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Surface vibrations of diamond C„001…„2Ã1…
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Surface vibrations of diamond C(001)(231) have been studied by means of electron energy loss spectros-
copy as well as first-principles theoretical calculations. Several vibrational modes are newly resolved. Outside
the bulk phonon band, we observe a surface-derived mode at 172 meV, which is assigned as the dimer
stretching mode as predicted by theoretical results. The other losses are in resonance with the bulk phonon
band, and thus, they cannot be assigned as pure surface or bulk modes. The dispersions of the loss peaks are
measured along the high-symmetry directions of the surface Brillouin zone, where we find nearly localized
character of the vibrations along the surface.
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The surface vibrational property is one of the most fu
damental issues for surface physics since it is proxima
related to the surface dynamical processes of, e.g., sur
reconstruction and surface phase transitions. Sur
phonons of crystalline materials have been vastly inve
gated by means of electron energy loss spectroscopy~EELS!
and He atom scattering~HAS!.1

Diamond has attracted much attention from both exp
mentalists and theorists owing to its intrinsic properties s
as a large band gap, high saturation carrier velocity, and h
thermal conductivity. A number of experimental as well
theoretical studies, focused on the vibrational properties
diamond C(001)(231) surfaces, have been performed.2–8

Figure 1~a! shows the schematic structure of the C(001)
31) surface. The surface phonons of C(001)(231) were
experimentally observed mainly using EELS.2,3,7,8 In previ-
ous studies, the C(001)(231) surface showed vibrationa
spectra with an intense loss centered at 92 meV and se
losses ranging from 120 to 170 meV.7,8 Since the attainable
resolutions were rather low, we believe there are still a nu
ber of unresolved structures.

The phonon energies of C(001)(231) were calculated a
the Ḡ point of the surface Brillouin zone~SBZ!.4–6 Since the
C-C surface dimer bond is rehybridized to;sp2 on
C(001)(231), the dimer C-C stretching mode o
C(001)(231) was predicted to be split from the bu
band.4–6

In this study, we investigate the vibrational modes of t
diamond C(001)(231) surface by means of EELS as we
as first-principles theoretical calculations. We detect sev
new losses and measure the surface phonon disper
along the high-symmetry directions of the SBZ. The los
are assigned mainly by comparison with previous a
present theoretical works.
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The experiments were performed by using an ultrahi
vacuum chamber equipped with a high-resolution elect
spectrometer for EELS~LK-5000, LK Technologies, Inc.!,
an electron optics for low-energy electron diffractio
~LEED!, and a quardrupole mass spectrometer for
analysis. The base pressure of the chamber was less th
310210 Torr.

A B-doped diamond film was epitaxially grown on th
~001! surface of synthesized single-crystalline diamond~1b
type! using the microwave plasma-assisted chemical va
deposition~CVD! method. The thickness of the CVD film
was;20 mm. The typical B concentration in the CVD dia
mond film was at the ppm level. The size of the substr
was 43430.3 mm3. The sample was mounted on a tant
lum holder. The sample could be cooled to 90 K using
liquid nitrogen reservoir and heated to 1400 K by electr
bombardment from the back side. The sample tempera

FIG. 1. ~a! Structural model of the diamond C(001)(231) sur-
face ~top and side views!. ~b! The corresponding surface Brillouin
zone~SBZ!.
©2003 The American Physical Society10-1
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was measured by using an Alumel-Chromel thermocou
attached to the sample holder. After introduced into
chamber, the sample was annealed up to 1300 K, the des
tion temperature of hydrogen, and a clean surface
obtained.

For EELS measurements, primary energies (Ep) of 4–19
eV, incidence angles (u i) of 60° –70°, and emission angle
(ue) of 35° –70° with respect to the surface normal are us
Typical energy resolution is 3 meV. The phonon dispers
curves are measured along the high-symmetryḠ J̄ and Ḡ J̄8
directions of the SBZ@Fig. 1~b!# by rotating the energy ana
lyzer around the axis that is perpendicular to the incide
plane of the electron beam. Since the (231) and (132)
domains coexist on the sample surface, the dispersions a
both directions are obtained by the measurements along
ther direction. The wave vector parallel to the surface,Qi , is
calculated byQi50.5123AEp(sinui2sinue) Å21. All the
EELS measurements are made at 90 K.

