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Charge-density oscillation on graphite induced by the interference of electron waves
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We report on a pronounced redistribution of the local electronic density of states at the graphite surface,
which is induced by the presence of low energy hydrogen-ion induced point defects. Scanning tunneling
microscopy reveals standing waves in the local density of states, which are due to backscattering of electron
wave functions at individual point defects. The superstructure thereby formed is directly related to the pointlike
structure of the Fermi surface of graphite. For high defect density interference patterns are observed which
sensitively change structure on the relative positions of the defects. These patterns could be reproduced by tight
binding simulations of various defect distributions.
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The presence of defects induce strong modifications otows the simultaneous determination of the topography and
the local electronic properties of cristalline solids. Thesethe LDOS. For this measurement mode we used AFM tips
modifications have been thoroughly investigated on metatoated with highly conductive boron doped CVD-diamond.
surfaces where they are known as Friedel oscillations anth the absence of defects the usual trigonal structure with
manifest as standing waves on the electronic density spamnaxima in the LDOS on every second atom of the top layer
ning regions up to~10 nm from the defects® The ob- s gbserved?
served standing wave patterns on metals and high tempera- Figyre 1 shows an overview current imagé=70 mV)

ture superconductors could be linked to the electronigy 4 sample that has been exposed teptisma for 3 s. The
structure even for complex patterti$. The long range char- '

acter of the electronic density standing waves allows, for
instance, for indirect interaction between atoms adsorbed on
surfaces, leading to adsorbate overlayer structures showing
the same periodicity as the oscillatichSimilar long range
oscillations have also been observed on graphite sufféces
and in carbon nanostructut€s?where they have even been
used for the realization of single molecular electronic
devices'? In this work we report on the scattering of graphite
m-electrons due to single and multiple point defects as ob-
served by STM. The high density of defects, due to the mul-
tiple scattering of the electrons, produces a rich variety of
patterns strongly departing from the ones observed from iso-
lated defects. Experimental findings will be compared with
two models, one phenomenological, based on the superposi-
tion of plane waves and one explicit, based on tight binding
(TB) simulations that will allow us to address different as-
pects of point defect scattering in graphite.

Samples of highly oriented pyrolithic graphitelOPG, 45 <15{p) ' ' '
quality ZYB) were cleavedn situ under ultrahigh vacuum = J\/\/\/\/\/\/\/\/\
conditions. Exposure of the clean graphite surface to,a H [0l g 5] ) ' : :
electron cyclotron resonan¢BCR) plasma created stochas- 0 i 25:
tically distributed point defects. A typical ion dose used for £ 151
the treatment was of the order of'£Gons/cm The aver- 2 =
age ion energy of-2 eV, has been determined with an elec- F o 5 10 15 20

trostatical analyzer. After plasma treatment, the sample was Position [A]

