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Role of tight-binding parameters and scaling laws on effective charges in semiconductors
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We compute the transverse effective charges for several compound semiconductors by using the empirical
tight-binding model and the Berry-phase approach. We compare different parametrizations showing that a
suitable tuning of the scaling laws for the radial part of the hopping parameters provides a fairly good
prediction of the effective charges even with the minimpf basis set. In contrast new and refined param-
etrizations that reproduce very well the dispersion of the conduction band at equilibrium by inaluatinigor
s* polarization orbitals may underestimate the effective charges. We suggest that the root of such a discrep-
ancy may rest with the difficulty of determining the scaling laws for polarization orbital.

[. INTRODUCTION parameters and the scaling rules, since it can be obtained
from the change in valence-band eigenvectors induced by
Very recently, Bennetto and Vanderbilt have shown howone sublattice displacement. In this work we compute the
to compute the transverse effective charge of compounéffective charges for several 1I-VI, 1lI-V, and IV-IV zinc-
semiconductors in the framework of the tight bindifigB) blende semiconductors showing that the values of the effec-
approach and the Berry-phase Schérﬁ'é‘]ey also pointed tive Charges are very sensitive to the Scaling laws of some
out that thesp® Harrison parametrization seriously underes-two-center integrals.
timates the transverse charge in most of the cagssides It turns out that a better reproduction of the conduction
the use of a semiempirical Hamiltonian, the main furtherbands at equilibrium, as obtained, for instance, by expanding
approximation of this framework comes from the representhe basis set, does not guaranpee seimproved effective
tation of the position operator assumed to be diagonal in theéharges. On the other hand, an accurate tailoring of the scal-
tight-binding basis set. However, including on-site matrixing laws does sensibly improve the results for most semicon-
elements betweesiandp orbitals does not seem to improve ductors even within a minimadp® basis set.
the results, nor does using a nonorthogonal basis set, as pro-

posed by van Schilfgaarde and Harrison. Il. CALCULATION METHOD
Subsequently, Di Ventra and Fernantiémve made a . .
similar calculation with the more refinexp®s* parametriza- The transverse chargey),, of an atom in a crystal is a

tion by Priester, Allan, and LanncoThey claim that an tensor that represents the variation of the total polarization
improvement is obtained by expanding the basis set to thB'°" in the a direction with the displacement of the sub-
exciteds* orbital and by expressing the expectation value oflattice at which the atom belongs in thedirection:
the position operator in terms of a constant that measures the
displacement of the charge from the atomic positions. . gPIOT

However, still within the diagonal representation of the (87)ay=0 od ' @)
position operator, different results can be obtained depending 7 1d=0

on the parameter set and, in particular, on the scaling lawghere() is the unit-cell volume and and y are Cartesian
for the radial part in the hopping coefficient. _ indices. Expressiofl) can be more easily evaluated by the
Actually, the dispersion relations of the electronic stateinjte-difference method. The change in polarization due to

strongly depend on the tight-binding parametrizatiooth g atom displacementis the sum of the ionic and the elec-
diagonal and off diagonal The inclusion of more distant onic contributions:

neighbors or the expansion of the orbital basis set is known
to improve the comparison of the conduction bands tcathe 7d
initio and the experimental data. This issue would be particu- APTOT=—+[P(d)—P(0)], 2
larly helpful in calculating the dielectric and optical proper- Q
ties of the semiconductors at fixed atomic positions.

On the other hand, the scaling laws for the radial part ofW According to the theory of King-Smith and Vanderbilt

the off diagonal terms determ.lne_how the baridad the . the electronic contribution to the polarization takes the form
eigenvectorschange with atomic displacements. The Harri-

son prescription used in Ref. 1, for instance, was derived by

hereZ is the core charge of the atom.

