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Imaging with a STM

Objective: to learn the different STM imaging techniques. 



Chapter 3
Imaging with a STM

3.1: Imaging principle and techniques



Important parameters
Voltage bias determines the energy range of probed electronic states

V = Vtip - Vsample > 0 : e- from sample to tip, occupied states are probed.
V = Vtip - Vsample < 0 : e- from tip to sample, empty states are imaged.
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Tunnel resistance Rt determines the tip-sample distance. Usually, the 
parameters are the bias V and the set-point It:

Scanning frequency: below the resonance frequency of tubes.
Usual parameters are the points per line and the time per point.

PID regulation parameters: in order to be effective, the regulation time 
constant should be below the scan time over a characteristic feature.



Constant current imaging
Tunnel current regulation is active and effective at every time.

It = Cst

During the x,y scan, the regulation output Vz is :
- amplified and sent to the piezo
- measured.

time

Vz
It

Vz(x,y) scaled by the Z-piezo sensitivity gives the topography information.



STM electronics

tip

sample
Z

piezo

Current preamp.

Set point

PID regulation

Z position

Tunnel current

XY
piezo

High Voltage amplifier

Scan drive 

Vbias

error signal e(t) 
= 0 at 

equilibrium

feedback loop



Constant height imaging

Tunnel current regulation is inactive or active with a long time constant 
so that mean slope is followed.
The regulation output Vz is close to constant, the current It is measured.

time

Vz
It

Possible only on atomically-flat surfaces, highly-sensitive but non-
linear information. Much less used.

It gives the topography information.



Nanonis simulator

Virtual image of a Si (111) 7x7 surface

During an image, observe current image / z image 

Play with PID parameters, scanning speed, scan direction, bias

Current decay with distance : « z spectroscopy », log scale

Tunneling spectroscopy

Can be freely dowmloaded from www.nanonis.com

http://www.nanonis.com/
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3.2: The spatial resolution



The corrugation

For any kind of quantitative topography, corrugation ∆d is by definition:

the topography variation amplitude as measured by the microscope.

It is a fraction of Angtröm on an atomically flat surface, and can be 
larger on rougher surfaces.

Depends on every experimental conditions.
Can be decreased by a blunt tip, an inefficient regulation …: not an 
intrinsic quantity.



Spatial resolution

Binnig (1978); hypothesis of a continuous media.

Tip
radius R
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The tunnel current is concentrated
on a scale:

R = 10 nm, a = 1 Å-1 : current flows on a scale ∆x = 1 nm.

Spatial resolution is not limited by the tip radius.



Trying to model the atomic resolution

Stoll
(1984)

Model of a continuous
media surface: homogenous
electron gas.

For a metal : a = 2.5 to 3 Å, a = 1 Å-1, h = 3 Å. Tip: R = d = 3 Å
calculated ∆dtheo = 0.01 Å: too small compared to experiment!

This model fails to describe the atomic resolution:
the hypothesis of a continuous media is incorrect.
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Calculated corrugation ∆dtheo:



The origin of atomic resolution
Tunneling is related to the overlap of electronic wavefunctions:

Contrast depends on the nature of the tip apex atoms.
Anisotropic wave-functions are preferred.



The origin of atomic resolution
Tunnel matrix element value
depends on orbital symmetry:

c wave function on the tip, y on the sample
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L. Gross et al, Phys. Rev. Lett. 107, 086101 (2011).

Contrast depends on the nature of
the tip electronic wavefunction, and 
thus on the nature of the apex atoms.

W known to have a dz2 surface state.

C
. J. C

hen, Phys. R
ev. B 42, 8841 (1990).
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Mathematically, this is the result of Tersoff and
Hamann. (Notice that the original meaning of the s
wave in the theory of Tersoff and Hamann is the repre-
sentation of the wave function of a macroscopic spherical
potential well, not as an s-wave component of an atom-
like orbital. ) As shown, the siinplicity of this result is a