transferred to the vacuum-connected atomic force/scanning G 1. (a) Current image of sample treated with plasma. The
tunneling microscopeAFM/STM, Omicron working under  opserved defect density is of the order of 20 per 106.1he data
ultrahigh vacuum conditions at room temperature. Measures recorded in the AFM constant force mode with a gap voltage of
ments were performed in the combined AFM/STM mode7o mV. The scan range is 3616 nn?. The arrow A marks the
using the normal force as feedback signal and applying @osition of a vacancy type defe¢b) Line cut at position B show-
fixed bias voltage between the sample and the tip. The réng the undisturbed lattice(c) Line cut at position C where the
cording of the pieza-position and the tunneling current al- LDOS is dominated by the3-superstructure.
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hydrogen plasma treatment results mainly in the formation ofa) e C)
two kind of defects, firstly chemisorbed hydrogen on the
basal plane of graphite and secondly single atomic
vacancie$:** The number of observed carbon vacancies was
four times lower than the number of hydrogen chemisorption
sites. Both types of defects lead to a strong modification of
the local electronic structure near the Fermi level, as ob-
served in the current image. The symmetry of the short-%
ranged (~1 nm) modifications is related to the geometric
structure of the defecdtin particular, atom vacancies have b) K
been shown to give rise to a local charge enhancement hay ’
ing a threefold symmetry, reflecting the nearest-neighbor di- *
rections of the defect site. Besides of these very local modi- '
fications, defects also mediate a redistribution of the electror
density on a larger scale. For chemisorbed and vacancy typ
defects on graphite, the characteristic length of modifications :
of the electronic charge density was found to-bg& nm. The )
observed standing waves have a periodicity larger than, bu » .
commensurate with the underlying graphite lattice. From the .
Fast Fourier TransforrtFFT) of current images in the vicin-
ity Qf defects, the _electron density reconstructs a(;-\;&- FIG. 2. (a) Two-dimensional reciprocal space with Brillouin
X V3)R30° superlattice. The extent of the charge redistribu-;one(grey areand reciprocal lattice vectots; andb,. The Fermi
tion near defects is seen in the enhanced corrugation of thgave vectors are given by the corners of the Brillouin zofi.
current signal. Comparing line profiles of the undisturbedTwo-dimensional Fourier transform of the current image shown in
lattice [Fig. 1(b)] with line profiles of a region where the Fig. 1. The spots forming the inner hexagon represent the
V3-superstructure dominatés), an enhancement of the cur- y3-superstructure observed in the vicinity of defects. Spots forming
rent corrugation by a factor of about 3 is found. the larger hexagon rotated by 30° appear at wave vectors that cor-
To understand the origin of the (\@ respond to reciprocal lattice vecto& The outermost spots arise

X \3)R30°-superstructure induced by defects a closer look aifom the second harmonic of the inner hexagon. The splotatis
the electronic structure of graphite is needed. The Fermi sufiu€ to the local charge enhancement at the defects sites and has
face of graphite consists of small electron and hole pocketgeen removed for_better V|S|b|I|ty_of the relevant featutes Band
enclosing a very small volume. These pockets are centered &fUcture of graphite along the high-symmetry lifiek (Ref. 16.
the corners of the Brillouin zonéBZ), i.e., at theK points. ¢ and ms denoter bands related to the- and g-atom, respec-

. ., tively. The momentum change required for large momentum scat-
Figure Zc) shows the calculated band structure of graphltetering is indicated
for the high-symmetry liné'-K. The Fermi energyE) elec- '

trons have wave vectols-=47/3a directed towards a cor- found by simulati f b b23h d
ner of the Brillouin zondwherea is the lattice constant of as found by simulations for carbon nanotu € secon

graphite (a=2.46A)]. At the K point, the interaction be- possibility for reflection at defects is large momentum scat-

- ing between two opposité points. In this case, the mo-
tween the graphene layers, though weak, lifts the degeneraé fing , ,
of the 7 bands which results in a splitting of 0.7 eV for the rﬁentum changes fronk to K’ which corresponds taj

band related to thev-atom (located above an atom of the :t_tZkF.i Cin mitailts;l la;r%ihm?r?s]mtli”?] s]f:gtrtiegn? of”?utrifar?e
adjacent layer whereas ther band related to thgg-atom states IS responsibie for the Tformation of Friedel osciiiations.

remains unchangefFig. 2c)]. Along the K-H line, the Since in these cases the surface state electrons behave like a
e roiated band s Ioc'alized. on thig-atom with E-E quasi-free electron gas, there is no definite relation between
whereas thea-related = band is dispersivé It has beFén ke and the reciprocal lattice vectors and oscillations in these

proposed that the asymmetry betweeand 3 sites observed systems are not commensurate with the underlying atomic

