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Pure-carbon ring transistor: Role of topology and structure
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We report results on the rectification properties of a carbon nanotGbH) ring transistor,
contacted by CNT leads, whose novel features have been recently communicated by H. Watanabe,
C. Manabe, T. Shigematsu, and M. Shimj2ppl. Phys. Lett78, 2928(2001)]. This letter contains

results which are validated by the experimental observations. Moreover, we report on additional
features of the transmission of this ring device which are associated with the possibility of breaking
the lead inversion symmetry. The linear conductance displays a chessboardlike behavior alternated
with anomalous zero lines which should be directly observable in experiments. We are also able to
discriminate the structural properties showing up in our reggliasione-dimensional confinemgnt

from pure topological effectging configuration, thus helping to gain physical intuition on the rich

ring phenomenology. €002 American Institute of Physics.
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Carbon matgrials are at the bage of the many molecular ¢ (E)=4 A11(E)Ann(E)|Gr1iﬂg(E)/de(Q)|2y (1)
electronics achieved goalsThe discovery of the §
moleculé and, later on, of carbon nanotub@&NTs)® pro- ~ whereX=A—iA is the semi-infinite armchair((¢) CNT
vided experimentalists with nanometer-scale materials withead self-energyQ=1-% G™9, and| is the unity matrix.
exceptional electronic and mechanical propeftighe adop-  Recently, bothA and A have been obtain analyticaftj.We
tion of an individual G, molecule connected to gold elec- assume that the fixed first lead has an atomic contact to the

trodes made it possible to measure transistorlike feafures. first ring-atom of the upmost circumference line spanned by
a parallel development, also logic circuits with field-effect € second lead. The position of the latter is determined by
transistors based on single CNTs have been prbBdd. (€ second contacted atom=2,...,Z (see Fig. 1 The

most of the aforementioned experiments, the focus has be%ﬁtal number of upmost atomsc2is two times the number

centered on carbon-based moleculesy, Csingle-wall or unit cells,c, due to the choice of the armchair tubes. We
multiwall CNTs, bridged between bulkyol,eads. can span contact&dashed area in Fig.)lranging from a

single atomic contact to all surface atoms of the CNT leads

However, CNTs have been also shown useful as wirin he lead:15 h ke of simplici
lement$ e.g., when employed to enhance the resolution o ontacted to the lead: .For the sake of simplicity, we
€ P resent here only atomic contacts results. The numerical

: ; ; e 9,10 ;
scanning tunnelmg mmroscgﬂSTM) t|p§. i Indeed, in a computational task is thus shifted to the calculus of the ma-
pioneering experiment published in this journal, Watanabqrix element ofG"9 between the two contacted am@;rling

11 . . bn 1
etal™ managed to contact a CNT ring to CNT-STM tipS. g the determinant of the mati; this problem grows as

Their apparatus, which is schematically drawn in Fig. 1, ren4 N=2¢¢ being the number of atoms in the CNT ring.
alizes a pure-carbon transistor. The two CNT leads, biased by Figure 2 shows the dependence of the linear transmis-
a potentialVyy, are the source and the drain for the currentsion on the position of the second lead, and on the gate

flowing through the CNT ring; the latter is sitting on a sur- yoltage,V, . The latter is in units of the hopping parameter,
face which fixes the gate voltage Y . This system, which

is the object of our theoretical investigation, exhibits an in-
teresting variety of effects mainly due to the ring topology
and to the underlying carbon nanostructure. Our results are
validated by the experiment of Watanabeal* but show
interesting additional phenomena which should be directly
detectable in future experiments.

We treat the transport problem in the system at hand by
calculating the transmissioh through an armchair €, ¢)
CNT ring within the Landauer approa¢hThe relation be-
tween the Hamiltonian of the system and the transmigion
is given by means of the retarded Green func@t%=(E
+i0"—H"M9) "1 whereH"™I is the ring 7 electron Hamil-
tonian. Provided that the system has atomic contacts, one cafls, 1. A pure-carbon ring transistor. The two semi-infinite CNT leads can

show that the calculus of the transmission simplifies to scan the upper surface of the CNT ring. The latter is supposed to lie on a
surface imposing a gate voltayg (fixed with respect to the second lead as

in Ref. 11). The quality and nature of the contadttashed boxgsis dis-
¥Electronic mail: cunibert@mpipks-dresden.mpg.de cussed in the text.

