Q I P ‘ The Journal of
Chemical Physics
Point-ion versus density functional calculations of electric field gradients in ordered

GalnP 2
Su-Huai Wei and Alex Zunger

&

Citation: The Journal of Chemical Physics 107, 1931 (1997); doi: 10.1063/1.474544
View online: http://dx.doi.org/10.1063/1.474544

View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/107/6?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in
Calculation of electric-field gradients based on higher-order generalized Douglas—Kroll transformations
J. Chem. Phys. 122, 204107 (2005); 10.1063/1.1904589

The quadrupole moment of the 3/2 + nuclear ground state of Au 197 from electric field gradient relativistic
coupled cluster and density-functional theory of small molecules and the solid state
J. Chem. Phys. 122, 124317 (2005); 10.1063/1.1869975

Comparison of ab initio and density functional calculations of electric field gradients: The 57 Fe nuclear
quadrupole moment from M&ssbauer data
J. Chem. Phys. 115, 5913 (2001); 10.1063/1.1398095

Density functional calculations of nuclear quadrupole coupling constants in the zero-order regular approximation
for relativistic effects
J. Chem. Phys. 112, 8279 (2000); 10.1063/1.481433

The accuracy of current density functionals for the calculation of electric field gradients: A comparison with ab
initio methods for HCI and CuCl
J. Chem. Phys. 111, 3357 (1999); 10.1063/1.479620

fpics research is here

AI P I Igrfgtonics



http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1409059336/x01/AIP-PT/JCP_ArticleDL_061715/AIP-APL_Photonics_Launch_1640x440_general_PDF_ad.jpg/6c527a6a713149424c326b414477302f?x
http://scitation.aip.org/search?value1=Su-Huai+Wei&option1=author
http://scitation.aip.org/search?value1=Alex+Zunger&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.474544
http://scitation.aip.org/content/aip/journal/jcp/107/6?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/122/20/10.1063/1.1904589?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/122/12/10.1063/1.1869975?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/122/12/10.1063/1.1869975?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/115/13/10.1063/1.1398095?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/115/13/10.1063/1.1398095?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/112/19/10.1063/1.481433?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/112/19/10.1063/1.481433?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/111/8/10.1063/1.479620?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/111/8/10.1063/1.479620?ver=pdfcov

Point-ion versus density functional calculations of electric field gradients
in ordered GalnP ,

Su-Huai Wei and Alex Zunger
National Renewable Energy Laboratory, Golden, Colorado 80401

(Received 29 January 1997; accepted 1 May 1997

We investigate whether the electric field gradi€BFG) at an atomic site in the unit cell of a
periodic solid can be modeled via the electrostatic field gradient set up by apmimic charges
outside that site. To test this approach we contrast the EFG predicted by such point-ion models for
long-range ordered GalgPalloys with the results obtained from self-consistent all-electron
calculations in the local density approximatiobDA). We first tested our LDA approach for
ZnAl,O,, for which experimental data exist, finding the quadrupole coupling constant
Q.(?'Al)=3.94 MHz, compared with the measured valug/@f=3.68 MHz. Applying next the

LDA approach to perfectly ordered Galnfor which experimental data do not exisive find the

LDA quadrupole coupling constar®..= —4.83, —2.84, and 13.08 MHz fof%Ga, "'Ga, and

19n, respectively. We further find that more than 95% of these EFGs originate from the anisotropic
electron charge distributionithin a small sphere of radius 0.2 A about the respective atomic site.
Hence, the point-ion model significantly underestimates the magnitude of the(&flGn some

cases also gives an incorrect sighhe 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. 1897 American Institute of Physics.
[S0021-960807)50930-5

I. INTRODUCTION variational potential. We show that more than 95% of the
Ga, In, or P EFG originates from the anisotropic electron
Substitutional solid solution&, _,B,C of fourfold coor-  charge distributiorwithin a small sphere of radius 0.2 A
dinated covalent semiconductoflC and BC (e.g., GaAs,  apout the atomic site. Hence, the point-ion model, which
GaP, InP, etg.are rarely random.The two leading forms of  onsiders charge only on lattice sites, significantly underes-
deviation from random are “short-range ordefihere the  timates the magnitudéand in some cases also gives an in-
number of localA—A, B—B, and A-B pairs is different  coprect sign of the EFG. The point-ion model is further

from what random statistics would grarénd “long-range  found to fail in reproducing the relative trends in the EFG as
order” (whereA andB order crystallographically Sponta-  the crystal structure changes.

