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We present a novel ab initio approach to piezoelectricity. The piezoelectric tensor is given by the
stress induced by a homogeneous electric field. The perturbation is treated self-consistently by linear
response, thus avoiding both supercells and numerical differentiation. We calculate the piezoelectric
constants of nine III-V semiconductors; as a byproduct we also provide the first systematic study of
zone-center phonons, internal strain parameters, effective charges, and dielectric constants. Our results

Piezoelectric Properties of III-V Semiconductors from First-Principles Linear-Response Theory

agree very well with experiments where available, and allow predictions where they are not.

PACS numbers: 77.60.+v, 71.10.+x

Piezoelectricity is a property of many materials which
display a macroscopic electric polarization upon applica-
tion of a uniaxial stress.! Despite the fact that the basic
phenomenology has been known for several decades, the
piezoelectric effect has long escaped a proper theoretical
understanding. In particular, only rather recently has a
definite proof based on microscopic arguments been
given that piezoelectricity is a bulk property of crystals
and is therefore independent of the shape of the sample.?

Piezoelectricity is a macroscopic property of materials.
Because of the long range of the Coulomb interaction, its
proper description using microscopic ingredients is there-
fore possibly only in the long-wavelength limit which is
incompatible with the Born-von Kdarman boundary con-
ditions generally adopted to perform first-principles cal-
culations. This is a major obstacle which is usually over-
come using large supercells in order to recover the mac-
roscopic limit. We are aware of only two papers where
the piezoelectric properties of real materials are investi-
gated from first principles.>* The first’ deals with GaAs
within the plane-wave pseudopotential scheme, and pre-
dicts a value for the piezoelectric constant which is about
one-half of the experimental one. The second* investi-
gates piezoelectricity in copper halides using a localized
basis set and a molecular-cluster-embedding method.
This calculation is not entirely consistent since it does
not provide the value of the dielectric constant used to
determine piezoelectric properties: The quality of the re-
sults is therefore difficult to assess. It is the crucial role
of macroscopic electrostatics which makes piezoelectrici-
ty such a difficult problem, where most of the present-
day first-principles machinery performs inefficiently.

In this Letter we present a novel approach. We calcu-
late the piezoelectric constant from the stress induced by
an applied electric field, at vanishing macroscopic strain.

The linear response to the applied perturbation is ob-
tained by a recently introduced self-consistent Green’s-
function method.> This approach allows us to perform
analytically the long-wavelength limits necessary to han-
dle homogeneous electric fields and directly yields the
first-order correction to the crystal wave functions. The
stress tensor® is then explicitly linearized with respect to
these corrections. This procedure allows one to deter-
mine, to linear order, the dependence of the stress upon
the applied electric field and, hence, the piezoelectric
constant. Our procedure does not require the use of su-
percells; it can be (and actually is) worked out using
modern norm-conserving pseudopotentials; and, last but
not least, it directly yields the desired linear relation be-
tween polarization and strain without the need of any
numerical differentiation.
The piezoelectric tensor y is defined by the relation
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where f is the (T'=0) free energy per unit cell up to
second order in the independent variables E (electric
field) and a (strain), and Q is the volume of the unit
cell; A and € are the elastic constants and dielectric ten-
sors, respectively. The stress tensor o and the free-
charge field D are the conjugate variables of a and E:
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Equation (2b) can be equivalently cast into the usual
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where P is the electric polarization and y the polarizabil-
ity tensor. Equations (2) define the piezoelectric tensor
as the stress induced in the unstrained material (e =0)
by a unit electric field or, equivalently, as the polariza-
tion induced by a unit strain maintaining the sample
short circuited (E=0).

The simplest crystal structure which displays the
piezoelectric effect is zinc blende, where y has as the
only dependent component y;s. The most convenient
geometry for calculating it is to consider an electric field
along the (111) direction: E=E(111). According to
Egs. (2), the stress induced by such a field is
oap=04(1 —8,5). The piezoelectric constant is then
given by y14 =o04/E; the sign of y,4 is fixed assuming that
the positive (111) direction goes from cation to anion.
In the zinc-blende structure, a homogeneous stress along
(111) is in general coupled to an internal (microscopic)
strain, i.e., a relative displacement of the two sublattices.
The actual value of the internal strain is the one which
minimizes f at a given value of the independent variables
a and E. In the Born-Oppenheimer approximation, the
macroscopic strain results from two distinct contribu-
tions: a purely electronic one, given by yl(f;))E and calcu-
lated at vanishing internal strain, and one which is due to
the relative displacement of the two sublattices;® the
latter contribution is linear in E as well. At vanishing
macroscopic strain, the stress induced by an electric field
along (111) is thus,