Figure 2 shows EELS spectra of the C(001)(231) sur-
face as a function ofQi with Ep517.0 eV andu i560°. The
inset shows a wide range spectrum of C(001)(231) with
Ep57.0 eV and u i5ue560°. The wide-range spectrum

FIG. 2. The EELS spectra of the clean C(001)(231) surface at
90 K as a function of the momentum transfer,Qi , with Ep517.0
eV andu i560°. The emission angles (ue) are 60° (0 Å21), 55°
(0.10 Å21), 50° (0.21 Å21), and 45° (0.34 Å21). The energy loss
region below 20 meV is scaled by a factor as indicated. The in
shows the wide range spectrum atEp57.0 eV andu i5ue560°.
The energy resolution is 3 meV.
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shows no loss due to the C-H stretch mode at;360 meV,2,9

ensuring that the surface hydrogen completely desorbs.
noted that the losses in the 210–320 meV range are ascr
to overtones and combination bands of the fundame
modes. Losses are observed at 92, 119, 126, 135, 146,
164, 172, and 181 meV. The most intense peak at 92 m
shows asymmetric shape with the shoulder on the low
energy side. Small losses appear at 36 and 68 meV in
off-specular directions.

Our results resemble the previous reports7,8 with several
loss peaks newly resolved. The intense 92-meV loss
the same as observed in the previous study by Hos
et al.,7 which was assigned to the bouncing mode of t
C-C dimer along the surface normal. They observed ad
tional losses at 123, 135, 147, and 165 meV in the spec
direction withEp56.8 eV.7 They assigned the 123- and 13
meV losses to excitations of transverse optical modes at
W andX points in the bulk Brillouin zone, respectively. Th
147-meV loss was assigned as the dimer rocking m
and/or longitudinal mode atX and the 165 meV loss as th
dimer twisting mode and/or optical mode atG. A recent
study by Kinskyet al.8 showed similar features with the in
tense peak at 93 meV and small losses ranging from 12
180 meV.

It is found that the intensities of the 92-, 119-, and 12
meV peaks decrease significantly in the off-specular dir
tions, indicating the dominant contribution of the dipole sc
tering to these losses. On the diamond surface, howeve
cannot be straighforwardly concluded that these modes
polarized perpendicular to the surface.9 This rule is appli-
cable to metallic substrates where the conduction electr
can efficiently screen the dynamic dipole moment induc
by the vibrational excitation.10 However, the dominant con
tribution of dipole scattering to these modes indicates t
the vibrations are derived from the nearby surface, beca
the bulk modes of the diamond are known to be dipole~in-
frared! inactive. Note that the surface vibrations below 1
meV on C(001)(231) are in resonance with the bulk pho
non band,11 and thus, we cannot strictly differentiate the su
face and bulk modes in this region.

Theoretical calculations were made using a line
response scheme to theab initio pseudopotential method12

applied to a repeated slab geometry. The supercell conta
32 ions located in a slab of 16 atomic layers and a vacu
region equivalent of five atomic layers. Single-particle wa
functions were expanded in a plane-wave basis set up to
kinetic energy cutoff of 40 Ryd. The electron-ion interactio
was treated by a norm-conserving pseudopotential,13 and
electron-electron interactions were treated within the lo
density approximation.14 The calculations predict 17 surfac
phonon modes at theḠ point of the SBZ. The calculated
energies and the corresponding displacement patterns
compiled in Fig. 3. The surface dimer belongs to theC2v
point group, and thus, the surface phonon modes
classified according to their symmetry species as show
Fig. 3. Because we measure the spectra on the dou
domain C(001)(231)-H along theḠ J̄ and Ḡ J̄8 directions,
the normal modes ofa1 , b1, and b2 symmetries can be
observed, whereas those ofa2 symmetry are forbidden
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according to the selection rule for the impact scatter
of EELS.10

