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Pressure-induced changes in the electronic and structural properties of tin monoxide are examined by means
of ab initio density-functional calculations. Also, the pressure shifts of the A1g and Eg zone-center phonon
modes are derived. The results are compared to recent experimental high-pressure data as well as to previous
calculations for ambient conditions. In agreement with earlier findings we observe that the Sn-5s lone pair is
not inert but hybridizes with the O-p states. Differences in that respect between SnO and PbO are shown to be
a “relativistic dehybridization effect” caused by the large mass-velocity downshift of the Pb-6s states. SnO is
a small-gap �indirect� semiconductor at ambient pressure, but an insulator-metal transition occurs as pressure is
applied. The transition is estimated to occur around 5 GPa. The gap depends sensitively on the distance
between the layers dEgap/d ln�c /a��21 eV.
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I. INTRODUCTION

Tin oxides SnO and SnO2 are of considerable technologi-
cal interest. They, mainly the dioxide, are applied in thin heat
reflecting foils, transparent electrodes, gas sensors and Sn-
oxide/Si solar cells. Applications of SnO have been less fre-
quent, mainly due to its tendency to decompose �into Sn and
SnO2� at elevated temperatures. Consequently, the monoxide
was in the past not examined as much in detail as SnO2. But
during the latest few years several experimental and theoret-
ical studies, also of SnO, were published, mainly to analyze
the difference in bonding in the two tin oxides. Under ambi-
ent conditions they crystallize in the tetragonal litharge
�SnO� and rutile �SnO2� structures,1 see Fig. 1.

Transformations under pressure to orthorhombic struc-
tures have been reported,2–4 but the most recent experiments
by Wang et al.5 on SnO up to 20 GPa showed no indication
of transformation to a lower symmetry than that of the
ambient-pressure structure. A broadening was observed5 of
the diffraction lines near 14 GPa, but the structural changes
reported earlier were observed at much lower pressures
�6 GPa, and in Ref. 5 it is suggested that this could be
caused by a nonhydrostatic pressure component due to the
pressure transmitting medium.

The electronic structure of SnO has not been examined in
great detail by experimental methods. It is generally assumed
that the monoxide is a semimetal or a small-gap semiconduc-
tor. An optical gap of �2.5 eV was quoted in Ref. 6, whereas
the fundamental gap has been mentioned7 to be 0.7 eV. Ab
initio calculations8 showed that the minimum gap is indirect
�� to M in the Brillouin zone� �in contrast to SnO2 where the
fundamental gap is direct�, and this was also found in later
theoretical calculations.9,10 These three investigations in-
cluded determination of the structural parameters, axial ra-
tios and atomic coordinates, at zero pressure, and found, as
in the pseudopotential study by Meyer et al.,11 good agree-

ment with experiments. An important part of the theoretical
work by Raulot et al.10 concerns the discussion of the role of
the Sn 5s lone pair in the bonding of SnO as well as a
dicussion of similarities and differences between this case
and that of the Pb-6s states in �-PbO �also the layered lith-
arge structure�. As concluded earlier by Trinquier and
Hoffmann12 and by Terpstra et al.13 the lone pair was shown
to play an essential role in the bonding, and it is thus not

FIG. 1. �Color online� The SnO litharge-type tetragonal struc-
ture. The space group is P4/nmm �No. 129�. Sn �large spheres�
occupy the Wyckoff 2c sites �0.5,0 ,u� and �0,0.5,1−u�, whereas
the oxygen atoms are at 2a sites �0,0,0� and �0,0.5,0�. �From Ref.
5�.
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inert, as was also pointed out in Ref. 9. Watson et al.14

showed that the “classical” hybridization theory where the
cation-s states interacts with p states also on the cation is
wrong in these compounds, where the lone pairs hybridize
with the O-p states. The detailed analysis by Raulot et al.
confirms this and that the intraslab interactions dominate. On
the other hand, the indirect fundamental gap depends sensi-
tively on the distance between layers.

