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Spin controlled surface chemistry: alkyl
desorption from Si(100)-2�1 by nonadiabatic
hydrogen elimination†

Andrew J. Pohlman, Danil S. Kaliakin, Sergey A. Varganov and
Sean M. Casey *

An understanding of the role that spin states play in semiconductor surface chemical reactions is currently

limited. Herein, we provide evidence of a nonadiabatic reaction involving a localized singlet to triplet thermal

excitation of the Si(100) surface dimer dangling bond. By comparing the b-hydrogen elimination kinetics of

ethyl adsorbates probed by thermal desorption experiments to electronic structure calculation results, we

determined that a coverage-dependent change in mechanism occurs. At low coverage, a nonadiabatic,

inter-dimer mechanism is dominant, while adiabatic mechanisms become dominant at higher coverage.

Computational results indicate that the spin crossover is rapid near room temperature and the nonadiabatic

path is accelerated by a barrier that is 40 kJ mol�1 less than the adiabatic path. Simulated thermal

desorption reactions using nonadiabatic transition state theory (NA-TST) for the surface dimer intersystem

crossing are in close agreement with experimental observations.

Introduction

There has been intense recent interest in controlling the behavior
of dangling bonds and their resulting electron spins on semicon-
ductor surfaces. Much of this work has been driven by the desire
to produce nanoscopic electronic circuit models1–5 or controllable
nanomagnetic domains.6,7 The majority of these studies focused
on cryogenically cooled hydrogen-terminated silicon surfaces
and intentionally generated hydrogen vacancies to create sur-
face dangling bonds containing the unpaired electrons.1 On the
Si(100)-(2�1):H surface, electronic coupling into rudimentary
circuit component behavior was observed in scanning tunneling
spectroscopic (STS) studies of dangling bond states spaced by
two or more surface unit cells, either along or across the silicon
dimer rows.2–5 On Si(111)-(7�7), hydrogen atom adsorption
on the silicon surface rest atom or adatom positions has
been computationally predicted to ferrimagnetically align the
dangling bonds on nearby unit cell adatom positions.6 In a
related study, cobalt atoms adsorbed on Si(100), studied by
scanning tunneling microscopy (STM) and density functional

theory (DFT), display spin magnetic moments having differing
magnitudes parallel and perpendicular to the dimer row direc-
tion, and this was suggested to contribute to the preferential tip
induced motion of the cobalt atoms along the dimer row rather
than perpendicular to it.7 Results from these previous low
temperature studies thus suggest that the spin state of surface
atoms can exert an influence on the chemistry of neighboring
silicon surface atoms. In this paper, we show that this influence
can manifest itself at higher temperatures during hydrogen
transfer reactions on Si(100) surfaces.

The local excitation of a Si(100) surface dimer is conceptua-
lized in Scheme 1, where excitation of the dangling bonds at the
surface is required to break up the spin-coupled dangling bond
p state and form the dual dangling bond p* state. On a localized
level, this excited dimer could be in either a singlet or triplet
electronic state.8 Previous electronic structure studies have
suggested that Si(100) surface dimers have thermally accessible
triplet excited states that may take part in chemical reactions,
but experimental evidence of this has been indirect to date.9,10

Scheme 1 Si(100) surface dimer singlet to triplet excitation.
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Previous experiments have shown an onset to silicon surface
metallization starting in the 400–600 K range by showing a
temperature dependent population of the p* surface state with
the dimer surface reconstruction being conserved.11–14 Jeon
et al. implicated the filling of the surface p* state as due to the
formation of surface adatoms, for which they supported their
argument by reacting an 800 K surface with oxygen, a ground
state triplet.14 They showed through spectroscopic experiments
that the p* surface excited state preferentially reacted with
oxygen compared to the surface ground state. This would make
chemical sense in that the reaction with triplet ground state
oxygen would become more facile after a surface dimer con-
verts to a localized triplet by thermal excitation.15 The energy
barrier to the minimum energy crossing point (MECP) for a
transition to the triplet state was previously determined to be
low enough to suggest that non-negligible populations of the
triplet state may be present at and above room temperature.9,10

Additional theoretical work has shown that when the surface
dimers become more symmetrical in their rocking angle or
when the dimers are strained at higher temperatures, the
energy gap between the electronic surface band states (p–p*)
decreases.16,17 These previous studies all suggest that nonadia-
batic effects due to the dimer excited state(s) should begin to
manifest themselves in Si(100) surface chemistry above room
temperature.

