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Surface phonons, conductivities, and loss functions are calculated for reconstructed (2×1), p(2×2)
and c(4×2) clean Si(001) surfaces, and (2×1) H and D covered Si(001) surfaces. Surface conduc-
tivities perpendicular to the surface are significantly smaller than conductivities parallel to the sur-
face. The surface loss function is compared to high resolution electron energy loss measurements.
There is good agreement between calculated loss functions and experiment for H and D covered
surfaces. However, agreement between experimental data from different groups and between theory
and experiment is poor for clean Si(001) surfaces. Formalisms for calculating electron energy loss
spectra are reviewed and the mechanism of electron energy losses to surface vibrations is discussed.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4748259]

I. INTRODUCTION

High resolution electron energy loss spectroscopy
(HREELS) is an important technique for monitoring sur-
face structure and lattice dynamics through vibrational ex-
citations. Here we report calculations of HREELS spectra
of clean and H or D covered Si(001) surfaces. Dimer buck-
ling arrangements of the clean surface with c(4×2), p(2×2),
and (2×1) surface unit cells are considered, as well as the
(2×1)H and D surfaces. In general, HREELS measures sur-
face phonon dispersion. In a specular scattering geometry
(with scattering wavevector Q|| = 0), it measures vibrational
excitations at semiconductor surfaces via electric-dipole or
impact mechanisms.1 Strong losses in HREELS experiments
done in a specular scattering geometry are believed to occur
when a surface vibration has a strong dynamic dipole moment
perpendicular to the surface.2 This is sometimes referred to
as the surface dipole rule.3 In early theoretical work,1, 2 Mills
and co-workers attributed the absence of scattering by modes
with dynamic dipole moments oriented parallel to metal sur-
faces (or narrow band gap semiconductor surfaces, such as
Si) to screening of those moments by the bulk response of the
substrate.

Using B3LYP4, 5 hybrid DFT calculations of vibrational
modes at clean and H covered Si(001) surfaces, we find that
atoms in the first three atomic layers in the Si(001) sur-
face have large Born charges. Born charge tensor compo-
nents which determine charge displacement parallel to the
surface in a vibrational mode exceed e in some cases while
tensor components for charge displacement perpendicular to
the surface are much smaller (of order 0.01e). Displacement
of ions parallel to the surface results in large electron transfer
between ions in covalent bonds, especially in chemically un-
saturated, clean Si(001) surfaces, while displacement of ions
perpendicular to the surface does not, in apparent contradic-
tion of the rule mentioned above. The relatively small charge
transfer associated with atomic motion perpendicular to the

a)Electronic mail: Charles.Patterson@tcd.ie.

surface, compared to motion parallel to the surface, makes
it especially difficult to assign HREELS spectra for complex
surfaces. We have previously shown that atomic motions both
perpendicular and parallel to the surface contribute to the
HREELS dipole scattering cross section of H covered Si(001)
surfaces.6

There have been surprisingly few reports of HREELS
measurements on the clean Si(001) surface in the
vibrational7, 8 and interband9 loss regions. First princi-
ples calculations of electron energy losses due to interband
transitions at the Si(001) surface were reported recently.10

Takagi et al.7 and Eremtchenko et al.8 reported room temper-
ature HREELS measurements of the clean Si(001) surface.
The dearth of HREELS measurements at this important
surface may be due to the low electron scattering cross
sections of phonons on the clean Si(001) surface and the
tendency for electron beams to disorder the surface at low
temperature.11 HREELS spectra for the Si(001)-(2×1)H and
D surfaces were reported recently by Eremtchenko et al.
in the same paper.8 These measurements followed earlier
work on the Si(001)-(2×1)H surface.3, 12–14 Assignment
of H stretching and bending modes for the (2×1)H and D
surfaces is straightforward and therefore provides a good
test of a first principles calculation of HREELS spectra.
Allan and Mele calculated the phonon dispersion relation for
the Si(001)-(2×1)H surface15 with one H atom per surface
Si atom. Phonon dispersion relations have been reported
for the clean Si(001) surface by Mele and co-workers16, 17

using a tight-binding method, by Fritsch and co-workers18, 19

using a density functional perturbation theory method and by
Tütüncü et al.20 using a bond-charge model. Alerhand and
Mele also calculated the dipole activities of phonons at the
Si(001)-(2×1) surface.17 Recent STM21–26 and atomic force
microscopy (AFM)27 studies have shown that the Si(001)
surface at low temperature consists of both c(4×2) and
p(2×2) domains, with c(4×2) predominating. The surface
unit cell of each structure is determined by ordering of
buckled dimers in rows. Along a particular row, the direction
of dimer tilt alternates along the row. c(4×2) domains result

0021-9606/2012/137(9)/094701/10/$30.00 © 2012 American Institute of Physics137, 094701-1
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FIG. 1. Real space and reciprocal space unit cells for the Si(001) c(4×2) and
p(2×2) surfaces. Real (a) and reciprocal (b) space cells of the p(2×2) dimer
arrangement. Real (c) and reciprocal (d) space cells of the c(4×2) dimer ar-
rangement. Dimer rows are shown in red.

when tilting in neighboring rows is out of phase between
rows and p(2×2) domains result when tilting is in phase
between rows, as shown in Fig. 1.

The remainder of this paper is organized as follows: for-
malisms used to calculate surface conductivity and HREEL
spectra are outlined in Sec. II. This is followed by a section
describing the hybrid DFT methods used in this work and a
section presenting and discussing results of calculations.

