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2 Laboratorio Regionale LICRYL (Liquid Crystal Laboratory), 87036 Rende (Cs) and
INFM-CNR Corso Perrone, 24-16152 Genova, Italy
3 CNISM, Consorzio Interuniversitario per le Scienze Fisiche della Materia, Via della Vasca
Navale, 84-00146 Roma, Italy

E-mail: politano@fis.unical.it

Received 26 August 2008, in final form 15 September 2008
Published 11 June 2009
Online at stacks.iop.org/JPhysCM/21/264006

Abstract
High-resolution electron energy loss spectroscopy was used to investigate alkali (Na, K)
coadsorption with CO and O on Cu(111) and Ni(111). Measurements provided new insights in
these systems. A CO-induced weakening of the alkali–substrate bond was revealed on both
substrates. The effect is more pronounced for the Na + CO/Ni(111) system. Submonolayers of
alkalis were found to promote the preferential population of the subsurface site for O/Cu(111)
but not for O/Ni(111).

1. Introduction

The adsorption of alkali-metal atoms on single-crystal metal
surfaces [1–8] and their coadsorption [9–14] with reactive
species are a topic of surface science, both of fundamental
interest in understanding the mechanisms of heterogeneous
catalysis and for technological applications (promotion of
catalytic reactions, oxidation rate and enhanced electron
emission rates).

In particular, the coadsorption of CO with alkalis
on noble-metal and transition-metal surfaces has been
widely investigated from both experimentalists [15–22] and
theoreticians [23–29]. The main effects of coadsorbed alkali-
metal atoms with CO molecules are: a notable increase in the
desorption temperature of CO molecules [16, 20–22], changes
of work function of the surfaces [30], shifts in CO core- and
valence-level binding energies [31] and an enhancement of the
CO dissociation rate [32].

Moreover, infrared reflection absorption spectroscopy
(IRAS) and high-resolution electron energy loss spectroscopy
(HREELS) revealed a significant weakening of the C–O bond
in the alkali + CO coadsorbed phase [15, 17]. Several models

4 Present address: Departamento de Fı́sica de la Materia Condensada,
Facultad de Ciencias, Universidad Autónoma de Madrid, and Instituto
Madrileño de Estudios Avanzados en Nanociencia, 28049 Madrid, Spain.

have been proposed in order to explain the softening of
the C–O stretching frequency. They involve electrostatic
interactions [23–25], surface states [26], direct [27] and
indirect (substrate-mediated) [28] interactions, and the alkali-
induced enhancement of the surface electronic polarizability of
the metal surface [29].

Recently, CO molecules have been demonstrated to induce
a significant weakening of the alkali–substrate bond [18, 19]
on Ni(111). In contrast, all previous research activities were
focused on the shift of the C–O stretching vibration, whereas
any effect of CO adsorption on the vibrational properties of
the coadsorbed alkali atoms was completely disregarded. The
shifts of the Na–Ni and C–O stretching frequencies are related
to each other. CO molecules locally affect the electronic
properties of the Ni(111) surface and ‘activate’ a lengthening
of the Na–Ni bond. However, it should be essential to carry out
further investigations on another substrate in order to establish
the general validity of such an effect.

On the other hand, the electronic, vibrational and bonding
properties of alkalis coadsorbed with oxygen have been
scarcely investigated [33–35]. However, alkalis play an
important role in many oxidation processes, i.e. oxidation
of metal and semiconductor substrates [1] and epoxidation
chemistry [36–38].

Nickel and copper are suitable substrates for such
studies as they have quite different catalytic activities.
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Such a comparative investigation could provide interesting
information on surface chemical reactions.

As concerns structural investigations, it has been shown
that in K + CO/Ni(111) [39] both K atoms and CO molecules
retain the atop site and the threefold hollow site, respectively,
as on the clean substrate. However, an increased K–Ni bond
length was revealed. In the case of K + O, a complete
low-energy electron diffraction (LEED) investigation has been
performed by Li and Diehl [40].

Herein we report on HREELS measurements performed
for alkalis (Na, K) coadsorbed with CO and O on both Ni(111)
and Cu(111). The CO-induced softening of the alkali–substrate
bond was revealed on both substrates. Moreover, we found
that on alkali-modified copper surfaces the subsurface site for
O is energetically favourable with respect to over-surface sites.
In contrast, for alkali + O/Ni(111) no subsurface species were
revealed.