The present paper describes some of the aspects men-
tioned above, but our ab initio calculations further include
the effects of applying external pressure. This allows us to
compare to recent high-pressure experiments,5 including the
structural changes in axial ratio �c /a� and u, see caption to
Fig. 1, as well as �-phonon frequencies. The density-
functional calculations are carried out whithin the local den-
sity approximation �LDA� as well as by application of a gen-
eralized gradient approximation �GGA�. Section II briefly
describes the methods which we use, and results for struc-
ture, phonon frequencies, and electric field gradients �EFGs�
are given in Sec. III. Band structures, estimate of the
insulator-metal transition pressure, and hybridization effects
are discussed in Sec. IV, where we also make a few compari-
sons between SnO and PbO, mainly discussing relativistic
effects. The last Sec. V, contains summary and conclusions.

II. METHODS OF CALCULATION

The present density-functional calculations are performed
within two approximations, the LDA �Ref. 15� and a GGA.
We used the LDA version for exchange and correlation as
given by Ceperley and Alder16 and parametrized by Perdew
and Zunger.17 For the GGA we chose the Perdew-Burke-
Ernzerhof �PBE� version.18 The LDA leads to overbinding,
i.e., too small equilibrium volumes, whereas GGA often
leads to better values for such basic ground-state quantities.
However, it is not unusual that some GGA implementations
in fact “overcorrect” for the LDA error in volume, and the
present case, SnO, is one where this happens. The PBE for-
malism improves over the previous Perdew-Wang �PW91�
version19 in an accurate description of the linear response of
the uniform gas, behaving correctly under uniform scaling
and giving a smoother potential. The PBE-GGA retains the
correct features of L�S�DA �“S” for spinpolarized� and com-
bines them with the most energetically important features of
gradient corrected nonlocality. Studies of atomization ener-
gies for small molecules18 gave essentially the same results
as PW91. However, a remaining uncertainty relates to the
value of the parameter � which is associated to the degree of
localization of the exchange-correlation hole. In their origi-
nal work PBE proposed to use �=0.804, but it has
appeared20–23 that, depending on the type of bonding, appli-
cations to solids are improved if other values are used. In the
present work we found that �=0.804 leads to a significant
overestimation of the equilibrium volume of SnO, and there-
fore we used a reduced value, �=0.60. In fact, even this is
somewhat too large, it appears, but an optimal parameter fit
is not the purpose of this work. Pressures �P� vs volume �V�
were obtained by analytical differentiation of a power series
in X= �V0 /V�1/3 least-squares fitted to the total energies cal-

culated for fully optimized structures at 15 or 16 volumes in
the range considered �0.80–1.10V0 in the present work,
where V0 is an experimental equilibrium volume�. The
method requires an accurate fit, r.m.s. errors less than typi-
cally 0.01 mRy/f .u. for the energies. The method has been
applied to many different systems, see, for example, Refs.
24–26, and references therein.

The linear-muffin-tin-orbital �LMTO� method27 was used
to solve the formal one-particle Kohn-Sham equations. A
full-potential �FP� �no spherical averaging of the potentials�
LMTO version was used in order to allow accurate structural
optimizations. The version is based on the code developed by
Methfessel,28,29 modified by van Schilfgaarde,30 Novikov,31

and others. It allows for a simultaneous optimization of lat-
tice axial ratios, angles, and atomic coordinates. A so-called
“triple-�” basis set was used �� refers here to the decay
constant of the MTOs outside the muffin-tin spheres�. For
Sn, angular momenta up to �= �3,2 ,2� were included in the
three channels, whereas a �2,2,2�-basis set was used on oxy-
gen. The semicore Sn-4d states were included as local
orbitals.32 Empty muffin-tin spheres were included for accu-
racy of interpolation of the nonspherical charge density. Usu-
ally no orbitals were associated with these, but tests of basis
set convergence, in particular in connection with the phonon
calculations, were made with s and p orbitals on the E sites.

The phonon calculations were performed by means of the
FP-LMTO method as well as the full-potential linear aug-
mented plane wave �FP-LAPW� method using the WIEN2K

code.33 For illustration of hybridization and calculations of

TABLE I. Calculated equilibrium volumes V0
th and bulk moduli

B0�V0
th� and B0�V0

exp� �in GPa� evaluated at the theoretical and ex-
perimental equilibrium volumes, respectively. V0

exp=V0=69.578 Å3.
Experimental values for the bulk modulus are. 38 GPa �Ref. 5 and
48±5 GPa �Ref. 3. See also Ref. 28 in Ref. 8.

