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We revisit a dangling theoretical question of whether the surface reconstruction of the Si(100) surface
would energetically favor the symmetric or buckled dimers on the intrinsic potential energy surfaces
at 0 K. This seemingly simple question is still unanswered definitively since all existing density func-
tional based calculations predict the dimers to be buckled, while most wavefunction based correlated
treatments prefer the symmetric configurations. Here, we use the doubly hybrid density functional
(DHDF) geometry optimizations, in particular, XYGJ-OS, complete active space self-consistent field
theory, multi-reference perturbation theory, multi-reference configuration interaction (MRCI), MRCI
with the Davidson correction (MRCI + Q), multi-reference average quadratic CC (MRAQCC), and
multi-reference average coupled pair functional (MRACPF) methods to address this question. The
symmetric dimers are still shown to be lower in energy than the buckled dimers when using the
CASPT?2 method on the DHDF optimized geometries, consistent with the previous results using
B3LYP geometries [Y. Jung, Y. Shao, M. S. Gordon, D. J. Doren, and M. Head-Gordon, J. Chem.
Phys. 119, 10917 (2003)]. Interestingly, however, the MRCI 4+ Q, MRAQCC, and MRACPF results
(which give a more refined description of electron correlation effects) suggest that the buckled dimer
is marginally more stable than its symmetric counterpart. The present study underlines the signifi-
cance of having an accurate description of the electron-electron correlation as well as proper multi-
reference wave functions when exploring the extremely delicate potential energy surfaces of the

reconstructed Si(100) surface. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4807334]

. INTRODUCTION

The Si (100) surface has been a subject of both exper-
imental and theoretical studies for many decades because
of its chemical properties and its use in the production of
semiconductors.!® With the size of semiconductor devices
decreasing, an accurate understanding of its surface becomes
more important. Although many theoretical and experimental
studies have been reported, it is still controversial whether the
surface is preferentially symmetric or buckled at low temper-
atures (<100 K) where entropic effects are minor.

From the experimental point of view, the configuration
of silicon (100) surface has been an interesting question after
Schlier and Farnsworth first reported the dimerizing charac-
ter of two silicon atoms on the silicon (100) surface.” Spec-
troscopy and STM experiments suggested that the most sta-
ble configuration of silicon (100) surface around 100 K is
the c(4 x 2) arrangement in buckled structure.'%13 In 2000,
however, the STM and AFM measurements indicated the
p(2 x 1) symmetric image below 80 K.%'%1® Also, LEED
measurements below 40 K reported the same structural
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change.!” However, the latter symmetric structures were at-
tributed to the tip-surface interaction in STM that modifies
the image from buckled dimers to symmetric, and it seems
to be a consensus that the most stable dimer configuration at
low temperatures is the buckled c(4 x 2) arrangement. An-
other AFM study at 5 K and LEED study below 40 K also
suggested the buckled c(4 x 2) arrangement as the ground
state. !4

In theoretical literature, generally, Hartree-Fock (HF),
density functional theory (DFT), and quantum Monte Carlo
(QMC) predicted the buckled structure to be the lowest en-
ergy minimum, while the second order perturbation the-
ory (MP2), multi-configurational self-consistent field (MC-
SCF), multi-reference configuration interaction (MRCI), and
multi-reference second order perturbation theory (MRMP2)
optimizations suggested the symmetric structure to be the
global minimum.'¥2¢ The CCSD(T) and MRMP2 geom-
etry optimizations for one dimer Si-cluster (SigH;,) have
predicted its structure to be symmetric.>?> A recent study
using the unrestricted density functional theory (UDFT) with
B3LYP functional showed that both symmetric and buck-
led minima exist, although the energy of buckled configu-
ration was marginally lower than that of the symmetric by
1.40 kcal/mol per dimer for a three-dimer cluster model.?