2. Experimental details

Experiments were carried out in a UHV chamber operating
at a base pressure of 5 × 10−9 Pa, equipped with standard
facilities for surface characterization. HREEL experiments
were performed by using an electron energy loss spectrometer
(Delta 0.5, SPECS). The samples were single-crystal surfaces
of Ni(111) and Cu(111) with a purity of 99.9999%. The
surfaces were cleaned by repeated cycles of ion sputtering and
annealing at 900–1000 K. Surface cleanliness and order were
checked using Auger electron spectroscopy (AES) and LEED,
respectively. Both samples showed an excellent LEED pattern
characterized by sharp spots against a very low background.
Sodium and potassium were deposited onto the substrate by
evaporating from a well-outgassed commercial getter source.
The occurrence of the (3/2 × 3/2)-Na and p(2 × 2)-K
LEED pattern was used as the calibration point of θNa =
0.44 ML and θK = 0.25 ML, respectively (the coverage
of one monolayer, ML, is defined as the ratio between the
number of atoms of the adsorbate and that of the topmost
layer of the substrate). Very clean alkali adlayers could be
obtained at 400 K, as demonstrated elsewhere [8, 18, 19, 33].
Nonetheless, measurements were carried out in a few minutes
in order to further reduce the contamination. A constant
sticking coefficient was assumed to obtain other desired alkali
coverages. A calibration procedure using AES gave similar
results. Loss spectra were taken in specular geometry (dipole
scattering) with an incident angle of 55◦ with respect to the
surface normal. A primary electron beam energy of 3 eV was
used. The energy resolution of our spectrometer ranged from 2
to 3 meV.

3. Results

3.1. Na coadsorption with CO

HREEL spectra of 0.08 ML Na/Ni(111) exposed to CO
molecules at room temperature are shown in figure 1. Upon
CO exposure, the Na–Ni peak at 20 meV split into two
components. Likewise, two different C–O stretching modes
were revealed. A local and mutual interaction between
coadsorbates should be responsible for the appearance of a

Figure 1. (a) HREEL spectra of 0.08 ML Na/Ni(111) exposed to CO
molecules at room temperature and successively annealed. All
spectra were normalized to the intensity of the elastic peak and
multiplied by the same factor. (b) Each curve was obtained by
subtracting an exponential background. The resulting curve was
fitted by two Lorentzian lineshapes.

second Na–Ni and C–O mode in the coadsorbed phase. In fact,
not all CO molecules can adsorb in the close nearness of pre-
adsorbed Na adatoms, and vice versa.

An exponential background was subtracted from each
spectrum of figure 1(a) for better analysis of the spectra.
The loss features thus obtained were fitted by a Lorentzian
curve (figure 1(b)). Carbon monoxide adsorption induced the
appearance of a new Na–Ni peak at 12 meV. The intensity of
the latter peak increased as a function of the CO coverage,
while the intensity of the Na–Ni peak at 19 meV gradually
decreased.

The feature at 12 meV was assigned to Na adatoms in
close contact with CO molecules. Instead, the Na–Ni vibration
at 19 meV was ascribed to Na adatoms far from CO molecules.
The absence of an energy shift of the latter peak upon CO
exposure is further evidence of a local interaction between
Na and CO. The redshift of the Na–Ni peak in the Na + CO
coadsorbed phase was ascribed to a CO-induced lengthening
of the Na–Ni bond [18, 19]. Studies concerning the structural
properties of K + CO on both Ni(111) and Ni(100) [41]
reported a significant increase of the alkali–substrate bond
length with respect to the case of K/Ni(111) and K/Ni(100).
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Figure 2. HREEL spectra for 0.06 ML Na/Cu(111) exposed to CO
molecules at room temperature. The surface phonon of Cu(111) at
21 meV [49] was not excited under these scattering conditions in
present HREELS experiments.

Such a finding is in excellent agreement with the weakening of
the Na–Ni bond in the Na + CO coadsorbed phase.

As concerns the C–O vibration, a peak at 216 meV with a
shoulder at 225 meV arose after an exposure of 3.0 L (1 L =
1.33 × 10−6 mbar·s) of CO. Further CO exposure allows a
better separation of such features. Two well-distinct losses
were recorded at 217 and 227 meV. The presence of two C–O
features is ascribed to different environments for CO molecules
and it is indicative of different local [Na]:[CO] stoichiometries.

