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Theoretical modeling of photon- and electron-stimulated Na and K desorption from SiQ
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The mechanism of generation of atomic Na and K from ,S#g@mples has been studied using explicitly
correlated wave function and density functional theory cluster calculations. Possible pathways for the photon
and electron stimulated desorption of Na and K atoms from silicates are proposed, thus providing new insight
on the generation of the tenuous Na and K atmosphere of the Moon.
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. INTRODUCTION network also becomes K& The assumption that the spe-
cies is N&" is based on previous studies that have shown
Neutral alkali vaporgNa, K) are found in the tenuous that the interaction of neutral atomic Na with the $i@gu-
atmospheres of the planet Mercury, and Earth’s Mbon. lar lattice gives rise only to a weak bondiidn the other
Recent laboratory studies provide evidence that photonkand, a neutral Na atom can interact strongly with point de-
stimulated desorption by ultraviolet solar photons is a domifects present in the structure, like a nonbridging oxygen
nant source process for alkalis in the atmospheres. For atom, NBO &Si-O'), or a Si dangling bond=ESi* or E’
perspective of the phenomena in interplanetary space, seentey. Both these defect centers have been well identified
Ref. 4. In particular, experimental results on the photon- anénd characterized in crystalline and amorphous silica. A third
electron-stimulated desorption of Na and K from a lunar bapossibility is that a Na atom is incorporated into the SiO
salt surface, and from a model system consisting of a thimattice by breaking a Si-O bond, with formation of a
film of SiO, growth on Re were reported by Yakshinskiy and =Sj-O-Na..."Si= structure. This would lead to a Si-O-Na
Madey>~’ According to these authors desorption can be ini-bonding with polar character similar to that formed by a Na
tiated by an electronic excitation at about 4 eV, this valueatom bound to a NBO center. Thus the problem is restricted
being the lowest threshold at which photon absorption resultg the analysis of essentially two kinds of bonding of sodium
in alkali metals release. It has also been observed that @ SiO,: (1) a Na' ion interacting with one or more oxygen
second excitation in the 8—11 eV energy range further genatoms of the nondefective lattic€2) a Na atom interacting
erates nascent alkali atoms. This transition has been tent@gith a NBO defect center, Si-O-Na; even if other classes of
tively assigned to electronic transitions from valence or ban@pecies like a Na atom interacting with & Sefect center
gap states in SiQ followed by electron trapping at alkali can exist, we have only briefly considered their effect. The
metal cations which are neutralized in the process and emitalculations are extended also to K in similar bonding situa-
ted afterwards. A similar interpretation has been previouslyions.
reported for the emission of hydrogen by electron trapping at
protons in silicd In this study we present a theoretical
model based on the interaction of Nand Na with regular
and defect sites of silica. In particular, we focus on the tran- In order to study the possible generation of atomic Na and
sition energies associated with the Na species incorporated K from SiO, samples we have employed embedded cluster
the lattice and on the mechanisms that can lead to a releassodels together with both wave function and density func-
of Na atoms under irradiation. To this end we have pertional theory methods.

Il. COMPUTATIONAL DETAILS

formed highly sophisticatedb initio quantum chemical cal- Cluster models were cut from the-quartz structure
culations for the ground state and excited states of the sysvhere the O-Si dangling bonds are further saturated with H
tems under consideration. atoms, which provides a simple embedding representing the

In order to model such a complex system as that repremechanical constraints associated with the presence of the
sented by Na atoms incorporated at the surface of silicaest of the solid matrix. This kind of embedding and the
structures one has to make some assumptions about tletusters themselves have been found to be reasonable models
bonding mode of the Na atoms or ions with the lattice. Inwhen compared to larger structures and quantum mechanic—
particular we have considered two cases, both based on teolecular mechanic€QM/MM) calculations® Two models
hypothesis that the active species involves"Naut in two  have been explored: the first one represents the regular sur-
different environments in the silica lattice. In the first model, face while the second one is representative of one of the
Na* is directly interacting with a regular O site. The secondmost common point defects in silica samples when produced
one is based on the idea that what is actually incorporated i; O, excess atmospheres, the nonbridging oxygen NBO
neutral Na that upon interaction with defect sites of the,SiO center, where a Si-O link is lost. The models employed are
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space contains 4 electrons and 10 molecular orbitals, with a
total of 825 configuration state functions. For the TDDFT
calculations we have employed the same basis set as in the
optimization processes and we have determined the lowest
roots (or energy transitionswith the proper character.