II. THEORY

The theory of electron energy loss at surfaces was ini-
tially developed by Lucas and S̆unjić28 and by Evans and
Mills.2, 29 The formalism by Mills is given in detail in the book
by Ibach and Mills.1 Lambin, Vigneron, and Lucas30 adopted
an approach in which the energy loss was calculated from the
work done by a charged particle as it passes through a dielec-
tric. Approaches based on the first Born scattering approxi-
mation adopted by Mills and co-workers,2, 29 Persson,31 and
others and classical approaches by Lucas and co-workers30, 32

come to essentially the same conclusions regarding the scat-
tering cross section. It can be expressed as a product of a
kinematic term, A(Q||, ω), and a surface loss function term,
P(Q||, ω),

d2S

d�(k̂S)d¯ω
= A(Q||, ω)P (Q||, ω), (1)

where

A(Q||, ω) = 2m2e2v4
⊥

π¯5cosθI

kS

kI

|RI |2
[v2

⊥Q2
|| + (ω − v||.Q||)2]2

, (2)

and

P (Q||, ω) = 2¯Q||
π

[1 + n(ω)]Im
−1

ε̃(Q||, ω) + 1
. (3)

kI and kS are the incident and scattered wavevector magni-
tudes, θ I is the incidence angle, RI is the reflection amplitude

for the surface in the absence of any surface vibration and
m, e, ¯ω, and v are the scattering electron mass, charge, en-
ergy, and velocity, respectively. Multiple scattering effects are
omitted in the approach used here.

1 + n(ω) is a Bose-Einstein factor, Q|| is the component
of the scattering vector parallel to the surface, and ε̃(Q||, ω)
is an effective dielectric function which contains both surface
and bulk responses to the incoming electron. The surface re-
sponse function, ε̃, in Eq. (3) is derived from a 3-layer model
containing a vacuum layer, a thin surface layer of thickness d
with dielectric function εs, and bulk dielectric function εb. It
is given by,1

ε̃(Q||, ω) = εs(ω)
1 + �(ω)e−2Q||d

1 − �(ω)e−2Q||d
, (4)

where

�(ω) = εb(ω) − εs(ω)

εb(ω) + εs(ω)
. (5)

εs contains the static, electronic contribution to the di-
electric function as well as the surface phonon contribution.
The phonon contribution to the bulk dielectric constant is
zero by symmetry in cubic Si, but at the surface there is an
anisotropic contribution from surface localized phonons.

A. Phonon calculations and Born charge tensors

The change in slab polarization, ∂Pi caused by a displace-
ment, ∂uαj, of the αth atom, defines the atomic Born charge
tensor,

Z∗
α,ij = ∂Pi

∂uαj

�

e
, (6)

where � is the slab cell volume and charges are in units of the
fundamental charge, e. The change in polarization induced by
displacements of ions along a phonon coordinate is required
for the phonon contribution to the dielectric function and con-
ductivity of the surface. Born charge tensors in the normal (Z)
and atomic, Cartesian (Z*) coordinate systems are related by,

Zp,i =
∑
α,j

tp,αjZ
∗
α,ij√

Mα

, (7)

where p labels the vibrational mode, tp,αi contains components
of the pth phonon eigenvector, and Mα is the mass of the αth
atom.

The bulk, static dielectric contribution to the surface di-
electric function is εb, and the phonon contribution is given in
terms of Born charge tensors in the phonon basis and phonon
frequencies,

εii(ω) = εb + e2

εo�

∑
p

Zp,iZp,i

ω2
p − ω2 − iωγ

. (8)

ωp and γ are the frequency of the pth mode and a phenomeno-
logical damping parameter.
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The phonon contribution to the (diagonal) surface con-
ductivity tensor in S/� is

σii(ω) = e2

εoA

∑
p

γω2Zp,iZp,i

ω2
p − ω2 − iωγ

. (9)

A is the area of the surface unit cell.

B. Surface electric fields and the scattering potential

Electric fields inside and outside the surface of an ideal
dielectric, with dielectric constant ε, may be calculated by
the method of images.33 If a charge, Q, in vacuum, is placed
above an ideal dielectric, it induces a circularly symmetric
positive screening charge at the vacuum/dielectric interface.
The total potential of the external plus induced charges, out-
side the dielectric, is equivalent to that produced by the exter-
nal charge plus an image charge, −Q(ε − 1)/(ε + 1), inside
the dielectric. The total potential inside the dielectric is equiv-
alent to that produced by a single charge, 2Qε/(ε + 1), at the
site of the vacuum charge. Electric fields inside and outside
the dielectric are therefore,

Ein
⊥ = 2

ε + 1
E⊥, (10)

Eout
⊥ = 2ε

ε + 1
E⊥, (11)

Ein
|| = Eout

|| = 2

ε + 1
E||, (12)

where E⊥ and E|| are components of the field of the charge,
Q, in vacuum. The usual boundary conditions for the paral-
lel component of an electric field and perpendicular compo-
nent of the displacement field at a vacuum/dielectric interface
are satisfied. Thus the perpendicular component of the elec-
tric field of an electron which is incident on the surface of an
ideal dielectric is enhanced by a factor of 2ε/(ε + 1) just out-
side the dielectric, while the parallel component is reduced by
a factor 2/(ε + 1).

The role of local fields at surfaces in the 3-layer model
of the surface loss function can be understood further by ex-
panding it in powers of Q||d,1 as

Im
−1

ε̃(Q||, ω) + 1
= Im

−1

εb + 1
+

[
ε2
b

(εb + 1)2
Im

−1

εs

+ 1

(εb + 1)2
Imεs

]
Q||d + O(Q2

||d
2).