Present results are in good agreement with those reported
in a recent theoretical investigation [42] for K + CO/Ni(111).
Such calculations indicated that the K-induced effect is short-
ranged. The alkali-induced energy shift of molecular levels
causes the 2π∗ states of CO to be partially occupied.

The CO molecules less bonded to the surface desorbed
upon annealing at 340 K (figure 1(a)). As a consequence,
the C–O stretching peak at higher energy disappeared. After
a further annealing up to 420 K, CO molecules completely
desorbed from the surface. Instead, only a part of the Na
adatoms desorbed, as indicated by the slight overall decrease
of the integral of the Na–Ni peaks5. However, the Na–Ni
vibration was still present in the HREEL spectrum even with
the sample kept at 600 K. Upon annealing the component
at 12 meV decreased in intensity (figure 1(b)) and finally
disappeared. As expected, a single Na–Ni peak at 19 meV was
recorded after CO desorption.

These findings disagree with previous results. In fact, it
was generally assumed that a coincident desorption of both
alkalis and CO occurs [21, 43–45]. However, the presence of
the Na–Ni stretching in the absence of any CO-derived mode
ensures that Na and CO desorption are not at all coincident.

With the aim of verifying if similar effects occur also
on a noble-metal substrate, we carried out measurements

5 It is worth noticing that, in principle, HREELS intensities can be affected by
several external factors. Besides depolarization effects caused by coadsorbates,
further problems can originate, for example, from the changes in reflectivity
due to the different surface conditions (temperature, adsorbate coverage and
consequent work function changes, angle of incidence of the electron beam,
etc).

Figure 3. HREEL spectra for different amounts of Na deposited onto
the Cu(111) surface and successively exposed to 0.4 L of CO. No
critical precoverage for CO dissociation exists.

on Na + CO/Cu(111). A submonolayer of Na (0.06 ML)
was deposited on Cu(111) and the surface was successively
exposed to 10.0 L of CO (figure 2).

The Na–Cu feature shifted from 22 (Na on the clean
substrate) down to 19 meV. Interestingly, HREEL spectra
recorded on the Na-modified Cu(111) suggested a fully
dissociative CO adsorption at room temperature, as indicated
by the existence of a peak at 36 meV assigned to the O–Na
vibration [33]. The weakening of the Na–substrate bond is
more effective in the presence of molecular CO, as in the case
of Na + CO/Ni(111).

It is worth mentioning that the sticking coefficient for CO
molecules on copper surfaces at 300 K is extremely reduced
compared with on transition-metal substrates (Ni, Pt, Ru).
The saturation coverage for CO molecules on clean copper
was found to be about zero for temperatures higher than
200 K [46], while for Ni(111) the surface was fully covered by
CO molecules at 300 K even for small CO exposures [47, 48].
Accordingly, it is quite expected that CO adsorption on alkali-
modified copper substrates might occur only in the close
vicinity of alkali adatoms. HREEL spectra acquired for several
Na coverages on Cu(111) exposed to 0.4 L of CO (figure 3)
indicated that no critical precoverage for CO dissociation
exists.

In contrast, on alkali-precovered Ni(111) surfaces CO
adsorption at room temperature was molecular up to a critical
precoverage, i.e. the saturation of the first layer (figure 4(a)).
The Na–Ni stretching peak shifted from 10 to 24 meV as
a function of the Na coverage while the C–O stretching
continuously shifted down to 186 meV as a consequence of
the increasing Na/CO ratio.

However, at the highest Na coverage (0.40 ML) loss
spectra revealed the occurrence of a partial CO dissociation.
In fact, a close inspection of the corresponding loss spectrum

3
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Figure 4. (a) HREEL spectra of various coverages of Na deposited
onto the Ni(111) surface and exposed to 0.4 L of CO at 300 K;
(b) magnification of the spectrum of 0.40 ML Na/Ni(111). Two loss
features at 36 meV (O–Na) and 55 meV (C–Na) were recorded.

(figure 4(b)) revealed two new loss features at 36 (Na–O
vibration) and 55 meV. The peak at 55 meV is assigned to a
C-derived vibration [50].