0s=7VE — tud/a’, )

where ¢ is the internal strain parameter,7 u is the (111)
bond-length variation, a is the lattice constant, and
d>=/uw%o is the harmonic force constant associated with
u (u is the ionic reduced mass, and wro the transverse-
optic phonon frequency). The equilibrium value of u is
obtained from the condition that the forces acting on in-
dividual ions in an unstrained crystal in the presence of
the macroscopic field E vanish:

u=—eZ*E/d, 4)

where Z* is the Born effective charge of the cation. The
final result can be expressed? in terms of the adimension-
al quantity y4:
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According to Eq. (5), in order to calculate the
piezoelectric constant ¥4, one has to calculate the stress
induced by an applied electric field at vanishing nuclear
displacement (4 =0), and the one induced by a bond-
length variation u [i.e., by a TO phonon at I'" polarized
along (111)], at vanishing electric field. We thus consid-
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er two independent perturbations acting on the crystal:
(i) an electric field oriented along (111) and (ii) a TO
phonon also polarized along (111). Since a zone-center
TO phonon is lattice periodic, the perturbation (ii)
would be accessible as well to standard techniques for
electronic ground-state calculations; matters are dif-
ferent for perturbation (i), which involves a macroscopic
electric field. In the latter case the perturbing potential
lacks translational symmetry, and the standard tech-
niques can be used only at the price of introducing large
supercells.® The main advantage of linear-response
theory in this respect is its capability of coping with
long-wavelength perturbations (such as a macroscopic
electric field) without any need of supercells. Basically
this is due to the fact that the theory uses only off-
diagonal matrix elements of the perturbing potential be-
tween eigenstates of the unperturbed Kohn-Sham Ham-
iltonian; such elements—contrary to diagonal ones— are
indeed well defined even for the long-wavelength com-
ponent of a macroscopic perturbation. Following Refs.
5, 9, and 10, the density response to such a long-
wavelength component, —E-x, is

An(r) =Y (w|Aal) | eXe|E-x]|v)

€ — €.
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where 7 (r) is the electron density operator, ¢ and v indi-
cate valence and conduction _states, Go is the unper-
turbed Green’s function, and P, is the projector over the
conduction-state manifold. The off-diagonal matrix ele-
ments of x are evaluated using the commutator with the
unperturbed Kohn-Sham Hamiltonian, at the price of in-
troducing an extra energy denominator®'? (i.e., an extra
Green’s function). The final result reads

An(r) =2 | A [P.Gole )P [HG,E-x1|v). (7)

At variance with traditional linear-response methods
based on dielectric matrices, the Green’s-function ap-
proach of Ref. 5 yields not only the response density, but
also the perturbed wave functions, up to first order. By
using the Hellmann-Feynman and stress theorems® this
opens the possibility of calculating the forces acting on
individual ions, as well as the macroscopic stress induced
by the perturbation. By definition, 79’ and Z* give the
macroscopic stress and forces acting on ions per unit ap-
plied electric field, at vanishing macroscopic strain and
ionic displacement; analogously, ®¢ and ® give the mac-
roscopic stress and forces acting on ions per unit ionic
displacement, at vanishing electric field and macroscopic
strain. These are all the ingredients necessary to obtain
the piezoelectric constants.

Calculations have been performed for nine AB zinc-
blende semiconductors (4 =Al, Ga, In; B=P, As, Sb)
using the local-density approximation (LDA),'! norm-
conserving pseudopotentials,'? and plane-wave basis sets.
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The equilibrium lattice constants of all the compounds
have been determined very carefully from the pressure
calculated with a large kinetic-energy cutoff for the
plane-wave basis set (26 Ry) and 10 special points for
the Brillouin-zone integrations. Such a high accuracy is
necessary since the piezoelectric constant depends very
sensitively on the lattice parameter at which it is calcu-
lated. Once this has been determined, subsequent calcu-
lations were performed with a lower cutoff (18 Ry), but
a higher number special points (28), necessary to obtain
converged results in the presence of macroscopic electric
fields.” The resulting overall accuracy was checked to be
better than ~5%.
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FIG. 1. Comparison between the calculated (y axis) and ex-
perimental (x axis) values for the zone-center phonon frequen-
cies (upper panel), effective charges (middle panel), and
dielectric constants (lower panel).

