
TABLE I. Ionization energy (in eV) of an isolated Be atom
from the GW approximation. Experimental � 9:33 eV.

Method All-electron Pseudopotential

DFT-LDA 5.43 5.43
G0W0 9:25� 0:01 9:24� 0:01
GW0 8:75� 0:01 8:75� 0:01
GW 8:47� 0:01 8:64� 0:01
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In a recent Letter [1], Ku and Eguiluz concluded that
deep-core states and many-body self-consistency have an
important effect on the theoretical band gap in semi-
conductors, based on their calculations for bulk Si and
Ge. Their conclusions question the validity of pseudopo-
tentials in GW calculations, claiming that this approach
is successful due to a previously unknown error cancella-
tion. We address two points raised by the Letter: first,
which approximation for the self-energy operator is best
used for electronic-structure calculations, and, second,
the use of pseudopotentials.

It is clear from the iterative expansion of Hedin’s
equations [2] that the GW approximation does not yield
the complete self-energy. Neglected are vertex correc-
tions and, in most cases, a self-consistent solution of
Dyson’s equation. Indeed, the self-energy within this
so-called G0W0 approximation violates a number of
sum rules including conservation of the particle number
[3]. However, it has been demonstrated many times [4]
that G0W0 gives excellent agreement with experiment for
quasiparticle energies. In contrast, a self-consistent solu-
tion of Dyson’s equation conserves the particle number,
and has been found to improve ground state energies [5],
but agreement with experiment for band structures wor-
sens. It is generally understood that the omission of
vertices and the lack of self-consistency tend to have
opposing effects on the quasiparticle energy.

In order to clarify the confusion between the many
approaches available, we have performed a range of
highly converged calculations for isolated Be, Mg, and
Ne atoms as prototype many-electron systems, including
non-, partially, and fully self-consistent GW (with a full
solution of Dyson’s equation), using either a local-density
approximation (LDA) Troullier-Martins pseudopotential
or all electrons. These choices permit a direct test of one
claim of Ku and Eguiluz: that core-valence exchange is
inaccurate in G0W0 calculations. Computed ionization
potentials (IPs) for the Be atom are presented in Table I.
The IP is analogous to a gap in our calculations since a Be
atom has no electron affinity, experimentally and within
the GW approximation. It can be seen that the use of
pseudopotentials does not significantly affect the IP ob-
tained within any of the GW approximations. It is also
clear that a self-consistency destroys the agreement with
experiment, with a vertex function then required to repair
the IP. We observe similar trends for Ne and Mg atoms.
These results do not suggest any further cancellation of
errors between the use of pseudopotentials and the lack of
a self-consistent solution, and therefore do not support
the conclusions of Ku and Eguiluz.

Furthermore, the initial Green’s function used to form
the self-energy operator includes a sum over the complete
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infinite set of unoccupied states from a separate noninter-
acting calculation. In practice this sum is truncated.
Testing the validity of the truncation is important; states
with a surprisingly high energy are often required to
provide an accurate numerical representation. As an ex-
ample, all results in Table I required states up to 8–10 Ha
above EF to be included in G0. By comparison, in Ref. [1]
only states up to around 1.1 Ha above EF were used.
Applying the same cutoff to our atom calculations, all
results are altered by more than 0.5 eV, changing the
conclusions. These observations for the convergence are
similar to those in a recent study for bulk semiconductors
[6], demonstrating that this slow convergence is a com-
mon feature of a wide range of systems.

In summary, the G0W0 approximation for the self-
energy operator gives excellent quasiparticle energies.
We have demonstrated that the pseudopotential method
remains a valid numerical technique in many-body cal-
culations, if the calculation is numerically converged.
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Patrick Rinke,4 and R.W. Godby1

1Department of Physics
University of York, Heslington
York YO10 5DD, United Kingdom

2Departamento Fı́sica Fundamental
UNED,
28080 Madrid, Spain

3Departamento Fı́sica Materiales,
UPV, DIPC
San Sebastián, Spain

4Fritz-Haber-Institut der Max-Planck-Gesellschaft,
D-14195 Berlin, Germany

Received 21 July 2003; published 7 December 2004
DOI: 10.1103/PhysRevLett.93.249701
PACS numbers: 71.15.Qe, 71.10.–w
-1
[1] Wei Ku and Adolfo G. Eguiluz, Phys. Rev. Lett. 89,
126401 (2002).

[2] Lars Hedin, Phys. Rev. 139, A796 (1965).
[3] Arno Schindlmayr et al., Phys. Rev. B 64, 235106 (2001).
[4] W. G. Aulbur et al., Solid State Phys. 54, 1 (2000).
[5] B. Holm and U. von Barth, Phys. Rev. B 57, 2108 (1998);
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