Since the sample wave function g satisfies Schrodinger s
equation (3.1) in QT, the first term of the integrand be-
comes G(r—ro)~ g. On the other hand, the Green's
function satisfies Eq. (4.1}. Therefore, the second term of
the integrand becomes —/[a G(r—ro)—5(r—ro)].
Hence,

consequence of choosing the Green's function to
represent the tip wave function. As Tersoff and Hamann
derived this very simple result using a rather cumbersome
plane-wave expansion method, the present proof is much
more straightforward. Besides, this proof is valid on any
surface separating the tip and the sample, not necessarily
a plane. More importantly, using this method, the tun-
neling matrix elements for other components of the tip
wave function can be easily obtained, in virtue of the rela-
tion between tip wave functions and the Green's function,
as shown in the previous section. For example, by taking
the derivative with respect to zo on both sides of Eqs.
(5.1) and (5.2}, noticing that zo is a parameter in the in-
tegral (which does not involve in the integration process),
and using the expression of the p, tip wave function, Eq.
(4.6), we find
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TABLE IU. Tunneling matrix elements.

State Misvalue at ro

Therefore, we find that the tunneling matrix element for a
p, tip state is proportional to the z derivatiue of the sample
ioaue function at the center of the apex atom
Using the expressions for other tip wave functions in

terms of Green s functions in the previous section, we im-
mediately obtain the tunneling matrix elements for all the
tip states listed in Table III. Table IV is a summary of
the results.
The tunneling matrix elements listed in Table IV can

be summarized in terms of an extremely simple derivative

rule. By writing the angle dependence of the tip wave
function in terms of x, y, and z, then replacing them with
the following rule:

x 8/Bx,
y ~B/By,
z B/Bz,

and acting on the sample wave function, we obtain all the
tunneling matrix elements immediately, except that for
d 2 2. Actually, since B /Bx +B /By +B /Bz =a. , a
direct consequence of the Schrodinger equation (3.1), we
find that all the tunneling matrix elements in Table IV
follow the derivative rule.
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VI. THE SUM RULE

The simple derivation of the nine tunneling matrix ele-
ments presented in the previous section generates the
tunneling matrix elements individually. In the following
sections, we present an alternative proof, which is more
elegant and provides a general formula of the tunneling
matrix element for an arbitrary tip state. This derivation
is based on a sum rule, which is valid in most curvilinear
coordinate systems. This sum rule is a consequence of
the analytic property of the Schrodinger equation in free
space, or the modified Helmholtz equation. ' We state
the sum rule first, then prove it.
We consider an orthogona1 curvilinear coordinate sys-

c



Atomic resolution 
depends on tip’s 
electronic states

Cu tip: s states
Cu tip with a CO molecule 
adsorbed: p or s+p states

Contrast enhanced and modified 
with a CO tip.

L. Gross et al, Phys. Rev. Lett. 107, 086101 
(2011).

a phase change also in the sample wave function, as shown
schematically in Fig. 3(b). With this argument, we can
understand the local maxima measured at the position of
the orbital nodal planes [Fig. 2(b)].

In Fig. 3(c), we examine the tip position above the
crossing of two nodal planes. In this case, the orbital
locally exhibits ! character and opposing orbital lobes
show no phase change. The phase change in the tip px;y

waves across these lobes then gives rise to vanishing
tunneling matrix elements and currents. With this third
argument we can now understand the contrast of the
HOMO [Fig. 2(a)] showing depressions at the crossings
of nodal planes. It is interesting to note that a dxy tip state
would lead to a maximum in this case and to minima in
both the previous cases.

Differences between experimental images using a CO
tip [Figs. 2(a) and 2(b)] and calculated images using a
p-wave tip [Figs. 2(e) and 2(f)] mainly show up above
the ends of the molecule, at the positions of the outer lobes
of the LUMO and HOMO, where only the calculations
exhibit local minima. Contributions from other tip states,
for example, from the pz-wave character 5" orbital of CO,
cannot be ruled out [17] and can enhance tunneling at the
ends of the molecule. Note that a pz-wave tip, due to the
absence of nodal planes perpendicular to the surface, will
generate contrast that is qualitatively similar to that of an
s-wave tip [25]. We have taken s-wave tip contributions
into account by calculating images from a simple super-
position of the s-wave and p-wave tips defined by a mixed-
tip amplitude

Amixðx; yÞ ¼
Asðx; yÞ þ Apðx; yÞ

2
: (3)

The resulting images are displayed in Figs. 2(g) and 2(h).
For this mixed sp-wave tip, we obtain good qualitative
agreement with the experiment, reproducing, in particular,
the observed behavior at the ends of the molecule.