neous, CuPt-like long-range ordering of IlI-V semiconductor
alloys' (e.9., Ga_InP, Ali_,In,As), has been widely ob- | \ieT0p OF CALCULATION AND TESTS
served in vapor phase growth. This ordered phase consists of
alternate cation monolayer planes,, ,,B;__,» and We use the local density functional formali¥to calcu-
Ay 2B1-x+ 12 Stacked along thgl11] direction, where 0 late the self-consistent crystalline charge dengity) and
<y=1 is the long-range order parametdPerfect ordering Coulomb potentialV(r), which is needed to obtain the
(»=1) corresponds to successive planes of pufellowed EFG. Using the local density functional approximat?owe
by pureB, etc. first solve the self-consistent single particle equation

The interest in atomic-scale deviations from randomqess [Kop™ Ve(p) + Ve p) 185 = €4, 1)
stems from the profound effects they have on optical
propertied (including level splittings, level shifts, new al- WhereK,, is the kinetic energy operato¥,c(p) is the Cou-
lowed transitions, and new light polarization rulesnd from  lomb potential, andV,.(p) is the electronic exchange-
the implication of such nonrandom distribution on alloy correlation potential. The electron charge density is obtained
thermodynamicé.These deviations from randomness can beby
observed directly through diffractidrand scatterin®jtech-
niques, or indirectly via their optical fingerprintsAnother pe(r) =2 | (D)2, 2
approach, suggested recerttlis to measure the quadrupole '
interactions between the nuclei and the local electric fieldvhere the summation runs over all the occupied states. We
gradient(EFG using nuclear magnetic resonan@¢MR), solve Eq.(1) using the all-electron full-potential linearized
which is sensitive to the local symmetry about a nucleusaugmented plan wav APW) method'%! which is highly
Mao et al.” deduced the degree of long-range order in precise and a generally applicable technique for studying
Gaysdnosd from the measured EFG through a point-ionground state properties in periodic solds® In this ap-
model. Here we utilize self-consistent local density elec-proach, space is divided into two regions: tm®noverlap-
tronic structure theory to compute the EFG directly from theping) muffin-tin (MT) spheres(with radii Ryr) centered
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1932 S.-H. Wei and A. Zunger: Electric field gradients in GaInP,

TABLE |. Cartesian coordinates(y,z)a of atoms in the relaxed GalgP
crystal having the CuPt structure. Heee=5.671 A is the calculated equi- LDA-Calculated EFG
librium lattice constant. The two types of P atoms are denot&ifh) and
P(Galry), respectively. o4 T T T T T T T T T T T T
o
X y z
0.2 P(Galn3) ]
Ga 0.000 00 0.000 00 0.000 00 a
In 1.003 25 1.003 25 1.003 25 J
P(Galn) 1.262 31 1.262 31 1.262 31 0.0 ¥ —
P(Galry) 0.239 93 0.239 93 0.239 93 —_ 7
N - Y -
E _02 R ‘\\‘ P(Ga3ln) N
about each atom, and the interstitial region betweenthe at- > -04L .+ + + + + + 1+ o+ 1 4 1 i
oms. The totalelectrons and nucleicharge density(r) in 5 04 T T T T T T T T T T T T
the solid is expanded as O L (b) |
. L N :
I2mp|m(r)Y|m(r) inside the MT spheres, m 02r ° i
p( r) = iG-r . __ —_
EPGG in the interstitial region 0.0 } In .
) j .
For a given total charge densipyr), the Coulomb potential 0.2 -\ Gg 7
of the crystal is obtained by solving the Poisson’s equation n 4
using a method proposed by Wein&tThe resulting Cou- 040 0 0wy ]
lomb potentiaV = V(r) is expanded in analogy with E(B) ' 00 04 08 12 16 20 24
as . ' ' )
. Radius (Bohr)
|2 Vim(NYim(1) jnside the MT spheres, _
m FIG. 1. Calculated EFG of CuPt ordered GajnPPhe lines show the con-
V(r)= SV glG-r ) ] . E tributions to EFG from charges inside a sphere as a function of the sphere’s
o G in the interstitial region radiusR [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 an8) for Ga and In.