© 2013 AIP Publishing LLC
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A more recent occupation restricted multiple active space
(ORMAYS) study of cluster models for silicon (100) surface
also suggested that the distances between dimers are too far to
cause the interdimer interactions, which would make the sym-
metric structure the ground state.”’” Lampart and co-workers
applied various wavefunction based multi-reference calcula-
tions on the Si,Hy and SiyHg cluster models. In their study,
CASPT3, multi-reference average quadratic CC (MRAQCC),
and MRACPF calculations favor the buckled structure by 1.1-
1.4 kcal/mol per dimer. They suggested that the dynamic cor-
relation effect not covered in CASPT?2 calculation is critical
to explore relative energetics of symmetric and buckled struc-
ture of Si (100) surface.?®

Since there has been no consensus on the lowest en-
ergy surface structure between density functional vs. cor-
related wave function-based calculations, in this paper, we
revisited the structure of Si (100) surface using the latest den-
sity functional, XYGJ-0S,? that approaches the chemical ac-
curacy of 1 kcal/mol in predicting the reaction energies and
activation barriers and also gives geometries comparable to
CCSD(T).?° With the help of XYGJ-OS analytic gradient re-
cently developed in our group,’® in this work we perform the
geometry optimization for one-, two-, and three-dimer clus-
ter models of Si (100) using XYGJ-OS. It is also important
to emphasize that, although XYGJ-OS shows a promising ac-
curacy for various molecular properties, silicon dimers have
significant diradical character with ~35% of electrons occu-
pying the lowest unoccupied molecular orbitals (LUMO).?*
Since XYGJ-OS is not guaranteed to describe multi-reference
character by its construction, the effect of including multi-
reference character should be assessed. For this purpose, com-
plete active space self-consistent field (CASSCF), CASPT2,
MRCI(+Q), MRAQCC, and MRACPF energies are cal-
culated for XYGJ-OS optimized dimers. These values are
compared with corresponding single-reference methods, HF,
MP2, CI(+Q), AQCC, and ACPF, to investigate how the
multi-reference character affects relative energetics. In this
paper, we use CI to refer to CI singles and doubles (CISD).

This paper is organized as follows: Sec. II describes dou-
bly hybrid density functional calculations and results, while
Sec. III describes the wave functions based single- and multi-
reference calculations and results, and finally Sec. IV gives a
summary of our findings.

Il. DOUBLY HYBRID DENSITY FUNCTIONAL
CALCULATIONS

One- (SigH1»), two- (SijsHj), and three-dimer (SixoHjy;)
cluster models were used to represent the structure of the
Si (100) surface. The XYGJ-OS geometry optimization was
performed with the 6-3114+G(3df,2p) basis, starting from
(U)B3LYP/6-31G(d) optimized geometries (see Ref. 25). Us-
ing these structures we calculated single-point energies for
three additional doubly hybrid density functionals (DHDFs):
B2PLYP*! ®wB97X-2,*> and XYG3.** All DHDF calcula-
tions were performed using Q-CHEM.** The XYGJ-OS/6-
3114+G(3df,2p) optimized structures were also used as start-
ing points for the multi-reference calculations described in
Sec. III.
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FIG. 1. Three-dimer cluster models (SizoHz;). Upper shows the buckled
structure and lower shows the symmetric structure, both optimized at XYGJ-
0S/6-3114+-G(3df.2p).

According to Yang and Kang’s work, choice of dimer
size and geometric constraints is of significance in describing
potential energy surface of silicon dimers.*> A single dimer
cluster model is not large enough to obtain correct ground
state energies and geometries, while two- and three-dimer
cluster models showed a good agreement with the five-layer
slab model.>>* Following this conclusion, we optimized
up to three-dimer cluster model without any constraints.
Figures 1(a) and 1(b) represent buckled and symmetric struc-
ture of 3-dimer cluster models (SigH»;) used in our study.

The XYGIJ-OS energy expression involves Kohn-Sham
orbitals, which can either be generated using a spin-restricted
approach (B3LYP) or alternatively a spin-unrestricted ap-
proach (UB3LYP) (Table I). Table I summarizes the energy
difference between the restricted and unrestricted approach.
All DHDF calculations show that restricted solutions are more
stable than unrestricted solutions. Our earlier study of the
silicon dimers found the UB3LYP solution to indeed exist
and be lower in energy than the B3LYP solution, the spin-
unrestricted solution was, therefore, preferred in a variational
sense.”> However, in the present study we find that using
spin-restricted Kohn-Sham orbitals yields a lower XYGJ-OS
energy when additionally considering the perturbative cor-
relation effects. The same behavior was observed for other
DHDFs considered here. We, therefore, used spin-restricted
Kohn-Sham orbitals.