comparison to the trend with compression in thg 'free- p— E f k(U Vil Ui, &)
electron systerfi, but recently more accurate predictions (2m)® v Jsz

were obtained by considering thab initio deformation

potentials> where n runs over occupied bands ang is the periodic

The effective charge depends both on the tight-bindingoart of the Bloch wave functions. For sake of simplicity we
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now restrict ourselves to the case of the diatomic cubic crys- TABLE I. Scaling law parametens;,,, of the hopping terms as
tal. The extension to a more general case is straightforwargroposed by HarrisofHarr) (Ref. 2, Priester, Allan, and Lannoo

along the lines of Ref. 7. (PAL) (Ref. 5, and present workPW).
By considering one sublattice displacement alaragnd a
discretization of the prismatic Brillouin zon@®Z) such as  Mi'm Harr. PAL PW
k= (ky.ky) and kjEkZj with 0<j<J-—1, it has been g, 20 3.76 35
showr that Eq.(3) becomes spo 2.0 2.0 3.0
5 ppo 2.0 1.98 2.0
2e(Ak) ppm 2.0 2.16 2.5
P 2 Pk, @ _ 20 2.0
where (Ak)zz(kxiﬂ—kxi)(kyiﬂ—kyi) is a small area in the
xy plane, and (@ialr =R=x)[e" "¢ 5(r=R"=x)))
J-1 = gik-(R+x) 5ia|B5R,R, (12

®(k)=Imin[] det{Um,i, i |Unk, k1) (5 R
=0 which implies

Here

Un’kL ,kJEUn,ki ’koe—iG"-l’ (6) <unﬂ"kj|un‘kj-¢—1>: % Cm*(kal)CFa(kJ) (13)
satisfies the periodic boundary condition W= (2nla)z,  for 0<j<J-1 and
wherea is the lattice parameter.

In the orthogonal tight-binding approach the periodic part
of the electronic wave function is written as (Um. |Unk >:2 C™ (ky_1)C! (kg)e 'G5 (14)
Ky—1! 7Ky = @ - @

Up(r)=e Ik'r% Cla(K) o (1) (") for j=J—1. The eigenvector€ involved in the previous
equations are determined by the choice of the Hamiltonian
and the basis s, «} is generated by a combination of matrix elements in E(10). The diagonal elements represent
orthogonal, localized orbitalg; ,(r —R—x;)=|i aR): the orbital energies of the isolated atom modified by orthogo-
nalization process and by the crystal field. Off-diagonal ele-
1 _ ments do not vanish only [{R—x;+x,)| is smaller than the
Piak(r)= N > e®g (r—R-x). (8 maximum interaction distance. Slater and Kdtéave
NER shown thati «O|H|I BR) can be decomposed in terms of the

R runs over thé\ Bravais vectorsy; are the atomic positions direction cosines oR=x;+x by a small number of two-
inside the unit cell, and is the orbital symmetry. The co- Center integralghoppings Vi, where the indicesl " in-

efficientsC", (k) are the solutions of the eigenvalue equationdicaté the symmetry of the orbitas and 5 andm the an-
gular momentum components along the common axesr

), respectively. According to Ref. 8 the diagonal elements

> [Hiaw(k)—En(k)ﬁiaw]C{‘ﬁ(k):O, (99  and the two-center integrals at the equilibrium atomic posi-

A tions can be fitted to thab initio electronic bands.
whereE, (k) are the electronic band energies, and the Hamil- !N the empirical tight-binding scheme the hoppings ,
tonian matrix elementst ., 5(k) are fitted on the equilibrium band structure, are then assumed to

scale with the interatomic distance following a suitable de-

‘ caying function. By comparing the band dispersion obtained

Higip(k) =2 % R0 a0[H(R—x+x)|I BR). from tight-binding and from free-electron theory, Froyeu and
R Harrisor? proposed a simple power law f&f;/,, such as

(10
From Egs.(7) and(8) with k;j=(k, ,k;), the matrix element ro|M'm
in Eq. (5) becomes Virm()=Virm(ro)| T : (15
1 _ .
(Uni. JUni )=~ > (k- CP (k) wherer, are the equilibrium distances and the exponents
MG TTTN g TR TR e n,-m are all equal to 2.

ik (R % —r)—ik: 1 (RT3 — 1) However, more refined fittings of the scaling laws can be
x(IBR'[€" ' ot "PliaR). exploited, wheren,,,,, do depend on the orbital symmetry.
(11)  Some recent parametrizatiGrisare reported in Tables | and
II. In the following we will show how the choice afi;.m
As proposed in Ref. 1 we assume the position operator tand ofV,;,,,(ro) independently affect the values of the effec-
be diagonal on the atomic basis set, i.e., tive charges.
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TABLE Il. Scaling low parameters,, ., of the hopping terms, TABLE IIl. Effective transverse charge in atomic units calcu-
as proposed by Jancet al. (Ref. 9 for some prototypical -V lated with Harrison;? Priester, Allan, Lannod,and Janctet al®
compounds. models, compared to experimental values.

