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We present the first systematic ab initio study of cationic defects$iO,. Cluster models are employed to
show that the presence of cationic defects,(H™, B&#", Na", and Mg™) can have large effects on both the
structure and (hyper)polarizabilities of the material. The interaction of the proton with the cluster model
demonstrates that it is unique compared to the other group IA and IIA cations in the study.

Introduction complete lack of fundamental knowledge about their origin, we
have performed ab initio time-dependent HartrEeck (TDHF)
calculations on model clusters representing local atomic ar-
rangements in silica in the presence of various charged species
that have been detected in amorphous,SfO

In this paper we present the results of our study of the effect
on the local geometry and microscopic nonlinear optical
noteworthy sincea-SiO is a continuous random netwérk propertie§ of the qxide network in the presence of positively
(CRN) in which there should be no net dipole moment and thus charged ions. While neutral point defects, such as the 3-fold
no second-order optical response. It has been found that thiscoordinated Si/Ge atom, peroxy linkage, and atomi*fialso
optical response can be induced by seeding the fiber with a constitute the famlly of point defects found in amorp.hou.s silica,
532 nm source before irradiation with the 1064 nm ligt. it is generally bqlleved that the SHGll'n these materials involves
this case the SHG signal was induced with the same optical SPace charge field created by positively charged spéciés.
power conversion in a matter of minutes. The changes inducedFurthermore, in a previous ab initio TDHF calculation it was
by using a seed laser have been shown to be temporary, an@hown that the presence of a proton‘jrround a Si@cluster

subsequent irradiation at 1064 nm in the absence of the seed ©Xide network substantially changes the value of the second-
laser showed no improvement in SHG response time when order NLO coefficient® Therefore, the current study focuses

carried out 12 h after the initial experiment. Recently, SHG of N ihe eIfeCt of sel/eral positively charged species, H™,
infrared (IR) light has also been observed in dc electric field B&" Na', and Mg", on the structure and microscopic NLO
poled fused silica thin SiO; film,5 and in ultraviolet (UV) light ~ Properties of the oxide network.
poled germanium-doped silica fibéfs.

The observation of such phenomena from a CRN material Computational Methods
el o A ———

proposed-11for this process, though the mechanism of the SHG intensive endeavor and there are various approaches that can
generation in such optica{I fibers is not understood. It is be employed to address the problem. For the present study, we

interesting to note that the proposed mechanisms for SHG in have chosen to use model clusters to evaluate the structural and

silica-based materials range from a purely microscopic éffect optical changes induced by various potential cationic defects.

caused by point defects in the materials to a purely bulk effect In the present study, we chose to work with aGsi (Figure .
. L e - 1a) cluster to represent the local structure of a regular oxide
induced by a dc electric field created by the generation and

transport of charged speci&1® Yet another mechanism, network. Hydrogen atoms terminate the valencies of the outer

recently proposed to explain SHG in UV poled Ge-doped silica, six O atoms. Most of the essentla_l features of a regaiaio,
. A . . network are represented by this cluster. Furthermore, the
involves a combination of microscopic and bulk effects caused . - -

. ) . . selection of a moderate-size cluster, such as tp@;Sallowed
by the alignment of local fields created by charged native point us to systematically improve the basis set to the current limit
defects!! In view of the potential technological applications of Y y imp

nonlinear optical (NLO) effects in silica-based materials and a of the computaﬂonal resc_)urces. ) o
Calculations were carried out with the GAMES®b initio

* Part of the special issue “Electronic and Nonlinear Optical Materials: COMPputational chemistry software. Geometry optimizations were
Theory and Modeling”. performed at the ab initio restricted Hartreleock (RHF) level
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An important experiment on optical fibers was performed in
1986 by Gsterberg and Margulis in which second harmonic
generation occurred in a fused silica optical fibédter several
hours of irradiation with 1064 nm light, a weak second harmonic
generation (SHG) signal appeared in the visible region (532
nm) with 3% optical power conversion. This is particularly
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Figure 1. Calculated geometries for the precursor (aJ, #), Li*
(c), B (d), Na" (e), and Mg" (f) cationic clusters at the RHF level
with the 6-31G** basis set.

