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Abstract

An expression is given for the electronic polarization of an insulating crys-
tal within the ultrasoft pseudopotential scheme. The pseudopotential charge-
augmentation terms modify the usual Berry-phase expression, and also give
rise to a second term that takes the form of a conventional expectation value.
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Several years ago, we presented a formulation that allows for the calculation of the
electronic polarization of an insulating crystal in the context of a conventional electronic
band-structure calculation.!'? It was shown that the contribution of a given band to the
electronic polarization could be expressed in terms of the charge center of its associated
Wannier function; or equivalently, in terms of the Berry phase of the cell-periodic Bloch
function wy as the wavevector k is adiabatically transported by a reciprocal lattice vector.
Resta has given a review of this theory.?

The above theory can be applied straightforwardly in the context of an all-electron (e.g,
augmented plane-wave) scheme, or any norm-conserving pseudopotential scheme. However,
in the ultrasoft pseudopotential scheme,* © the pseudo-wavefunctions do not obey a conven-
tional normalization condition, and the Berry-phase expression must be modified.

The purpose of this Report is to present the appropriate formulation of the electronic
polarization within the ultrasoft pseudopotential scheme. The expression has already been
used in applications,”® but has never previously been reported.

Let I = {R, 7} label the atomic sites in the crystal, where R is a real-space lattice vector
and 7 1s the extra fractional translation needed to specify the location of the atom in the
cell. Note that 7 will double as a species label for the atom. The basic ingredients of the
USPP scheme* ©® are the projectors 3,,(r) and the charge augmentation functions @, ;;(r)
for an atom of species 7. Here ¢ is a composite index labeling the angular momentum (Im)
and radial indices of the projectors. The matrix quantities (), ;; and d,;; are then defined
via

Qrij = /dr Qrij(r) (1)
and
d,-ﬂ'j = /dI'I'QT7ij(I') . (2)

The projectors and charge augmentation functions of atom [ located in the crystal at R+ 7
are

BO(x) = Brilr —R — 1) (3)

and

Qi (r) = Qrijr —R—7) . (4)
The charge density operator in the crystal is thus®

K(x) = [r)(x| + 232 Q) 18 (8] (5)
L g
and the number operator is S = [dr K(r) or
§ =133 QnislB) (8] - (6)
L g

The Bloch pseudo-wavefunctions ¥y are written in terms of cell-periodic functions wuy in
the usual way,



¢k(r) = 6ik~r uk(r) . (7)

The normalization (¢x|S|¢k), = 1 is relative to the number operator of Eq. (6). (The
notation (), indicates that the expectation value or matrix element is taken per unit cell of
volume V.) Substituting Eq. (6) and using the definition

(X)) = e g (r —7) | (8)

the normalization of the cell-periodic Bloch function becomes

1 = (uu), +22 Qi (x| B (B8 ) (9)

Now, from the Bloch pseudo-wavefunctions, one can construct a localized Wannier
pseudo-wavefunction in the usual way,

y
) = o5 oy P (10)

where the integral is over the Brillouin zone (BZ). It is straightforward to check the normal-
ization (w|S|w) =1, viz.,

(w|S o) = (who) + 30" Qraj (w8} (B w)

I%& . /
_ dk dk/ / d * , —i(k—k’)-(R+r)
(2m)® /ﬁz BZ %: { y ie(r) e (r) €

£ 23 Qriy (B (8% ) e—«k—kmﬂ}
T 1,]

Z%/,;de{ (s ) +§TIZ Qi { uk|ﬁ”><ﬁi§)iw>} : (11)

The second line results from substituting Eqgs. (6) and (10), and the third is obtained from
the completeness relation

S etk k)R Sk —K) (12)

Using the Bloch normalization of Eq. (9), it then follows that (w|S|w) = 1.
The contribution of this band to the electronic polarization is given in terms of the

Wannier center as (—2e/V)(r), assuming spin-paired electrons.' ® Thus, our remaining task
is to calculate the location (r) of the Wannier center. Using Eqs. (1), (2), (4), and (5),

:/drr<w|K(r)|w>
= (wlrhw) + 33 [(R+ 7)Qrsj + d ] (w]A") (B ) . (13)
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Substituting Eq. (10), one obtains, in analogy with the second line of Eq. (11),

2
<I'> — (2‘/—)6/ dk dk/ {/ dr uk )Uk/(r) 6—i(k—k')~(R+l‘)
™ BZ

YN (R4 7)Quij + d ] <uk|ﬁ$)><ﬁif}')luk/>e"'(k‘k')'(R“)} . (14)
T @]