(13)

Electromagnetic modes in bulk solids, such as bulk plas-
mons, occur at the poles of the inverse bulk dielectric func-
tion, 1/ε. Surface excitations at a vacuum/dielectric inter-
face occur at poles of 1/(ε̃ + 1).34 Electromagnetic mode
frequencies of bulk materials with a macroscopic slab geom-
etry are determined by the macroscopic field and the bulk
susceptibility, χ (ω) = �2

p/(ω2
p − ω2), where ωp are exci-

tation frequencies and �p is the corresponding plasma fre-

quency. The macroscopic field contains the external field, E⊥,
and a depolarizing field, −P⊥/εo, created by surface polariza-
tion charges. The polarization perpendicular to a slab face is
therefore,

P⊥ = εoχ

(
E⊥ − P⊥

εo

)
, (14)

P⊥ = εoχ (1 + χ )−1E⊥, (15)

and it is clear that excitations occur at zeros of (1 + χ ) (or
poles of ε−1). In the present context, 1 + χ is the sum of the
phonon and static, bulk, electronic contributions to εii. Zeros
of 1 + χ occur at

ω2 = ω2
p + �2

p

εb

. (16)

Electromagnetic modes polarized parallel to the surface
occur at phonon frequencies, ω = ωp, i.e., without any shift
due to surface local fields. Phonon calculations which are
presented below are performed within a self-consistent field
approximation which includes the depolarizing field created
by surface polarization charges. Hence the shifts in frequen-
cies of modes polarized perpendicular to the surface, �2

p/εb,
are implicitly included in the phonon calculations and ε−1

s in
Eq. (13) is replaced by εzz in Eq. (17). Terms in Eq. (13) can
therefore be interpreted as follows: the term independent of
Q||d is the surface response of the semi-infinite bulk layer,
which is present even in the absence of a surface layer; the
term containing Im ε−1

s is the response of the entire surface
layer perpendicular to the surface; the term containing Im εs

is the response of the surface layer parallel to the surface.
Prefactors containing the bulk dielectric function, εb, are dis-
cussed in Sec. IV C. The surface phonon contribution to the
surface loss function, in terms of the dielectric function cal-
culated from Born charges and phonon frequencies is,

Im
−1

ε̃(Q||, ω) + 1
=

[
1

2(εb + 1)2
Imεxx + 1

2(εb + 1)2
Imεyy

+ ε2
b

(εb + 1)2
Imεzz

]
Q||d + O(Q2

||d
2).

(17)

A factor 1/2 has been introduced in the xx and yy terms
in Eq. (17) to account for equal proportions of either domain
orientation of Si dimers.

III. COMPUTATIONAL METHODS

All electronic structure calculations reported here were
performed using the Crystal code.35 Hybrid DFT calculations
used a Hamiltonian similar to that in the B3LYP functional.4, 5

The B3LYP functional contains Hartree-Fock exchange with
weight 0.2 and local density and generalized gradient approx-
imations to exchange with combined weight 0.8; this standard
functional results in overestimation of the optical band gap of
bulk Si. In this work, the relative weight for Hartree-Fock ex-
change was reduced to 0.05, which results in good agreement
with experiment for the value of the static real part and the
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position of the E2 peak in the imaginary part of the dielectric
function of bulk Si.

The Crystal code used in this work employs a finite dis-
placement phonon method36, 37 to calculate the dynamical ma-
trix for  point phonons. Born effective charge tensors in
Crystal are obtained using a Berry phase method.38 Slabs con-
taining 16 Si layers with (2×1), p(2×2), or c(4×2) surface
unit cells and both surfaces terminated by Si dimers were used
for HREELS calculations of clean Si(001) surfaces. Slabs
containing 25 Si layers with (2×1)H or D terminations were
used for HREELS calculations of hydrogen covered surfaces.
Lattice parameters and atomic coordinates were relaxed un-
til all forces on atoms were below 10−4 hartree/bohr. A 6×6
Monkhorst-Pack net39 was used for all self-consistent field
and finite displacement phonon calculations. The Gaussian
orbital basis used for Si40 is described in Ref. 41.

IV. RESULTS AND DISCUSSION

In this section we present calculations of the phonon
contribution to the surface conductivity, the HREELS scat-
tering cross section and analysis of the modes which are
responsible for the strongest scattering in HREELS. A lim-
ited amount of experimental HREELS data is available for
clean Si(001) surfaces. Different primary beam energies are
used by Takagi et al.7 and by Eremtchenko et al.8 and near-
specular scattering spectra reported by them differ consider-
ably. In order to demonstrate a test of the method used to
calculate HREELS spectra, we report spectra for hydrogen
covered surfaces and compare them to experimental spectra.
HREELS spectra for the Si(001)-(2×1)H and D surfaces have
been measured by Eremtchenko et al.8 and by Eggeling et al.3

There is less experimental uncertainty in the composition of
the hydrogenated surfaces than the clean surfaces. When a
clean Si(001) sample is prepared for an HREELS measure-
ment, (2×1), p(2×2), or c(4×2) domains may coexist and
the chemical unsaturation of these surfaces means that they
contaminate relatively quickly. On the other hand, provided
that the exposure to hydrogen is not too large, surfaces with a
single (2×1)H or D reconstruction can be prepared. Further-
more, experimental HREELS data for Si(001)-(2×1)H from
several groups are in good agreement.3, 8, 12, 13 Our calcula-
tions of loss energies and intensities are in very good agree-
ment with loss energies and relative intensities from experi-
ment for the hydrogen covered surfaces. This approach can
therefore be expected to predict HREELS spectra for clean
Si(001) surfaces reliably. The conductivity (Eq. (9)) gives
greater weight to high frequency modes than the loss func-
tion (Eq. (3)). The latter contains a thermal factor which gives
greater weight to modes with ¯ω ≤ kT and the former con-
tains an extra factor of ω in the numerator of Eq. (9). Conse-
quently, modes with relatively low intensity peaks in the con-
ductivity appear as significant losses in the HREEL spectrum.