Note that for the pentacene molecule, the nodal planes
can be resolved using an s-wave tip and that a p-wave tip
gives no additional information. However, in the case of a
naphthalocyanine molecule adsorbed on the same sub-
strate, the nodal planes are closely spaced and are chal-
lenging to resolve using an s-wave tip [11] [Fig. 4(a)]. A
p-wave tip, such as the CO tip, enhances the contrast and
reveals additional information about the orbital structure
also in the central region, as demonstrated in both the
constant-current [Fig. 4(b)] and the constant-height images
[Fig. 4(c)].

Calculated images for an s-wave tip [Fig. 4(d)] show
qualitative agreement with the experimental data using a
Cu tip [Fig. 4(a)], whereas the images calculated for a
p-wave tip [Fig. 4(e)] show only partial agreement with
images observed using a CO tip [Fig. 4(b)]. For a more
direct comparison with our calculations, we measured
STM images in constant-height mode [Fig. 4(c)] using a

CO tip. Similarly to pentacene, we observe differences
between experimental CO-tip images [Figs. 4(b) and 4(c)]
and calculated p-wave tip images [Fig. 4(e)] above the
outer lobes of the molecular orbitals, where we see local
minima only in the calculations. Again we calculated
images for the mixed tip with Eq. (3), reproduced in
Fig. 4(f), which show excellent agreement with the
constant-height images measured with a CO tip [Fig. 4(c)].
By comparing the calculated s-wave and p-wave tip

images with the mixed-tip images, we find that the relative
contributions of s- and p-wave character not only depend
on the tip but also on the lateral tip position. On the one
hand, the relative p-wave contribution of a CO tip is
increased in regions where the lateral gradient of the orbital
becomes large, e.g., in the central part of the molecule
showing closely spaced nodal planes. On the other hand,
the influence of the s-wave tip is enhanced at outspread
maxima of the orbital, where the amplitude is large but the
gradient is small, e.g., above the outermost lobes of the
orbitals. For this reason, we abstain from any quantification
of the s- and p-wave contributions. However, from the
excellent agreement of the images calculated for the mixed
tip with the experimental data, we can conclude that

FIG. 4. Naphthalocyanine on NaCl(2 ML) on Cu(111) mea-
sured using a Cu tip (a) and a CO tip (b) in constant-current
mode, and with a CO tip in constant-height mode (c). The PIR
(1st row) is measured at V ¼ %1:65 V and the NIR (2nd row) at
V ¼ 0:60 V. Calculated images at z0 ¼ 5:0 !A of the HOMO
(3rd row) and LUMO (4th row) with an s-wave tip (d), a p-wave
tip (e), and with a mixed tip (f). The molecule is oriented as
depicted in Fig. 1(b). All images: 27 !A& 27 !A.

PRL 107, 086101 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
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3.3: The STM benchmark Si 7x7



Si (111) 7x7

Omicron website: http://www.omicron.de/results

Si (111) annealed at 1000°C, slow 
cooling-down.

Single vacancies or adsorbates are 
visible: true atomic resolution. 



Si (111) 7x7 :  the model

7 atomic cells7x7 reconstruction minimizes nb
of pending bonds : 49->19

Miller index refer to the number 
(= 7) of atomic cells involved.

In STM, the adatoms only are 
visible, a well as the corner 
vacancies.



Surface dynamics 
studies

The higher the 
temperature, 
the more 
mobile atoms 
are, larger 
islands are 
formed. 

20°C

250°C

350°C

450°C

550°C



Real-time dynamics of Pb
atoms on Si (1)

J.-M. Rofriguez-Campos et al, Phys. Rev. Lett. 76, 799 
(1996), Institut Néel, Grenoble.

Atoms on a surface move fast 
but can be trapped in minima of 
surface potential.



Real-time 
dynamics of Pb
atoms on Si (2)

Rate temperature 
dependence  
reveals an 
Arrhenius 
behavior:

! = !# $%&'/)*+

Rate per 
atom [s-1]



Chapter 3
Imaging with a STM

3.4: Imaging at different bias



The chemical contrast: GaAs (110)

Two superposed images:

occupied states: Vsample < 0, red: As.