V0
th/V0

exp B0�V0
th� B0�V0

exp�

LDA 0.936 47.6 38.4

GGA 1.021 41.0 44.1

FIG. 2. Pressure P versus volume V for SnO. Experimental
results, open circles, are from Ref. 5, whereas the triangles are
calulated within the LDA and filled circles give the GGA results.
There are two experimental zero-pressure volumes marked, one ob-
tained before pressure was applied and one after, see Ref. 5. In the
text and other captions we use an “experimental” reference volume
V0. This was chosen to be 69.578 Å3.

CHRISTENSEN, SVANE, AND PELTZER Y BLANCÁ PHYSICAL REVIEW B 72, 014109 �2005�

014109-2



electron localization functions34,35 �ELFs� we used the tight-
binding LMTO method in the atomic-spheres approximation
�TB-LMTO-ASA� as implemented in the STUTTGART code,
Ref. 36.

Integrations in k space were performed by means of the
tetrahedron method,37–39 using a minimum of 550 points in
the irreducible Brillouin zone �IBZ�. However, realizing that
the LDA/GGA underestimates the minimum gap of SnO, we
performed in several cases, for example, for the calculations
of phonon frequencies and the EFGs, additional calculations
applying a direct sampling over full bands so that the small
electron pocket in the conduction band near the M point is
not included �“semiconductor” integration mode�. This
avoids errors due to unphysical metal-insulator transitions
when the atomic positions are varied. Further, higher densi-
ties, more than 2200 points in the IBZ, were used.

III. RESULTS

This section summarizes the results obtained for structural
parameters c /a ,u, pressure-volume relations, phonon fre-
quencies, and electric field gradients.40,41

From the calculated total energies for a series of volumes
we derived the pressure-volume relations, see Fig. 2. As
mentioned earlier, the LDA leads to overbinding, in this case
by �6%, whereas the GGA, here even with reduced �
�0.60�, gives a too large equilibrium volume. Further, the
present calculations do not include contributions from the

lattice vibrations which, even at zero temperature, would in-
crease the equilibrium volume. �In fact this is also a reason
why we have chosen an “experimental” reference volume
V0=69.578 Å3 which is close to the lower of the two values
69.536 and 69.85 Å3 given in Ref. 5. The actual value cho-
sen for V0 is not very critical as long as it is in the range
corresponding to the relative experimental errors,5 6�10−4

on the volumes.� Values of zero-pressure volumes and bulk
moduli are given in Table I.

Figures 3–6 show the calculated c /a and u parameters in
comparison to the experimental5 data. In general, the calcu-
lated structural parameters agree well with experiments, but
whereas the u parameters calculated with the LDA almost
match experiments over the full volume range, the GGA re-
sults are systematically somewhat too large. Also for c /a
LDA seems to yield results which are closer to the experi-
mental values than those obtained with the GGA. In particu-
lar the GGA values differ from the measured axial ratios for
large volumes �see Table II�.

Figure 3 of Ref. 5 shows that the slope of c /a vs P
changes markedly at 5 GPa. At this pressure the volume is
64 Å3, and Fig. 4 also shows this change of slope, approxi-
mately by a factor of 2, in the experimental data when plot-
ted against volume. On the other hand, the calculated c /a
�GGA� “curve” does not reproduce the observed slope
change at 64 Å3. However, for volumes above �70 Å3 the
calculated slope is similar to what is found in the experiment.
We return to this point in Sec. IV A. A small anomaly, most
visible in Fig. 3, is found near V=57 Å3. Repeated calcula-

FIG. 3. Axial ratio as calculated �filled circles� within the local
density approximation and experimental results Ref. 5. Error bars
on the theoretical points correspond to an energy tolerance of
50 �Ry/f .u. in the optimization process.

FIG. 4. As Fig. 3, but with calculated values obtained by the
GGA.