A. Si(001)-(2×1)H and D phonons and HREEL spectra

The Si-H(D) symmetric stretching mode is reported at
2090(1525) cm−1 by Eremtchenko et al.8 and 2095 cm−1
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FIG. 2. Conductivities of Si(001)-(2×1), Si(001)-(2×1)H, and Si(001)-
(2×1)D. Si(001)-(2×1)H data have been scaled by 1/10 for energies above
550 cm−1. Note differences in scales of coordinate axes.

by Eggeling et al.3 We find four modes in the range 2147–
2183(1550–1576) cm−1 in our calculations for the H(D)
covered surfaces. The modes with the largest dipole ac-
tivities are at 2179(1573) cm−1. Si-H(D) stretching fre-
quencies are therefore overestimated by around 3% when
compared to experiment. Bonds to H atoms are strongly an-
harmonic and the harmonic approximation used here is known
to overestimate H atom stretching frequencies. In the case of
brucite, (Mg(OH)2), Pascale and co-workers42 found the OH
stretching frequency was overestimated by around 5% using a
B3LYP Hamiltonian and that the stretching frequency agreed
with the experimental value within 10 cm−1 when allowance
was made for anharmonicity of the OH stretching potential.

Surface conductivities up to 700 cm−1 for Si(001)-
(2×1)H are compared to those for the clean Si(001)-(2×1)
surface in Fig. 2. A line broadening parameter, γ , of 5 cm−1

was used in conductivity calculations (Eq. (9)). Si dimer
bonds are parallel to the [110] (x) direction and dimer rows
are parallel to the [110] (y) direction. Frequencies of modes
with prominent peaks in the conductivity are given in Table I.

The conductivity parallel to the Si dimer (x) direction at
the H covered surface shows a strong peak at 226 cm−1 which
is the dimer rocking (r) mode and an in-phase Si-H bend-
ing mode at 648 cm−1. Allan and Mele report the r mode at

TABLE I. Mode frequencies in cm−1 and polarization in the surface con-
ductivity for the Si(001)-(2×1)H and D surfaces.

Polarization H, ω (cm−1) D, ω (cm−1) Character

x 226 224 Dimer rock
x 648 493 In-phase H/D bend
y 635 407 In-phase H/D bend
y 513 In-phase H/D bend
z 344 330 Anti-phase H/D bend
z 373 420 Anti-phase H/D bend
z 424 468 Anti-phase H/D bend
z 620 484 Anti-phase H/D bend
z 2179 1573 Si-H/D stretch
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FIG. 3. Phonon eigenvectors for modes at Si(001)-(2×1)D (left) and
Si(001)-(2×1)H (right) surfaces with the greatest conductivities perpendic-
ular to the surface plane.

210 cm−1 at the K point of the Brillouin zone.15 The con-
ductivity parallel to dimer rows (y) shows a strong peak at
635 cm−1 which is Si-H bending perpendicular to the Si dimer
axis. The conductivity perpendicular to the surface plane (z)
shows peaks at 344, 373, 424, 620, and 648 cm−1. Peaks
in the range 300–470 cm−1 correspond to coupled Si dimer
stretching/anti-phase Si-H bending along the Si dimer axis.

Modes with a large conductivity parallel to Si dimer
bonds (x) at the D covered surface are found at 224 cm−1 and
in the range 450–500 cm−1, with the most intense mode at
493 cm−1(Fig. 2). The mode at 224 cm−1 is the r mode. The
493 cm−1 mode corresponds to the in-phase bending mode
observed at 648 cm−1 in the H covered surface. Two bending
modes with a large conductivity perpendicular to the dimer
axis (y) are found at 407 and 513 cm−1 and correspond to the
single mode at 635 cm−1 in the H covered surface. Several Si-
D bending/dimer stretching modes with conductivity perpen-
dicular to the surface plane (z) are found at 330, 420, 468, and
484 cm−1. The mode at 620 cm−1 in the H covered surface
lies above the highest frequency in the bulk Si DOS (which
is around 500 cm−1) and is therefore strongly localized on
Si-H bonds. The corresponding modes in the D covered sur-
face mix strongly with Si bulk modes since they fall below
500 cm−1.

Phonon eigenvectors of modes with a relatively large
conductivity perpendicular to the H and D covered surfaces
are shown in Fig. 3. The slab used for these calculations does
not have a mirror plane of symmetry perpendicular to the Si
dimer axis and so there is no requirement for modes to be odd
or even about the dimer axis.

HREEL spectra are calculated using Eq. (17). Absolute
values of experimental scattering cross sections are not avail-
able and calculated cross sections have been scaled arbitrarily.
Weights of contributions from xx, yy, and zz elements of the
dielectric functions in Eq. (17) are 1/2(εb + 1)2, 1/2(εb + 1)2,
and ε2

b /(εb + 1)2, respectively, where εb has been chosen to
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FIG. 4. HREELS loss functions for the Si(001)-(2×1)H and D surfaces (red)
and experimental HREELS data (black) from Eremtchenko et al.8 The pri-
mary beam energy in the experimental work was 2.5 eV and the incidence
angle was 64◦. Vertical lines indicate experimental peak positions. Reprinted
with permission from C. H. Patterson, Europhys. Lett. 98, 66001 (2012).
Copyright 2012 EPL Association.

be 12. Factors of 1/2 in the xx and yy weights are included as
the surface is assumed to consist of equal proportions of the
two possible orientations of Si dimer domains. Experimental
and computed HREEL spectra for the H and D covered sur-
faces are compared in Fig. 4. Contributions to the computed
HREEL spectra from polarization parallel and perpendicular
to the surface are also shown in Fig. 4. A Lorentzian function
corresponding to the elastic peak has been added to the calcu-
lated HREEL spectra to aid comparison to experiment. This
function was not added to the decomposition into x, y, and z
contributions in these figures. A line broadening parameter, γ ,
of 30 cm−1 was used in dielectric functions (Eq. (8)) to match
the experimental resolution.