The system chosen in order to probe these potential non-
adiabatic silicon surface effects was hydrogen transfer reactions
from alkyl (specifically, ethyl) groups. Nonadiabatic spin-
crossings have been invoked to explain accelerated alkyl hydro-
gen elimination reactions in solution-phase organometallic
reaction mechanisms.18 This happens due to a lowering of
the effective activation barriers in the case of some first-row
transition metal complexes. In many of these cases, the spin
crossing occurs before the elimination step.19,20 These non-
adiabatic reaction paths have also been described as having two-
state or multi-state reactivity.21 Hydrogen elimination reactions
have also been shown to occur on Si(100) and it has been
previously demonstrated through isotopic labeling studies that a
surface ethyl group will selectively eliminate a hydrogen from the
b position, relative to the surface dimer atom, in its decomposi-
tion reaction to form the observed ethylene desorption product, as
illustrated below in Scheme 2.22,23 An infrared (IR) spectroscopy
study showed that the eliminated hydrogen is transferred directly
to a silicon surface atom, although the location of the target
silicon atom (intradimer versus neighboring surface dimer) was

not identified.24 The occurrence of nonadiabatic hydrogen elim-
ination reaction channels in systems with highly correlated
electrons and electronic spin states, such as first row organo-
metallics, suggests that similar kinetics may be observed on the
correlated silicon surface and calls for a careful re-examination of
the hydrogen elimination reaction on Si(100).

Experimental and
computational methods

In order to probe potential nonadiabatic effects in the hydrogen
elimination reaction on silicon, experiments were performed
using a clean, p-type Si(100) surface held at 340 K under
ultrahigh vacuum (UHV) conditions. The p-type silicon wafer
(Virginia Semiconductor, 10–15 O cm, boron doped, 25.4 mm
diameter, 254 mm thickness) was radiatively heated with the
unpolished side facing the tungsten heating elements. The
sample temperature was monitored using a type-C thermo-
couple (W-5%Re vs. W-26%Re) clamped to the polished surface
using tantalum foil (ESPI Metals, 0.15 mm thickness, 99.98%
purity). The non-linear heating ramp was calibrated against
known desorption temperatures for cis-2-butene,25 ammonia,26

and the desorption products of H2 and SiO from water
adsorption.27 The sample was exposed to chloroethane (C2H5Cl)
vapor by backfilling the chamber. Prior to exposure of chloro-
ethane (Aldrich, Z99.7%) via a molecular leak valve, the sample
was cleaned by multiple cycles of Ar+ sputtering and annealing
to 1200 K in situ. Relative exposures are reported in Langmuir
(1 L = 10�6 Torr s) and were obtained using readings from a
nude ion gauge located in the UHV chamber. The orifice to the
quadrupole mass spectrometer (QMS) was oriented normal to
the sample surface and positioned 2 mm away. During tem-
perature programmed desorption (TPD) experiments the QMS
ionization energy was set to 70 eV. Using TPD experiments,
reaction products desorbing from the surface were monitored
using the QMS as the sample was heated, for a range of relative
chloroethane exposures up to the surface saturation level.
Additional experimental details can be found in the ESI.†

Electronic structure calculations were used to explore the
possible hydrogen elimination reaction channels. The surface
of Si(100) was simulated using a double-dimer row cluster
model with stoichiometry Si15H16. This model (pictured in
the ESI†) has ‘‘bulk’’ silicon dangling bonds terminated with
hydrogens, leaving two unterminated silicon dimers as the
reactive surface model adsorption sites, and has been com-
monly used to model Si(100) surface chemical reactivity.28,29

