RAPID COMMUNICATIONS

PHYSICAL REVIEW B 78, 081303(R) (2008)

Antiferromagnetic coupling between two adjacent dangling bonds on Si(001):
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Scanning tunneling microscopy experiments reported that desorption from the hydrogen- and halogen-
terminated Si(001) surfaces exhibits frequently the two types of dangling-bond (DB) configurations. One is the
intradimer configuration, where two DBs are within a single Si dimer, and the other is the interdimer configu-
ration, where two DBs are on one side of two adjacent Si dimers. Our spin-polarized density-functional-theory
calculations show that the intradimer configuration is nonmagnetic with a buckled-dimer geometry, while the
interdimer configuration is antiferromagnetic with two adjacent symmetric dimers. In addition, we show that
when the dissociative adsorption of hydrogen molecule occurs across the ends of two adjacent dimers on a
clean Si(001) surface, such an antiferromagnetic coupling between two adjacent DBs still exists, thereby giving
rise to a structural transformation from buckled to symmetric dimers.
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Dangling bonds (DBs) produced by hydrogen (halogen)
desorption from the hydrogen(halogen)-terminated Si(001)
—2 X1 surface are essential for deposition, surface diffusion,
oxidation, and etching processes.'? A detailed understanding
of DB structures is prerequisite to exploiting chemically re-
active DBs in various technological applications. The earlier
model for the associative desorption of H, from the
H-terminated Si(001)—2 X 1 surface was based on the in-
tradimer reaction pathway because it provides a straightfor-
ward explanation for the observed first-order desorption ki-
netics via prepared H atoms on one Si dimer.>* However, it
is now well established by a combination of scanning tun-
neling microscopy (STM) and nanosecond laser heating that
the associative desorption of H, occurs through the inter-
dimer reaction pathway, which involves H atoms from two
adjacent Si dimers.*> Here, the initially formed interdimer
configuration (containing two DBs on neighboring Si dimers;
see Fig. 1) was observed to be converted into the intradimer
configuration (containing a pair of DBs on the same dimer;
see Fig. 1) via thermal diffusion of the adsorbed H atoms.*-
Recently, it was reported’ that the desorption of halogen at-
oms from the halogen-terminated Si(001)—2 X 1 surfaces oc-
curs via phonon activation of electrons into long-lived Si-
halogen antibonding states. At the desorption temperatures,
two generated single DBs diffuse to form a pair of DBs on
the same dimer. Such an intradimer configuration can be
converted into the interdimer configuration by adatom hop-
ping induced by tunneling electrons of the STM.8 Thus, un-
der tactical experimental conditions and atomic scale ma-
nipulation, the intradimer and interdimer configurations of
DBs can be produced at the hydrogen- and halogen-
terminated Si(001) surfaces.

The hitherto accepted structural models for the intradimer
and interdimer configurations of DBs involve the buckling of
Si dimers:*!” The former configuration is composed of two
buckled DBs on a single Si dimer and the latter one also
contains the up and down displaced DBs because of the pres-
ence of two alternatively buckled dimers along the dimer
row. However, despite the different heights of the two DBs in
the interdimer configuration, the STM measurements at
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~100 K showed two nearly equal bright protrusions in the
filled-state image.!' By considering that thermally activated
flipping motion of buckled dimers becomes frozen at low
temperatures below ~120 K,'? the observed equal heights
of the two DBs in the interdimer configuration may be asso-
ciated with their static symmetric-dimer geometries rather
than the flipping motion of buckled dimers. We here propose
that the ground state of the interdimer configuration consists
of symmetric dimers as a consequence of the antiferromag-
netic coupling between two adjacent DBs, therefore provid-
ing an alternative explanation for the STM data.'!