TABLE 1: Calculated O—X Bond Distance and Bond
Angles at Optimized Equilibrium Geometry in Cationic
Oxide Cluster

distance (A) angles (deg)

X X—0Oc X-Opmr Oc—Si-Ojr  Si—Oc—Si
precursor 113 131
Ht 0.94 2.27 105 131
Lit 2.90 1.88 101 160
Na* 2.51 2.30 98 167
Be** 1.64 1.55 82 173
Mg?* 2.07 1.97 89 148

of theory using a 6-31G** basis sEtThe NLO properties were
calculated using the TDHF methtfdaccording to the Karna
and Dupuis formulatioA? Frequency-dependent results were
obtained at a fundamental frequency of the Nd:YAG lader (
= 1064 nm).

Structure

The fully optimized RHF/6-31G** geometries for the cationic
clusters are shown in Figure 1 and can be classified in two
general categories based on the interaction of the ion with the
cluster. Table 1 contains some of the geometric data for eac
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Figure 2. Static polarizabilitiesd) for precursor cluster (P) and cation
complexes (P-X) with both 6-31G** and Sadlej basis sets.

TABLE 2: Calculated Binding Energy of Cationic Species in
a—SiOQ.

H* Li* Na* s Mg?*
au 0322017 0.104383 0.075087  0.488452 0.288210
eV 8.76 2.84 2.04 13.29 7.84

These clusters are distorted from a linear-@c—Og arrange-
ment to 137 in both cases.

The Be" ion is a particularly interesting case. It follows the
general trends outlined above, but creates the largest distortions
from the unperturbed cluster. Its small size allows a shott Be
Oc bond very similar to that of the proton, but the2 charge
causes strong interactions with the &d G; oxygens, creating
much larger distortions.

We see evidence that the coordination number for these
cations is increasing with atomic number as expected. As
previously mentioned, the proton is interacting directly with only
one of the oxygen atoms. In contrast, the lithium cation is bound
more strongly to two of the oxygens, and beryllium, sodium,
and magnesium are each interacting directly with all three of
the central oxygen atoms. It is expected that this trend in
coordination will become more pronounced in the ring systems

pProposed below.

species, with the atom labels corresponding to the scheme used The energetics for the cationic systems also shows a distinct

in Figure 1b. X represents one of the cationic species listed in
the table and, therefore, the cluster has a net charge of eithe
+1 or +2. It is also important to note that,Cand G are

equivalent positions even though the cluster as a whole possesse

no symmetry.

From the structural data we see that the proton behaves in
clearly different manner from the other cations used in the
present study. Based solely on the bond length information, we

see that the proton is bound much more closely than the other

cations and that it binds directly to a single oxygen atom,
consistent with the formation of a covalent bond. Conversely,
the other cations in the study interact with multiple oxygens in
the cluster in a mostly electrostatic manner. Also, the proton

creates the smallest distortions of the cluster from the precursor

a

difference between the proton and the other cations in the study.

We can see from the information in Table 2 that the proton has

4 times the binding energy of the other group IA cations and is
competitive with the binding energies of the group IIA cations.
Only the Bé* cation, with the advantages of small size and
high charge, binds more strongly, but the large distortions in
the geometry can be used to explain this behavior. Binding
energies for the other cations tend to decrease with increasing
size and increase with charge as expected. Again, this points to
the covalent versus electrostatic interactions that differentiate
the proton from the other cations.

NLO Properties
The initial cluster with no cation present will be referred to

geometry. The general trend is toward larger distortions of the as the “precursor” in the following discussion. The results of
Oc—Si—Oyr angle as atomic number increases. Increasing the the TDHF calculations for the precursor and cationic clusters
charge within a period leads to shorter distances from the centralare given in Table 3. NLO properties are known to be sensitive
oxygen atom (@) and larger distortions are created in the cluster to basis set quality so properties were obtained with the standard
in order to accommodate the cation. Similarly, as the size of 6-31G** basis as well as the much larger Satf#é} basis,

the cations increase from the second to the third period, so doeslesigned for polarizability calculations. Figures2illustrate

the magnitude of the distortion in the angles around 8
particular feature of the larger ions (Neand Mg") is a
distortion from planarity when viewed along the-X0¢ axis.

the relative values fom, 3, andy for the clusters as well as the
effects of basis set. For the precursor, the calculated polariz-
ability (o) increases by nearly 30% in going from the 6-31G**
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TABLE 3: Calculated Dipole Moment, x, and (Hyper)polarizablities (o, 8, y)2°

precursor P-H* P—Li* P—Na" P—Be?* P—Mg?*
6-31G**  Sadlej 6-31G** Sadlej 6-31G** Sadlej 6-31G** Sadlej 6-31G* Sadlej 6-31G**  Sadlej
] 1.0495 0.8799 0.1224 0.2053  5.0568 5.2004 5.9702 6.0047  4.9242 4.8738 8.4144 8.3181