IIl. RESULTS

The results for a series of cluster models of Sg0ntain-
ing different alkali atoms and cations are presented as fol-
lows. First, we consider the properties of the ground state
and we discuss in particular the bonding mode and the sta-
bility of the models described above. In a second step we
consider the local excitation energies associated to these sys-
tems. Finally, we describe possible mechanisms which can
lead to the release of Na or K atoms under the effect of
irradiation. This has been done by studying the potential en-

FIG. 1. (Color onling Adsorption of alkalis at regular and defect ergy curves fpr the interaction O.f the alka!l atom with a given
sites of SiQ. Regular sites, on the left column, are represented b)pondlng site in the glround and in the excited states. From the
a two tetrahedratop) and three tetrahedrébottom) model. The ~Shape of the potential energy curves one can deduce the ef-
nonbridging oxyger(NBO) defect models are shown on the right ficiency of the process for alkali detachment from the silica
column with three and four tetrahedf@p and bottorn models. lattice.

the same as in previous papéis 2-tetrahedra model to rep-
resent the regular surface and a 3-tetrahedra cluster to model
the NBO defect! In both cases these models have been In Table I, we report the structures and geometries for
further complemented by a 3-tetrahedra madi@l the regu-  different Na(K)-SiQ models. The bonding of Naand K"

lar surface and a 4-tetrahedra model for the NBO defect, toto the clusters is on the order of 3 eV (Naand 2 eV (K"),
carefully analyze the effect of the embedding employed andvhere the different stability is essentially connected to the
the fact that the metal atom can interact with several oxygenkarger dimension of Ksee for instance the longer K-O dis-
on the substrate, see below. The optimization of differentance, 2.6—-2.7 A, compared to the Na-O distance, 2.2 A
structures has been carried out within the density functionaFor both ions, the interaction is not restricted to a single O
theory (DFT) employing B3LYP as the exchange-correlation atom, but involves 2 or 3 bridging oxygens in the structure;
functional'**® During the optimizations the terminal H at- see Fig. 1. The bonding is largely due to the polarizing effect
oms are kept fixed to simulate the existence of the solicf the cations on the lone pair orbitals of the O atoms, with

A. Geometries and binding energies

matrix. The basis set employed has been 6-3%6Gr all little charge transfer from oxygen to the alkali cation. The
atoms in the model. The structures for the alkali-NBO andinteraction of neutral Na or K with a NBO center arises
alkali-regular surface are shown in Fig. 1. largely from the coupling of the unpaired electrons, one in

The study of stimulated desorption has been performethe O(2p) states and one in the alkals orbital. The bonding
with two different methods: Time dependent density func-is largely localized, and a substantial polarization of the elec-
tional theory (TDDFT) (B3LYP functiona) and a method trons towards oxygen allows one to classify the bonding as
derived from second order perturbation theory applied to a=Si-0° -M?*. This charging can be seen from the values
complete active space self-consistent field wave functiof the Weinhold chargeS The reason to select Weinhold
(CASPT2. These techniques were previously employed tocharges instead of the standard Mulliken charges is that the
study spectroscopic features of defects in Si®'® The former are more stable with respect to the atomic coordina-
electronic transition between the ground and the first singletion number and the extension of the basis set, two key is-
excited state has been studied at the state average CASSEkes in the present calculations. As shown in the Table I,
(SA-CASSCH/multistate CASPT2(MS-CASPT2’ level.  charges on the alkalis are in all cases positive and large,
MS-CASPT2 method is an extension of the CASPT2 treatmore than 0.8, showing that in both models the alkalis are
ment, able to correctly treat quasi-degeneracy situations. Ipresent on the surface as cations.
these calculations, atomic natural orbitéANO) basis Very similar results have been obtained with thg, BT
setg®!? have been used with the following contraction cluster models of the regular surface and tie 8T model
scheme:[4s/2s] for H, [14s9p4d/4s3pld] for O and of the defective surface. Therefore we have employed only
[17s12p5d/5s4pld] for Na and Si, and finally the simplest models to perform the CASPT2 calculations,
[17s12p4d/6s5p2d] for K. The active space contains the ns which are much more time consuming than the TDDFT ones.
alkali orbital[n=3(4) for Na(K)], the occupied @ orbitals A final technical aspect is that since the strength of the bond
of the nearest oxygen atom to the alkali and their correis large we have not included basis set superposition error
sponding virtualp andd counterparts. Therefore, the active effects since they will not change our description.
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TABLE I. Geometries for Na and K adsorbed ot 2nd 3T clusters(regular surfacg and 3T and 4T
(defective surfacesand the corresponding binding energigg.stands for the distance in A to the nearest O
atoms. Binding energies, in eV, for detaching*T\(aC) and Na(K) from the models are included;, stands