FIG. 5. Parameter u as calculated �filled circles� within the local
density approximation and experimental results Ref. 5. Error bars
on the theoretical points correspond to an energy tolerance of
50 �Ry in the optimization process.

FIG. 6. As Fig. 5, but with calculated values obtained by the
GGA.
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tions with a very dense mesh in k space did not remove the
small step. The experimental data do not exhibit a similar
feature.

The electric field gradient usually depends sensitively on
structural details, and therefore we examined whether this
quantity in SnO would reflect the change of slope in c /a vs

P. The electric field gradient tensor V̄
¯

is calculated using the
nonspherical part �in fact, the �=2 component� of the crys-
talline Hartree potential, from which the second derivative
tensor

Vij =
�2VH,�=2

�xi � xj

is obtained �evaluated at the nuclear positions�. Denoting the

eigenvalues of V̄
¯

by Vxx ,Vyy, and Vzz with �Vxx�� �Vyy�
� �Vzz�, the electric field gradient per definition is equal to
Vzz, while the asymmetry parameter is

� =
Vxx − Vyy

Vzz
,

which lies in the range �0,1� �since Vxx+Vyy +Vzz=0�. Due to
the symmetry of the litharge crystal structure, the major axis

of the EFG tensor �“z direction”� is along the c axis, and the
asymmetry parameter � is zero.

Figure 7 shows the volume variation of the Sn-EFG cal-
culated within the GGA, but using experimental �but inter-
polated and extrapolated� u and c /a values. Maybe a change
of slope starting near V=64 Å3 can be detected and related to
the abovementioned change in the c /a variation, but other-
wise the only significant “anomaly” is found near V=70 Å3.
Tentatively, we associate this with the insulator-metal transi-
sition since the gap in the GGA band structure closes at the
volume indicated by the vertical line, see the next section.
The EFGs have been calculated42 for a series of tin com-
pounds, also SnO. At equilibrium volume, using slightly dif-
ferent structural parameters, the Sn-EFG was found to be
−16.37�1021 V/m2. Using the magnitude �Q�=12.8
±0.7 fm2 of the quadrupole moment of the excited 119Sn
nucleus from Ref. 42, our value �at V0� of the EFG corre-
sponds to a quadrupole splitting of 1.31±0.07 mm/s. This

TABLE II. Structural parameters c /a and u versus relative vol-
ume V /V0, where the �experimental� equilibrium volume V0

=69.578 Å3. The columns “expmt.” are experimental data from
Ref. 5, but after interpolation.

c /a u

V/V0 Expmt. LDA GGA Expmt. LDA GGA

0.80 1.1561 1.166 1.157 0.2814 0.2784 0.2833

0.83 1.1658 1.167 1.159 0.2743 0.2731 0.2784

0.85 1.1738 1.176 1.170 0.2697 0.2695 0.2646

0.88 1.1882 1.185 1.182 0.2630 0.2639 0.2690

0.90 1.1993 1.200 1.193 0.2588 0.2596 0.2648

0.92 1.2116 1.210 1.200 0.2546 0.2553 0.2609

0.94 1.2252 1.209 0.2506 0.2570

0.96 1.2400 1.230 1.220 0.2468 0.2477 0.2530

0.98 1.2560 1.246 1.228 0.2430 0.2429 0.2484

1.00 1.2733 1.255 1.245 0.2394 0.2386 0.2439

FIG. 7. Calculated electric field gradient �EFG� on the Sn site vs
volume �V� obtained by the GGA. The vertical line indicates the
volume where the minimal gap closes in this band structure
calculation.

FIG. 8. Frequencies of the tin modes A1g and Eg
�1� in SnO vs

pressure. The filled squares, open squares, and filled circles are
experimental data from Ref. 5. The crosses represent “frozen
phonon” calculations within the LDA using the LAPW method,
whereas similar calculations obtained by means of the LMTO
method are shown as diamonds.