The losses are assigned to the calculated phonon mo
The most intense loss at 92 meV and its shoulder domin
EELS spectra in the region of;60–110 meV. We believe
there are several phonon modes which contribute in this
gion. Judging from the calculated energies, the loss at
meV and its shoulder are tentatively assigned to the mix
of b1(2), b1(3), b1(4), b1(5), and a1(2) modes, whose
energies are in the region of;60–110 meV. The losses a
119, 126, 135, 146, and 154 meV are assigned asb1(6),
b1(7), a1(3), b1(8) @and perhapsb2(2)], and b2(3), re-
spectively. The 164-meV loss is attributed to the bulk opti
phonon at theG point,11 instead of the symmetry-forbidde
a2(2) mode. Since the losses in the energy region below
meV are in resonance with the bulk phonon bands, contr
tions from the bulk diamond cannot be neglected. The los
at 119 and 126 meV can possibly be contributed from
bulk phonons—namely, the transverse optical~TO! mode at
W. The losses at 135 and 146 meV may be attributed to
mode atX and longitudinal mode atX, respectively.11 The
172- and 181-meV losses lie outside the bulk phonon ba
and we assign the former to thea1(4) mode, which is cal-
culated to be 174.0 meV~the ‘‘stretching’’ mode!. The 181-
meV loss is the surface mode but cannot be assigned to
calculated mode. Thus, we tentatively attribute the 181-m
loss to the surface defect species. The 36-meV loss ma
assigned to thea1(1) mode.

FIG. 3. The displacement patterns of the calculated nor
modes at theḠ point, to which the observed loss peaks are assign
The normal modes are represented by the symmetry species o
C2v point group. The individual calculated energies are shown w
the experimentally observed energies in the brackets in a un
meV. Thea1 , b1, andb2 modes are observable by EELS.
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The dispersion of the losses is measured as a functio
Qi and shown by solid squares in Fig. 4. We measure
spectra atEp54 –19 eV, u i560° –70°, andue535° –70°.
Since the dispersions along the two directions overlap in
experiments, the same data are plotted in both directio
Except for the low-energy Rayleigh mode, all modes sh
small dispersions of at most 4 meV, which agree well w
the previous experimental study.8 At Ep higher than 20 eV,
the loss intensities significantly attenuate, and thus, dis
sion measurements are possible only belowQi50.8 Å21.
Also shown are the theoretical surface phonon dispers
~solid curves!. The experimental results are in resonan
with the projected density of states of bulk phonons, rep
sented by the dark area. The theory predicts flat dispers
for almost all losses, which are consistent with the pres
experimental results.

The dispersion of the loss peaks reflects the dynam
coupling of the vibrations along the surface. The almost-
features of the losses indicate a nearly localized characte
the vibrations along the surface, which is supported by
present theoretical results~see solid curves of Fig. 4!. This is
in contrast to previous theoretical studies,4,6 which suggested
that the dynamic coupling between adjacent dimers gi
rise to significant energy dispersions of the vibration
modes. For example, the dimer rocking mode was predic
to show an energy difference of 76 meV~Ref. 4! or 82 meV
~Ref. 6! between the in-phase~Ḡ point! and out-of-phase
motions.

In summary, we have investigated the vibrational mod
for the diamond C(001)(231) surface by means of EELS
combined with first-principles theoretical calculations. T
zone-center vibrational modes are observed at 36, 68,
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FIG. 4. Measured surface phonon dispersion along the h
symmetryḠ J̄ and Ḡ J̄8 directions of the C(001)(231) surface is
shown by solid squares as a function ofQi . Because our sample
contains both the (132) and (231) domains, the data in the two
directions are superimposed in the EELS spectra. Thus, we plo
same data in both directions. Due to the experimental limit, only
data forQi below 0.8 Å21 are obtained. The calculated results a
shown by solid curves. The dark area represents the projected
non density of states for bulk diamond.
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119, 126, 135, 146, 154, 164, and 172 meV for the cle
C(001)(231) surface. Mode assignments of the losses
made by a comparison with the theoretical calculations
bulk phonon measurements. The experimental results a
well with the theoretical predictions not only for the energ
of surface phonon modes but also dispersion characteris
a-

.
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The losses exhibit little dispersion except for the Rayle
mode.
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