i 'm InP GaAs AISb GaSb Compound Expt. Harr. PAL Jancu
Sso 3.113 3.640 3.245 4.041 GaAs 2.16 1.73 1.49 1.38
Spo 3.582 3.582 3.702 3.644 AlSb 1.93 1.48 1.17 1.99
ppo 1.825 2.045 1.763 1.524 InP 2.55 2.26 2.16 1.75
ppm 4.153 4.126 4.152 4.203 Gash 2.15 141 1.10 1.43
sdo 1.993 1.954 1.721 1.799

s*po 1.692 1.712 1.772 1.770 . .

pdo 1.772 1827 1.797 1753 values, except for the excitatllevels, pushed at higher en-

ergies by the orthogonalization procedure. The scaling laws
are determined by comparing to deformation potentials of
several band positions &t X, andL, including the uniaxial
IIl. RESULTS deformation. Still the ansathgy,=ng«=0 and nyg,
=Nggr=Ngds= Ns+ go=2 has been taken in order to simplify
In our calculations we choose as unit cell the conventionathe fitting procedure and because of the lack in reliable in-
cubic cell containing 8 atoms. The BZ integration is per-formations on high-energy bands. The other exponents are
formed by Monkhorst and Pack méStf 16X 16 points in reported in Table II. The localized charge density around the
the k; plane and on a string of 48 points alokg. We  nuclei provided by the mostly localized orbital set has been
displaced the cations by 16 A in the z direction inducing a  considered responsible for the steepest distance dependence
change in theP?, component only. Such a mesh reproducesof these integrals with respect to the other exponent.
the results of Bennetto and Vanderbilip to the second Both Priesteret al® and Jancuet al® parametrizations
decimal digit either for cation or anion displacements. Con-have been generated including the spin-orbit coupling. How-
vergence to the first digit is already found foka mesh of  ever, we found that this feature has little influence on the
4% 4 and 8 points along,. Since Bennetto and VanderbBilt estimate of the effective charges. In fact the errors due to the
have shown that the sp® ‘“universal” Harrison neglection of the spin-orbit coupling turns out to be 1-2 %.
parametrizatioh® systematically underestimates the effective For sake of comparison to other TB parametrizations, we
charges, we first compared effective charges for four protoreport in Table IIl the effective charges calculated with the
typical IlI-V compounds(GaAs, AlSb, InP, and Ga$kas TB parametrization of Priest&t al. and Jancuet al. without
produced by the Harrison parametrization and by the twaspin-orbit coupling.
very recent and performing parametrizations proposed by As shown in Table Il the parametrization of Priester
Priesteret al® and Janciet al’® et al. predicts effective charges by far lower than the experi-
The parametrization by Priestet al. is grounded on a mental values? even lower than those given by the Harrison
sp’s* basis set and it is nearly identical to that one proposedp® parametrization. Conversely, the parametrization of
by Vog et al® but for the scaling laws. The extended basisJancuet al. provides a very good result for AlSb, but still
was introduced to obtain a good reproduction of both thesizably underestimates the effective charges of the other
valence and the conduction bands at equilibrium in a firstcompounds. These results suggest that the expansion of the
neighbor approximation. The* orbital couples only tgp  basis set, a very good reproduction of the valence and lowest
states; this interaction shifts down tlpeantibonding states conduction bands, and a satisfactory fitting to only few de-
providing for a better reproduction of the indirect gap with formation potentials do not guarantper sea reliable esti-
respect to the simplep® basis set. The dependence of themate of the effective charges. Obviously, a better result
radial part of the hoppings on the interatomic distaficm,  would have been obtained by including the effective charges
Nssr» Nppo» @NdNg,.) have been fitted by Priestet al®to  themselves in the global fitting procedure, which is, how-
reproduce a good variation of the band gap with hydrostatiever, a nonlinear process where the independent role of the
pressure only, so that the performance of the parametrizatiotiifferent TB parameteréon site and hoppingsand the scal-
for internal deformations in the unit cell is not included in ing laws is likely to be hidden. For this reason we tried to
the fitting. The orbital-dependent exponenis,, are given understand for a very limited set of paradigmatic semicon-
in Table 1. ductors how much the separate effects of orbital expansion
A more accurate and complete fitting procedure of bothand scaling laws affect the value of the effective charges. We
parameters and exponents has been performed very recentgport in Table IV our results for GaAs, ZnSe, and SiC for
by Jancuet al® by including thed polarization orbitals, different equilibrium parametrizations but the same Harrison
which provide a very good fitting of the two lowest conduc- scaling laws ;. ,=2). The parameters by Harrisén/ogl
tion bands and by fitting also the uniaxial deformation po-et al,'! and Chadi and Cohénhave been used for GaAs and
tentials. In this work an extendexp®d®s* basis set has been ZnSe and those of Harrison, Voet al., and Robertsoft for
used and a careful fitting on thab initio bands at equilib- SiC.
rium (both valence and conductipis obtained by using as All these parametrizations underestimate the experimental
starting values of the hoppings the ones provided by a synmalues; the simplesp® parametrization by Chadi performs
metry analysis of free electron and TB bands. The differ-slightly better than the others. In particular, we notice that
ences between the on-site energies agree with the free-atdime e} values obtained with thep®s* basis set are always

