Conductance images between two STM probes in graphene
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Abstract

The conductance image between two probes of scanninglingseicroscopy (STM) is calculated in a graphene withirgt-
binding model and a realistic model for STM probes. A Kekiylge pattern appears due to interference of states at K and K
points.
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1. Introduction we havea = a(1, 0), b = a(1/2, V3/2), and? = a(0, 1/ V3),
wherea = 0.246 nm is the lattice constant. In the following

In an efective-mass approximation, an electron in a graphengye use a tight—binding model with a nearest-neighbor happin

is described by Weyl's equation for a massless neutrino []integral—ys.

Transport properties in such an exotic electronic striecare In a 2D graphite, two bands having approximately a linear

quite intriguing and studied theoretically, including werisal  gispersion cross the Fermi level at corner K and K’ point$ef t

minimum conductivity [2] and quantum correction to the con-first Brillouin zone. The wave vectors of the K and K’ points ar

ductivity [3]. It is known that scanning tunneling microggo given byK = (2r/a)(1/3, 1/ V3) andK’ = (2r/a)(2/3, 0). For

(STM) and spectroscopy (STS) are a powerful technique foktates in the vicinity of the Fermi level= 0, the wavefunction

directly viewing electronic wave functions at the atomiede s written as [1]

Quite recently multi-probe STM was developed [4]. The pur- _ .

pose of this paper is to explicitly visualize interferencieets wa(Ra) = €XRAFR(Rp) + €XRAEK(R,), (1)

in two-probe STM images in graphene. Ue(Re) = -weRFK(Rg) + &% RFK(Rp), )
STM measurements have been conducted in order to observe

the electronic wavefunctions in graphene [5, 6]. A chamste with w = €”/2 in terms of the slowly—varying envelope func-

tic V3x V3 structure due to interference is observed near edgeonsFK, FX, FK', andFK'. Then, in the vicinity of the K point,

of a graphite [7, 8]. Electron transmission has been studéed for example, they satisfy tHep equation:

tween two STM tips as leads which contact the nanotube via

single carbon atoms [9], and associated orbital magnetic mo y(@ - K)FX(r) = eF¥(r). 3)
ments were discussed [10]. Recently, a Kekulé type pattern EX(r) = FR(r) 4
or V3 x /3 structure was shown to appear in two-probe STM ()= FR(r) ) (4)

images in carbon nanotubes due to interference of states at K
and K’ point except in special cases [11, 12]. In this paper, w wherey = V3ayo/2 is the band parametdt,= (ky, ky) = iV
calculate the conductance in a graphene and discuss robuste a wave vector operatarjs the energy, andy andoy are the
Kekulé pattern for tip position than that in carbon nanetib Pauli spin matrices.

Green’s function is written as [13]

2. Formulation GK:(QO 91), GK,z(go 61)’ (5)

g % g1 9

Figure 1 (a) shows the structure of two—dimensional (ZD)Wheregl(x, y) = Gi(x. -y) with elements calculated at = 0

2.1. Preliminaries

graphite or graphene, two primitive translation vectoesdb, andr > aas

and three vectorg (I = 1,2, 3) connecting nearest-neighbor _

atoms. A unit cell contains two carbon atoms denoted as A Al

(open circle) and B (closed circle). The origin of the coor- g = -—-i—=e' (7

dinates is chosen at a B siteg., a B site is given byRg = 2t

na+nyb and an A site iR = naa+npb+7with n; andn, being  Herex =r cosp, y = r sing, andA is a linear dimension of the
integers and=7; = (a+2b)/3. Inthe coordinate system,fy),  system.
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Figure 1: (a) Lattice structure of a two—dimensional gregbkheet. (b) The left STM-tip positions for which the STM geaof the right tip is calculated. The actual
coordinates are given in Table 1. (c) A model of the STM tipwa&ba graphene with a orbital on a carbon atom &. A is the normal distance of the STM tip to
the graphene.