TABLE 1. Energy differences between the spin-restricted and spin-
unrestricted solutions, along with (S?) values for the unrestricted solu-
tions. Calculations are performed with four DHDFs/6-3114G(3df,2p) on the
B3LYP optimized symmetric geometry. Positive AE means the restricted so-
lution is more stable (AER->u = Bunrestricted — Erestricted)-

B2PLYP wB97X-2 XYGJ-OS XYG3 (U)B3LYP?

AEg..y (kcal/mol)  6.10 5.76 5.04 425 —-2.01
(S%) 1.42 1.64 0.77 0.77 0.81
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TABLE II. The energy difference per dimer between the buckled and symmetric configurations (AE/dimer)
calculated using various DHDFs on the XYGJ-OS/6-3114-G(3df,2p) optimized geometries. Values in parentheses
are based on the single point DHDFs/6-311+G(3df,2p) calculations using the (U)B3LYP optimized geometry in

Ref. 25 (AE = Egym — Epuck)-

AE/dimer (kcal/mol)
B2PLYP wB97X-2 XYGJ-0S XYG3 (U)B3LYP®
1-dimer 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.00 (0.00) 0.05
2-dimer 1.00 (1.49) 1.45 (2.17) 0.42 (0.72) 0.62 (0.93) 0.74
3-dimer 1.84 (2.21) 3.66 (3.03) 1.49 (1.39) 2.27 (1.63) 1.40

Table II shows the energy difference between the buck-
led and symmetric structure per dimer for XYGJ-OS and
other DHDFs for one-, two-, and three-dimers at the XYGJ-
0S/6-3114+G(3df,2p) optimized geometry. We also included
the single-point DHDF/6-311+4G(3df,2p) energy calculations
on the previous (U)B3LYP/6-31G(d) geometries.” Positive
value means that the buckled structure is lower in energy. Like
most existing DFT results, DHDFs favor the buckled struc-
ture. As the number of dimers increases, the buckled structure
becomes more stable compared to the symmetric structure, in-
dicating significant inter-dimer interactions within these den-
sity functionals. Although all DHDFs calculations show the
similar trend, for XYGJ-OS and XYG3, increasing the dimer
size from two to three increases the relative stability of the
buckled structure by a factor of 4. Table II also shows a ge-
ometry dependence (XYGIJ-OS vs. B3LYP geometries) of the
relative stability up to 0.64 kcal/mol per dimer.

lll. WAVE FUNCTION BASED CALCULATIONS
(SINGLE- AND MULTI-REFERENCE)

The DHDFs used in this study were not designed with
static electron-electron correlation in mind. It is, therefore,
essential to investigate the effect of the static correlation with
methods, which, by design, include this type of correlation.
We investigated six multi-reference methods, which are all ca-
pable of describing static correlation. The corresponding sin-
gle reference methods (HF, MP2, CISD, CISD+Q, AQCC,
and ACPF) were also investigated which made it possible to
isolate the effect having a multi-reference solution. The single
reference methods generally form a hierarchy (HF <« MP2
< CISD < AQCC < ACPF)*"38 in terms of their ability to
describe dynamic electron-electron correlation. A series of
benchmarks against FCI found a similar hierarchy (MRCI
< MRAQCC < MRACPF)?® for the multi-reference methods.
MRCT here implies MRCI singles and doubles, i.e., MRCISD.