FIG. 9. Calculated frequencies for the Eg
�2� mode: Crosses rep-

resent LDA results obtained by means of the LAPW method,
whereas LMTO calculations are shown as diamonds.
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agrees well with experiments,1.35 mm/s,43 and
1.335�3� mm/s.9

Zone center phonons for SnO at P=0 were calculated
within the LDA by the FP-LMTO method in Ref. 8 and by
means of the FP-LAPW method in Ref. 44. Koval et al.44,45

further used the shell model to investigate the lattice dynam-
ics and calculate the Mössbauer recoilless fraction and spe-
cific heat. We have here calculated the � modes A1g, the Eg

�1�

�tin�, and the Eg
�2� �oxygen� modes as functions of pressure.

The calculated frequencies are shown in Figs. 8 and 9. The
Sn modes, Fig. 8, are compared to the Raman data obtained
in Ref. 5. There are no experimental data available for the
Eg

�2� mode.
For the Eg

�1� mode our calculations agree rather well with
experiments considering the frequencies and their pressure
variation. The calculated pressure variation of the A1g fre-
quencies differs more significantly from the experiment. In
particular we found only a weak increase in the frequency in
the pressure range 0 to 4 GPa. For all three modes, Figs. 8
and 9, we found that the LAPW and LMTO calculations

agree quite well. Further, we also performed the calculations
using the GGA and found only insignificant differences from
the LDA results.

The LDA calculation for zero pressure by Koval et al.44

gave for A1g �=212 cm−1 and for Eg
�1� the frequency �

=113 cm−1, i.e., almost the same values as here, and also in
excellent agreement with the experimental results.5 The
LMTO values obtained in Ref. 8 were 211 and 143 cm−1, for
A1g and Eg

�1�, the latter being too high. A reason for this may
be related to difficulties in performing reliable k-space inte-
grations for SnO, even at P=0 due to the small or negative
band gap in the LDA and GGA band structures. In the
present work it was examined whether such problems could
cause the pressure coefficients calculated for the A1g fre-
quency to be too low. Therefore we repeated the �FP-LMTO�
calculations using the k-space sampling in the “semiconduc-
tor” mode �Sec. II�, but the results were not affected. Even
increasing the k-point density had no effect. Also, the frozen-
phonon distortions, minimum 16, were all sufficiently small
to exclude errors due to anharmonicity. Effects caused by
insufficient convergence in basis set size were excluded as
well. Since we also compared two quite different methods
FP-LMTO and FP-LAPW and applied both GGA and LDA
�in both schemes�, we conclude that the computational accu-
racy of phonon frequencies which we can reach for SnO with
our methods is �5%, or our model does not include all in-
teractions which influence the phonons in the real system,
the experiment.

IV. BAND STRUCTURES AND HYBRIDIZATION

Several publications have discussed the bonding in SnO
and PbO, as mentioned in the Introduction. The latest de-
tailed study by Raulot et al.10 drew conclusions which are
similar to what we find, and they also applied similar meth-
ods. Therefore, this section will contain just a few remarks
on this matter. The pressure-induced insulator-metal transi-
tion is of particular interest, and although the LDA and GGA
calculations yield too low gap values, and the experimental

FIG. 10. Calculated volume variation of the minimal �indirect�
gap in SnO. Filled circles represent the GGA calculations while the
open circles are the same calculations, but upshifted so that the gap
is 0.7 eV at the equilibrium volume �V0=69.578 Å3�. The value 0.7
eV for the experimental gap was mentioned in Ref. 7. With this, the
present calculations suggest that the gap is closed for volumes be-
low 63.6 Å3.

FIG. 11. Band structure of SnO, TB-LMTO-
ASA, LDA, at V /V0=0.94. Structural parameters
c /a=1.2252 and u=0.2506 �Table II�. The “fat
bands” illustrate the Sn-s content in the conduc-
tion bands and O-2p bands. Energies are relative
to the Fermi level.
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zero-pressure minimal gap may be ill defined, we shall nev-
ertheless argue that gap closure should occur around 5 GPa.
Section IV A concerns SnO, and in Sec. IV B we compare
the role of lone pairs in SnO and PbO.