(4)
Given the Coulomb potential(r), the electric field gradient
(EFG tensorVﬁ at the ath nuclear site can be defined as

112
Vix= (E) (Bp 2+ Dy — Dy,

?:ﬂ (5)
U o ax ra:O, 3|12
wherei andj are Cartesian coordinate&or simplicity, we Vyy=" (E) (P22 P22 = P20,
will ignored the indeXa_beIow.) Since the po.tential of Eq. 3112
(4) near the nucleus at=0 has;?e asymptotic forth V= _i(i) (®y_1— D), @
I ] ©®)

1/2
Vyz: —i (E) (q)z,—1+q)2,1),
only thel=2 (m= -2 to 2 terms give nonzero EFG. Spe-

cifically, the EFGs at a nuclear site are 12
(Po—1= P2 ).

N W

Vo= (

Her
TABLE Il. Calculated principle components of the electric field gradient

V., (in Ry/bohf) of CuPt ordered GalnP Here,z' is along the[111] . [ 5 1M2v,(1)
direction. EFGgy, are obtained from Eq13) by summing over only nearest Pon= q)z,—m: lim yp 2 €))
neighbor ions, EFY, are obtained from the full sum of Eq13), while r—0

EFG-A are obtained from first-principles all-electron LDA calculations. .. .
princip and the traceless condition of the EFG requires

Sites EFGR EF Gl EFG™" V2= = (Vixt Vyy) =203,. 9)

Ga —0.00327 0.003 86 —0.24162 As we can see from Eq$3)—(8), the EFG can be easily
In ~0.000 38 ~0.007 39 0.137 46

P(Gayin) 000347 000388 024958 obtained once the self-consistent charge density of &ds
P(Galny) 0.006 34 0.007 74 0.273 66 known. Further, one can always find principal axes
(x',y’,z") of the potentialV such thatv;;=0 if i#j. Con-
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; : TABLE |IIl. Cartesian coordinates x(y,z)a of atoms in the relaxed
POll’lt-lOl’l model for EFG GalnR crystal having the Z2 structure. Her@=5.671 A is our calculated
02 —— equilibrium lattice constant. Only symmetry nonequivalent atomic positions
T T I 1 I ) T T 1 1 ) .
| - . [l 2/
0. @ 2nd are given. The three types of P atoms are denot&h, P(Galn,), and
- (a)  2Zn 0 Ing), respectively.
A | P(Galn3) 1 PUna) respectively
0.01 l 7] X
L @ y z
[ R Ga 0.000 00 0.000 00 0.000 00
L 4 In 0.000 00 0.000 00 0.960 76
0.00 < -
R P e AL A @] P(Gay) 0.250 00 0.250 00 0.230 46
N C - ] P(Galny) 0.250 00 0.750 00 0.689 68
= . P(Ga3zIn) A PNy 0.250 00 0.250 00 1.230 46
% 0.01 ]
® - 1st 3rd ]
>, -0.02 TN N TR T TN TN N IR W T NN WO NN T NN B
& L e e e et al,’® who find V,,,,= —0.2102 Ry/bolft. This test dem-
= 0.02 ] o , ; . ,
[ 00 | onstrated that it is possible to obtain reliable EFG from first-
@) (b) 2nd
& - h principles LDA band structure calculations.
m  0.01[ Ga i In the study of GalnR a local orbital extensidR is
B SRR o] applied to the full-potential LAPW method. Local orbitals
0.00 F—" are used to treat accurately the extended @aaBd In 4
[ ﬁ\\m‘_‘——_’ 7] semicore states. We use the Ceperley—Alder exchange cor-
s ® relation potentid! as parameterized by Perdew and
-0.01 T In ] Zunger?? Core states are treated relativistically using a
- 1st 3rd - spherical approximatioriso they do not contribute in this
0020 0 T T s v ey sy approximation directly to the EFGwhile the valence states
00 04 08 1.2 1.6 20 24 28 32 are treated semirelativistically with the full potential. Highly
converged basis sets with a cutoff energy of 19.3 Ry is used
R/a (corresponding to~230 LAPW basis functions per atgm