Minima, transition states (TS), and MECP geometries were opti-
mized using unrestricted density functional theory (U-DFT) with
the B3LYP functional30–32 and the def2-SVP basis set.33,34 The
relative energetics were refined by performing single point energy
calculations at minima, TS, and MECP with the larger def2-TZVP
basis set.33,34 Reported energies include zero-point corrections.
Computational accuracy was further improved upon by carrying
out second-order unrestricted Møller–Plesset perturbation theory
(U-MP2) calculations with the def2-TZVP basis set for important

Scheme 2 Thermally-driven hydrogen-elimination desorption reaction
of ethyl (C2H5) on Si(100), formed after adsorption of ethyl halide, and
cleavage of the halogen (green X). A hydrogen atom is eliminated from the
b position (red) of the alkyl relative to the surface, forming the ethylene
(C2H4) desorption product.
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reaction barriers.35 Important barriers were also examined using
U-DFT with a larger, triple-dimer row cluster model with stoichio-
metry Si20H21 (see the ESI†). Electronic structure calculations were
performed with the General Atomic and Molecular Structure
System (GAMESS) package.36

Results and discussion

In experimental TPD traces, the desorbing ethylene (C2H4)
product was selectively measured by monitoring its most
abundant m/z 27 electron-impact cracking fragment. As shown
in Fig. 1A, the peak desorption temperature, TP, shifts from
640 K to 540 K as a function of chloroethane exposure, which is
in good agreement with previous reports.22–24 For comparison,
in a separate experiment, a clean, 340 K p-type Si(100) sample
was also exposed to ethylene by backfilling and its m/z 27
electron-impact cracking fragment was selectively monitored
during TPD experiments, as shown in Fig. 1B. By comparing the
two families of desorption traces (Fig. 1A vs. Fig. 1B), one can
see that there are significant differences in the desorption
mechanism despite the same chemical product desorbing.
Ethylene is known to undergo a cycloreversion reaction which
produces a narrow TPD peak with very little peak temperature
shifting (Fig. 1B).37 However, ethylene produced from surface
ethyl groups via b-hydrogen elimination (Fig. 1A) has broadened
peaks that shift to lower temperatures at higher exposures.

When the activation energies to desorption, Edes, are calcu-
lated using the Redhead method38 for the range of observed
experimental peak temperatures from the b-hydrogen elimination
reaction, values of 135–160 kJ mol�1 are obtained, assuming a
pre-exponential factor of 1 � 1013 s�1. In a similar fashion,
values of 140–145 kJ mol�1 are obtained for the desorption of
ethylene by cycloreversion. While the ethylene cycloreversion
Edes values are in good agreement with previous experiments,37

the hydrogen elimination Edes values span a large energetic
range, indicating the presence of either strong adsorbate-
adsorbate interactions or multiple desorption pathways.

To more fully characterize these desorption reactions, elec-
tronic structure calculations were used to explore the possible

hydrogen elimination reaction channels. Initial adsorbate con-
figurations for computational probing were based on previous
experimental STM observations, where it was shown that the
adsorption reaction of simple halogenated alkanes preferen-
tially propagates across surface dimer rows.39,40 Transition
states for hydrogen elimination channels were determined,
considering intra- (Path 1) and inter-dimer (Paths 2–4) paths
within the same dimer row for eliminations from the b position
of a surface-bound ethyl, as illustrated in Fig. 2. Elimination
across the trench to a neighboring dimer row is unlikely due to
the lack of adjacent unoccupied dimer sites after alkyl halide
adsorption, which preferentially occurs across the trench
between the dimer rows.39,40 The calculated transition state
geometries of the b-hydrogen elimination on Si(100) are similar
to those found in the organometallic literature18 in that the
surface ethyl moiety adopts a syn-coplanar geometry, as shown
in the ESI.†