The CASSCF**>#0 calculations were performed as fol-
lows: The one-dimer calculations were carried out without
the use of spatial symmetry and with 2 active electrons in
2 orbitals (the HOMO and LUMO). The two-dimer calcula-
tions were carried out in the C, spatial symmetry and with
4 active electrons in 4 orbitals (from HOMO — 1 to LUMO
+ 1), while the three-dimer calculations were carried out in
the C, spatial symmetry and with 6 active electrons in 6 or-
bitals (from HOMO — 2 to LUMO + 2). All orbitals below
these levels were either “frozen” (not optimized beyond SCF)
or “closed” (optimized but with occupation fixed to 2). The

multi-reference Rayleigh Schrodinger 2nd order perturbation
theory (CASPT2)*! calculations and MRCI*>*? calculations,
MRAQCC,* and multi-reference average coupled pair func-
tional (MRACPF)*6 calculations were performed using the
CASSCEF orbitals and using the CASSCF wavefunction as ref-
erence. The MRCI energies were corrected using the David-
son correction'’ (MRCI + Q) to approximately take into
account higher excitations. All single- and multi-reference
wavefunction calculations were carried using MOLPRO.*

The core orbitals were frozen in CASSCF and CASPT2
calculations. The single- and multi-reference CI, CI + Q,
AQCC, and ACPF calculations were in all cases restricted
to excitations from no more than 32 orbitals due to limita-
tions in the employed software. This restriction had no con-
sequences for the one-dimer calculations where only the core
orbitals were frozen in the MRCI calculations. But for two-
dimer and three-dimer MRCI calculations it was necessary to
freeze additional 8 and 23 orbitals besides the core orbitals,
respectively.

The one-dimer and two-dimer calculations were carried
out using the 6-3114+G(3df,2p) orbital basis set, while the 3-
dimer calculations were performed using a mixed basis where
the top layer Si atoms were described using 6-3114+G(3df,2p)
and all other atoms were described using 6-31G*.

Table III shows the AE/dimer for one-, two-, and three-
dimer systems derived using HF, MP2, CI(+Q), AQCC,
ACPF methods, while Table IV shows the AE/dimer for one-,
two-, and three-dimer systems derived using the correspond-
ing multi-reference methods.

A direct comparison of Tables III and IV reveals
the following trends: (a) The inclusion of static electron-
electron correlation (i.e., going from single-reference to
multi-reference) preferentially stabilizes the symmetric con-
figuration. (b) The inclusion of dynamic electron-electron cor-
relation preferentially stabilizes the buckled configuration. (c)
The buckled configuration is preferentially stabilized when
increasing the number of dimers.

TABLE III. Single-reference relative energies evaluated on the XYGJ-
0S/6-311+G(3df,2p) optimized geometries. Negative values mean that
the symmetric structure is lower in energy than the buckled structure
(AE = Esym - Ebuck)-

HF MP2 I CI+Q  AQCC  ACPF
l-dimer  0.00 000  0.00 0.00 0.00 0.00
2-dimer 282  —076 234 1.79 1.10 272
3-dimer 391 1.63 422 4.08 327 322
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TABLE IV. Multi-reference relative energies (see text for details) evaluated on the XYGJ-OS/6-3114+G(3df,2p)
optimized geometries. Negative values mean that the symmetric structure is lower in energy than the buckled

J. Chem. Phys. 138, 204709 (2013)

structure. Values in parentheses are based on (U)B3LYP optimized geometries in Ref. 24 (AE = Egym — Epuck)-
CASSCF CASPT2 MRCI MRCI+Q MRAQCC MRACPF
1-dimer —0.01 —0.02 —0.01 —0.01 0.00 0.00
2-dimer —4.08 —1.72 —2.30(-2.91) —1.23 (—1.56) —0.45 —-0.22
3-dimer —4.34 —2.57 —1.16 0.54 1.50 1.80

Trend (a) can be understood by considering the leading
coefficients of the MCSCF wavefunctions. For the symmetric
configuration the leading coefficients are smaller than for the
buckled configurations showing that the symmetric configu-
rations have more of a multi-reference character. Static corre-
lation should, therefore, not be neglected when investigating,
whether the Si surface is symmetric or buckled.

The present multi-reference calculations have two main
limitations. The first is the relatively small size of the em-
ployed orbital basis. The second limitation is the required
freezing valence orbitals in the CI, AQCC, and ACPF calcu-
lations. The effect of these limitations and the subsequent re-
liability of the wavefunction-based calculations are discussed
below.

