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Abstract

Triplet-state electronic excitations in quartz were studied using density functional theory (DFT). By using periodic

boundary conditions, the lattice response and electronic structure relaxations can be determined in the bulk. Several

self-trapped exciton (STE) states have been discovered, in addition to the oxygen-distorted state, which was originally

predicted 10 years ago. One of these states is a silicon-distorted state that lies energetically close to the oxygen-distorted

state. The results reveal that these two major STE states are likely responsible for two distinct luminescence bands. The

luminescence energies for STE states of impurities and intrinsic defects were also determined. Ó 2000 Elsevier Science

B.V. All rights reserved.
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1. Introduction

When quartz is exposed to a low ¯ux of ioniz-
ing radiation, self-trapped excitons (STEs) are
formed [1]. Several luminescence peaks are ob-
served for the decay of STEs, with a strong Stokes'
shift from the original absorption peak. Despite,
extensive experimental studies to characterize the
luminescence spectra of quartz [2±9], the assign-
ments are not well understood. Some of the spec-
tral peaks have been assigned to extrinsic defects.
Other peaks are likely due to STE state(s) and
intrinsic defects. It has been long believed that the

self-trapping mechanism of an exciton in quartz
was due to an oxygen distortion [10]. This was
based on previous cluster calculations of an STE
state in quartz by Fisher et al. [11] that revealed a
self-trapping mechanism involving a lattice dis-
tortion to form an oxygen-distorted state. How-
ever, cluster calculations cannot reveal the role and
response of the lattice in the presence of electronic
excitations. Thus, alternative theoretical methods
are needed to determine the lattice relaxation and
electronic structural rearrangement in the bulk
structure.

In this work, triplet-excited electronic states in
crystalline quartz have been calculated using den-
sity functional theory (DFT) in a plane wave code.
A distinct advantage of DFT is that calculations
can be carried out for a 72-atom system using
periodic boundary conditions. In this way, the
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structural response of the lattice to the excitation is
captured in signi®cant detail. For example, the
excitations can lead to structures where a silicon
atom forms a backbond with an oxygen atom. In
order to capture these kind of e�ects, a cluster
model would need to include a larger number of
atoms. These backbonds are precisely like those
for the E0 oxygen vacancy center calculated by
Fowler et al. [12].

Several intrinsic STE states have been found in
quartz, some of which are signi®cantly higher in
energy than others. The oxygen-distorted STE is
found to be the most stable state relative to other
STE states. However, nearby is a silicon-distorted
state that is only 0.23 eV higher in energy. This
STE displays signi®cantly larger broken bond
character than the oxygen-distorted STE and,
consequently, has a larger volume change in its
formation. Moreover, this work shows that these
two important STE states have luminescence
bands that are widely separated.

DFT cannot be expected to give accurate lu-
minescence energies. But, it is interesting to study
trends in going from pure quartz to impurities in
quartz to compare with wave function ab initio
calculations and experiment. We have examined
the triplet excited states of Ge [13] and Al [14,15]
impurities as well as interstitial [16], vacancy [17±
20] and a Frenkel pair defect [21,22] of quartz.
This allows a direct comparison of the emission
energies of the triplet (excited) to singlet (ground)
state of each of the defect and impurity structures
for both the oxygen and silicon distorted STEs.

2. Theoretical approach: DFT

In this work, the DFT calculations were carried
out using VASP [23±26] (Vienna ab initio simula-
tion program). VASP is a plane wave DFT code
based on local-density approximation (LDA) and
generalized gradient corrections (GGC) using the
Perdew±Wang 91 functional. In addition, the ul-
trasoft Vanderbilt pseudopotential (USPP) and
spin polarization were used. The energy cuto�s
were 29 Ry for the wave functions and 68 Ry for
the augmented electron density. The Brillouin zone
of the cell was sampled only at the C-point. The

system consisted of 72 atoms made up of 24 silicon
and 48 oxygen atoms in a periodic orthorhombic
cell. Optimization of the structures was carried out
using an iterative conjugate gradient minimization
scheme.

3. Results: STEs

The starting con®guration is a perfect crystal
lattice of quartz as determined by experiment and
is shown in Fig. 1(a). The lattice constant obtained
after relaxing the con®guration using DFT is
within 1% of the experimental lattice constant. The
initial triplet-state excitation in the perfect lattice
leads to the delocalization of both the excited
electron and the valence hole. This will be referred
to as the free exciton (FE) state. The delocalization
of the electron±hole pair over the entire system is
likely due to the small system size. In a real system
the delocalization is expected to be over a small
region of the bulk material. Shown in Fig. 1(b) is
the spin density di�erence of excess spin-up, the
gray region, and excess spin-down, the green re-
gion. These were calculated using density cuto�s of
0.33 e and )0.01 e, respectively. The spin density
di�erences e�ectively indicate the locations of the
valence-hole (gray region) and excited-electron
(green region). An analysis of orbital occupation
reveal that the valence-hole is e�ectively delocal-
ized in the molecular orbital (MO) made up of the
lone-pair p orbitals of the oxygen atoms, and that
the excited electron is e�ectively delocalized on the
MO made up of the 4 s orbitals of the silicon
atoms.

