphere
V z 8 z 8 (R) from the anisotropic charge distribution inside a
sphere of radius R centered at the nuclear site and ~ii!
latt
V z 8 z 8 (R) from charges elsewhere in the lattice. Clearly, by
sphere
latt
definition V z 8 z 8 5V z 8 z 8 (R)1V z 8 z 8 (R). The sphere’s contrisphere
bution V z 8 z 8 (R) is given by
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TABLE IV. Calculated principal component V z 8 z 8 ~in Ry/bohr2!, the principal axis z 8 , and the anisotropy parameter l @Eq. ~10!# of relaxed GaInP2 in the Z2
structure. The definition of different approaches can be found in the caption of Table II.
ion
EFGNN

Sites

EFGLDA

ion
EFGtotal

V z8z8

z8

l

V z8z8

z8

l

V z8z8

z8

l

Ga
In
P~Ga4!
P~Ga2In2!
P~In4!

20.011 52
20.009 94
20.009 85
0.003 88
0.010 11

@11̄0#
@001#
@001#
@110#
@001#

0.89
0.93
0.00
0.99
0.00

0.012 35
20.011 75
20.004 50
20.004 32
0.006 70

@001#
@001#
@001#
@11̄0#
@001#

0.93
0.70
0.00
0.84
0.00

0.327 92
20.553 32
20.180 07
20.254 78
0.247 14

@001#
@001#
@001#
@11̄0#
@001#

0.34
0.37
0.00
0.83
0.00

sphere

F GE

V z8z8 ~ R ! 5

4p
5

1/2

R

0

r z8z8 2
r dr.
r3

~11!

Here the relation between r i j and r 2,m is the same as that
between V i j and V 2,m given in Eq. ~7!. Figure 1 shows
sphere
V z 8 z 8 (R) as a function of the sphere radius R for the four
atom types in the GaInP2 unit cell. The values of the total
V z 8 z 8 are shown on the right hand side of Fig. 1 as solid dots.
sphere
The difference between the total V z 8 z 8 and V z 8 z 8 (R) is
latt
V z 8 z 8 (R). We see that most of the EFG comes from the anisotropic charge distribution of the electron inside a sphere
radius R 0 of about 0.4 bohr. Since the core orbitals are assumed in our calculation to be spherically symmetric, the
entire EFG results from the valence orbitals.24 The contribution to the EFG of charges outside R 0 is very small ~Fig. 1!
because of the 1/r 3 dependence of the EFG to a point charge
latt
@Eq. ~11!#. We find that V z 8 z 8 (R 0 )/V z 8 z 8 ,4%.
Our calculated V z 8 z 8 can be used to compute the nuclear
quadrupole coupling constant25 Q cc 5e 2 qQ, where eq
5V z 8 z 8 , and Q is the quadrupole moment of the nucleus.
Using the values26 of Q50.17, 0.10, and 0.81 barn for
69
Ga, 71Ga, and 115In, respectively, we find the LDA values
of the quadrupole coupling constants

and 21.32 e for n50, 1, 2, 3, and 4, respectively. The pointion EFG at an atomic position r50 due to all ions outside
the origin can be obtained as
2
a
2
5
V ion
i j 5S a Q ion~ 3x a ,i 2r a ! /r a

a
5
V ion
i j 5S a Q ion3x a ,i x a , j /r a

~i!

~12!

Q cc~ 115In! 513.08 MHZ
for perfect ordered GaInP2.
so Q cc( 31P) is zero.

31

P has no quadrupole moment,

B. Simple point-ion models

Our first-principles calculated EFG results can be compared with those obtained from simple model calculations. In
particular, we will study the ionic model of Mao et al.7 In
this model, the EFG on a nuclear site is calculated from
point-ion electrostatic potentials of surrounding atoms. Following Mao et al., we use the Harrison’s bond-polarity
model7,27 to assign point charges on each atomic site. This
gives Q ion~Ga!51.08 e and Q ion~In!51.32 e. Since there
are five types of P atoms in the Ga12x Inx P alloy ~depending
on the P nearest neighbor coordination shell Ga42n Inn ,
where n50, 1, 2, 3, and 4!, we have five Q ion(Pn ) values. In
Harrison’s model they are 21.08, 21.14, 21.20, 21.26,

for iÞ j.

~13!

Table II shows our calculated point-ion model EFG for CuPt
ordered GaInP2 using Eq. ~13!. Two results are shown in
Table II: First, when the summation over a in Eq. ~13! is
ion
limited to first nearest neighbor shell ~denoted as EFGNN
! as
done by Mao et al. Second, the summation is carried over all
the atoms in the crystal ~denoted as EFGion
total!. Figure 2 shows
how fast the point-ion EFGs converge as a function of the
number of shells included in the sum of Eq. ~13!.
We see from Table II and Fig. 2 that:

Q cc~ 69Ga! 524.83 MHZ,
Q cc~ 71Ga! 522.84 MHZ,

for i5 j,

~ii!

The point-ion EFGion is much smaller than the EFG
calculated using the full, continuous charge distribution. For the cations, the signs of the point-ion EFG
are reversed. The underestimation of the magnitude of
the EFG by the point-ion model is consistent with the
results we plotted in Fig. 1, which show that the EFG
originates mostly from the valence charge distribution
within a sphere of radius R 0 ,0.4 bohr about the nuclei. Thus, it appears that the point-ion model is not
capable of reproducing the EFG in such covalent alloy systems.
ion
We see that EFGNN
and EFGion
total are quite different. In
fact, Fig. 2 shows that EFGion at the Ga and In sites
are relatively converged only after the sum of Eq. ~13!
extends at least up to the third neighbor shells. This
can be understood by noticing that despite the 1/r 3
dependence of the point-ion EFG @Eq. ~13!#, in the
zinc-blende structure the ratio R~2nd!/R~1st!51.633
of the second to the first neighbor distance and
R~3rd!/R~1st!51.915 between the third and first
neighbor distance are not very large. Furthermore,
there are 12 atoms in both second and third coordination shells, but only 4 atoms in the first shell. Thus,
the contributions to EFGion of Eq. ~13! from second
and third neighbor shells are not negligible.
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C. Relative EFG of two structures
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lÞ0. Table III gives the calculated equilibrium atomic positions in the Z2 structure and Table IV gives our calculated
principal component of the EFG, the principal axis, and the
anisotropy parameter l using the three different approaches.
We see again from Table IV that the calculated EFG from
point-ion approaches ~including either the NN point-ion
model or the model that includes all ions! are much too small
compared with the first-principles LDA results. The trend in
EFG with changing chemical environment is also not described well by the point-ion model: Using the firstprinciples LDA results the ratios EFGaCP/EFGaZ2 are 20.74
and 0.248, respectively, for a 5Ga and In, while in the
point-ion model the ratios are 0.31 and 0.63, respectively.
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IV. SUMMARY

Using the first-principles LAPW method and the local
density functional approximation we have calculated the
electric field gradient of long-range ordered GaInP2 alloys.
We find the quadrupole coupling constant Q cc 524.83,
22.84, and 13.08 MHz for 69Ga, 71Ga, and 115In, respectively. We find that more than 95% of the Ga, In, or P EFG
originates from the anisotropic electron charge distribution
within a small sphere of radius ;0.2 Å about the atomic site.
The calculated results are compared with a simple point-ion
model. We find that the point-ion model significantly underestimates the magnitude ~in some cases also gives the incorrect sign! of the EFG. The point-ion model also fails to reproduce the relative trends in the EFG as the crystal structure
changes.
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