for the Weinhold charges on the alkali metals. {BEands for ionic asymptote: regutaalkali* or NBO™
+alkali*; BE" stands for the neutral: NB®alkali asymptote.

2T 2T 3T 3T 3T 3T 4T AT
regular regular regular regular NBO NBO NBO NBO

Na* K* Na* K* Na K Na K
do 2.212 2.693 2.196 2.595 2.208 2.461 2.199 2.448
do 2.381 2.736 2.348 2.671 2.260 2.704 2.242 2.673
do 2.448 2.796 2.462 2.681 2.304 2.791 2.393 2.883
do 2.472 2.747 2.392 2.796 2.462 3.013
BE 2.92 1.96 3.19 2.27 7.55 6.38 7.10 5.92
BE" 5.25 5.00 4.56 4.31
am 0.96 0.98 0.93 0.97 0.88 0.95 0.87 0.95

B. Transition energies and excited state profiles ton (STE). The results are close to the band gap for CASPT2

In the experiments there are two strong bands associatétd less accurate for TDDFT showing how well silica prop-
with the stimulated desorption of alkali atoms adsorbed org'ties can be reproduced with the present approach. It should
the silica network. One of the bands is alkali dependent an@€ kept in mind that CASPT2 results have been obtained
the onset for desorption arises at about 3.5 to 4 eV for K andvith the smallest possible CAS and therefore could be fur-
Na, respectively, while the second one seems to be less déher improved if necessary.
pendent on the nature of the metal and maximizes at energies In Table Ill we report the transition energies for the metals
of about 9 eV, this is in the same region where the conducadsorbed on different SiOsites. Together with the energy
tion band is placed for these materials. In fact, this secondequired to reach the excited state, denoted aswe report
band has been suggested to be related to internal conversioii® oscillator strength between ground and excited sfate,
in the material in the sense that a transition across the bardlearly, the intensity of the photon adsorption, and conse-
gap can deactivate through the desorption of an alkali atomyuently of alkali emission, is proportional to this oscillator

To better assess the reliability of the present theoreticadrength.
models we have computed some test values as reported in Qur calculations seem to indicate that the first absorption
Table Il. In particular we consuderet_d th_e ionization potentialpgnd observed in the lower energy range could originate
(IP) of Na and K, the firshs—np excitation energyJ., and  om electron transfer from the NBO oxygen to the alkali
the estimate of the band gap in $iGomputed as the first  a45) when this is bonded to a defect on the material. As

singlet to singlet transition in our cluster model constitutedg,,\vn by the experiments this transition depends strongly on

by two tetrahedra. The results are generally satisfacto% ; o ;
: . e alkali atom and it is lower for K. When comparing both
showing that both TDDFT and CASPT2 provide values close[ pes of calculations, TDDFT and CASPT2 valulc)es, tr?e tran-

to the experimental ones. The band gap is underestimated ion energies differ by about 1-1.5 eléee Table IV.

TDDFT, a feature which is not surprising given .the well These energy differences have several origins. One is the
known problems caused by electron self-interactions. Furﬁmited inclusion of correlation effects in CASPT2, due to

the_rm_ore, the small clusters used dq not allow a proper Ole50th a limited active space and the need for larger basis sets
scription of the valence and conduction bands of the system hen massively including correlation. On the other hand

Due to the use of cluster models our estimation of the band -+ may suffer from typical underestimation of high-
gap is done through the calculation of the self-trapped eXc'énergy transitions due to the too low prediction of the band
gap in the materiat* Again this problem is connected to the
Coulomb self-interaction energy.