In this work, we present a theoretical investigation of
magnetic effects in the intradimer and interdimer configura-
tions of DBs on the hydrogen- and halogen-terminated
Si(001) surfaces within the spin-polarized density-functional
theory (DFT). We find that the ground state of the intradimer
configuration is nonmagnetic (NM), but that of the inter-
dimer configuration is antiferromagnetic (AFM). Here, the
electronic energy gain caused by spin polarization is found to
be greater than that due to dimer buckling, leading to an
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FIG. 1. (Color online) (a) Schematic top view of the intradimer
and interdimer configurations. The filled (empty) circles represent
H- or halogen-bonded (bare) Si atoms. The optimized NM-sym and
NM-buck structures of the (b) intradimer and (c) interdimer con-
figurations on H-terminated Si(001) are shown. The large (small)

circles represent Si (H) atoms.
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TABLE I. Desorption energies (in eV per H,, 2Cl, or 2Br) and band gaps for the intradimer and inter-
dimer configurations on H-, Cl-, and Br-terminated Si(001) surfaces. Desorption energy is defined as the
energy cost of desorbing H, (two Cl or Br atoms) from the fill-covered Si(001)—(2 X 1) surface. Here, we
used the total energy of spin-polarized free Cl and Br atoms. The band-gap energies (in eV) are given at the

I' point.
H, 2C1 2Br
Edes Egap Edes Egap Edes Egap
Intra NM-sym 2.17 0.83 8.24 0.82 6.83 0.78
NM-buck 2.03 (2.064,2.03%) 1.04 8.08 0.97 6.66 0.96
Inter NM-sym 2.39 0.29 8.44 0.29 7.06 0.30
NM-buck 2.36 (2.41%,2.41%) 0.43 8.40 0.45 7.01 0.48
FM 2.30 0.68 8.36 0.67 6.98 0.67
AFM 2.24 0.85 8.29 0.83 6.91 0.84

4Reference 9.
PReference 10.

AFM ground state for the interdimer configuration. We will
show that such an AFM arrangement of the spins within two
adjacent DBs appears even on a clean Si(001) surface as long
as one side of two adjacent Si dimers is passivated by the
dissociative adsorption of H,.

The total-energy and force calculations were performed
by using spin-polarized DFT (Ref. 13) within the
generalized-gradient approximation.'* All atoms are de-
scribed by norm-conserving pseudopotentials.!®> The surface
is modeled by a periodic slab geometry. Each slab contains
six Si atomic layers plus one H (Cl or Br) atomic layer. The
bottom Si layer is passivated by two H atoms per Si atom.
The vacuum spacing between these slabs is about 8 A. The
electronic wave functions were expanded in a plane-wave
basis set with a cutoff of 25 Ry. The k-space integration was
done with four points in the surface Brillouin zone of the 4
X 4 unit cell. All the atoms except the bottom two Si layers
were allowed to relax along the calculated Hellmann-
Feynman forces until all the residual force components were
less than 1 mRy/bohr.

We start with a discussion of the intradimer configuration
at the H-terminated Si(001) surface. Our spin-polarized DFT
calculations show that both the symmetric-dimer and
buckled-dimer structures are NM. Each of the optimized
structures, designated as NM-sym and NM-buck, is shown in
Fig. 1(b). The calculated desorption energies (E ) of H, for
these structures are compared with previous®!? theoretical
data in Table I. We find that NM-buck has E4,=2.03 eV,
smaller than that (2.17 V) of NM-sym. This result indicates
that the former structure is energetically favored over the
latter one by 0.14 eV. The greater stabilization of NM-buck
compared to that of NM-sym is consistent with the conclu-
sion, drawn from quantum Monte Carlo calculations'® on a
clean Si(001) surface, that the buckled-dimer structure is
lower in energy. In contrast with the NM ground state for the
intradimer configuration, the interdimer configuration shows
the presence of ferromagnetic (FM) and AFM couplings be-
tween two DBs. Here, the AFM structure is found to be
favored over the FM, NM-buck, and NM-sym structures by
AE=0.06,0.12, and 0.15 eV, respectively (see Table I). Thus,
the ground state of the interdimer configuration is AFM. The

optimized NM-sym and NM-buck structures of the inter-
dimer configuration are shown in Fig. 1(c). In the NM-sym
structure, the height of the two H-unpassivated Si atoms is
lowered by Ah=0.06 A compared to that of the H-bonded Si
atoms. We note that for the FM and AFM structures, this
height difference Ak decreases to 0.04 A, indicating that the
presence of spin polarization would yield a slightly outward
displacement of the two DBs. Therefore, we conclude that
the FM and AFM structures of the interdimer configuration
consist of two symmetric dimers.