+
empty states: Vsample > 0, green: Ga

R. M. Feeinstra, J. Stroscio et al, 
Phys. Rev. Lett. 58, 1192 (1987).

Ga
As

Images are taken simultaneously 
to avoid hysteresis effects between 
two succesive images.



Occupied / empty states: a naive picture

As potential more attractive than Ga.
Close to Fermi level, occupied states are on As, empty ones on Ga. 

NB(E)NA(E)

B =
tip

EF

GaAs

As

Ga

EF



Occupied / empty states: a naive picture

As potential more attractive than Ga.
Close to Fermi level, occupied states are on As, empty ones on Ga. 

NB(E)NA(E)

eV > 0

B =
tip

EF

GaAs

As

Ga eV > 0: As atoms are imaged.

EF



Occupied / empty states: a naive picture

As potential more attractive than Ga.
Close to Fermi level, occupied states are on As, empty ones on Ga. 

NB(E)NA(E)

B =
tip

EF
eV < 0

GaAs

As

Ga

eV > 0: As atoms are imaged.
eV < 0: Ga atoms are imaged.

Depending on bias, occupied 
or empty states participate to 
tunneling:
complementary information 
can be accessed.

EF



Real-time dynamics 
of Pb atoms on Si

J.-M. Rofriguez-Campos et al, Phys. Rev. 
Lett. 76, 799 (1996), Institut Néel, Grenoble.

A different contrast is
obtained, depending on bias.
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3.5: HOPG, 
Highly Oriented Pyrolitic Graphite, 

Graphene



Three / six-fold symmetry in graphite

Clean surface thanks to the layered structure and scotch technique.

Images = a triangular lattice, not a hexagonal one:
coupling with the second layer make every other two atom “different”.

STM images not the atoms but the electronic clouds.



Images of graphene

UHV annealing of SiC,

epitaxy on Re:

formation of a graphene sheet on a 
crystalline substrate.

Atomic lattice visible, 6-fold periodicity.

P. Mallet, J.Y. Veuillen et al, Phys. Rev. B 76, 041403(R) 
(2007), Institut Néel. C. Tonnoir, C. Chapelier et al, Phys. Rev. 
Lett. 111, 246805 (2013), INAC.

struction. It is always observed and has been thoroughly dis-
cussed in these references. However, the precise atomic
structure and the related electron properties of the actual re-
construction are far from fully understood. As shown in Ref.
14, the large corrugation found on the terraces is not of elec-
tronic origin. The authors have suggested that the whole sur-
face is covered by tiny graphenelike carbon islands, self-
organized to form the honeycomb structures, with part of the
C atoms forming covalent bonds with Si atoms.14 However,
no atomic resolution has been achieved on this surface to our
knowledge, so that there is no direct evidence of such local
graphenelike structure. Additionally, ARPES measurements
have identified ! bands related to graphitic sp2-bonded car-
bon, but have pointed out the lack of "-like bands in the
vicinity of EF.15 We note that STM images at low bias are
not achievable either at room temperature or at 45 K. This
points to a nonmetallic character of the surface !the substrate
is insulating at 45 K", which implies that the first C-rich
layer has no graphenelike electron properties close to EF.

In the following, we study the same sample after a subse-
quent annealing at 1300–1350 °C for 8 mn. The C:Si Auger
ratio does not exceed 2, indicating that only a few C layers
are present on the surface. As shown in Fig. 1!c", the surface
layers have the lattice periodicity of a graphene sheet: pro-
nounced spots of the !1#1" graphene lattice are found in the
LEED pattern, in addition to the SiC related spots. STM
images of large areas, as in Fig. 1!d", reveal terraces with a
periodic superstructure, the lattice parameter of which corre-
sponds to that of the SiC-6#6 shown in Fig. 1!b". There-
fore, this superstructure is induced by the C-rich interface
lying just below the graphene sheets. Surprisingly, we find
that the corrugation of this superstructure is not the same for
all terraces. This is demonstrated in the lower part of Fig.

1!d", where the first derivative of the image is shown. The
central terrace !labeled M" exhibits a 3–5 times higher cor-
rugation, depending on the sample bias, than the other ter-
races !labeled B". We have checked that most of the terraces
studied on this sample are either of M or B type !their iden-
tification is made easy on derivatives of large-scale images".