Replacing R+r or R+7 by —:Vys acting on the exponential factor, then using an integration
by parts to cause Vi to act on the up and B instead, and applying the completeness
relation (12), one finds

<I‘> _ <I‘>BP T <I‘>EV (15)
where
gp_ V
= (27)® JBz dkAlk) o)
BV 1% k k
O = o [ BPILEE (|8} (875 ) (7
and

A (k) = i (uk|Vi|uk)y + ZZiQT,z‘j (uic|B%)) Vi (B ) (18)

The decomposition (15) is into “Berry-phase” (BP) and “expectation-value” (EV) terms.
The latter involves no coupling between k-points [cf. Eq. (17)] and is thus obviously gauge-
invariant, i.e., invariant with respect to a k-dependent change of phase of the wx. The BP
term is also gauge-invariant, as can be seen by substituting wx — wux X exp[—iy(k)] into
(18) and using the Bloch normalization condition (9) to show that A(k) — A(k) + Viy(k).
The quantity A(k) thus plays the role of the “Berry connection” or “gauge potential” of the
Berry-phase theory.®!? Since exp[—ivy(k)] is periodic in k-space, it follows that (k) must
take the form of R -k plus a periodic part (R being a lattice vector), so that (r)BF is clearly
invariant modulo a lattice vector.

In practical calculations, a discrete mesh of k-points is typically used. The expectation-
value term is easily evaluated on any mesh of Nj k-points as

Y e a5 (8 ) )
K T i

Following Ref. 1, the Berry-phase term is evaluated one component at a time. That is, the
component of (r)BF along some primitive reciprocal lattice vector G is evaluated by choosing
a 2D mesh of Ny, strings of k-points running parallel to G, and calculating

% = 5t T oo + 3057 Qo 8) (85 i) | 20

ki k)



Here 7| and k|| are components of r and k parallel to G, with k = k, + k||ér, and b being
the separation between neighboring k-points along the strings. As in Ref. 1, this discrete
version of the Berry-phase term is manifestly invariant with respect to a change of phase of
any one of the uy, since each uy appears once in a bra and once in a ket.

For the case of multiple discrete bands, the final expression for the polarization is

2e¢

P = Py — 37 3 |7 + (] (21)

where the sum is over occupied bands n. For the case of compound multiple bands that
have degeneracies at certain locations within the Brillouin zone, the EV terms present no
difficulties, but the BP evaluation requires care. One can again follow the example of Ref. 1
to express the Berry-phase contribution to the electronic polarization as

pBP — Im 1 det M 22
V GNMZ o “1,} ¢ (22)

where
Mﬂﬂwmmb+22@wmka%MM> (23)

and the indices m and n run over occupied bands.

In summary, the formulas for electronic polarization given in Ref. 1 have been general-
ized to the case in which ultrasoft pseudopotentials have been used in the band-structure
calculation. The resulting formulas are easily implemented in practice.

ACKNOWLEDGMENTS

This work was supported by NSF grant DMR-96-13648. We thank V. Fiorentini for

encouraging the writing of the manuscript.



REFERENCES

!R.D. King-Smith and D. Vanderbilt, Phys. Rev. B 47, 1651 (1993).

2D. Vanderbilt and R.D. King-Smith, Phys. Rev. B 48, 4442 (1993).

3R. Resta, Rev. Mod. Phys. 66, 899 (1994).

*D. Vanderbilt, Physical Review B 41, 7892 (1990).

> K. Laasonen, R. Car, C. Lee, and D. Vanderbilt, Phys. Rev. B 43, 6796 (1991).

6 K. Laasonen, A. Pasquarello, C. Lee, R. Car, and D. Vanderbilt, Phys. Rev. B 47, 10142
(1993).

"W. Zhong, R.D. King-Smith, and D. Vanderbilt, Phys. Rev. Lett. 72, 3618 (1994).

8 F. Bernardini, V. Fiorentini, and D. Vanderbilt, Phys. Rev. B 56, R10024 (1997); Phys.
Rev. Lett. 79, 3958 (1997).

M.V. Berry, Proc. R. Soc. Lond. A 392, 45 (1984).

1R, Resta, Berry Phase in Electronic Wavefunctions, Troisitme Cycle Lecture Notes
(Ecole Polytechnique Fédérale, Lausanne, Switzerland, 1996); also available at
http://ale2ts.ts.infn.it:6163/~resta/publ/notes_trois.ps.gz.