Experimental HREELS data from Eremtchenko et al.8

for the H covered surface show losses at 145 and 220 cm−1, a
broad hump between 310 and 390 cm−1 and a strong, asym-
metric loss at 617–622 cm−1 . Eggeling et al.3 report a loss at
625 cm−1 for the H covered surface. There are relatively weak
losses at 140 and 215 cm−1 and three distinct, intense losses in
the experimental data for the D covered surface at 340, 410,
and 490 cm−1. The computed HREEL spectra for the H(D)
covered surfaces show weak losses at 124(126) cm−1 which
are Si-H(D) bending motion coupled to bulk Si motion and
may correspond to the experimental losses at 145(140) cm−1.

The dimer rocking modes observed in experiment at
220(215) cm−1 are calculated to be at 226(224) cm−1. The
lower panels of Fig. 4 show that the rocking mode is asso-
ciated with polarization parallel to the Si dimer axis only.
It therefore breaks the surface dipole rule for HREELS,
whereby only modes with polarization perpendicular to the
surface plane are observed. The computed spectrum for the H
covered surface contains weak contributions from Si-H bend-
ing/dimer stretching modes with contributions from both x
and z polarizations and must correspond to the broad hump
seen in experiment between 310 and 390 cm−1. In contrast,
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the D covered surface has three strong loss features in the
range 300–500 cm−1. Here there is mixing of Si-D bending
and surface Si atom motion. There are weak contributions to
the D covered surface HREEL spectrum from modes with x
polarization and stronger contributions from modes with y and
z polarization. The modes with y polarization are Si-D bend-
ing perpendicular to the Si dimer axis and the modes with z
polarization at 330, 420, and 468 cm−1 are shown in Fig. 3.
There is very good agreement between the calculated and ex-
perimental spectra. Since this depends on inclusion of large
contributions from polarization parallel to the surface, this
provides a further demonstration that the surface dipole rule
is invalid for these surfaces.

Surface conductivities (Fig. 2) and HREEL spectra
(Fig. 4) of both H covered and clean Si(001) surfaces show
strong features in the range 450–500 cm−1. There are no
strongly scattering surface modes in this energy range for
the H covered surface, but many modes localized in the slab
interior make contributions to the scattering at this energy.
The relative intensities of the losses around 500 cm−1 in
our calculations, which we assign to surface resonances of
bulk phonons, increased when a thicker slab was used for
the phonon calculation. This energy corresponds to the max-
imum of a strong peak in the bulk phonon density of states20

and it is present for both the clean and H covered (2×1) sur-
face conductivities along z (Fig. 2). Hence an assignment to
resonances of bulk states at both clean and H or D covered
surfaces seems reasonable. Some of the loss intensity around
500 cm−1 in the Si(001)-(2×1)D surface is due to Si-D bend-
ing modes, as mentioned above.

B. Si(001) clean surface phonons and HREEL spectra

Allan and Mele16 report three surface phonons, labelled
r, s, and sb, in gaps of the projected bulk phonon density of
states of the Si(001)-(2×1) surface. r is a dimer rocking mode
in which the dimer tilt changes, s is a dimer swing motion
in which dimers oscillate about axes perpendicular to the sur-
face, and sb is a motion of the subsurface bonds. Alerhand
amd Mele also refer to a five-fold ring mode17 in which atoms
in five membered rings which include pairs of dimer atoms
and atoms immediately below the dimer (subdimer atoms) are
in motion. These surface atom motions can couple to bulk Si
atom motion in more than one way and we find that a par-
ticular kind of surface atom motion makes contributions to
the surface conductivity and HREELS spectra in more than
one mode. Therefore, more than one peak in a spectrum can
be assigned to a dimer swing motion, s, etc. Reported fre-
quencies for these modes, converted to cm−1, are given in
Table II.

The surface conductivity of the clean Si(001)-(2×1) sur-
face is compared to that for the (2×1)H surface in Fig. 2. The
clean surface conductivity parallel to dimers (x) is dominated
by a group of peaks up to 184 cm−1 which are dimer rock-
ing modes. The conductivity along dimer rows (y) is large in
the clean surface in the range 400–500 cm−1 and a peak ap-
pears at 134 cm−1 when H is removed from the surface. The
peaks at 134, 412, and 477 cm−1 are s modes and a peak at

TABLE II. Mode frequencies in cm−1 for the Si(001)-(2×1) surface.

Reference Rocking mode, r Swing mode, s Subsurface bond, sb

AMa 207 356 494
FPb 158 337 494
TJSc 168 348 527
FPd 175 525
TJSe 171 513
This workf 184 412, 477 501

aAllan and Mele K point, Ref. 16.
bFritsch and Pavone K point, Ref. 18.
cTütüncü, Jenkins, and Srivastava, K point, Ref. 20.
dFritsch and Pavone  point, Ref. 18.
eTütüncü, Jenkins, and Srivastava,  point, Ref. 20.
f point.

432 cm−1 is an sb mode. The s modes around 412 cm−1 are
primarily localized on the upper dimer atom and the atom in
the valley between dimers while the s mode at 477 cm−1 is
primarily localized on the lower dimer atom and the valley
atom. The conductivity perpendicular to the surface (z) has
an r mode at 265 cm−1 and an sb mode at 484 cm−1. The
clean (2×1) surface has a surface localized mode at 501 cm−1

which lies above the bulk phonon DOS and is localized on the
lower dimer atom and the backbond atom. This surface state
was also reported by several other groups (Table II). How-
ever, we do not find a surface localized mode above the bulk
DOS in the p(2×2) or c(4×2) surfaces.