Elimination mechanisms requiring a spin change were also
considered for Path 2, where an empty, adjacent surface dimer
is potentially involved in the reaction. A schematic of the
critical points for the hydrogen elimination on the singlet
versus triplet potential energy surface (PES) for Path 2 is shown
in Fig. 3. Transition states on the lowest energy singlet and
triplet state PESs for the cluster models were located. For the
Path 2 case where the b hydrogen is eliminated to a neighboring
unoccupied dimer, the reaction with a spin-crossing to the
triplet state (p*) resulted in kinetically more favorable barrier
heights compared to the singlet (p) surface reaction. Intrinsic
reaction coordinate (IRC) calculations along elimination Path 2
highlight the differences in energy for the two spin states,
revealing a relatively early point of state crossing along the
minimum energy paths (ESI†). Indeed, a MECP geometry search
between the two spin multiplicities using the IRC intersection as
an initial guess confirms that the barrier from the singlet mini-
mum to the MECP is relatively low and is consistent with values
reported previously by the Materer group.10 The presence of a

Fig. 1 Ethylene desorption while monitoring m/z 27 following (A) chloro-
ethane and (B) ethylene adsorption with peak maximum positions, TP, as
insets. Desorption traces share a common temperature axis.

Fig. 2 Possible hydrogen elimination channels for ethyl groups on the
Si(100) surface are mapped at low (upper panel) and high (lower panel)
coverage. Adsorbate configuration pattern is based on STM observations.39,40
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local minimum on the triplet potential energy surface (PES)
elimination pathway was also revealed.

It should be noted that a transition state with an open-shell
singlet character could be an alternative to a triplet pathway.41–47

This reaction path would still involve an excitation of the neigh-
boring ‘‘acceptor’’ silicon dimer p to p* state at some point during
the reaction. The computational methods (U-DFT and U-MP2)
described above are unlikely to be able to produce reliable values
for such a pathway (see ESI†), and computations incorporating
higher level multireference character are likely to be required.48

Nonetheless, as will be discussed below, the triplet pathway
appears to provide qualitative agreement with TPD experimental
data and will be the focus of this analysis.

Calculated activation energies, Ea, for the b-hydrogen elim-
ination step of each path are summarized in Table 1, while the
ratio of the transition state and reactant total partition func-
tions, Q‡/Qr, according to canonical transition state theory, are
all within about an order of magnitude of one another and are
given in the ESI.† U-MP2 calculations predict similar TS and
MECP barriers to those obtained with U-B3LYP. In addition, the
calculations performed on the larger cluster model with three
Si–Si dimers predicted similar barriers (see the ESI†). In the low
coverage regime, it should be noted that elimination Path 1 stems
from a minority adsorbate configuration. As previous STM obser-
vations have shown, the adsorbate configuration necessary for
Path 1 would occur on the terminal ends of the linear propagation
for the surface adsorption reaction, while those for Path 2 would
make up most of the adsorbed species.39,40

To compare rates from possible hydrogen elimination chan-
nels, temperature-dependent Landau–Zener spin crossing
probabilities (PLZ) and canonical rate constants were calculated
using nonadiabatic transition state theory (NA-TST).49 The
spin–orbit coupling (SOC) constant at the MECP was calculated
as a root-mean-square value over the three SOC elements
corresponding to the triplet MS components49,50 using multi-
configurational quasidegenerate second-order perturbation theory

(MCQDPT2).51,52 The zero-order wave function for MCQDPT2
calculations was of the complete active space self-consistent
field (CASSCF(2,2)) type with two electrons in the highest
occupied molecular orbital (HOMO) in the singlet state, and
with two electrons in the singly occupied molecular orbitals
(SOMO) in the triplet state.53,54 Across the desorption peak
temperature range, PLZ ranges were found to be 0.7–0.8%, with
a SOC constant of 10 cm�1 (ESI†). By comparing the calculated
forward and reverse canonical rate constants through the
MECP for spin-forbidden crossings, it can be seen that the
surface dimer ‘‘receiving’’ the eliminated hydrogen approaches
spin equilibrium conditions near the desorption temperatures
observed for hydrogen elimination and transitions to a mostly
triplet state surface phase at higher temperatures in Fig. 4. The
PLZ-based canonical rate constants for the MECP crossing are
8–10 orders of magnitude higher than the rate constants for
traversing the calculated hydrogen elimination kinetic barriers
at temperatures in the range of the experimentally observed
peaks, assuming an Arrhenius relationship for the kinetic
parameters in Table 1 and in the ESI,† indicating that it is
unlikely that the spin-crossing is rate-limiting.