A possible explanation for the different behaviour of the
Cu(111) and Ni(111) surfaces towards alkali-promoted CO
dissociation could be the existence of a different average
alkali–CO distance. The reduced reactivity of copper towards
CO adsorption should imply that CO adsorb only in the close
vicinities of alkali adatoms, so as to enhance the short-range
character of the alkali–CO interaction, which play the main
role in CO dissociation [51].

3.2. K coadsorption with CO

Substituting Na with K we obtained similar findings. Carbon
monoxide adsorption was molecular for K + CO/Ni(111) up to
saturation of the first K layer (0.33 ML, figure 5) and partially
dissociative in the case of K + CO/Cu(111).

Figure 6 shows HREEL spectra acquired for several
coverages of K deposited on Cu(111) and successively exposed
to 0.4 L of CO. The K–Cu vibration was measured at 15 meV
for K/Cu(111) (not shown), in agreement with previous
measurements of K adsorbed on copper surfaces [52, 53].
Upon CO exposure, a partial CO dissociation was revealed,
as indicated by the appearance of a well-distinct O–K peak

Figure 5. HREEL spectra for different amounts of K deposited on
Ni(111) and exposed to 0.4 L CO at 300 K. The CO-induced shift is
only 4 meV, so as not to allow the separation of the two K–Ni
features due to the insufficient experimental resolution. The peak at
29 meV (O–K vibration) indicates the dissociation of CO molecules
for 0.33 ML of K.

Figure 6. HREEL spectra for various coverages of K deposited at
400 K on Cu(111) and exposed to CO at 300 K. Measurements were
carried out at 300 K. A partial CO dissociation was argued by the
presence of O-related modes.

at 23 meV. The observation of the C–O stretching at 180
and 201 meV suggests that only a part of the CO molecules
dissociates. The presence of two C–O features is ascribed to
different local [K]:[CO] stoichiometries. As a consequence,
different environments for CO molecules exist, thus implying
different shifts of the C–O vibration compared with the value
of the C–O stretching on clean copper surfaces, i.e. 255–
258 meV [54, 55]. The K–Cu vibration redshifted to 13 meV
in the K + CO coadsorbed phase, as a consequence of the
CO-induced lengthening of the alkali–substrate bond [41].
The increased intensity of the K–Cu vibration in the K + CO
coadsorbed phase is due to the CO-promoted depolarization
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Figure 7. HREEL spectra of 0.05 ML Na/Ni(111) exposed to O2

molecules at 400 K. (b) Each curve was obtained following the same
procedure of figure 1(b).

effect [56] enhancing the ionic character of the alkali–substrate
bond upon coadsorption with CO [8].

The peak which appears at 64 meV upon CO exposure was
assigned to oxygen atoms in subsurface sites [57–59] and this
will be discussed later (sections 3.3 and 3.4).

3.3. Na coadsorption with O

Figure 7 shows HREEL spectra of 0.05 ML Na/Ni(111)
exposed to O2. A splitting of the Na–Ni vibration was revealed
upon small O2 exposures. Further oxygen exposures did
not cause remarkable changes in the HREEL spectrum. The
appearance of a higher-energy component for Na–Ni stretching
could be ascribed to an O-induced shortening of the Na–
Ni bond. As the technique does not allow direct evidence
of changes in bond distances, accurate structural studies are
needed to further support this suggestion. An explanation in
the framework of the electrostatic model has to be excluded. In
fact, the O–Ni bond is largely covalent and, thus, the O-induced
electrostatic field should be relatively small and it would have
only a little effect on the Na–Ni bond.

A small blueshift of the alkali–substrate vibration energy
upon oxygen exposure was also revealed for Cs/Ru(0001) [56].

Figure 8. HREEL spectra for 0.06 ML Na/Cu(111) exposed to
oxygen at 400 K.

The Cs–Ru vibration shifted from 8 to 10 meV. However, the
authors did not discuss such findings.

The O–Ni vibration shifted from 70 meV, recorded for
p(2 × 2)-O/Ni(111) [19, 33, 60], down to 63 meV. The
softening of the O–Ni bond is in agreement with theoretical
findings suggesting a short-range alkali-induced population of
O 2pz anti-bonding orbitals [51].

A similar experiment was performed on Cu(111). Loss
spectra for 0.06 ML of Na on Cu(111) and for (Na + O) are
reported in figure 8. The loss peak observed at 22 meV was
assigned to the Na–Cu vibration, as also for Na adsorbed on
other metal substrates [8]. For small O2 exposures a loss
feature at 58 meV arose in the spectrum.