Conductivities of Si(001)-p(2×2) and c(4×2) surfaces
are shown in Fig. 5. Mode frequencies for the c(4×2) surface
from this work and earlier work are compared in Table
III. Conductivities of these surfaces are very similar along
dimers or dimer rows. The conductivity along dimers (x) is
associated with dimer rocking at 194 and 295 cm−1 and sb
modes at higher frequencies. The conductivity along dimer
rows (y) is dominated by a mode at 382 cm−1, which is an s
mode localized on dimer atoms and valley atoms. The c(4×2)
surface has strong contributions to the conductivity perpen-
dicular to the surface (z) from modes at 295 and 476 cm−1.
These are r and sb modes, respectively. Phonon eigenvectors
for several key modes at the (2×1) and c(4×2) surfaces are
shown in Fig. 6. The s mode at 382 cm−1 is quite different
from that at 412 or 477 cm−1 in the clean (2×1) surface, since
motion on the valley atoms is vertical rather than horizontal.

Alerhand and Mele17 reported conductivities of the
(2×1), p(2×2), and c(4×2) Si(001) surfaces using a tight
binding method. They found that conductivities were of the
same order of magnitude parallel and perpendicular to the
surface normal. We find similar magnitudes for conductivi-
ties parallel to surfaces, but a magnitude around 100 times
smaller for the perpendicular direction. Polarization parallel

TABLE III. Mode frequencies in cm−1 for the Si(001)-c(4×2) surface.

Reference Rocking mode, r Swing mode, s Subsurface bond, sb

FPa 186 482
This workb 194 382

aFritsch and Pavone J point, Ref. 18.
b point.
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FIG. 5. Conductivities of the Si(001)-p(2×2) and Si(001)-c(4×2) surfaces.

and perpendicular to the surface is obtained self-consistently
in our calculations whereas it may not have been in the earlier
tight-binding calculations. This may explain the difference in
the predictions of the two calculations for polarization per-
pendicular to the surfaces.

HREELS data for the clean Si(001) surface reported by
Takagi et al.7 and by Eremtchenko et al.8 are redrawn in
Fig. 7 and compared to the HREELS loss function (Eq. (3))
for the Si(100)-(2×1) and c(4×2) surfaces. Data by Takagi
et al. were recorded at room temperature using a 2.5 eV
primary beam energy.7 Data by Eremtchenko et al. were
recorded from a surface which exhibited a (2×1) low energy
electron diffraction pattern8 using a 6.2 eV primary beam en-

FIG. 6. Phonon eigenvectors for modes at Si(001)-(2×1) (left) and Si(001)-
c(4×2) (right) surfaces. Phonon frequencies are given in cm−1.
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FIG. 7. HREELS spectra for the clean Si(001)-(2×1) and c(4×2) surfaces
obtained from the surface loss function and experimental data for clean
Si(001) surfaces redrawn from Eremtchenko et al.8 and Takagi et al.7 Pri-
mary beam energies and incidence angles in the experimental work by
Eremtchenko et al. and by Takagi et al. were 2.5 eV and 64◦ and 6.2 eV and
60◦, respectively. Vertical lines indicate experimental peak positions referred
to in Refs. 7 and 8.

ergy. Eremtchenko et al.8 report losses at 150, 280, 480, and
530 cm−1. Takagi et al.7 report losses at 97, 161, 242, 266,
395, 476, and 516 cm−1. Both groups assigned modes on the
basis of bond charge model calculations for the Si(001)-(2×1)
surface by Tütüncü et al.20 although no information on loss
intensities was available from the bond charge model calcu-
lations. The loss reported by Eremtchenko et al. and Takagi
et al. at 530(516) cm−1 could be the sb surface mode above
the bulk phonon DOS, which we find at 501 cm−1 and other
groups find between 494 and 527 cm−1 (Table II). The loss
reported at 480(476) cm−1 may be caused by the high den-
sity of bulk modes in this region which have some amplitude
on surface atoms which carry a nonzero Born charge. Con-
ductivities perpendicular to the H covered and clean (2×1)
and c(4×2) surfaces have peaks in this region. The loss re-
ported by Takagi et al. at 395 cm−1 may be the s mode with
a strong peak around 382 cm−1 in the c(4×2) surface, if there
are c(4×2) domains present. The loss at 280 cm−1 may be
an r mode which we find at 265 cm−1 in the (2×1) surface
and at 295 cm−1 in the c(4×2) surface. The loss reported at
150(161) may be an r mode which we find at 184 cm−1 in the
(2×1) surface. Clearly, there are major differences between
the two sets of experimental data in Fig. 7 and between the
experimental data and results of our calculations. Agreement
between theory and experiment is significantly better for the
H and D covered Si(001) surfaces.

C. Surface electric fields and charge response

Born charges, which are the average values of diag-
onal elements of atomic Born charge tensors (Eq. (6)),
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FIG. 8. Born charges at Si(001)-(2×1)H and clean Si(001) surfaces. Sphere
radii indicate the magnitude of the Born charge, red is a positive charge and
blue negative.

provide a means of understanding the origin of peaks in the
surface conductivity and surface loss function since they rep-
resent the charge response to atomic displacements. These
are shown schematically in Fig. 8 for the four Si(001) sur-
faces considered in this work. Numerical values for the largest
Born charges at these surfaces are given in Table IV and Born
charge tensors for atoms in the p(2×2) and (2×1)H surfaces
are given in Table V. Born charges are zero by symmetry in
bulk Si and can only be nonzero close to the surface. The
tensors are highly anisotropic for near-surface atoms and el-
ements governing charge transfer parallel to the surface are
around 10 times larger than those governing charge transfer
perpendicular to the surface.