[a(0)d 46.2749 59.7372 45.3927 57.2167 47.9327 59.2682 48.2651 59.9697 48.0858 57.5254 49.0756 59.1107
[d(w)D  46.4682 60.0181 455637 57.4477 48.1241 59.5167 48.4573 60.2195 48.2699 57.7528 49.2753 59.3553
£(0) 41.47 28.93 21.56 7.29 199.61 106.90 238.82 108.47  181.14 123.85  387.99 269.98
AiISHG  43.01 30.52 22.13 7.36 209.72 113.49  251.55 115.86  189.36 130.46  410.38 288.13
AiIOR 41.97 29.45 21.74 7.31 202.88 109.03  242.94 110.86  183.81 125.99  395.22 275.83
BIEOPE  41.97 29.45 21.74 7.31 202.88 109.03  242.94 110.86  183.81 125.99  395.22 275.83
B(0)d 1989.2 4708.4  1879.8 3471.6  2647.4 4049.2  2829.1 4181.5  2088.7 3012.9  2888.0 3701.6
pTHeO  2227.4 5448.4  2085.9 3896.3 29723 4579.1  3186.2 4739.1  2320.2 3348.9 3291.7 4197.0
EFISHE] 2103.1 5057.3  1978.7 3674.4 28025 43015 2999.3 4446.7  2199.8 31741 3079.1 3936.9
BPRO 2064.1 4936.8  1944.9 3604.8 27493 42149  2940.8 4355.6  2161.8 3119.0 30134 3856.0
BOKEQ  2026.1 4820.4  1911.9 3537.2  2697.5 4130.7 2884.1 4267.1  2124.7 3065.2 29495 3777.4

aAll a, 8, andy values are in atomic units andis in debyes? Fora 1 au= 1.4819x 10-% esu, forf 1 au= 8.629 11x 10%% esu, and for
y 1 au= 5.036 70x 107“° esu.

TABLE 4: Calculated (Hyper)polarizablities in Distorted
400 | SiO, Complex at Cation Cluster Geometry

basis set || (o (0)d £i1(0) 0)o
s00k H* 6-31G**  3.7275 47.6129  168.14  2500.2
Sadlej 3.3192  61.5920 129.23  5663.2
Lit 6-31G**  3.9087 46.7771  208.40 2169.6
Sadlej 3.5823 60.8678  113.03  5050.5
2001 Na* 6-31G**  4.1625  46.7888  187.96  2149.0
Sadlej 3.7735 60.5807 101.68  4983.1
Be2t 6-31G** 45183  49.6858  313.57  3113.9
100 b Sadlej 42933 64.2380 191.79  6481.2
—e— 631G~ Mg?*  6-31G**  5.4204  48.3301  304.13  2561.5
—o— Sadlej Sadlej 5.0350  62.5424  177.49 5637.4

a All o, B, andy values are in atomic units andis in debyes.
Conversion factors are listed in Table 1.
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Figure 3. Static first hyperpolarizabilities3) for precursor cluster (P) ~ TABLE 5: Property Change from Geometry Distortion
and cation complexes ) with both 6-31G** and Sadlej basis sets.  Alone with Percentage Change Shown in Parentheses

basis set lu| [o(0)O £1(0) o)

H*  6-31G* 2.6781(255) 1.3380(3) 126.67 (305) 511.0 (26)
Sadlej  2.4393 (277) 1.8548 (3) 100.30 (347) 954.8 (20)

—+ 631G Lit 6-31G* 2.8592 (272) 0.5022 (1) 166.93 (403) 180.4 (9)
4500 - —o— Sadlej Sadlej  2.7024(307) 1.1306 (2) 84.10(291) 342.0(7)
Na* 6-31G* 3.1130(297) 0.5139 (1) 146.49 (353) 159.8 (8)

Sadlej  2.8936(329) 0.8435 (1) 72.75(251) 274.7 (6)

5500

é Be?™ 6-31G** 3.4688 (331) 3.4109 (7) 272.10 (656) 1124.6 (57)
23500 Sadlej  3.4134 (388) 4.5008 (8) 162.86 (563) 1772.8 (38)
= Mg?" 6-31G** 4.3709 (416) 2.0552 (4) 262.67 (633) 572.3(29)

o Sadlej  4.1551 (472) 2.7952 (5) 148.55(513) 929.0 (20)
2500 - a All o, 8, andy values are in atomic units andis in debyes.