A. SnO

The band structure calculations made for SnO at the equi-
librium volume have a fundamental gap which is zero, or
slightly negative, see below. Due to the usual “LDA gap
problem” LDA as well as GGA calculations yield too small
gap values. At equilibrium the correct minimum gap is
around 0.7 eV.7

We can infer, however, from the calculations that the gap
is indirect, the conduction band minimum being at the M
point and the valence-band maximum at �. The FP-LMTO
�GGA� calculations gave for the relative volumes V /V0
=1.05, 1.02, 1.00, 0.98, 0.96, and 0.90 the gap values 366,
101, −57,−203,−391, and −857 meV, respectively, and
these results are marked with filled circles in Fig. 10. If we
assume that the gap error in the calculation is similar at all
volumes, we obtain an estimate of the gaps Egap in “real
SnO” simply by adding 757 meV to the GGA values, 0.7 eV
�experimental gap� minus the theoretical gap �−57 meV� at
P=0. The open circles in Fig. 10 show the estimated Egap vs
volume, and the closing46 of the gap obtained in this way
occurs at V=63.6 Å3 From Fig. 2 it is seen that the experi-
mental pressure at this volume is �4.8 GPa and the theoret-
ical �GGA� around 6.1 GPa. This is in excellent agreement
with the experimental estimate5 of the gap closure pressure
�5 GPa.

We calculated, for V /V0=0.94,dEgap/d ln�c /a� to be 20.7
eV, i.e., the gap depends very sensitively on the interlayer
distance. An increase, at this volume, of c /a from 1.2252 to
1.2735 would be required to produce a �slightly� positive gap
in the LDA band structure. Such an increase, however, ex-
ceeds both the experimental and the theoretical uncertainties
in the axial ratios as well as the difference between the cal-
culated and measured values.

It was earlier, Sec. III, mentioned that the slope of c /a vs
V measured in Ref. 5 changes as the volume is reduced be-
low 64 Å3, and that Fig. 4 exhibits a similar change, how-
ever, at a larger volume �70 Å3. Considering then experi-
ment as well as theory it appears that the change in slope of
c /a and the closure of the gap occur at the same volume, or
pressure, which in “real SnO” is �5 GPa, but �0 in “GGA
SnO.” It should be mentioned the we did similar calculations
within the LDA and found very similar results.

The Figs. 11 and 12 show the SnO band structure �TB-
LMTO-ASA�. A volume V /V0=0.94 was chosen, in fact the
zero-pressure volume calculated within the LDA. At this
compression “real SnO” would still have a positive mini-
mum gap. The occupied bands are mainly of O-p character,
but we have here chosen to illustrate, by means of “fat
bands,”36,47 the content of Sn-s and Sn-p character. As shown
in the same way in Ref. 10 there is a strong hybridization
between the O-p and the Sn-s states �Fig. 11�. This shows

FIG. 12. As Fig. 11, but the “fat” bands here
illustrate the Sn-p content.

FIG. 13. �Color online� Electron localization function calcu-
lated, in a �100� plane, for PbO �equilibrium volume� in a non
relativistic approach. Low-valued contours are dark blue, the high-
est magenta. The highest value is 0.946, and the step in contour
values is 0.035.
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that the intralayer contribution from the lone pair to the
bonding is important. The second figure, Fig. 12 shows that
the occupied bands have only small Sn-p components, and
above the Fermi level where the states have a pronounced
Sn-p character, the Sn-s content is low. Again, the Sn-s lone
pair interacts with O-p, not Sn-p as a “classical” picture
would suggest �and which indeed is the case in sp3 bonded
pure �-tin�.

B. Comparison between the role of the lone pairs
in SnO and PbO

Our calculated electron localization functions for SnO are
very similar to those presented by Raulot et al.10 �same
method, same code�. We also agree with Ref. 10 in the state-
ment that the lone pair in SnO plays a more significant role
in the bonding than the lone pair �Pb-6s� in PbO due to the
relativistic mass-velocity downshift being larger in the heavy
element Pb than in Sn. Raulot et al. illustrate this by com-
paring the ELFs of SnO and PbO and observe that there is

less localization in SnO than in PbO. This reflects10 that SnO
is “the better metal,” PbO being an insulator with a signifi-
cant gap and SnO a semimetal at ambient conditions. We
shall here examine the influence of the relativistic effects in
PbO more directly, namely by comparing relativistic and
non-relativistic calculations for PbO. The latter are simply
performed by setting the speed of light to infinity in the
Dirac equation for the radial waves of the MTOs.