Figure 8 and Table IV show that only Si atoms in dimers
and first and second layers of any of the surfaces studied have
Born charge magnitudes greater than 0.1e. At the (2×1)H sur-
face, H atoms have the largest charges (−0.44e) while the
Si dimer has relatively small charges (0.27e), compared with
buckled, clean surface dimers. In each of the four surfaces
studied, the outermost Si atom in the valley between dimer
rows has a positive Born charge ranging from 0.24e on the
clean (2×1) surface to 0.29e in the c(4×2) surface. Buckled
dimer clean surfaces have large positive charges on the lower

TABLE IV. Born charges for atoms at Si(001) surfaces.

Atom (2×1)H (2×1) c(4×2) p(2×2)

H − 0.44
Si dimer up 0.27 − 0.75 − 0.61 − 0.59
Si dimer down 0.27 0.45 0.55 0.59
Si backbond 0.03 0.47 0.17 0.15
Si subdimer − 0.04 − 0.22 − 0.58 − 0.60
Si valley 0.26 0.24 0.29 0.27

TABLE V. Born charge tensors for atoms at the Si(001)-(2×1)H and
Si(001)-p(2×2) surfaces. (a) H atom, (b) Si dimer atom, and (c) Si valley
atom at the Si(001)-(2×1)H surface. (d) and (e) Outer, inner Si atoms in a
tilted Si dimer at the Si(001)-p(2×2) surface and (f) atom immediately be-
low the Si dimer in the Si(001)-p(2×2) surface (see Fig. 8). Born charges
for tensors (a)–(f) are −0.41, 0.28, 0.26, −0.59, 0.54, and −0.60, in units of
charge, e.

(a)

⎛
⎝ −0.45 0.00 0.00

0.00 −0.64 0.00
0.03 0.00 −0.13

⎞
⎠ (b)

⎛
⎝ −0.06 0.00 −0.33

0.00 0.75 0.00
−0.05 0.00 0.15

⎞
⎠

(c)

⎛
⎝ 0.75 0.00 0.00

0.00 0.02 0.00
0.00 0.00 0.01

⎞
⎠ (d)

⎛
⎝ −1.29 0.00 −0.55

0.00 −0.55 0.00
−0.09 0.00 0.08

⎞
⎠

(e)

⎛
⎝ −0.07 0.00 −0.53

0.00 1.69 0.00
0.00 0.00 −0.01

⎞
⎠ (f)

⎛
⎝ −1.07 0.81 0.00

0.21 −0.81 0.00
0.00 0.00 0.07

⎞
⎠

atoms in the dimer and larger negative charges on the upper
atoms. There are positive charges on Si backbond atoms and
negative charges on atoms immediately below Si dimers. In
the (2×1) clean surface there are two types of backbond atom,
only the charge for the backbond atoms attached to the dimer
up Si atom is given. Subdimer charges in the p(2×2) and
c(4×2) surfaces are as large as those in the buckled dimers.

Born charge tensors in Table V for atoms with large Born
charges at the surface are highly anisotropic. For all four sur-
faces studied, the largest elements of the Si dimer tensors are
the components corresponding to polarization induced per-
pendicular to dimers by atom motion in that direction, which
is the source of the strong polarization in the s modes de-
scribed in Sec. IV B.

We have presented calculations of cross sections for
dipole scattering by surface modes with small Q|| using
phonon calculations performed at Q|| = 0. It is reasonable
to assume that the dielectric functions used in calculating
HREEL spectra (Eq. (8)) vary slowly with Q|| and that they
do not change significantly at values of Q|| used in experi-
ment. For example, Takagi et al.7 used Q|| = 0.06 Å−1 and
Eremtchenko et al.8 used Q|| = 0.04 Å−1 for near-specular
scattering, which is much closer to Q|| = 0 than the distance
to the nearest surface Brillouin zone boundary (∼0.4 Å−1 for
the p(2×2) surface).

Equations (3) and (4) (and Eq. (17) which is used to cal-
culate HREEL spectra) are derived by considering electric
fields propagating into and out of a semi-infinite dielectric
with a thin surface layer. The factors 1/(εb + 1)2 and ε2

b/

(εb + 1)2 which appear in the small Q||d expansion of Eq. (3)
have been interpreted by Evans and Mills2 and many subse-
quent authors, in terms of screening of dipole moments asso-
ciated with vibrations of atoms in surface layers by the under-
lying dielectric or metal. The scattering potential in the first
Born approximation approach of Evans and Mills,2 �Q|| (z), a
distance, z, above a crystal surface at wavevector, Q|| is,

�Q|| (z) = 4πenoe
−Q||z εb

1 + εb

(
p⊥ − i

εb

Q̂||.p||

)
. (18)

no is the reciprocal of the surface unit cell area and p⊥ and p||
are fourier amplitudes which appear in lattice sums of dipole
moments oriented normal and parallel to the surface, respec-
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tively. �Q|| (z) enters the scattering cross section as its mod-
ulus squared and so the contribution from p|| is reduced by a
factor 1/ε2

b compared to p⊥ and was neglected by Evans and
Mills.2 The factors containing εb in the scattering potential are
consistent with the screened potential created in vacuum when
an electric dipole oriented parallel or perpendicular to the sur-
face is placed just outside an ideal dielectric.2 Hence the cur-
rently accepted picture of the dipole mechanism for charge
scattering by surface vibrations is that screening of phonon-
induced polarization parallel to the surface results in negligi-
ble dipole scattering by vibrations which have atomic motion
parallel to the surface and only vibrations which have atomic
motion perpendicular to the surface are observed in HREEL
spectra. This has come to be known as the surface dipole rule
in HREELS1 and it depends on screening of charges induced
by atomic motions associated with surface phonons.