FIG. 2. Calculated point-ion EF€ of CuPt ordered GalnP The lines  1h€ Brillouin-zone integration is performed using special
show the EF8" as a function of the ratio between the coordination shell K-points corresponding to the ten spedigboints in the zinc-
radiusR and the lattice constarat, where only ions inside the sphere are plend structuré®

included in the summation of E¢L3). The solid dots on the right hand side

of the figures are the total ionic EF@) for the two types of P atoms and
(b) for Ga and In. Ill. RESULTS AND ANALYSIS

A. First-principles LDA calculations

The equilibrium lattice parameters and cell-internal crys-
ventionally, one orders the Cartesian components accordingllographic parameters of the ordered Galnfere deter-
to their magnitude so thgV,,/|>|Vy:y/|>|Vy|. Thus, mined by minimization of the total energies. The calculated
the EFGs are usually specified by just two parameters: thstructural parameters of CuPt ordered GalaRe given in
principal componenY,,,,» and the anisotropy parameter Table I. In this ordered structure there are two chemical
types of cationgGa and In and two crystallographic types
A=V =Vyry ) Vzrzr (10 of anions inside the trigonal primitive unit cell. Each cation
where O<A<1. is surrounded by four nearest neighfdiN) P atoms. One
Before performing the EFG calculations for the Cupt@nion P is surrounded by three Ga and one In atatesoted
ordered structure of GalpPwe tested our procedure by cal- 85 RGaln)], while the second P is surrounded by one Ga
culating the Al EFG in ZnAlO,. We chose this system be- and three In atom$denoted as @alny)]. All atoms have
cause accurate experimental d&t&are available for com- locally a trigonal Cs,) symmetry, thus the EFGs at all sites
parison. are axially symmetric X=0) with the principal component
ZnAl,0, has the normal spinel structure. The Al atoms Vz'z Oriented along the orderingl11] direction. The last

are located at the octahedral sites with a local trigonaFOlurgﬂ of Table Il shows our calculatéd, , (denoted as
(D3q) symmetry. Hence, the EFG at the Al site is axially EFGP") for the four atoms in perfectly orderedy(-1)

symmetric § =0) with the principal componenv,.,, ori-  Galnk. _ o

ented along thg111] direction. We calculated the EFG of Al To understand the different contributions to the EFG of
in ZnAl,O, at the measured structural parameteas GgLr;er we have decomposed the,,: into two parts:(i)
—8.0813A and u=0.3887. The calculatedV,, Vi (R) from the anisotropic charge distributionside a

= —0.2390 Ry/bohtis in good agreement with the experi- spl)here of radiusR centered at the nuclear site arii)
mentally measured valt?® of IVSP |=0.2233 Ry/bol, Vza,t;(R) from chargeselsewhere in the latticeClearly, by
and is also in good agreement with the recent first-principlelefinition V,.,, = Vi '{R) + V55, (R). The sphere’s contri-
all-electrons Hartree—Fock cluster calculations of Mitchellbution VS'*'{R) is given by

J. Chem. Phys., Vol. 107, No. 6, 8 August 1997
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TABLE IV. Calculated principal componei,,, (in Ry/bohf), the principal axig’, and the anisotropy parametefEq. (10)] of relaxed GalnRin the Z2
structure. The definition of different approaches can be found in the caption of Table II.

Sites EFG EFGY, EFG-PA
AV z' N \V z' N AV z' A

Ga ~0.011 52 [110] 0.89 0.01235 [001] 0.93 0.327 92 [001] 0.34

In ~0.009 94 [001] 0.93 ~0.01175 [001] 0.70 ~0.553 32 [001] 0.37
P(Gay) ~0.009 85 [001] 0.00 ~0.004 50 [001] 0.00 ~0.180 07 [001] 0.00

P(Galn,) 0.003 88 [110] 0.99 ~0.004 32 [110] 0.84 ~0.25478 [110] 0.83
P(n,) 0.010 11 [001] 0.00 0.006 70 [001] 0.00 0.247 14 [001] 0.00
47|Y2 (R pyiy and—1.32eforn=0, 1, 2, 3, and 4, respectively. The point-