guantitative results, the figures show that this basis set seems
to yield good relative results which should allow calculations
1500 S ﬁ* L| N'a+ B‘eﬂ N;gﬂ on much larger clusters. . . . .
Figure 4. Static second hyperpolarizabilitieg)(for precursor cluster th(;l'shee Scnlj'gler::tlun;;?e;yzltlgxz Izrsgeev?(ljséﬁ:(la%nz;nﬂgg (g;l;rtry "
gF;)t:nd Cation complexes {fX) with both 6-31G™* and Sadlej basis and Mg" results. It is possible to separate the contribution
leading to differences in the optical response induced by the
basis to the Sadlej basis. For the second hyperpolarizabilitiescation into contributions due to the large change in local
(y) this increase is nearly 140% while the first hyperpolariz- geometry of the Si@unit and the electronic effects induced by
ability (8) shows a 30%decreaseThe basis set effect for the  the presence of the cation in the complex. In order to understand
optimized cation clusters is similar to those in the precursor the role the geometric changes alone play in modifying in

cluster. The polarizabilityd) increases 26% for the +cluster, (hyper)polarizabilities of the cluster systems, the optical proper-
24% for the Li* and Na clusters, and 20% for the Beand ties of the distorted clusters without the ion present were
Mg?" clusters. The second hyperpolarizabilitigifcrease by calculated and are presented in Table 4. The distorted cluster is
85, 53, 44, 48, and 28% for H Li™, Be**, Na", and Mg, defined as the original precursor cluster in the geometry of the
respectively. Like the precursor, the better basis set results in acation cluster, without the cation. The property differences
decrease in the first hyperpolarizabilities 66, —46, —32, between distorted clusters and the original precursor are found

—55, and—30%, for H', Li™, Be#", Na", and Md¢", respec- in Table 5. A particularly interesting trend is that of the first
tively. While the 6-31G** basis set does not provide good hyperpolarizability, which is very sensitive to geometry changes
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TABLE 6: Cation (Hyper)polarizablities Results?

Lit Na*" Be?t Mg?*
6-31G** Sadlej 6-31G** Sadlej 6-31G** Sadlej 6-31G** Sadlej
(o (0)d 0.0582 0.0555 0.3458 0.8126 0.0240 0.0119 0.1290 0.4222
[o(w)O 0.0582 0.0555 0.3460 0.8129 0.0240 0.0120 0.1291 0.4222
0)O 0.6498 0.8371 5.8664 2.2094 0.0225 0.0367 0.5215 0.3172
pTen 0.6527 0.8409 5.9418 2.2448 0.0225 0.0367 0.5244 0.3193
LpEFSHA 0.6512 0.8390 5.9040 2.2270 0.0225 0.0367 0.5230 0.3183
'PRIO 0.6507 0.8383 5.8914 2.2211 0.0225 0.0367 0.5225 0.3179
OKEQ 0.6502 0.8377 5.8789 2.2152 0.0225 0.0367 0.5220 0.3176

a All o, 8, andy values are in atomic units andis in debyes.

TABLE 7: Interaction Values? for the Interaction of the fairly small (2%—3%), except for the covalently boundtand

SiO; Unit with the Cation and Percentage of Total Value (in the large, highly charged Mg ion. The interaction effects for

Parentheses) the second hyperpolarizabilities are also all negative. A simple
la(0)0 B(0) y(0)d energy interpretation is that the presence of th€ charge strongly

H*  —4.3753(8) —121.94 (1673) —2191.6 (63) 211.10 attracts the electrons, making them less polarizable. The presence

Lit —1.6551(3) —6.13(6) —1002.1 (25)  73.65 of the charge has a much larger effect on the interaction first

Na" —1.4236¢2) —6.79(-6) —803.8(-19)  50.87 hyperpolarizability. An interesting result of our present calcula-

’\B/Ie?; :g'gigg ((:% _g;'gé ggig :?gggg g%lz? gzg-gg tions is that for the Mg" ion cluster A is positive. Even from
g ' ’ ' ' the other Aj results it is not possible to give a simple
2All o, B, andy values are in atomic unitg is in debyes, and interpretation, except to note that the effect is small fortie

energy is in kcal/mol. ions and large for the-2 ions. The very large value for the

) . covalent H system shows that it is very different from the other
and shows an increase of 293%56% attributed solely to the  jpnjc systems.