In order to illustrate the necessity to achieve a high
accuracy in the determination of the lattice constant, we
examine the case of GaAs. At equilibrium lattice con-
stant (ag=10.39 a.u.), the calculated value of the inter-
nal strain parameter is {=0.528 +0.002. Its depen-
dence upon the lattice parameter is very strong: A¢/¢
~10Aa/a. The ionic and electronic contributions to the
piezoelectric constant have opposite sign and, for III-V’s,
almost the same magnitude. In the case of GaAs, for in-
stance, our calculations give (a%/e)y{Q =—1.405, Z*¢
=1.053, 714=—0.35. We conclude that an error ~1%
on ao would propagate up to ~30% on the final result
¥14. We thus decided to calculate the theoretical equilib-
rium lattice constant with an accuracy of ~—0.1%. This
accuracy is certainly exaggerated for the lattice constant
itself, but it is necessary for a consistent calculation of
quantities which depend so sensitively on it. The sensi-
tivity of the piezoelectric constant to the lattice parame-
ter should be experimentally detectable. We are not
aware of any measurements of piezoelectric constants
under pressure; in the case of GaAs, our data indicate a
pressure dependence of ¢ and 74 0L/0P= —2,
9714/0P = —6 (Mbar ).

As byproducts of this work, we provide the first sys-
tematic calculation of dielectric constants, effective
charges, LO and TO phonon frequencies, and internal
strain parameters of all the III-V semiconductors. In
Fig. 1 we compare the dielectric constants, effective
charges, and LO-TO phonon frequencies of III-V semi-
conductors. As a general rule, we observe that quantities
which do not depend on the response to macroscopic
fields (wto) or do not depend sensitively on it (wto) are
predicted with very high accuracy (=< 3%), while those
involving macroscopic electric fields (¢,Z*) are predict-
ed with an accuracy of ~10%, consistent with previous
investigations.>® As a general rule, the dielectric con-
stant is overestimated by LDA. Inspection of Fig. 1
would suggest that this is not indeed the case for In com-
pounds. We believe that this is an artifact of our pseu-
dopotential approach which neglects the relaxation of

TABLE 1. Theoretical internal strain parameters of nine
I11-V semiconductors. In parentheses we report the lattice
constant (a.u.) at which the calculation has been done.

4
(ao) P As Sb
Al 0.618 0.617 0.635
(10.18) (10.55) (11.42)
G 0.533 0.528 0.571
4 (10.00) (10.39) (11.20)
: 0.652 0.642 0.656
n (10.68) (11.04) (11.84)
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TABLE II. Calculated values of the piezoelectric constants
for nine I11-V semiconductors. The experimental values are re-
ported in parentheses.

Y14 P As Sb
0.11 —0.03 —0.13
Al () () (—0.16)
G —0.18 —0.35 —0.40
4 (—0.18) (—0.32) (—0.39)
n 0.12 —0.08 —0.20
(j0.09]) (—0.10) (—0.18)

In-4d electrons. This leads to an overestimate of the
LDA gap with respect to all-electron results;'? we argue
therefore that a proper treatment of relaxation effect
would make In compounds follow the general trend.

In Table I we report our calculated values for the
internal strain parameters and the lattice constants at
which they are calculated. Experimental values are ei-
ther lacking or affected by systematic errors;'* the only
case where a comparison is possible is GaAs where re-
cent accurate measurements'> give a value of the inter-
nal strain parameter ({Gias=0.55%0.02) in excellent
agreement with the theoretical predictions. Our calcula-
tions also agree with previous theoretical work®
(¢Gaas=0.48), the small difference being due to the
more accurate lattice parameter used here.

In Table II we report our calculated values of the
piezoelectric constants of III-V semiconductors together
with available experimental data: The agreement with
experiment is of the order of that found for other quanti-
ties involving macroscopic electric fields (~10%). All of
the chemical trends are correctly predicted. We find
that, contrary to common belief, two III-V semiconduc-
tors and (AIP and InP) have a positive piezoelectric con-
stant. For these two compounds, we have no experimen-
tal data to which to compare our results. We note, how-
ever, that this positive sign is compatible with the chemi-
cal trends emerging from Table II. On the other hand,
the piezoelectric constant being the sum of two almost
canceling contributions, it is not surprising that its sign
may change for chemically similar compounds.

2856

In this Letter we have demonstrated that physical
properties of crystals involving macroscopic electric
fields can be calculated from first principles using essen-
tially no other approximation than LDA. The accuracy
of such predictions (~10%), though satisfactory and
sufficient for reproducing chemical trends, is not as high
as that achieved in the study of properties involving mi-
croscopic perturbations, i.e., wavelengths of the order of
the crystal lattice constant.
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