To gain more insight into the dimer motion responsible for
the spin crossing, a vibrational analysis of the MECP geometry
was performed using the effective Hessian.49,55 The dimer
stretch was found to be the primary vibrational mode for the
spin crossing at the MECP, shown above in Fig. 3. Analysis of
the energy gradients of the singlet and triplet PESs at the MECP

Fig. 3 A schematic of the elimination profile for Path 2 including the
MECP energy and desorbed state. Optimized structures for critical points
are also shown, featuring the conformation of the acceptor dimer in all
cases. The vibrational stretch responsible for the crossing is shown for the
MECP geometry.

Table 1 Summary of the b-hydrogen elimination activation energies, Ea,
for reaction paths shown in Fig. 2. Energy values were calculated at the
U-B3LYP/def2-TZVP level of theory and are zero-point corrected. Values
in bold correspond to nonadiabatic mechanisms. DB = dangling bond

Coverage
regime Path

Nature of the Si atom
‘‘receiving’’ the H

Ea

(kJ mol�1)

Low
1 (minority species) DB 126.8
2 (majority species) p 178.0
2 (majority species) p* 137.9

High
3 DB 113.6
4 DB 114.1

Fig. 4 Forward and reverse canonical rate constants for spin-forbidden
crossings through the MECP.
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indicates a sloped intersection between the PESs (ESI†). The
narrowing of the gap between the surface ground and excited
states, the p–p* transition in this case, due to changes in the
surface dimer length and conformation, is consistent with
previous studies.16,17 Previous molecular dynamics (MD) simu-
lations of the Si(100) surface at temperatures similar to the
observed desorption range produced larger numbers of strained,
symmetric dimers.16 Additionally, previous band structure cal-
culations comparing buckled and symmetric dimer configura-
tions resulted in a decrease in the gap between occupied and
unoccupied surface states in the symmetric dimer case.17

To show a more concrete relationship to the experimental
data, TPD traces were numerically simulated using the kinetic
parameters obtained from the electronic structure calculations
for each proposed reaction channel. This was done using the
Polanyi–Wigner desorption equation, eqn (1), where the desorption
rate is dependent on coverage, y, with a pre-exponential factor n
and order of reaction n for a given heating rate, b.

�dy
dT
¼ n

b
yne�Ea=kBT (1)

The calculated traces for each path are compared to experi-
mental TPD traces from low and high coverages, relative to
saturation, in Fig. 5. It should be emphasized here that despite
the differences in each path, the same ethylene desorption
product will be observed. Since the calculated canonical rates of
passage through the MECP are many orders of magnitude more
rapid than any of the rates for elimination, it is assumed that
an unoccupied acceptor dimer singlet-to-triplet thermal transi-
tion is a rapid equilibrium occurring before the elimination
step at temperatures comparable to the observed experimental
desorption range. When calculating the nonadiabatic, inter-
dimer path, an entire surface of dimers occupied as in the case
for Path 2 was assumed, where a surface ethyl is always occurring
next to an unoccupied acceptor dimer, such that the coverage of
the ethyl adsorbate, yEt, was equal to the coverage of singlet dimer
acceptors, ySD. The relative coverage of triplet acceptor dimers,
yTD, was approximated in eqn (2) by calculating a temperature-
dependent equilibrium constant, K(T), from the PLZ-based forward
and reverse rates through the MECP. The overall nonadiabatic
desorption rate was calculated in eqn (3) by using the rate
constant derived from the activation energy and pre-exponential
factor for a singlet reactant and triplet transition state, kelim.

yTD(T) = K(T)ySD (2)

rate = kelimyEtyTD (3)