The Figs. 13 and 14 show the ELF as calculated for PbO
without �Fig. 13� and with inclusion of relativistic effects.
�We use the “experimental” structural parameters from Table
1 in Ref. 10.� It is seen that there is more tendency to local-
ization in the case where relativity is taken into account than
for the “nonrelativistic PbO,” compare, for example, the re-
gions below the Pb atoms. Also, the dark-blue areas, low
ELF values, are larger in the relativistic than in the non-
relativistic case. The ELF of “nonrelativistic PbO” is more
similar to SnO than to “real PbO.” This becomes even
clearer if we compare the band structures. The calculated
bands of “nonrelativistic PbO” are shown in Fig. 15. Clearly,
this band structure resembles very much that of SnO. There
is a small overlap between valence and conduction bands due
to the “LDA gap problem,” and further the hybridization
between the metal-s and oxygen-p states is also very similar
to what was found for SnO. If we, on the other hand, include
the relativistic effects it is seen, Fig. 16, that the PbO band
structure, even in the LDA, exhibits a significant indirect
gap, and simultaneously the down shift of the 6s states re-
duces considerably the hybridization between the lone pair
and the upper and central parts of the valence band complex.
This is an example of what Phillips48 called relativistic de-
hybridization effects. Other examples may be found in Refs.
49–51.

This effect is also found in pure Pb,50 where this down-
shift implies that the magnitude �cost� of the s→p promotion
energy exceeds the energy gained by formation of sp3 bond-
ing hybrids. Therefore Pb cannot form in the diamond struc-
ture, the one found for the other group-IV elements. Also, in
Ref. 50 it was shown that “nonrelativistic Pb” is quite similar
to Sn, even with respect to bond order.

FIG. 14. �Color online� Electron localization function calcu-
lated, with inclusion of relativistic effects, for PbO �equilibrium
volume� same contour values as in Fig. 13.

FIG. 15. Band structure with Pb-s fat bands
calculated for PbO in a nonrelativistic approach.
Compare to �relativistic� SnO, Fig. 11. Energy
zero corresponds to the Fermi level.
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V. CONCLUSIONS

The present ab initio calculations of the electronic struc-
ture of SnO confirm the picture of the role of the Sn lone pair
in the bonding in this compound given recently by Raulot et
al.10 and others. The lone pair is not inert, it hybridizes with
the oxygen p-states, not �much� with Sn-p. The interaction is
mainly intralayer. A comparison between relativistic and
nonrelativistic calculations for PbO showed that the bands,
electron localization functions, and the metal-s oxygen-p hy-
bridization are very similar in SnO �relativistic calculation�
and “nonrelativistic” PbO. Inclusion of relativistic shifts in
the PbO calculation reduces the hybridization, the so-called
relativistic dehybridization effect.

Although the LDA and GGA lead to too small band gap
values in semiconductors, we estimated that applying pres-
sure to SnO causes the indirect minimal gap to close around
5 GPa. The gap depends sensitively on the distance between
the layers in the litharge structure dEgap/d ln�c /a��21 eV.

The calculated structural parameters agree very well with
recent high-pressure experiments,5 in particular, for P above
5 GPa. In this regime both the “real SnO” and the “theoret-
ical SnO” �with underestimated gap� are metallic. This, and
the fact that we for volumes where the GGA gap has opened
find the same pressure coefficient for c /a as observed, indi-
cate a relation between the kink observed5 at 5 GPa and the

insulator-metal transition. Tentatively, it is suggested that the
insulator-metal transition could be observed in the behavior
of the electric field gradient �quadrupole splitting� as the ex-
ternal pressure is varied.

The theoretical A1g and Eg phonon frequencies agree
within �5% with experiments,5 but for A1g we find a
pressure coefficient which is too small in the range 0 to 4
GPa. In spite of a careful search for possible numerical in-
accuracies we were not able to explain this discrepancy. It
should be mentioned, however, that during the frozen-
phonon calculations we observed that the A1g mode couples
strongly to the electron system, especially the states at the
edges of the minimum gap. Possible consequences of this
will be the subject of further investigations.
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