geometric distortion of the cluster. We note that the changes in

geometry also induce increases in the dipole moments rangingSLImmary

from 255% to 416%, which accounts for the dramatic increase

in hyperpolarizabilities. The-2 clusters had the largest distor- There are several important conclusions one can draw from

tions in geometry and the largest changes in the optical responsethis work. The present study provides clear evidence that the

For these clusters, the second hyperpolarizability changes arecluster model is appropriate for describing the local distortions

nearly an order of magnitude larger than those for the other that give rise to very large changes in (hyper)polarizability

cation clusters and change by 26%0% from those for the  values. Because the CRN afSiO; is extremely flexible, we

precursor while the increase is only 6%% for the+1 cations feel that predictions based on large local distortions of the small

and roughly 27% for Fi. The geometry changes also caused clusters presented here will be adequate for qualitative descrip-

an increase in polarizabilities for all of the clusters ranging from tions of the effects for these cationic species.

1% to 7.5%. Again, the changes for the clusters are much One important improvement needed involves testing if the

larger than thet1 clusters. cluster model is truly appropriate for these systems. Large
We can also examine the interaction of the cations with the distortions, such as those exhibited in the?Beluster, may

SiOx-like cluster by looking at the interaction properties, defined not be a physically accurate picture. The flexibility afforded a

asPinteraction= Peluster— (Plistorted cluster™ Pcation)-22 FOr example, small cluster may be too great to give an accurate picture of
the change in polarizability value due to the electronic interac- defect sites in the bulk material. In order to correct these
tion of the SiQ cluster and the cation is given o = Qnteraction difficulties, theoretical studies of larger ring systemsCaiH12)

= Olcluster — (OQldistorted cluster™ Olcation)- IN order to compute these  are currently underway. Preliminary results from these calcula-
interaction properties, the bare cation properties have beentions indicate that the local distortions of the small clusters

computed and are given in Table 6. should not be a cause for concern. Another important set of
Basis set quality is an important consideration in evaluating structures would be cagelike systems. Calculations are underway
interaction properties. For example, for the' ldluster Aa(6- on larger cluster systems, such as a 106-atom Bi@ster, to

31G**) is 1.0974 andAc(Sadlej) is —1.6551: they have  further examine the validity of these small cluster models.
completely different signs! An additional complication for Second, we see more evidence that protorss$10, behave
computing interaction properties in this manner is the effect of very differently from other cations of similar size and charge,
basis set superposition errors (BSSE). When BSSE is taken intoconsistent with the different type of bonding in this case. In
account by using the entire basis set for each fragmenteach case, the properties of the proton-related cluster contrast
calculation, the LI cluster results becomAa(6-31G**) = with the trends seen in the other cations. In addition to the optical
—0.064 53 and\a(Sadlej)= —1.7520, with the signs now in  properties of these defects, the structural information is equally
agreement. This also shows that the 6-31G** basis set has largegmportant to the development of MOS technology. Understand-
BSSE effects, while the more complete Sadlej basis exhibits ing the microscopic structure of defects involving cationic
small BSSE effects. Therefore, only the interaction values for species is an important step in understanding how to manipulate
the (hyper)polarizabilities and the energies (binding energies) the role these defects play in high-quality electronic materials.
based on the Sadlej basis set results will be presented (Tabldt is hoped that future studies of this type will yield greater
7). insight into defect mechanisms and their properties for use in
The (hyper)polarizability values for the cations (Table 6) are materials design.
all very small compared to the cluster values and thus do not This points to an area of materials design for which theory
contribute a significant amount to the interaction values. The is particularly well suited. It is now possible to study the
interaction effects on the polarizabilities are all negative but nonlinear optical properties of transition metals using compu-
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tational methods that avoid the all-electron probiéto aid in H.; Weeks, R. A.; Zuhr, R. ANucl. Instrum. Methods Phys. Res1B91
the screening and identification of optical materials. Using these 59 1304.

methods, we can investigate the properties of other cationic (13 Griscom, D. LProc. Mater. Res. Sod986 61, 213.
species for evaluation as potential dopants to be employed in (14) Weeks, R. AJ. Non-Cryst. Solidd994 179, 1.

. . . (15) Karna, S. P.; Ferreira, A. M.; Brothers, C. P.; Pugh, R. D.; Singaraju,
novel electronic and optical materials. B. B. K. Proc. Int. Soc. Opt. Engl996 2811,61.
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