VIPRetR) = “rr2d 1) - iti - )

2z (R)=| 5 , 3 ran (1) jon EFG at an atomic position=0 due to all ions outside

Here the relation betweep;; and p,, is the same as that
betweenV;; and V,,, given in Eq. (7). Figure 1 shows
VIETR) as a function of the sphere radigsfor the four
atom types in the GalnRunit cell. The values of théotal
V,:,» are shown on the right hand side of Fig. 1 as solid dots.
The difference between the totd,, and VSTR) is
V2" (R). We see thamost of the EFG comes from the an-
isotropic charge distribution of the electron inside a sphere

ion__ 5
Vij —EQQ%HZ%XHJX“J /ra

the origin can be obtained as

Vi‘j’”zﬁaQ%n(Bxii—ri)/ri for i=j,

for i%]. (13

radius R, of about 0.4 bohrSince the core orbitals are as- Table Il shows our calculated point-ion model EFG for CuPt
sumed in our calculation to be spherically symmetric, theordered Galng using Eq.(13). Two results are shown in

entire EFG results from the valence orbit&l&he contribu-
tion to the EFG of chargesutside R is very small(Fig. 1)

Table II: First, when the summation overin Eq. (13) is
limited to first nearest neighbor shétlenoted as EFfg) as

because of the ﬂ_? dependence of the EFG to a point Chargedone by Macet al. Second, the summation is carried over all

[Eq. (11)]. We find thatV'®®, (Rg)/ V1,1 <4%.

z'z’

the atoms in the crystatienoted as EF.). Figure 2 shows

Our calculated/,, can be used to compute the nuclearNow fast the point-ion EFGs converge as a function of the

quadrupole coupling constant Q..=e’qQ, where eq
=V,,, andQ is the quadrupole moment of the nucleus.
Using the valué® of Q=0.17, 0.10, and 0.81 barn for (i)
89Ga, "'Ga, and'*dIn, respectively, we find the LDA values

of the quadrupole coupling constants

Q.(*Ga=—-4.83 MHZ,
Q. "'Gay=—-2.84 MHZ,
Q.(*n)=13.08 MHZ

for perfect ordered GalnP3'P has no quadrupole moment,
50 Q.(3'P) is zero.

12

B. Simple point-ion models ()
Our first-principles calculated EFG results can be com-
pared with those obtained from simple model calculations. In
particular, we will study the ionic model of Maet al.” In
this model, the EFG on a nuclear site is calculated from
point-ion electrostatic potentials of surrounding atoms. Fol-
lowing Mao et al, we use the Harrison’s bond-polarity
model?” to assign point charges on each atomic site. This
gives Qjon(Ga=1.08e and Q;,,(In)=1.32e. Since there
are five types of P atoms in the Ggln,P alloy (depending
on the P nearest neighbor coordination shell, G, ,
wheren=0, 1, 2, 3, and # we have fiveQ,,,(P,) values. In
Harrison’s model they are-1.08, —1.14, —1.20, —1.26,

number of shells included in the sum of E@23).
We see from Table Il and Fig. 2 that:

The point-ion EF®" is much smaller than the EFG
calculated using the full, continuous charge distribu-
tion. 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 radiuR;<<0.4 bohr about the nu-
clei. Thus, it appears that the point-ion model is not
capable of reproducing the EFG in such covalent al-
loy systems. .

We see that EFf and EFG, are quite different. In
fact, Fig. 2 shows that EF?5 at the Ga and In sites
are relatively converged only after the sum of ELB)
extends at least up to the third neighbor shells. This
can be understood by noticing that despite the® 1/
dependence of the point-ion EF&q. (13)], in the
zinc-blende structure the ratiB(2nd/R(1s$)=1.633

of the second to the first neighbor distance and
R(3rd)/R(1sY=1.915 between the third and first
neighbor distance are not very large. Furthermore,
there are 12 atoms in both second and third coordina-
tion shells, but only 4 atoms in the first shell. Thus,
the contributions to EF®' of Eq. (13) from second
and third neighbor shells are not negligible.

J. Chem. Phys., Vol. 107, No. 6, 8 August 1997
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