With respect to the second band, observed in the energy
range of the band gap of the material it has been assigned

TABLE II. lonization potentials(IP), first transition energies,
T, and band gap energie, ; all the results are in eV.

System TDDFT(B3LYP) CASPT2 Experiment to the transference of an electron from the valence band of
IP (Na) 5.40 4.97 5.12 silica to the conduction band that afterwards can result in Na
IP (K) 4.48 4.08 4.3% emission. The calculations show that the high energy band
T. (Na) 226 1.99 210 involves a transition from any O nonbonding state to the
T, (K) 167 1.48 1.6 adsorbed N& or K* species. According to the values in
E, 74 815 86-83 Table Il the energy needed for the transition is quite inde-
pendent of the nature of the metal atom and appears at much
aReference 20. higher energies than for defects, close to the band gap values.
PExperimental band gap, Refs. 21 and 22. Again TDDFT estimates are much lower than CASPT2 val-
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TABLE lIl. Vertical transition energiesT. in eV, and oscillator strength,for 2T and 3T models of N&
bound to the regular SiCsurface and for Band 4T models of neutral Na bound to a NBO defect center of
SiO,. Only transitions bearing enough intensity are reported. For TDDFT the lowest two transitions are
reported,T.; and T,,, together with the corresponding oscillator strengfhsand f,. (For a Si dangling
bond the onset of adsorption is at 2.8 eV with an oscillator strength=d#.0390 for Na, and 2.4 eV and
f=0.0544 for K)

2T 2T 3T 3T 3T 3T 4T 4T
reg. reg. reg. reg. NBO NBO NBO NBO
Na* K* Na* K* Na K Na K
CASPT2
Te, eV 8.7 8.9 5.6 5.3
f(10°2) 3.53 3.79 4.16 2.26
TDDFT (B3LYP)
Te1, €V 7.1 7.1 7.2 7.3 4.4 3.8 4.5 3.9
f,(1072) 1.41 1.45 1.16 1.53 1.69 2.22 111 1.70
Ter, €V 7.3 7.4 7.6 7.4 5.5 5.2 5.2 5.2
f,(1072) 4.35 1.89 2.87 1.49 1.69 1.40 1.76 1.11

ues. Still, they suggest that the second band can be assoof multiply coordinated sites the situation is somewhat more
ated with a band gap excitation which transfers one electronomplicated and one should explore the potential energy sur-
to the adsorbed cation. Even more, it has been shown befofaces in the excited state. However, from the preceeding dis-
that the ability to determine excited states through TDDFTcussion one can assume that the nature of these potential
schemes depends on the transition energy and the quality ehergy surfaces is repulsive for all directions representing a
results decays when considering higher excited states, in thatotion of the alkali atom outwards from the surface.
case both the excitation and the self-trapped exciton appear We start by considering the high energy process corre-
at very similar energie¥' It should be mentioned that this sponding to release of alkali metals for energies about 9 eV.
transition corresponds to the creation of a localized hole in &Ve have seen before that this process involves a charge
2p nonbonding orbital of a bridging oxygen atom. The re-transfer from the O(R) band to the Na with formation of a
sulting paramagnetic center is known as a self-trapped hol&TH and a neutral Na atom. These curves are reported in
STH (=Si-O'-Si0O=), and has been carefully characterizedFig. 2 as calculated for the interaction of Navith the regu-
by both EPR experiments and theoretical calculatfdrs. lar surface studied with the 2-T model. The ground state
A key problem is to determine if photon absorption in theshows a bonding character, and can be described as)(SiO
process described above can cause the release of free Naxo(Na*); the excited state, schematically (SiNa), is
K atoms. This can be done by exploring the potential energyurely repulsive and lies about 8 eV above the ground state.
surfaces, or a suitable section, of all the different states inThus, the excited state (RI)a+(Si02+) is such to generate
volved. For these studies TDDFT is not well suited since itnascent N% atoms by adsorbing photons of about 8—9 eV.