Calculated desorption peaks that cluster in the lower tem-
perature region of the experimental trace correspond to the
mechanisms that involve hydrogen eliminations to partially
occupied dimers (dangling bond states), such as an intra-dimer
mechanism (Path 1) or elimination to a dimer that is already
half-occupied (Paths 3 and 4). Mechanisms where the hydrogen
is eliminated to a neighboring unoccupied dimer (Path 2),
however, tend to produce peaks that are in the higher temperature

region of the experimental trace. When the TPD trace for the
nonadiabatic, inter-dimer elimination path (Path 2) is calculated,
including the Landau–Zener crossing probability, there is close
agreement with the experimental peak position for low coverage
cases. Traces calculated from adiabatic, inter-dimer pathways
produce peaks that are beyond the range of the observed experi-
mental desorption peaks. Thus, the peak desorption temperature
shifts can be viewed as being due to a change of desorption
mechanism between two coverage regimes. At low coverages, a
neighboring acceptor dimer is more likely to be completely
unoccupied and will require a crossover to the p* excited state
before the elimination reaction can initiate the desorption pro-
cess. At higher coverages, an acceptor dimer is more likely to be
partially occupied and the state-crossing requirement is not
necessary for those desorption channels.

The broadened desorption peak from the b-hydrogen elim-
ination desorption mechanism is due to these multiple possi-
ble reaction channels and this visibly contrasts with the
cycloreversion mechanism for ethylene desorption, as shown
above in Fig. 1, which would desorb through a single channel.
Electronic structure calculations were also performed to model
the desorption pathway of ethylene cycloreversion. Theoretical
TPD traces for ethylene desorption were numerically simulated
according to eqn (1). There is close agreement for the desorption
peak position when comparing the experimental ethylene trace to
the DFT-derived results (ESI†), and the experimental peak posi-
tion is observed to be in close agreement with previous reports.37

There is a slight mismatch when comparing the experimental to
the calculated peak widths, which can be attributed to some
degree of nonhomogeneous sample heating. When considering
the experimental broadening of the ethylene desorption peak
width compared to its theoretical trace, differing only by a factor
of 1.5–2 in the case of the cycloreversion reaction, it becomes
more apparent that the broad peak corresponding to b-hydrogen
elimination desorption is a result of several convoluted paths,
including the initial low-coverage nonadiabatic elimination reac-
tion channel.

Fig. 5 A comparison of the experimental TPD traces from the b-hydrogen
elimination at high and low coverages of chloroethane shown in (A) and the
simulated TPD traces for each of the presented reaction channels shown in (B).
Each simulated TPD trace is independently calculated. Plots share a common
temperature axis. A comparison of peak position for the adiabatic (S - S‡) and
nonadiabatic (S - T‡) cases is given for Path 2.
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Conclusions

To conclude, through a combination of experimental TPD
studies, electronic structure calculations, and application of
NA-TST, it has been demonstrated that the b-hydrogen elim-
ination desorption mechanism for ethyl groups on the Si(100)
surface is a coverage-dependent process that produces the
same observed desorption product through several convoluted
reaction channels. This is in contrast with the cycloreversion of
adsorbed ethylene, which appears to desorb via one reaction
channel. Good agreement is obtained when comparing results
from electronic structure calculations on cluster models for
individual ethyl desorption channels to the experimental TPD
traces across a range of coverages. In the low coverage regime, a
nonadiabatic, inter-dimer mechanism is dominant (Path 2) and
relies on a thermally driven excitation to produce a neighboring
p* acceptor dimer to initiate the hydrogen elimination reaction
leading to desorption. A model based on NA-TST kinetics closely
reproduces the desorption peak position for this spin-controlled
desorption channel. At higher coverages, the weak p system of the
acceptor dimer is broken by the presence of another surface
species, producing reactive, uncoupled dangling bond electrons,
which undergo facile hydrogen elimination reactions. The impor-
tance of the surface dimer stretching mode was highlighted as a
major contributor to the singlet to triplet excitation process. We
believe that this or similar spin-coupled, nonadiabatic reaction
paths are likely to become increasingly important at temperatures
above room temperature on silicon surfaces. While NA-TST
with the simple Landau–Zener transition probability treatment
appears to be adequate for explaining the reported experimental
findings, it would be interesting to investigate the effects of
quantum tunneling55 and multidimensional dynamics56–59 in
nonadiabatic reactions on silicon surfaces.
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