To elucidate the nature of the two different terraces, we
focus on STM images with atomic resolution. Such images
are routinely achieved at 45 K with sample bias as low as
50 mV, which means that the surface is metallic. Figure 2 is
a panel of typical STM images, at sample bias +0.2 V. For
type-M terraces shown in Figs. 2!a"–2!c", images reveal a
graphene !1#1" lattice of dark spots !with a measured lat-
tice parameter of 2.4±0.2 Å". The six C atoms surrounding
each spot give the same bright signal, which leads to a true
honeycomb atomic pattern !symmetric contrast". As quoted
above, images of type-M terraces such as Fig. 2!a" are also
frequently dominated by features related to the C-rich !6
#6" interface, which are superimposed on the graphene !1
#1" pattern #see also Fig. 3!c"$. Occasionally, uncontrolled
change of the tip apex gives rise to a strong attenuation of
this interface contribution. This is illustrated on Fig. 2!b",
where only a smooth SiC-6#6 pattern remains together with
the graphene !1#1" lattice. Figures 2!a" and 2!b" correspond
to the same area, and the contrast difference between the two
images is only due to a tip apex modification. The honey-
comb atomic pattern is not affected by this tip effect.

We compare now a 3D zoom of Fig. 2!b", shown in Fig.
2!c", with the equivalent data for a B-type terrace #Fig. 2!d"$.
Two differences are found between the images. First, the
SiC-6#6 superstructure is weaker for terraces B than for
terraces M. Second, and more important, the atomic pattern

FIG. 1. !Color online" !a" 109 eV LEED pattern of the
6H-SiC!0001" 6R3 reconstruction. !b" 40#40 nm2 STM image at
45 K of the same surface, exhibiting the carbon nanomesh phase
!Ref. 14". Sample bias: −2.0 V. Inset: a 5#5 nm2 zoom of the
central terrace. !c",!d" equivalent data to !a",!b" after the last anneal-
ing step. !c" The dashed arrow indicates one of the graphene !1
#1" spots. !d" The derivative of the bottom part of the image is
shown to highlight the different corrugation between terraces M and
B. Sample bias: +0.5 V.

FIG. 2. !Color online" !a", !b" 5.6#5.6 nm2 STM images of the
same area of an M-type terrace, with an unexpected tip change
between the two images. !c", !d" 4#4 nm2 3D view of an M mono-
layer !c" and a B-bilayer graphene !d" terrace. A hexagonal
graphene unit cell is depicted on both images. Sample bias was set
at +0.2 V for all the images.

MALLET et al. PHYSICAL REVIEW B 76, 041403!R" !2007"
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the lattice parameters of graphene (aC) and Re (aRe). In this
Letter, we report the first real space observation of this
superstructure with scanning tunneling microscopy (STM).

The top image on Fig. 1 shows this moiré with a peri-
odicity of 1:9! 0:1 nm, which corresponds to a moiré with
carbon zigzag rows aligned to Re dense packed ones, and a
(7:8) superstructure, i.e., eight carbon rings matching seven
Re atoms. This moiré is different from the (9:10) cell
calculated in Ref. [15]. This discrepancy could originate
from the different methods used to grow graphene in the
two experiments. Our superstructure goes along with a
compressed graphene cell where the graphene lattice pa-
rameter is estimated to be 2.42 Å, a slightly smaller value
than the one in bulk graphite (2.46 Å). On the upper image
of Fig. 1, we can see that the atomic rows of graphene are
aligned with the moiré direction. Nevertheless, we also
observed spots where the two lattices are rotated. On the
example shown in the bottom image of Fig. 1, the angle
between the carbon atomic rows and the moiré high sym-
metry directions is !" 15#, which corresponds to a rota-
tional angle between the Re and the graphene lattice of
" ’ !ðaRe-aCÞ=aRe " 2#. We measure an apparent moiré
corrugation that is tip dependent but can be as high as 1 Å.