3 ; . - ;
in STM images of graphite results from the fact that the STML?IE['V%e' r:nﬂ::orrtrtzst, fonr dg{r?ph;terr::;evrve \;s ‘3 d(teﬁrnlte iflat'%n
maps the local density of states integrated alongKhE etween the lattice a €re ave vectors, since they

line 4 However, we like to point out that the imaging mecha- coincide with the corners of the BZ. The relation between the
nism of STM on graphite is still controversially discussed TOMentum change for large momentum scattering and the

and that also mechanical interactions between the surfaégtt'ce parameter is .glven bg:2k,:~:8.77/ 3a. The rgquwed

atoms and the tip apex atoms need to be considéred. momentum change is reducedde ke if an appropriate re-
For graphite, backscattering of electrons at surface stepdprocal lattice vector is taken into accoumf=-2kr=kg

or point defects is possible via two scattering channels. Firstt G [Fig. 2@)]. Therefore, a modulation of the LDOS with a

small momentum scattering, which is possible via couplingwavelength that corresponds to the Fermi wavelength

between bands crossing at tkepoint, since their opposite =3a/2 is expected for large momentum scattering on graph-

slopes describe a forward and a backward moving channeite.

Small momentum scattering locally conserves the lattice pe- Figure Zb) shows the Fast Fourier transfofiaFT) of the

riodicity, although not necessarily the rotational symmetry,large scale current image, Fig. 1. Compared to a FFT of the
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comparison, the current image of a region with low defect
density is given in(a) showing the usual graphite lattice
periodicity described by the reciprocal lattice vect@s
The pointlike nature of the scattering defects results in the
(0)-(i) (i)-(m) conservation of the phase relation only along the connecting

. \ line between two scattering centers. For all other directions

the geometric phase shifts will vary with position resulting in
spatially changing interference patterns.

The observed patterns could be reproduced by a model of
superposed plane waves suggesting a local description of the
states near the Fermi level of the form of

6
W) =2 ¢ eeiT, (1)
j=1

where ¢; are complex amplitudes representing the different
contributions to the standing wave pattern. These amplitudes
implicitly include the scattering phase shift at the defects and
the geometrical phase shift, which depends on the relative
position to the defect¥

The coefficients have been fitted in order to reproduce the
experimentally observed LDOS where imad@Bs(i) of Fig.
3 show the calculated spatial distribution|gfr)|? using Eq.
(1). The good agreement between the calculated and the

FIG. 3. (a)—(e) Experimental current images recorded with a gapmeasured LDOS confirms the validity of this model for the
voltage of 70 meV. The individual images display regions that aredescription of the standing wave due to multiple point defect
present in the overview imag@ig. 1). The scan range for each scatterers in graphite. It also shows that the LDOS in the
image is 17.5¢ 17.5A2, (f)<(i) Calculated spatial maps ¢#(r)|>  region between defects is dominated by standing waves with
according to Eq(1). Appropriate values of the complex numbes  Fourier components that correspond to the Fermi wave vec-
have been selected to match the experimentally observed pattenors Kgj. Together with the absence of rotational symmetry
(i)~(m) TB simulation of the LDOS in the vicinity of defects for preaking for isolated defectd@this evidences large momen-
various defect combinatiorisee text tum scattering as being the dominant channel for reflection at

point defects.

unperturbed lattice, new peaks appear at smaller wave vec- The effect of the graphite defects was also simulated
tors which match the corners of the Brillouin zone, i.e. thequantum chemically with ar-electron tight-binding model
Fermi wave vectors. In the real space image, this superstru¢hat implements periodic boundary conditions through Green
ture is observed as(a@x \@)R30° modulation of the LDOS  functions’?° The objective of these calculations was to
in the vicinity of defects. This shows the direct relation ex-evaluate directly the patterns that arise from the different
isting between the Fermi surface contour and the observegtlative positions, distances, and nature of the vacancy sites,
pattern of the standing waves in the vicinity of scatterers(a or ).
The observed pronounce@®-superstructure in the LDOS in- In line with a previous repor? a single vacancy enhances
dicates that large momentum scattering is the dominant rehe electron density near the Fermi level of the sites of op-
flection mechanism in the presence of point defects orposite nature. In particular, some of thesites, not visible at
graphite. low bias in nondefective graphite, become visible in the