pdw 1.732 1.651 1.557 1.642
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TABLE |V. Effective transverse charge in atomic units calcu- TABLE V. At given lattice spacingd, experimental transverse
lated with different parametrizations, by Harrison scaling laws, andcharges for zincblende semiconductors compared with values cal-
our scaling laws, compared to experimental values. culated by tight-binding model using Harrison’s scaling laws
(Harr) and our choicéPW).

Compound Parametrization er Harr. PW
: Compound dA) Expt. Harr. PW
Harrison 6p°) 1.72 2.09
GaAs Voglet al. (sp’s*)  2.16 1.47 1.87  ZnSe 2.45 2.03 1.79 2.10
Chadi p) 191 231 Zns 2.34 2.15 1.83 2.12
Harrison &p°) 1.79 2.10 ZnTe 2.64 2.00 1.73 2.07
ZnSe Voglet al. (sp’s*)  2.03 0.87 1.27  CdTe 2.81 2.35 1.86 2.17
Chadi 6p°) 193 247 GaAs 2.45 2.16 1.72 2.09
Harrison 6p°) 1.97 2.19 GaSb 2.65 2.15 1.41 1.77
SiC Voglet al. (sp’s*)  2.57 1.44 157 GaP 2.36 2.04 1.88 2.23
Robertson $p°s*) 1.57 1.73 InSh 2.81 2.42 1.85 2.25
InP 2.54 2.55 2.26 2.63
SiC 1.88 2.57 1.97 2.19

worse than those calculated with teg® set. This fact con-
firms that the inclusion o§* polarization orbitals generally
lowers the value o} . One possible reason for such a be-
havior could be the contribution of polarization orbitals to  The importance of the scaling laws in predicting the
the valence states, which might change sizably with sublateharge transfer due to a lattice displacement, outlined in the
tice displacements. In particular, it is likely that the very previous section, can be also illustrateste the Appendix
reasonablen;.,=2 scaling law ansatz for the polarization by a simple analytical calculation for a diatomic molecule
orbitals is not suited to reproduce their actual effect on thevith ones orbital for each atom. Assuming; —e,|=3 eV
valence states. as the difference in the on-site energies and takifrg
Getting back to a safer ground, i.e., the scaling laws for=to(ro/r)" as hopping integralrg=2 A), the charge trans-
the sp® basis set, the work of Janat al® suggests that, in fer due to a molecular stretching of 10 A is computed
the case of orthogonal TB at first neighbors, the exponentgnalytically as a function of, andn, and shown in Fig. 2.
can be much larger than the Harrison prediction. This is inf he charge transfer is clearly more sensitive to the change of
agreement with the prediction of linearized muffin-tin the exponenn with respect to the change of the hopping
orbital—atomic spherical approximaticitMTO-ASA) cal- parameterto._ Concernlng_ the ph0|ce of t.he .ba3|s ;et, one
culations in transition metals by Sluiter and Sikand to should consider that th_e |_ncIu5|on of polar_lzatlon orblte_srs(
the linear combination of atomic orbitalb CAO) calcula- ~andd) affects the prediction of the effective gharg_es In two
tions for silicon by Grosso and PiermarocéhiSince here Ways: it modifies the hopping values for tee” orbitals at