This indicates strong coupling between graphene and Re
as compared to other metallic substrates [16,17], similar
to what is observed for graphene grown on ruthenium
[18–21]. Images with atomic resolution (see Fig. 1, bottom
image) show sixfold and threefold periodicity on the hills
and valleys of the moiré, respectively, which suggests that
the graphene layer is less strongly coupled to the Re
substrate on the hills than on the valleys. In order to
corroborate these observations, we performed numerical
simulations of the moiré structure.
Ab initio calculations have been carried out with the

code VASP [22]. The PAW approach [23], PBE functionnal
[24], and Grimme corrections to van der Waals interactions
[25] have been used. The slab used to describe the system
contained five Re layers, one graphene layer, and a 10 Å-
thick vacuum space on top. The Re plane in the middle
(third plane) of the slab was fixed while all the other atoms
were allowed to relax [26]. The lateral size of the supercell
has been fixed to the geometry observed experimentally
and corresponds to a (7& 7) cell for Re and a (8& 8) cell
for graphene. Calculations were performed with one k
point, the supercell K point to get a precise description
of the graphene low energy states. After convergence,

residual forces were lower than 0:025 eV= !A.
Our calculations show that the graphene layer is buckled

with regions where the C atoms are close to Re ones and
regions where they lay much higher (Fig. 2). The first
regions correspond to strong graphene-Re interaction (top
hcp and top fcc—see definition in [16]) with the formation
of covalent bonds and an electron transfer from Re to
C atoms [26]. The second regions correspond to a much
weaker interaction (hcp-fcc). This is consistent with our
experimental observations and with the description given
by Miniussi et al. [15] but for a (9:10) cell. Figure 2(b)
shows the square modulus of the wave function integrated
between the Fermi level (EF) and EF þ 0:5 eV. This cross
section is taken just above the highest graphene atom. It
shows bright protuberances that correspond to hcp-fcc
stacking regions and lines. These calculations provide
good agreement with our STM images of Fig. 1.
Another signature of the coupling strength between

graphene and the Re substrate can be found in the local
density of states (DOS). This is highlighted in Fig. 3 where
we show a topographic image of the moiré and a simulta-
neously recorded map of the differential conductance G ¼
dI=dV measured at EF [i.e., at zero tip-sample bias (Vbias)].
These data have been acquired in a dilution refrigerator
where the STM was cooled down to 50 mK. The spectro-
scopic signal was obtained by a lock-in technique with an
rms modulation voltage of 5 mV. On this spectroscopy map
we observe enhanced conductance on the hills. This con-
trast can be understood by recording a full spectrum on
hills and valleys (see Fig. 3 bottom graph). The tunneling
spectra show a typical semimetal behavior, similar to what
was obtained for graphene/Ru(0001) [20], in contrast to the

FIG. 1 (color online). Top: STM image showing the moiré
pattern due to the lattice paramater mismatch of graphene and
Re, measured with a bias voltage Vbias ¼ 224 mV and a tunnel-
ing current I ¼ 31 nA. Bottom: STM image exhibiting an
atomic periodicity of order six on the hills of the moiré and
three in the valleys, measured for Vbias ¼ 10 mV and I ¼ 10 nA.

PRL 111, 246805 (2013) P HY S I CA L R EV I EW LE T T E R S
week ending

13 DECEMBER 2013

246805-2



Moiré

Pattern created when two
identical patterns are 
overlaid while displaced
or rotated a small amount
from one another.

Similar effect with small
difference in lattice
parameter.



Moiré in graphene

Images shows electronic interference
effects with the buffer layer: moiré.

P. Mallet, J.Y. Veuillen et al, Phys. Rev. B 76, 041403(R) 
(2007), Institut Néel. C. Tonnoir, C. Chapelier et al, Phys. Rev. 
Lett. 111, 246805 (2013), INAC.

struction. It is always observed and has been thoroughly dis-
cussed in these references. However, the precise atomic
structure and the related electron properties of the actual re-
construction are far from fully understood. As shown in Ref.
14, the large corrugation found on the terraces is not of elec-
tronic origin. The authors have suggested that the whole sur-
face is covered by tiny graphenelike carbon islands, self-
organized to form the honeycomb structures, with part of the
C atoms forming covalent bonds with Si atoms.14 However,
no atomic resolution has been achieved on this surface to our
knowledge, so that there is no direct evidence of such local
graphenelike structure. Additionally, ARPES measurements
have identified ! bands related to graphitic sp2-bonded car-
bon, but have pointed out the lack of "-like bands in the
vicinity of EF.15 We note that STM images at low bias are
not achievable either at room temperature or at 45 K. This
points to a nonmetallic character of the surface !the substrate
is insulating at 45 K", which implies that the first C-rich
layer has no graphenelike electron properties close to EF.