has problems in the description of the asymptotes when calfhjs is quite similar to the observed structure for thé H
culated as supermolecule, because of the use of a single de-

terminant in the Kohn-Sham formulation. Therefore, in order 15.00 -
to study the shape of the excited states we have employed th \
CASPT2 description of the potential energy surfaces for the 18001 \ S1,0,Hq(+)—Na
ground and excited states of the models described before 11.00 A /
which depend only on the coordinate that controls the sepa 9.00 4 S~
ration between the SiOand the alkali metal atom. For g ey, | T
singly-coordinated adsorbates, the initial force ejecting the 7.004
desorbing ion or atom is along the bond direction. In the case 5.00 - .
>0 / S1,0,H—Na(+)
TABLE IV. Tentative assignment of observed bands; all the en-
ergies are in eV. 1,001
-1.00 -
Experiment Assignation TDDFT CASPT2 1.00 1.50 2.00 250 3.00 3.50 4.00
4 Na-NBO 4.4 5.62 d(A)
3.5 K-NBO 3.8 5.30
10 Na" regular O 7.2 8.7 FIG. 2. Potential energy curvé€ASPT) for the ground and
9 K* regular O 7.3 8.9 first excited states of a Nacation bound to a regular site of the
SiO, surface.
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S1;,0,,H,(-) — Na(+)

12.00 -
10.00 - S1;0,0H; — Na
8.00
6.00 - FIG. 3. Potential energy curvé€ASPT2 for
E(eV) """""""""""""" the ground and lowest excited states of a Na atom
bound to a NBO defect center of the SiGur-
4.00 1 face.
2.00 .
Si;0,,H, — Na
; 371047
Sl3010H7(‘) — Na(+) 7
0.00 I I 1 I
0.0 5.0 10.0 o0

d(A)