Twenty years ago, based on an ab initio Hartree-Fock
calculation, Artacho and Yndurain'!” proposed that the dimers
on a clean Si(001) surface would be symmetric with an AFM
spin arrangement within them. This proposal for symmetric
dimers is consistent with geometries obtained from multicon-
figuration self-consistent field and configuration interaction
calculations on small clusters.'® However it is not supported
by DFT calculations on slab geometries and large clusters as
well as quantum Monte Carlo calculations.'® Interestingly,
the present DFT calculations predict the existence of AFM
coupling between two adjacent DBs in the interdimer con-
figuration generated on the H-terminated Si(001) surface.'”
Spin polarization in the interdimer configuration was dis-
cussed by Bird and Bowler,”® who, however, concluded
against an AFM ground state.

Figure 2 shows the calculated band structures for the in-
tradimer and interdimer configurations on the H-terminated
Si(001) surface. We find two surface-state bands, 7 and 7",
near the Fermi level. In the intradimer NM-sym (NM-buck)
structure, the band gap between the 7 and 7" states is 0.83
(1.04) eV at the I point. Here, the increase in the band gap in
NM-buck is due to a rehybridization of the dangling orbitals,
accompanied by a charge transfer from the down to the up Si
atom. As shown in Fig. 2(b), the charge characters of these
surface states in NM-buck reveal that the 7 and 7" states
represent dangling bonds which are localized at the up and
down Si atoms, respectively. We note that the band gap in the
interdimer NM-sym (NM-buck) structure is reduced to be
0.29 (0.43) eV, reflecting the reduced overlap of dangling
orbitals with a relatively larger separation of two DBs. This
rather localized feature of DBs in the interdimer configura-

081303-2



ANTIFERROMAGNETIC COUPLING BETWEEN TWO...

(2) NM-sym

Energy (eV)

Energy (eV)

RAPID COMMUNICATIONS

PHYSICAL REVIEW B 78, 081303(R) (2008)

(

c) NM-sym

FIG. 2. (Color online) Calculated band structures of the intradimer and interdimer configurations on H-terminated Si(001). For the former
configuration, (a) NM-sym and (b) NM-buck are displayed, while for the latter one, (c) NM-sym, (d) NM-buck, (e) FM, and (f) AFM are
displayed. The energy zero represents the Fermi level. The direction of the I'-J, (I'-J,) line is perpendicular (parallel) to the Si dimer row.
The charge characters of 7 and 7™ states at the T point are also shown. In the contour plot, a uniform increment of 0.015 electron/A3 is used.
In (e) and (f), the solid (dashed) line represents the positive (negative) spin density.

tion gives rise to the stabilization of spin polarization. The
band gap in the interdimer FM (AFM) structure becomes
0.68 (0.85) eV [see Figs. 2(e) and 2(f)], larger than those in
the interdimer NM-sym and NM-buck structures. Thus, we
can say that in the interdimer configuration the electronic
energy gain is greatly enhanced by generating spontaneous
spin polarization, compared to by accompanying a Jahn-
Teller lattice distortion.!!

From the energy difference between the FM and AFM
structures, we estimate the exchange coupling constant be-
tween two spins in the interdimer configuration as 0.06 eV.?!
This exchange coupling constant decreases to ~0.01 eV as
two DBs are further separated to be on one side of next-
nearest-neighboring dimers. Thus, it is likely that the AFM
coupling between two DBs may be driven by a superex-
change interaction via the bridging covalent-bonded subsur-
face and surface Si atoms.