we are just interested in understanding the trends myjth, , :aqU|I|l:j£|um,g(||m(tro), a';'.d dlt mtr;)hdu;:es add']ff'onfl hSC&||(Ijng
we selected a set of qualitatiee., not fitted scaling laws aws. According to our findings the tformer efiect should be

which takes into account the hierarchy among - small, while the second could be larger. In particular, if the
. S areny 9 tirén P scaling laws of polarization orbitals have rather small expo-
vided by the ab initio calculations: nge,>nNgy,,>Nyp

. nents, such as those chosen by Priesteal. (n=2), the
>Npps- The exponents used in the present wdPkV) are o¢foctive charge turns out to be sizably underestimated. This
reported in Table I. The effective charges at GaAs, ZnSe,
and SiC obtained with our choig®W) of the scaling laws
are reported in Table V.

The new set of exponents systematically increases the ef-
fective charge for all the compounds and parametrizations
reported in Table IV. This behavior makes the combination
of our set of exponentéPW) with the sp® Harrison param-
etrization the best performing choice. In fact the underesti-
mation of the effective charges produced by #@Es* pa-
rametrization is not remedied by the improved scaling laws
(PW) for the sp® basis only. In order to check if a proper
tuning of the scaling laws is indeed the key ingredient for the
calculation of reliable effective charges within the TB model,
we compare(Table V and Fig. 1 the effective charges of
several 1lI-V and II-VI compounds as given by our set of ) , ) ,
exponents and the Harrison exponents, all within the Harri- 1.4 1.8 22 2.6
sonsp? choice of equilibrium TB parameters. Notice that a Experimental effective charge
sizable improvement in the effective charges is obtained just
by tuning the scaling laws for minimal and universg® FIG. 1. Calculated effective charge with Harris@arr) and
parametrization. our scaling lawgPW) vs experimental values.

IV. CONCLUSIONS
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might be simpler than the fitting of all the nonhydrostatic
deformation potentials.

Charge transfer
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1 APPENDIX
4 . . . .
Hopping (eV) The secular equation for a diatomic molecule is
FIG. 2. Charge transfefatomic unit$ in a stretched diatomic e t C1 C1
molecule as a function of the equilibrium hopping integrabnd ¢ e =M | (A1)
the exponent of the scaling law €2 2 2

drawback seems to be counterbalanced by a large value ¥fheree; are the on-site energietsis the hopping integrat;
the exponent fols,, , as it happens to occur in some cases2ré the eigenvector coefficients, ands the energy eigen-
of the Jancuet al. parametrization. In the case of minimal value. Solving forc, we find

sp® basis set with largeg,, value, such as in the parametri- )
zation suggested in the present work, a satisfactory estima- 4t=(r)

tion of the effective charge is obtained. One should also con- 8t2(r)+2A2[1— 1+ 4t3(r)/A?])’

sider that the diagonal approximation in E(.2) could

perform differently for different basis sets. Unfortunately, in Where A=|e;—€,|. The charge transfer in atomic units,
the TB model we have no access to the Wannier-like orbitald Q2, due to a bond elongatiodi is therefore

needed to systematically improve over the latter approxima-

tion. However, the attempt made by Bennetto and Vanderbilt AQz=llca(ro+ 8|12~ lca(ro)*. (A3)

to go beyond the diagonal approximation by also includinggy considering a Taylor expansion tfr) at the first order
matrix elements betweesiand p atomiclike orbitals shows jn the elongations,

that at least the first-order correction to EG2) does not

change the effective charges significantly. Therefore, al-

though based on an additional ansfEr. (12)], we think t(ro+9) =ty
that a viable procedure to improve the TB parametrization

might come from the simultaneous fitting of band structure atwe obtain a simple expression farQ, as a function of the
equilibrium (both valence and conductipnhydrostatic de- exponentn of the scaling law and the hopping integral at
formation potential, and effective charges. This procedureequilibriumty; the latter is shown in Fig. 2.

lleall?=

(A2)

: (A4)

)
1-n—
o
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