The oxygen-distorted state is obtained
by pushing an oxygen atom perpendicular to its
bonds. This structure is then allowed to relax
both its electronic and ionic con®gurations to the
nearest minimum, shown in Fig. 2(a). In the
end, three oxygen atoms have moved in a simi-
lar way, indicated by the arrows in Fig. 2(a).
The spin density di�erence shown in Fig. 2(b) has
been used to verify that this is a localized exciton
state.

The orbital analysis shows that the valence-hole
is occupying a MO that is e�ectively made up of
the lone-pair orbitals of the three oxygen atoms.
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The excited-electron is e�ectively localized on the
anti-bonding MO of the SiO bond. In contrast to
the FE state of the perfect crystal, the MOs in the

conduction band have swapped such that the anti-
bonding MO has a lower energy in the oxygen-
distorted state than in the perfect lattice.

Fig. 1. (a) The perfect quartz lattice. The silicon atoms are red and the oxygen atoms are blue. (b) The spin densities due to the excited

electron (green) and the valence-hole (gray). Both the excited electron and valence-hole are delocalized throughout the simulation cell.
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Fig. 2. The oxygen-distorted STE state. (a) The Si±O±Si bonds in the lower left portion of the con®guration have been distorted with

three oxygen atoms moving approximately 0.08 nm from their original position. (b) The spin density. It illustrates the localization of

the STE. The gray is the spin density di�erence of excess spin-up and the green is of excess spin-down. The spin density di�erences

e�ectively indicate the locations of the valence-hole (gray region) and excited-electron (green region).
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The silicon-distorted state was found by push-
ing a silicon atom along one of its bonds. The
system was then allowed to relax both its elec-
tronic and ionic con®gurations. One of the SiO
bonds is su�ciently stretched to have e�ectively
broken its bond, as shown in Fig. 3(a). This silicon
forms a backbond with an oxygen forming a
structure that is very similar to the backbonded
structure [12] of the charged oxygen vacancy, or E0

center. The spin densities were also determined as
above. It was found that the excited electron and
hole are localized over two sites as shown in
Fig. 3(b).

In this case, the orbital analysis is more di�cult
to interpret. It shows that the valence-hole is lo-
calized on the lone-pairs of the oxygen with the
broken bond and apparently also on the backb-
onded oxygen. The excited-electron is localized on
the anti-bonding MOs of three SiO bonds belong
to the silicon with a broken bond and a backbond,
as well as on the remaining SiO bond of the oxy-
gen with the broken bond.

The absorption energy Ea is the energy to
promote an electron from the top of the valence
band to the bottom of conduction band and is
therefore correlated with the band gap. The band
gap determined for SiO2 is 6.1 eV, consistent with
other DFT calculations [27], but certainly not in
agreement with wave function ab initio methods
[28±30]. As stated above, DFT cannot be expected
to give accurate luminescent energies, in particular
because it cannot be expected to give accurate
band gap energies. After introducing the excita-
tion, the system is allowed to ®nd a lower energy
state as described above. The lattice relaxation
energy Elr is the energy di�erence between the
perfect crystal excited state, the FE state, and
the relaxed distorted excited states. Here again, the
lattice relaxation energies cannot be expected to be
accurate using DFT. The luminescence (or emis-
sion) energy Ee of the distorted states was deter-
mined by taking the relaxed excited state
con®guration and calculating the ground state
energy on this ®xed geometry. The system was
then allowed to relax in the ground state to de-
termine if it went back to the perfect crystalline
state. In both cases they did. The non-radiative
decay energy Enr was then determined by taking

the di�erence of the unrelaxed ground state energy
and the perfect crystal state energy. These energies
are shown in Table 1. The parenthesis indicates
that Elr is actually uphill in energy for both dis-
torted states with respect to the FE state. This is
contrary to results of small cluster Hartree±Fock
ab initio calculations of Fisher et al. [11] and it
may be due to DFT favoring delocalized states. In
contrast, the Hartree±Fock method favors local-
ized states.

The emission energies were determined for the
Ge and Al impurities, and are shown in Table 2.
The Ge impurity has two STE states similar to
those found for pure SiO2. The O-distorted state
has emission energy of 2.61 eV and the Ge-dis-
torted state has emission energy of 0.2 eV. Both
show a red shift from the pure SiO2 state, in
qualitative agreement with that observed by ex-
periment [13]. In this work, the Al impurity, that
is charge compensated by a H�, has a tetrahed-
rally coordinated Al, where one of the coordi-
nating oxygen atoms is also coordinated by the
hydrogen atom. This particular structure does not
show a STE state and no StokeÕs shift is pre-
dicted. In contrast, experiment [31] predicts an
emission energy of 3.12 eV associated with a
STE.