To examine the existence of AFM coupling between two
adjacent DBs on a clean Si(001) surface, we consider the
dissociative adsorption of H, onto two neighboring Si
dimers. Such an interdimer dissociation creating two single
DBs is well known from both theory®!® and experiment.*??
Its optimized NM-buck and AFM structures are shown in
Fig. 3. We find that AFM is more stable than NM-buck by
0.05 eV. This stabilization energy of AFM on clean Si(001)

FIG. 3. (Color online) Optimized (a) NM-buck and (b) AFM
structures for the dissociative adsorption of H, on Si(001). The
large (small) circles represent Si (H) atoms. For distinction, the Si
atoms containing a single DB are in gray.

is smaller than the corresponding one (0.12 eV) on
H-terminated Si(001), implying that the AFM coupling of
two spins in the former is weaker than that in the latter. This
can be accounted for by the fact that DB orbitals in the
former become less localized compared to those in the latter
because of their interactions with 7 orbitals of neighboring
H-unpassivated Si dimers.

Hitosugi et al.'' performed STM studies on DB linear
chains fabricated on the H-terminated Si(001)—2 X 1 surface
at low temperatures ranging from 96 to 110 K. In their filled-
state STM image for the interdimer configuration, two DBs
appeared symmetric with nearly equally bright protrusions.
Especially, the cross-sectional view of the filled-state image
along the line connecting the two DBs showed a peak-to-
valley height difference of ~0.3 A.!' Using the Tersoff-
Hamann approximation,”® we simulate the constant-current
STM images for the filled and empty states of the interdimer
configuration within the NM-buck and AFM structures. The
results are displayed in Fig. 4. We find that the filled-state
image of NM-buck has a single bright spot on the up dis-
placed DB, while that of AFM shows two bright spots which
are symmetric with respect to a plane bisecting the inter-
dimer configuration. As shown in Fig. 4(b), the cross-
sectional view of the filled-state image of AFM gives a peak-
to-valley height difference of 0.47 A2* close to the above
measured value of ~0.3 A. Thus, assuming that the flipping
motion of buckled dimers becomes frozen at ~100 K,'? we
can say that the observed'! symmetric STM image of the
interdimer configuration cannot be associated with the dy-
namics of NM-buck but with the static symmetric-dimer
geometry of AFM.

We also study the structural and magnetic properties of
the intradimer and interdimer configurations generated on the
Cl- and Br-terminated Si(001) surfaces. As shown in Table I,
the calculated desorption energies of halogen atoms are
found to be significantly larger compared to those of H, be-
cause halogen atoms desorb atomically. However, the rela-
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FIG. 4. (Color online) Simulated STM images of the interdimer
configuration within (a) NM-buck and (b) AFM on H-terminated
Si(001), including the cross-sectional view along the line connect-
ing two DBs. The results for the interdimer (c) NM-buck and (d)
AFM on Br-terminated Si(001) are also given. All the empty-state
images are obtained by integrating the charge from Ep to Er
+1.5 eV, whereas the filled-state images for H(Br)-terminated
Si(001) are obtained from Ep—2.0 eV (Ep—1.0 eV) to Ep. Here,
the different bias voltages are used for comparison with experi-
ments (Refs. 8 and 11). All the images were taken at p=7
X 1075 electrons/A3. The arrows indicate the positions of DBs.
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tive energy differences among various structures are similar
between the halogen- and H-terminated Si(001) cases, lead-
ing to the same conclusions about the NM (AFM) ground
states of the intradimer (interdimer) configuration. Figures
4(c) and 4(d) show the simulated STM images of the inter-
dimer configuration on Br/Si(001) within the NM-buck and
AFM structures, respectively. In contrast with H/Si(001), Br
atoms appear brighter than DBs due to their relatively higher
positions compared to those of H atoms. Our simulated
filled-state image [Fig. 4(d)] of AFM agrees well with the
room-temperature STM measurement® where two DBs were
imaged as nearly equal dark spots. Here, the observed sym-
metric image at room temperature may be due to the flipping
motion of buckled dimers. Thus, future extremely low-
temperature STM experiment could convincingly confirm
our prediction that the interdimer configuration has an AFM
ground state consisting of symmetric dimers.

In summary, we have theoretically predicted that two ad-
jacent DBs on the H- and halogen-terminated Si(001) sur-
faces are antiferromagnetically coupled with each other. We
hope that our predictions will stimulate spin-polarized STM
experiments for direct identification of the AFM ground state
of the interdimer configuration.
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