The large size of the three-dimer system made the cal-
culations using a pure 6-311+G(3df,2p) basis set infeasible.
A mixed basis was, therefore, employed instead. Test calcu-
lations for the 2-dimer system revealed that the mixed basis
gave results in fair agreement with pure 6-311+4G(3df,2p) re-
sults (deviations of up to 0.7 kcal/mol was seen for AE/dimer
for the two basis sets where the mixed basis made AE/dimer
more negative in MRCI and MRCI + Q calculations). We,
therefore, believe that the present three-dimer results are fair
estimates for (hypothetical) three-dimer results obtained us-
ing a pure 6-3114-G(3df,2p) basis.

As described above, it was necessary to freeze some of
the valence orbitals in the CI, AQCC, and ACPF calculations.
The effect of this additional freezing of orbitals was quanti-
fied through CASPT2 calculations with and without freezing
of valence orbitals. The difference in AE/dimer for two ap-
proaches was found to be 1.3 kcal/mol, where freezing va-
lence orbitals made AE/dimer less negative. Incidentally, the
use of mixed basis for 3-dimer (making AE/dimer more nega-
tive) and the use of additional freezing of the valence orbitals
(making AE/dimer less negative) showed opposite trends, po-
tentially allowing for a fortuitous cancellation of errors. The
present study, nonetheless, clearly suggests the critical impor-
tance of higher-order dynamic correlation effects to defini-
tively determine the relative stability of symmetric vs. buck-
led Si dimers.

The CASSCF method mostly captures static electron
correlation. The MRCI method improves on the CASSCF
method by capturing dynamic correlation by considering sin-
gles and doubles excitations from the reference into the vir-
tuals. The MRCI + Q method seeks to additionally improve
on the MRCI method by approximately accounting for higher
excitations. The three methods, therefore, form a hierarchy
of increasing dynamic electron correlations. In all cases, the
AE/dimer becomes less negative (and even positive for the

3-dimer) as more dynamic electron correlation is included
in the calculations. The results of MRAQCC and MRACPF,
known to capture most of electron-electron dynamic corre-
lation, also showed that including dynamic correlation stabi-
lizes the buckled structure. The increased natural orbital oc-
cupation numbers of 3-dimer symmetric (1.72) and buckled
structure (1.83) of the XYGJ-OS geometries with respect to
ORMAS symmetric structure (1.66) indicates the importance
of an inter-dimer interaction.*’

Consider the MRCI, MRCI + Q, MRAQCC, and
MRACPF results for the two- and three-dimer systems: As
the size of the system is increased (from two to three dimers)
the energy becomes less negative (MRCI) and even positive
(MRCI + Q, MRACPF, and MRAQCC) indicating that in-
creasing the systems favors the buckled configuration. Inter-
estingly, a similar trend was observed in the DFT calculations
for two, three, and four dimers.” The CASPT?2 calculations
show an opposite trend. We also note that the MRCI (4-Q) cal-
culations on (U)B3LYP geometries yield almost same results,
showing a weak geometry dependence between (U)B3LYP
and XYGJ-OS in the present case.

IV. CONCLUSIONS

With the recently developed XYGIJ-OS gradient codes,
we have revisited the relative stability of symmetric vs. buck-
led dimers on the reconstructed Si(100) surfaces. XYGJ-OS
geometry optimization prefers the buckled dimer to be the
global minimum like all other DFT calculation results. Sin-
gle point calculations using the other flavors of doubly hy-
brid functional, i.e., B2PLYP, ®B97X-2, and XYG3, yield
the same trend although the quantitative relative energies dif-
fer by up to 2 kcal/mol per dimer. Proper inclusion of multi-
reference character for the diradicaloid Si—Si dimers as well
as the dynamic correlation effects in CASPT2 calculations,
however, suggest that the symmetric dimers are lower in en-
ergy than the buckled configurations. Interestingly, however,
including more refined dynamic correlation in MRCI + Q,
MRAQCC, and MRACPF place the buckled structure to be
lower in energy. The present study clearly indicates a sig-
nificance of higher-order dynamic correlations as well as ap-
propriate multi-reference wavefunctions in exploring the ex-
tremely shallow potential energy surfaces of the reconstructed
Si (100) surface.
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