On samples with low defect density a decay of the intenpresence of a nearbg vacancy, whilea vacancies further
sity on the superstructure spots in the FFT is observed. lenhances carbon atoms, which are the only ones visible in
fact, for isolated defects, the superstructure extends over the absence of defects.
typical range of 20-25 lattice constants and the phase, am- The different patterns were obtained displacing systemati-
plitude, and decay of the standing wave reflect the structureally two defects in a graphite unit cell containing 2918 at-
and symmetry of the defect, which could, in principle, beoms and a linear dimension of 66 A. Test simulations were
used for the identification of defectd.For increased defect also performed on a system comprising 6400 atoms yielding
densities new standing waves in the LDOS will be expectedgimilar patterns.
due to scattering from different defects. In our sample such As an example, the quantum chemical images of four
patterns have been observed on defects typically 20 A apadouble vacancy cases are illustrated in Fig§)-3(m). The
Figure 3 shows small area details of the overview currentlefect positions are defined by two parameters, the distance,
image shown in Fig. (). The images displayed itb)—(e) and, in analogy with the widely accepted structural descrip-
are recorded in-between defects separated by only a fetion of carbon nanotubes, the anglg! which can vary be-
nm’s. These areas are all dominated by tf@superlattice tween 0 and 30°. From Figs(j3-3(m), the cases considered
contribution and show the variety of patterns in the LDOSare 8-8,a-8, 3-8, -8, with distances 29.52 A, 29.34 A,
originating from different defects relative positions. For 33.27 A, and 31.14 A, and angles 0, 22.78°, 3.67°, and 9.19°.
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The quantum chemical calculations on a cell with twotribution is of ~5 nm. For samples with high defect densities
vacancies yield four motifs that are remarkably differentwe observe a variety of patterns in the LDOS which depart
from one another despite the relatively small geometricafrom the single defect ones and depend on the relative posi-
differences. They therefore show that slight variations of thejon of the point defects. The experimentally observed pat-

relative positions of the defects induce strong changes in thferns in the LDOS could be locally reproduced by a simula-
patterns. Interestingly, three cases closely match the expetk . where the standing waves are described as a

ments. " .
Further physical insight emerges lowering the bias in theSuperposition of plane waves having wave vectors that cor-

simulations below 0.05 eV. This is equivalent to consider©SPONd to the comers of the first BZ, indicating large mo-
contributions only from levels at/near the Fermi energy. Atme_ntum scattering as the dominant channel for reflection at
these low biases, single vacancy presents contributions to tiRoint defects.
LDOS only from sites of opposite nature and defects on both TB simulations of different configurations of carbon va-
sites produce equivalent patterns. The same occurs fdiancies also reproduced the experimental patterns revealing a
double vacancies where-a and 8- have also equivalent strong dependence on these patterns, with subtle changes in
images. In fact the only differences between patterngBre the LDOS for small variations of the relative position of
the absolute value of the electronic densftsrger for «  defects. At the Fermi energy singtieand 8 vacancies have
siteg and (2) the orientation of the standing wave patternthe same scattering phase shift. Analogouahy and 3-8
near the defec®® The equivalence of the calculated patterndefect give equivalent patterns which shows that the phase
shows that the scattering phase shift {oand B8 single va-  shift may be conserved also in the case of multiple scatter-
cancies and for same site vacancy pairs are the same at thmay.
Fermi energy. Notice that this differs far-3 pairs. Besides the influence on the transport properties due to
In conclusion, we have observed a marked redistributiorscattering at the point defects, a modulation of the local re-
of the LDOS in the vicinity of point defects on the graphite activity for chemically adsorbing atoms has to be expected
surface. The point defects, consisting of hydrogen chemidue to the marked redistribution of the LDOS in the vicinity
sorbed sites and atomic vacancies, break the lattice symmef the defects.
try and act as scatterers for the delocalized electrons. The We thank the Swiss National Science Foundation
resulting standing waves have wave vectors that corresporiaNEP and the European network FUNCARS for finan-
tgthe Fermi wave vectorkg; and are thus observed as a cial support. M.M.F. and F.Z. would like to acknowledge
V3-superstructure in the tunneling current image. For isosupport from the Italian FIRB project “Carbonio micro e
lated defects, the typical range observed for the charge redisanostrutturato.”
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