Previous HREELS studies on O/Cu(111) [61] found the
O–Cu vibration at 46 meV. As concerns the adsorption of
molecular oxygen [61], it is allowed on Cu(111) only up to
230 K and it is characterized by vibrational peaks at 77 and
108 meV.

As regards the peak at 58 meV, its vibration energy
suggests the occurrence of atomic oxygen adsorption on
subsurface sites. As expected, the presence of O in a
higher coordination site leads to the appearance of a feature
with higher vibration energy in the loss spectrum. On
silver surfaces, O adsorption in the octahedral subsurface
sites was argued from the presence of a loss peak at 53–
59 meV [57–59]. However, on Ag the subsurface site for O is
metastable [57–59], i.e. it is accessible only after the complete
occupation of available on-surface sites. Similar conclusions
were reached by theoretical results for O adsorption on clean
Cu(100) [62, 63]. In contrast, for Na-doped Cu(111) the
energetic conditions are completely reversed, as shown in
figure 8. In the first stage of O adsorption, only subsurface
sites are occupied. Such a finding deserves particular attention
as subsurface oxygen has been widely demonstrated to play an
important role in activating chemical reactions [37, 38, 64–68].

It is worthwhile noticing that the formation of Cu2O
(promoted by Na) has to be excluded for the lack in the loss
spectrum of the infrared-active mode at 79 meV [69], which is
indicative of oxidation of the copper surface.

3.4. K coadsorption with O

For O + K/Cu(111), besides subsurface oxygen (peak at 57–
61 meV), also over-surface O vibration against Cu(111) [61]
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Figure 9. HREEL spectra for 0.07 ML K/Cu(111) as a function of
O2 exposure. In the first stage of O adsorption, only the subsurface
site was populated by O adatoms.

Figure 10. HREEL spectra of: (a) 0.10 ML O/Ni(111) at 400 K;
(b) 0.03 ML of K deposited at the same temperature onto the Ni(111)
surface; (c) 0.03 ML K coadsorbed at 400 K with 0.10 ML of O on
the Ni(111) surface.

was observed at 46 meV (figure 9). Annealing caused
the disappearance of subsurface species, as also found for
silver [57–59]. Moreover, spectra in figure 9 show that the
effect of alkali adatoms on the stability of subsurface oxygen
is reduced once oxygen atoms adsorb also in over-surface
sites. Probably this is a consequence of the formation of a
direct O–K interaction. In fact, upon annealing at 500 K

the amplitude of the feature assigned to subsurface oxygen
drastically decreased. In contrast, only a slight variation in the
intensity of the O–Cu vibration at 46 meV was recorded.

As regards K + O/Ni(111), no significant differences with
respect to Na + O/Ni(111) were observed (figure 10). No
subsurface oxygen was revealed on Ni(111), as also predicted
for Rh(110) [70]. These findings demonstrate that noble-metal
and transition-metal catalysts behave very differently towards
the migration of oxygen atoms in subsurface sites.

4. Conclusions

HREELS measurements reported here provided direct evi-
dence of a substrate-independent weakening of the alkali–
substrate bond in the alkali + CO coadsorbed phase. Short-
range effects dominate the alkali interaction with coadsorbates
(CO, O). No critical alkali precoverage for CO dissociation
was found on Cu(111), in contrast with results obtained for
Ni(111). Alkalis induced a softening of the O–Ni bond, which
is well described within the framework of the electrostatic
model. In contrast, such a mechanism is not efficient for the
Cu(111) substrate, where alkali doping renders negative the
adsorption energy of the subsurface site for O. Present results
should open new pathways in understanding heterogeneous
catalysis at metal surfaces.
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[16] Seip U, Bassignana I C, Küppers J and Ertl G 1985 Surf. Sci.

160 400
[17] Hoffmann F M and De Paola R A 1984 Phys. Rev. Lett.

52 1697
[18] Politano A, Formoso V and Chiarello G 2008 Surf. Sci.

602 2096
Politano A, Formoso V and Chiarello G 2008 Appl. Surf. Sci.