4

+<— movable
second tip

0003-6951/2002/81(5)/850/3/$19.00 850 © 2002 American Institute of Physics



Appl. Phys. Lett., Vol. 81, No. 5, 29 July 2002 Cuniberti, Yi, and Porto 851

FIG. 3. Density plot of the curredSTM images$ at V,4=1 V as a function
of the positiomn and of the gate voltag€, . In this scale, white corresponds
n to no current and black to maximum current. The horizontal arrows refer to

. ) o ) the three gate voltageg,=0,2.5,3 V (considered in Ref. 11 Fig.)3for

FIG. 2. Density plot of the linear transmissigffE—0) as a function of the producing the STM images. The two insets show the details of the gate

positionn and of the gate voltag¥, . In this scale, white corresponds to 0 voltage dependence for the two configuratic@ n=9 (90°) and(b) n

and black to 1. In the insets, the explicit gate voltage dependence of the. 17 (180°), respectively. The gray bars indicate the regions where

transmission is shown fgg) n=9 (90°) and for(b) n=17 (180°). The top ST

panel illustrates a blow up of the transmission in a small gate voltage win-

dow (indicated by tilted arrowswhere zeros in the transmission occur.

vored in the lobes of the ring which, for the choice of our

y=2.6 eV, between neighboring carbon atoms. The numbe?ize’ emerge at the 90° configuratiGaee the gray regions in

of unit cells considered in the ring =16 (i.e., 32 upmost the inset of Fig. B

atoms and the size of both the ring and lead tubes are fixed . Figure 4b) ShOYV.S thel —V characteristics for Ehe inver-
by imposing=4. The density plot appears quite complex sion symmetry position of the second lead (180°). The rec-

and reflects the presence of van Hove singularities in th%f|caf[|or:heﬁ<f-::ct_tg|ven b); ttr;]e a_ctlor:)oféhe r?a:]e po:jennal ar(ta
system (see the insets of Fig.)2but certain regularities U_Ef"t o the r;”'def‘ess ot ne r':ﬁ ‘?nt \tN 'CD’.flfm e; a ?se
emerge. At a fixed gate voltage, the position dependence I, 1S pushed in a region without states. Lilterent is the

the transmission exhibit a chessboardlike behavior. The Iatt«-:ﬁjtuation in the 90° configurationFig. 4@], where no

is broken for particular values of the gate voltage where Ze[narked asymmetry in the gatéaV curves can be detected.

ros in the transmission occur. This is a typical topologicaIThe vert|_cal da_shed |I!’185 in Fig. 4 indicate the range .Of b|a_s
effect which has been shown analytically for one- voltages investigated in Ref. 11. Our calculations outside this
dimensional ring$® These zeros are a direct consequence o egion show dominant negative differential conductance ef-

ects given by the action of the gate voltage. The latter is

the breaking of the inversion symmetry and are either due t . S . : .
destructive interference events or due to the matching be(_esponsmle for shifting the CNT ring band in a energy region
here much fewer states are available for transport.

tween the gate voltages and particular eigenvalues of th¥ , ; : ,
¢ ¢ P g More detailed experimental studies on the evolution of

systemt®

With the knowledge of the transmission functigyfE),
it is straightforward to evaluate the current—voltage V) 1F
characteristics by applying the standard formalism based on P gg\gv 1
the scattering theory of transpttt /m; L e

2e (= < O
In=FLdE tW(E)FL(E) — Fr(E)]. 2 g
- @

Here,f| r(E)={exd(E—u_ R)/KsT]+1} *is the Fermi func- -1 I I B S
tion, u, andug are the electrochemical potentials of the two 1 7T
metal electrodes, whose difference is fixed by the applied [ geVV PR, ]
bias voltageVsy. The room temperaturekgT=26 meV) /m; o 0‘2\? VRS
will be considered in the numerical results, in order to keep < ol . s
consistency with the experimetit. = 3 N ]

Figure 3 displays the current &t,,=1V for different ,’3 [ N ]
positions of the second CNT tip and for different gate volt- ] (b) |
ages. This quantity has been used to produce the STM im- -1 I I S | ]
ages in Ref. 11, where three different values of gate voltages -1 0 1
have been considerdtiere indicated as the three horizontal

arrows in Fig. 3. The inversion symmetric configuration
shows a marked current density for wide ranges of gate volt-

. \}:IG. 4. Lead-orientation dependent rectification, for three different gate
ages, apart from two small intervals around 2.7 and 5.8 voltagesV,=0, 2.5, 3V, illustrateda) for the 90° configuration an¢b) for

respectively. At these voltages, transport is much more fathe inversion symmetric one.
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