2.2. Interference between K and K’ Points is along x axis, for example, conductance is finite (5/r)?

We consider the conductance between two STM tips in 40r Na — 2N, = 3m = 1 with an integem and vanishes for
graphene. First, we consider propagating wave with 0 in- ~ Na—2np = 3m.
jected from the B sit®Rg = 0. We may approximately take the ~ The siteR = naa+nyb satisfyingn, —2n, = 3mwith integer
lowest order of the coupling between the STM tip and carborim form a honeycomb lattice. Its basis vectors can be chosen
atoms, because the coupling is usually very weak. Further,t asa = -a - 2b andb = 2a + b as shown in Fig. 1 (a), for
wavefunction of the injected electron is decomposed inbs¢h ~ example, and therefore the lattice constantBa and the area
at the K and K’ point with the same amplitude. Then, Eq. (2)of the unit cell is 8 with Qo = (V3/2)a? being the area of
shows that the envelope functions outside the distance mudhe original honeycomb lattice spanned by the basis veetors

longer thara from the injection poinRg = 0 become andb. The maximum conductance is observed when two STM
s 0 probes couple to atoms on this enlarged lattice for both A and
Fr) = -w'Ck ( 1 ) (8) B sublattices. This so-called Kekulé pattern is a resulthef
V2A interference of traveling waves at the K and K’ points asrtyea
ey = G 0 0 ) shown in Eq. (10). The pattern also appears in the wavefumcti
K V2A ’ around a single vacancy or edges [7, 8, 14].
with 6 being the amplitude. Upon substitution of the above into _
Eq (2), we have 2.3. Tlp Model
3 10 1 1 iy jKRa . dedK'Ra We consider a more realistic model of a graphene and an
vaRa) = or ZF(_(‘) even T+ evet ™), STM tip with coupling to several carbon atoms. The hopping
i6 1, o integral between the tipatom and ar orbital atR of the tube
B _Zn—\/iFw e W)[l — el +2¢)], (10) s given bysp Slater—Koster form [15]:
R = 0,
ve(Re) tR = towr exp(— d—R)cosaR, (12)
with 6 = 2n(n, — 2ny)/3. The conductance between the STM A .
probe at the o_r.igin and. that Ris is approximately proportional WR = exp(—azdé)[ Z exp(—azdﬁ,)] , (13)
to the probability density =
Wa(RA)E = (i)zlz[l — cosf + 2¢)]. (11)  Wheredg is the distance between the tip atom and the carbon
2/ r

atom, 6r is the angle with the orientation of theorbital as
The conductance decays in proportion to the inverse of thehown in Fig. 1 (c). This model hopping integral with parame-
square of the distance with oscillation. Aroupd~ O that tersd = 0.085 nm,a~* ~ 0.13 nm, andA = 0.5 nm has been



sites on the same sublattice with+lw + w™! = 0. With the
increase in the deviation from the hexagon center, the image
drastically changes at the center and varies continuousiy f

(c) to (e). Around ‘a’ the images continuously vary from (@) t

Table 1: The coordinates of the left STM tip shown in Fig. 1dhjl the maxi-
mum values of the conductand@yay, used for plotting Figs. 2.

3Ax/a  V3Ay/a Gmax(1071%€?/xh)
@ O 0 175 (®. , . ,
(b) 0 -0.5 8.06 It has preV|ou§Iy been dgmonstrated that in armchglr nan-
(©) 0 1 776x% 10~% otubes the Kekulé pattern disappears for special casesrand
d 0.4 0.6 7.33 inal periodicity is recovered in the conductance images,tdu
() 0.75 -0.25 115 the lack of interference between K and K’ states [11, 12]sThi
) 0 05 115 is possible because there are only two modes propagating alo

the axis direction and the amplitude of one of the modes van-

ishes for a certain ratio of the injection from neighboringrd

introduced in previous works [15, 11]. The STM tip is mod- B sitgs. Thi.s also makes the STM image very sensitive to the

eled by a chain of-like atoms with nearest neighbor hopping 'eft-tip position.

integral—t and the Fermi energy being fixed at the center of the In graphene, on the other hand, there are propagating modes

one-dimensional band. in all directions because of the two-dimensional nature and
Coupling between a graphene and STM probes is so wedkerefore the vanishing amplitude for a certain mode with a

that we may ignore mutual couplings and take only the low-SpPecific direction qloes not give rise to any visibléeet. Ag

est order ofg. We solve numerically Green’s functi@ and @ result, the STM images become robust for the change in the

Gk on a lattice model of infinite graphene and calculate thd€ft-tip position. This allows us the observation of ineénce

transmission probability between two STM tips. In terms of€ffects sensitive to intrinsic scatters such as ripples anut poi

the transmission probability, the conductancé is given by defects in graphene, avoiding ambiguity in the tip position