Figure 8 shows that Born charges at clean or H covered
Si(001) surfaces are confined to the outermost atomic lay-
ers. Components of Born charge tensors (Table V) are large
(∼e) for atom displacements parallel to the surface. They are
smaller, by up to an order of magnitude, for atom displace-
ments perpendicular to the surface. When an atom is dis-
placed parallel to the surface a large charge transfer may oc-
cur, e.g., between dimer atoms, especially at the clean surface
where occupied and vacant surface states are localized on the
“up” and “down” atoms in the dimer, respectively. Table V
shows that when an atom is displaced perpendicular to the sur-
face, the zz component of the Born charge tensor is relatively
small, especially for the clean surfaces studied. Presumably
this is because an atom, which is displaced perpendicular to
the surface, moves (almost) as a neutral atom, rather than be-
cause of compensation by charge displacement on neighbor-
ing atoms in the opposite sense. The relatively large xx and yy
and smaller zz components of dielectric functions and surface
conductivities are the opposite of what would be expected,
were the currently accepted picture and the surface dipole rule
to apply. It should be noted that Born charge tensors express
the response of the electronic charge to atomic displacements
rather than to an external electric field and so there is actu-
ally no requirement for these charges to be screened in the
way that the field of an external charge is screened by a di-
electric surface. Surface atom Born charge tensors represent
an intrinsic response property of the surface to surface atom
displacements.

An alternative interpretation of the factors 1/(εb + 1)2

and ε2
b/(εb + 1)2 in Eq. (17) can be given in terms of parallel

and perpendicular components of the electric field strength
of the scattering electron in the surface region, where Born
charges are large. A dielectric surface treated quantum me-
chanically can be expected to have near ideal dielectric be-
havior, provided that the perturbing charge is in the vacuum
region and is at least several interatomic spacings away from
the surface. In this case the electronic charge responds to the
field of a point charge rather than an atomic displacement. As
noted in Eqs. (10)–(17), the electric field component paral-
lel to the surface is reduced by a factor 2/(εb + 1), compared
to the field of the bare charge in vacuum, both inside and out-
side the dielectric surface. On the other hand, the field compo-
nent perpendicular to the surface is enhanced by a factor 2εb/

(εb + 1) outside the layer of screening charge and reduced
by a factor 2/(εb + 1) inside. Since field-field (or equiva-
lently charge density-density) correlation functions appear in
the scattering cross section, these factors are squared in the
scattering cross section.1 This interpretation also accounts for
the fact that vibrational modes of adsorbates on metals with
atomic motions parallel to the surface are not observed in
near-specular HREEL spectra,43 since the parallel component
of the electric field is completely screened at a perfect metal
surface.

The charge which accumulates at a surface in response to
the field of an external charge is expected to reside on the out-
ermost atomic layer(s). Some atoms with large Born charges
will therefore lie outside that charge layer and others within it.
The actual field at the surface, which is the field driving the re-
sponse of the surface phonons, requires a microscopic calcu-
lation, but this is beyond the scope of the current work. How-
ever, good agreement between experimental and calculated
HREEL spectra for H and D covered surfaces, where there
is relatively little uncertainty in surface structure and surface
contamination is not a major experimental problem, suggests
that Eq. (17) can be used to calculate HREEL spectra of clean
and adsorbate covered semiconductor surfaces. Equation (17)
requires only Born charges in phonon coordinates and phonon
frequencies, both of which can easily be calculated for semi-
conductors and insulators using various electronic structure
codes. Since both the parallel and perpendicular components
of polarization induced by surface phonons can be observed
via HREELS, it is not sufficient to assign spectra by searching
for modes with atomic motion predominantly perpendicular
to the surface. Instead, Eq. (17) can be used to predict and
assign spectra.

V. SUMMARY

Symmetry breaking at the surface makes it possible to
observe vibrations at the surface of a cubic material such as
Si via techniques such as HREELS or infrared absorption
which depend on creation of a dynamic dipole moment by
the vibration. Motions of atoms in the first three or four lay-
ers of the surface induce dipole moments in the surface re-
gion while motions of atoms deeper in the solid induce none
(by symmetry). We find that components of dynamic dipole
moments parallel to the surface are larger than those perpen-
dicular to the surface by an order of magnitude, or so. This
finding apparently contradicts the generally accepted idea that
only vibrations with dynamic dipole moments perpendicular
to the surface are observed in HREELS. This is because any
dipole moment parallel to the surface of a dielectric, just out-
side the surface, is heavily screened. The surface loss function
is calculated using a three layer model. This model contains
screening factors for dynamic dipole moments parallel and
perpendicular to the surface. There is good agreement with
HREELS experiment of the H and D covered surfaces, pro-
vided that contributions from phonons with dynamic dipole
moments parallel to the surface are included.

We have calculated surface conductivities and HREELS
spectra for clean Si(001) and H and D covered Si(001)-(2×1)
surfaces. HREEL spectra for the H and D covered surfaces
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are in good agreement with experiment. However, experimen-
tal data7, 8 for the clean Si(001) surface are not in agreement
and there are significant differences between calculated (2×1)
and c(4×2) HREEL spectra and between calculated and ex-
perimental spectra. Differences between experimental spec-
tra may arise because of different primary beam energies (6.2
versus 2.5 eV), differences in surface preparation leading to
different dimer arrangements, domain sizes, etc. or even dif-
ferences in levels of surface contamination. Measurement of
HREEL spectra of a single domain Si(001)-c(4×2) surface,
prepared using appropriate techniques44 is needed. Compari-
son to our calculations, which predict a strong loss feature due
to the dimer swing mode at 382 cm−1, would provide a fur-
ther test of this method for calculating and assigning HREEL
spectra and the validity of the surface dipole rule at clean and
adsorbate covered semiconductor surfaces.
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