The emission energies of some intrinsic defects
of quartz were also determined. The defect states
included the neutral and positively charged (E01
center) oxygen vacancy, the neutral (peroxy link-
age) and charged (peroxy radical) oxygen inter-
stitial, and the Frenkel pair formed by the neutral
oxygen vacancy and neutral oxygen (peroxy link-
age) interstitial. These energies are shown in Table
3. It is interesting to note that the peroxy linkage
by itself does not show a STE state. Upon exci-
tation it dissociates and then upon de-excitation it
returns to the original con®guration with negligi-
ble emission energy. In contrast, the peroxy link-
age that is part of the neutral Frenkel pair
dissociates upon introducing the triplet excitation
and forms a STE. There are two geometric
con®gurations of the Frenkel pair peroxy linkage
that are 0.1 eV in energy apart. The excited
state structure of each con®guration is such that
the O±O bond of the peroxy linkage breaks, but
the resulting structure is di�erent in both cases.
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Fig. 3. The silicon-distorted STE state. (a) The Si±O bond in the lower left portion of the con®guration is stretched and e�ectively

broken with the silicon atom moving 0.084 nm from its original position. (b) The ®gure shows the spin density. It illustrates the lo-

calization of the STE. The gray is the spin density di�erence of excess spin-up and the green is of excess spin-down. The spin density

di�erences e�ectively indicate the locations of the valence-hole (gray region) and excited-electron (green region). Note that the lo-

calization occurs at two sites, showing strong electronic correlation of the STE.
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For the lower energy (stable) peroxy con®gura-
tion, the STE structure is just like that of the O-
distorted STE. For the higher energy (meta-stable)
peroxy con®guration, the STE structure forms a
®vefold coordinated Si. When both relaxed excited
state con®gurations are taken back to the ground
state, they converge to the ideal crystal state. It is
important to note that the STE state of the stable
neutral Frenkel pair is lower in energy than its
initial ground state con®guration. However, the
STE state for the meta-stable neutral Frenkel pair
is higher in energy than its initial ground state
con®guration. These are re¯ected in Elr of the
Frenkel pairs in Table 3.

4. Discussion

The emission energies of the two STE distorted
states appear to be widely separated. This may in-
dicate that they contribute to two distinct lumi-
nescence energies. In addition, the emission
energies for the intrinsic defects also show that they
may contribute to distinct bands that overlap those
of the STE distorted states. These calculations are
currently being supplemented by ab initio and
modi®ed DFT methods to test the results presented
here. It does appear that there are at least two, and
possibly more, STE states responsible for lumines-
cence. This is consistent with observations of broad
bands centered at di�erent energies [1].

The fact that more than one STE state has been
found indicates that the formation of defect pairs
from these states is more complex than previously
thought. Our e�orts to ®nd the transition(s) from
the STE states to a defect pair state are continuing.
In order to ®nd new mechanisms, it is important to
use a technique that does not require knowledge of
the ®nal state. An algorithm has been recently in-
troduced which does not require knowledge of the
®nal state [32]. This new method is analogous to the
mode-following methods frequently used in com-
putational chemistry, but it does not require second
derivatives of the energy and can thus be used in
conjunction with DFT plane wave calculations.

5. Conclusion

The observed luminescent bands due to the
STE states as well as to intrinsic and extrinsic

Table 3

Energies of excited defect states (in eV)

Defect state Ea Elr Ee Enr

Neutral vacancy 5.73 2.14 1.09 2.50

+1 Charged vacancy (E01) 4.91 0.33 3.12 1.46

O±O peroxy linkage (neutral) 3.62 2.29 ± 1.33

O±O peroxy radical (+1 charge) 5.77 0.91 4.14 0.72

Stable neutral Frenkel pair 3.33 3.88 3.72 3.00

Meta-stable neutral Frenkel pair 4.12 2.50 0.95 8.05

Table 1

Energies of STE states (in eV)a

Ea Elr Ee Enr

Perfect crystal 6.1 0 ± 0

O-distorted 6.0 (0.47) 3.72 2.50

Si-distorted 6.0 (0.70) 0.90 4.70

a Parentheses indicate an opposite sign.

Table 2

Emission energies of impurity states (in eV)

Impurity DFT (this

work)

Experiment Reference

Ge 2.61, 0.20 2.5 [13]

AlH 5.52 3.12 [31]

E01 center 3.12 2.72 [31]
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defects have been characterized with a DFT plane
wave calculation. We have found evidence for the
existence of more than one STE in quartz. In
particular, a self-trapped exciton with a broken
SiO bond has been identi®ed. The energy of this
broken bond con®guration lies close to the state
originally believed to be the single important pre-
cursor to defect pair formation. The existence of
additional STEs opens the possibility of alterna-
tive mechanisms for defect pair formation.
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