In the following, we study the same sample after a subse-
quent annealing at 1300–1350 °C for 8 mn. The C:Si Auger
ratio does not exceed 2, indicating that only a few C layers
are present on the surface. As shown in Fig. 1!c", the surface
layers have the lattice periodicity of a graphene sheet: pro-
nounced spots of the !1#1" graphene lattice are found in the
LEED pattern, in addition to the SiC related spots. STM
images of large areas, as in Fig. 1!d", reveal terraces with a
periodic superstructure, the lattice parameter of which corre-
sponds to that of the SiC-6#6 shown in Fig. 1!b". There-
fore, this superstructure is induced by the C-rich interface
lying just below the graphene sheets. Surprisingly, we find
that the corrugation of this superstructure is not the same for
all terraces. This is demonstrated in the lower part of Fig.

1!d", where the first derivative of the image is shown. The
central terrace !labeled M" exhibits a 3–5 times higher cor-
rugation, depending on the sample bias, than the other ter-
races !labeled B". We have checked that most of the terraces
studied on this sample are either of M or B type !their iden-
tification is made easy on derivatives of large-scale images".

To elucidate the nature of the two different terraces, we
focus on STM images with atomic resolution. Such images
are routinely achieved at 45 K with sample bias as low as
50 mV, which means that the surface is metallic. Figure 2 is
a panel of typical STM images, at sample bias +0.2 V. For
type-M terraces shown in Figs. 2!a"–2!c", images reveal a
graphene !1#1" lattice of dark spots !with a measured lat-
tice parameter of 2.4±0.2 Å". The six C atoms surrounding
each spot give the same bright signal, which leads to a true
honeycomb atomic pattern !symmetric contrast". As quoted
above, images of type-M terraces such as Fig. 2!a" are also
frequently dominated by features related to the C-rich !6
#6" interface, which are superimposed on the graphene !1
#1" pattern #see also Fig. 3!c"$. Occasionally, uncontrolled
change of the tip apex gives rise to a strong attenuation of
this interface contribution. This is illustrated on Fig. 2!b",
where only a smooth SiC-6#6 pattern remains together with
the graphene !1#1" lattice. Figures 2!a" and 2!b" correspond
to the same area, and the contrast difference between the two
images is only due to a tip apex modification. The honey-
comb atomic pattern is not affected by this tip effect.

We compare now a 3D zoom of Fig. 2!b", shown in Fig.
2!c", with the equivalent data for a B-type terrace #Fig. 2!d"$.
Two differences are found between the images. First, the
SiC-6#6 superstructure is weaker for terraces B than for
terraces M. Second, and more important, the atomic pattern

FIG. 1. !Color online" !a" 109 eV LEED pattern of the
6H-SiC!0001" 6R3 reconstruction. !b" 40#40 nm2 STM image at
45 K of the same surface, exhibiting the carbon nanomesh phase
!Ref. 14". Sample bias: −2.0 V. Inset: a 5#5 nm2 zoom of the
central terrace. !c",!d" equivalent data to !a",!b" after the last anneal-
ing step. !c" The dashed arrow indicates one of the graphene !1
#1" spots. !d" The derivative of the bottom part of the image is
shown to highlight the different corrugation between terraces M and
B. Sample bias: +0.5 V.

FIG. 2. !Color online" !a", !b" 5.6#5.6 nm2 STM images of the
same area of an M-type terrace, with an unexpected tip change
between the two images. !c", !d" 4#4 nm2 3D view of an M mono-
layer !c" and a B-bilayer graphene !d" terrace. A hexagonal
graphene unit cell is depicted on both images. Sample bias was set
at +0.2 V for all the images.

MALLET et al. PHYSICAL REVIEW B 76, 041403!R" !2007"

RAPID COMMUNICATIONS

041403-2

the lattice parameters of graphene (aC) and Re (aRe). In this
Letter, we report the first real space observation of this
superstructure with scanning tunneling microscopy (STM).