254 6854

6

http://dx.doi.org/10.1088/0953-8984/19/30/305005
http://dx.doi.org/10.1103/PhysRevB.72.125402
http://dx.doi.org/10.1016/j.susc.2004.03.010
http://dx.doi.org/10.1088/0953-8984/19/30/305010
http://dx.doi.org/10.1103/PhysRevLett.97.156103
http://dx.doi.org/10.1016/j.susc.2005.04.040
http://dx.doi.org/10.1021/jp800305x
http://dx.doi.org/10.1016/j.susc.2003.11.043
http://dx.doi.org/10.1088/0953-8984/9/18/009
http://dx.doi.org/10.1016/S0039-6028(03)00336-4
http://dx.doi.org/10.1016/S0009-2614(99)01336-6
http://dx.doi.org/10.1021/ja0004985
http://dx.doi.org/10.1063/1.2748385
http://dx.doi.org/10.1016/j.susc.2006.11.079
http://dx.doi.org/10.1016/0039-6028(95)01050-5
http://dx.doi.org/10.1016/0039-6028(85)90783-6
http://dx.doi.org/10.1103/PhysRevLett.52.1697
http://dx.doi.org/10.1016/j.susc.2008.04.015
http://dx.doi.org/10.1016/j.apsusc.2008.04.080


J. Phys.: Condens. Matter 21 (2009) 264006 A Politano et al

[19] Politano A, Formoso V, Agostino R G, Colavita E and
Chiarello G 2007 Phys. Rev. B 76 233403

[20] Lee J, Arias J, Hanrahan C R, Martin R M and Metiu H 1985
J. Chem. Phys. 82 485

Lee J, Arias J, Hanrahan C R, Martin R M and Metiu H 1983
Phys. Rev. Lett. 51 1991

[21] Madey T E and Benndorf C 1985 Surf. Sci. 164 602
[22] Uram K J, Ng L, Folman M and Yates J T Jr 1986 J. Chem.

Phys. 84 2891
[23] Wimmer E, Fu C L and Freeman A J 1985 Phys. Rev. Lett.

55 2618
[24] Lang N D, Holloway S and Norskov J K 1985 Surf. Sci. 150 24
[25] Mortensen J J, Hammer B and Norskov J K 1998 Phys. Rev.

Lett. 80 4333
[26] Bertel E, Roos P and Lehmann J 1995 Phys. Rev. B 52 R14384
[27] Wilke S and Cohen M H 1997 Surf. Sci. Lett. 380 L446
[28] Feibelman P J and Hamann D R 1984 Phys. Rev. Lett. 52 61
[29] Stolbov S and Rahman T S 2006 Phys. Rev. Lett. 96 186801
[30] Heskett D, Tang D, Shi X and Tsuei K D 1992 Chem. Phys.

Lett. 199 138
Heskett D, Tang D, Shi X and Tsuei K D 1993 J. Phys.:

Condens. Matter 5 4601
[31] Heskett D, Strathy I and Plummer E W 1985 Phys. Rev. B

32 6222
[32] Paul J and Hoffmann F M 1987 J. Chem. Phys. 86 5188

Kiskinova M P 1981 Surf. Sci. 111 584
[33] Politano A, Formoso V, Agostino R G, Colavita E and

Chiarello G 2008 J. Chem. Phys. 128 074703
[34] Padilla-Campos P and Fuentealba P 2005 Theor. Chem. Acc.

110 414
[35] Günther S, Hoyer R, Marbach H, Imbihl R and Esch F 2006

J. Chem. Phys. 124 014706
[36] Linic S and Barteau M A 2004 J. Am. Chem. Soc. 126 8086
[37] Wang Y, Chu H, Zhu W and Zhang Q 2008 Catal. Today

131 496
[38] Kokalj A, Gava P, De Gironcoli S and Baroni S 2008 J. Catal.

254 304
[39] Davis R, Toomes R, Woodruff D P, Schaff O, Fernandez V,

Schindler K M, Hofmann P, Weiss K U, Dippel R,
Fritzsche V and Bradshaw A M 1997 Surf. Sci. 393 12

[40] Li Z Y and Diehl R D 1997 J. Phys.: Condens. Matter 9 3701
[41] Davis R, Woodruff D P, Schaff O, Fernandez V,

Schindler K M, Hofmann P, Weiss K U, Dippel R,
Fritzsche V and Bradshaw A M 1995 Phys. Rev. Lett.
74 1621
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