G = (€?/nh)T using the Landauer formula. In actual calcula-

tions we choose fixed parametégsyo = —10,t/y0 = 1. Even 4. Conclusions

if the Fermi wave length is shorter than the tip distance and .

thus the Fermi energy is away from zero energy, the calatilate We have calculated numerically the conductance between

conductance images exhibit the same behavior except for atMvodSITI;/I pft%bes IST ? grl?phteneH Thg S-{M probletshhavel; been
interference-like modulation due to the finite wave length. modeled withsp Slater-roster hopping terms. nas been
shown that a Kekulé pattern usually appears due to intawtar

between propagating waves at K and K’ points.
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Figure 2 shows the conductance for varying the position of
the right STM tip when the left tip is fixed at points ‘a’ to ‘f' References
shown in Fig. 1 (b). The position of the left tip is denoted Iy a "
open circle, but its actual position is shifted by (103 in the ]
coordinate systenx(y) shown in the Fig. 1 (a) and thereforeis [3]
quite far from the right tip position. (4]
When the left tip is on top of site Bdenoted by ‘a’ in Fig. [5]
2 (a), the conductance exhibits a clear Kekulé pattern ahd f

3. Numerical Results

T. Ando, J. Phys. Soc. Jpi4, 777 (2005).

N. H. Shon and T. Ando: J. Phys. Soc. Jpi,2421 (1998).

H. Suzuura and T. Ando, Phys. Rev. L&8, 266603 (2002).

O. Kubo, Y. Shingaya, M. Nakaya, M. Aono, and T. NakayarAgapl.
Phys. Lett.88, 254101 (2006).

G. M. Rutter, J. N. Crain, N. P. Guisinger, T. Li, P. N. Rjrand J. A.
Stroscio, Scienc817,219 (2007).

lows the simplified estimation presented in the previous sec [6]
tion. In fact, the conductance is largest at A sigs+ 1, and
Rg + 73 related to the left-tip atom by the basis vectérand 7l
B 3
b. Further, it vanishes at the other A and B sites. With the in- 8]
crease in the displacement ‘b’ to the hexagon center ‘c’@lon
the axis corresponding to (b) and (c), respectively, thélaim (]
image appears with the Kekulé pattern. At the hexagon cenig)
ter ‘c’, the image drastically changes and the maximum valug 1
of conductance becomes vanishingly small because of cancéiZ2]
lation among couplings through several carbon atoms togsrop [ﬁ]
gating waves. Considering a states with uniform envelope-fu (141
tion, which is mainly contribute to propagationat= 0, we
can show cancellation of their phases on three nearestinaig

3

P. Mallet, F. Varchon, C. Naud, L. Magaud, C. Berger, and.Jeuillen,
Phys. RevB76, 041403 (2007).

Y. Kobayashi, K. Fukui, T. Enoki and K. Kusakabe, PhysvRB73,
125415 (2006).

Y. Niimi, T. Matsui, H. Kambara, K. Tagami, M. Tsukada, carH.
Fukuyama, Phys. Ref8 73, 085421 (2006).

L. F. Chibotaru, S. Compernolle, and A. Ceulemans, PRes. B 68,
125412 (2003).

N. Tsuji, S. Takajo, and H. Aoki, Phys. Re&75,153406 (2007).

T. Nakanishi and T. Ando, J. Phys. Soc. Jpn.024703 (2008).

T. Nakanishi and T. Ando, Phys. Stat. Sol. 4p, 2173 (2008).

T. Ando, T. Nakanishi and M. Igami: J. Phys. Soc. 383994 (1999).
P. Rufieux, M. Melle-Franco, O. Groning, M. Bielmann, F. Zerbetind
P. Groning, Phys. Re® 71, 153403 (2005).

Ph. Lambin, G. |. Mark, V. Meunier, L. P. Bird, Int. J.u@ntum
Chem95,493 (2003).



Position: Ay (units of a//3)

Position: Ay (units of a//3)

Position: Ay (units of a//3)

-2 -1 0 1 2 -2 -1 0 1 2
Position: Ax (units of a) Position: Ax (units of a)

Figure 2: Calculated conductance as a function of right Sip\Mosition for the left-tip position from ‘a’ to ‘f’ of Fig. 1(b). The left STM tip is fixed above a

position denoted by a open circle, but its actual positioati€l02 0)a in the coordinate system and therefore is quite far from itet tip. The conductance is
shown by the density in the maximum listed in a Table 1 as ploge.