The top image on Fig. 1 shows this moiré with a peri-
odicity of 1:9! 0:1 nm, which corresponds to a moiré with
carbon zigzag rows aligned to Re dense packed ones, and a
(7:8) superstructure, i.e., eight carbon rings matching seven
Re atoms. This moiré is different from the (9:10) cell
calculated in Ref. [15]. This discrepancy could originate
from the different methods used to grow graphene in the
two experiments. Our superstructure goes along with a
compressed graphene cell where the graphene lattice pa-
rameter is estimated to be 2.42 Å, a slightly smaller value
than the one in bulk graphite (2.46 Å). On the upper image
of Fig. 1, we can see that the atomic rows of graphene are
aligned with the moiré direction. Nevertheless, we also
observed spots where the two lattices are rotated. On the
example shown in the bottom image of Fig. 1, the angle
between the carbon atomic rows and the moiré high sym-
metry directions is !" 15#, which corresponds to a rota-
tional angle between the Re and the graphene lattice of
" ’ !ðaRe-aCÞ=aRe " 2#. We measure an apparent moiré
corrugation that is tip dependent but can be as high as 1 Å.

This indicates strong coupling between graphene and Re
as compared to other metallic substrates [16,17], similar
to what is observed for graphene grown on ruthenium
[18–21]. Images with atomic resolution (see Fig. 1, bottom
image) show sixfold and threefold periodicity on the hills
and valleys of the moiré, respectively, which suggests that
the graphene layer is less strongly coupled to the Re
substrate on the hills than on the valleys. In order to
corroborate these observations, we performed numerical
simulations of the moiré structure.
Ab initio calculations have been carried out with the

code VASP [22]. The PAW approach [23], PBE functionnal
[24], and Grimme corrections to van der Waals interactions
[25] have been used. The slab used to describe the system
contained five Re layers, one graphene layer, and a 10 Å-
thick vacuum space on top. The Re plane in the middle
(third plane) of the slab was fixed while all the other atoms
were allowed to relax [26]. The lateral size of the supercell
has been fixed to the geometry observed experimentally
and corresponds to a (7& 7) cell for Re and a (8& 8) cell
for graphene. Calculations were performed with one k
point, the supercell K point to get a precise description
of the graphene low energy states. After convergence,

residual forces were lower than 0:025 eV= !A.
Our calculations show that the graphene layer is buckled

with regions where the C atoms are close to Re ones and
regions where they lay much higher (Fig. 2). The first
regions correspond to strong graphene-Re interaction (top
hcp and top fcc—see definition in [16]) with the formation
of covalent bonds and an electron transfer from Re to
C atoms [26]. The second regions correspond to a much
weaker interaction (hcp-fcc). This is consistent with our
experimental observations and with the description given
by Miniussi et al. [15] but for a (9:10) cell. Figure 2(b)
shows the square modulus of the wave function integrated
between the Fermi level (EF) and EF þ 0:5 eV. This cross
section is taken just above the highest graphene atom. It
shows bright protuberances that correspond to hcp-fcc
stacking regions and lines. These calculations provide
good agreement with our STM images of Fig. 1.
Another signature of the coupling strength between

graphene and the Re substrate can be found in the local
density of states (DOS). This is highlighted in Fig. 3 where
we show a topographic image of the moiré and a simulta-
neously recorded map of the differential conductance G ¼
dI=dV measured at EF [i.e., at zero tip-sample bias (Vbias)].
These data have been acquired in a dilution refrigerator
where the STM was cooled down to 50 mK. The spectro-
scopic signal was obtained by a lock-in technique with an
rms modulation voltage of 5 mV. On this spectroscopy map
we observe enhanced conductance on the hills. This con-
trast can be understood by recording a full spectrum on
hills and valleys (see Fig. 3 bottom graph). The tunneling
spectra show a typical semimetal behavior, similar to what
was obtained for graphene/Ru(0001) [20], in contrast to the

FIG. 1 (color online). Top: STM image showing the moiré
pattern due to the lattice paramater mismatch of graphene and
Re, measured with a bias voltage Vbias ¼ 224 mV and a tunnel-
ing current I ¼ 31 nA. Bottom: STM image exhibiting an
atomic periodicity of order six on the hills of the moiré and
three in the valleys, measured for Vbias ¼ 10 mV and I ¼ 10 nA.
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Conclusion

STM imaging usually carries other information than “pure”
topography, that is related to electronic properties. 