+ SiO, system; however in that case, due to the high value ostimulated desorption, the desorbing Na and K atoms are
the hydrogen ionization potential, the two diabatic curveshermally “hot,” with kinetic energies of order 0.1 €\
cross® qualitatively this is consistent with the profiles reported in
The second process is that involving a Na atom bound téig. 2 and Fig. 3. This means that the excited state lives
a defect like the NBO centezx=Si-O-Na. Here the situation enough time so Na with 0.1 eV kinetic energy can travel far
is more complicated. The ground state has a significant pol&nough for the adsorbate-surface bond to br@ak) in ap-
character and can be described as Si-®la’". There are pProximately 0.1 ps. Thus, an excited state lifetime longer
several transitions associated to this center, but only transthan 0.1 ps is adequate for desorption to occur. Of course, the
tions which correspond to a charge transfer from oxygen tdletailed shape of the potential energy curves in the Franck
Na (or K) have sufficient intensity. Therefore, in the follow- Condon region will determine the exact dynamics.
ing discussion we concentrate on the ground state and on the The lifetime of the excited state, depends on the oscil-
charge-transfer exited states which lead to ==gj-O)  lator strength as follows:
+(N&°) structure. These two excited states correspond to
charge transfer processes to the N&)(8mpty state from 7=1.499[ AE?* f], (1)
two differentp orbitals of the same oxygen defective center.
The curves are shown in Fig. 3. At low Na-Si@istances WhereAE is the energy difference between ground and ex-
where the minimum occurs for the ground state the transitiogited state in cm*, andf(r) is the oscillator strengtf’. Us-
to the excited state takes place. The excited state is repulsiveg for AE=7.3 eV (58881 cm’) and f=1.53x10 2, see
in nature thus pushing the neutral metal atom far away fronTable lll, one obtains a lifetime of 28 ns. Moreover, the order
the lattice. At larger distances, about 10 A, a complex are@f magnitude of the lifetime of the excited state is more or
exists with(at least two avoided crossings between the ex-less the same with various methods and clusters. Therefore,
cited states and the ground state. The coupling constants @ur data support the view of an excited state which lives long
this point are quite small since the energy difference betweegnough to allow the Na atom to dissociate.
the curves is very small in this region. Therefore, at infinite ~From the calculations above it seems as two different al-
distances the metal is neutral. The irregularities in the excite#ali related structures, both involving Ria are responsible
state curves in the range from 2 to 4 A in Fig. 3 observed fofor each transition. The threshold feature, at 3—4 eV, is likely
the excited states are due to the fact that an avoided crossitg be due to NBO but the band at 9 to 11 eV is due to the
occurs between the two excited states. In fact, this kind ofransition from O(3) valence band orbitals to Ka(3s). In
profile could be quite general since several states might lathe case of adsorption on the regular site the lowest transition
in the same energetic region because similar O atoms exist is from the O(2) valence band to the N&(3s) empty
the network. These avoided crossings may introduce sma#itate, and after the transition Na can desorb; this happens at
wells and tiny barriers in the excited states. However, ouroughly 7 eV for TDDFT and 9 eV for CASPT2. For the
accuracy prevents us from being more definitive at this pointNBO there is a local charge transfer from O of NBO to
The final aspect that needs some clarification is related tdla’* (3s) also leading to desorption. However, in the NBO
the dynamics of the system, that is, the possibility of releasease this is only the first transition since at higher energies an
ing Na or K after photon or electron irradiation. This would extra band with the characteristics of the band at 7-9 eV
imply that the nuclear relaxation following the vertical exci- should also be present. We have computed these transitions
tation is extremely fasfnonradiative decgy and can lead to and found that the onset of the second band appears at 6.7
bond breaking before decay from the excited state to theV, which is rather close to the 7.1 eV value found with the
ground state. In fact, from measurements of electronfegular model. For this peak at high energy a larger intensity
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is observed-’ Interestingly enough, for the high energy this case the key question is the number of these centers
peak there are many possible excitations with @(& Na" present on the as-grown material. The model system consists
character in this range of energy, all with transition probabil-of stoichiometric SiQ and it is less likely thaE’ centers
ity similar to that found for the N&-NBO case. All these play an important role in the process.
excitations would contribute to the intensity observed for the Assuming that the concentration of NBO defects is sulffi-
high energy peak; they outnumber the possibilities leading te@iently large or that N& is in the form of a silicate, the
the energy peak at 4 eV because there are more regular @esent calculations predict a threshold for alkali emission in
sites coordinated to Na, at les&&0O atoms, than the single O agreement with experiment. This is because no excitations
coming from NBO. In practice, what we call NBO, with lower energy than approximately 3 eV for K and 4 eV
SiO’"Na’", is the same kind of bonding one can find in for Na are observed.
silicates. In this respect, the model of NBO is valid both for ~The resonantlike peak at 9—11 eV can be related to a
a point defect of Si@ as well as for the presence of direct or indirect excitation from the O@@ band to intersti-
[SiO,]*~ tetrahedra bound to Naions. In this case in fact tial cations. Notice that since there are several of these oxy-
the excitation will take place from the SiOunit, and will  gens around the alkali atom a larger intensity is expected.
occur at a lower energy than transitions involving the @(2 For both N& at a regular site, and for alkali cations bonded
valence band states. The reason why both transitions hate NBO we have found a transition which is rather close to
been calculated with two different models was just for com-this value(considering the problems of TDDFT with band
putational convenience. Actually, the same’Naan be re- gap.
sponsible for both transitions, and depending on the local In summary, for the band at high energy, a @j2to
environment, alkalis can be desorbed starting at 3 eV or at 8la* (3s) (or K) transition is involved. This transition is in-
to 11 eV. dependent of the alkali in agreement with experiment. Notice
that this transition is found for the two models considered in
IV. DISCUSSION AND CONCLUSIONS the present work: Nainteracting with a regular O site of the
] o lattice and for Na trapped at a NBO site. In the second case,
From the ESD and PSD experiments it is seen th&t Nathe trapped Na species is also strongly positively charged
can be produced from charge transfer excitations from, SiO5nd due to the undercoordinated O attilve NBO centera
to the unoccupied Nas3orbital. In fact, calculations show |oca| excitation of similar characteristics appears at rather
that the first transition is found at energies around 4 eV. Thigower energy and is associated with the threshold found in
excitation is local, and involves a Na atom bound to a defecne experiments. Finally, the lifetime of excited states is large

center like a NBO. The bonding of Na to NBO is strongly enough to allow the desorption of “hot” Na and K atoms.
polarized towards the terminal O atom, and Na can be de-

scribed as a nearly full cation. The local charge transfer from
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