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Suppression of superconductor quasiparticle tunneling into single-walled carbon nanotubes
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Electrical transport through single-walled carbon nanotubes with weak electrical coupling to superconduct-
ing leads has been studied theoretically and experimentally. A simple model is considered to describe single-
particle tunneling into a Luttinger-liquid-like state from electrically weak connected superconducting elec-
trodes. This involves the superconductor’s quasiparticle and the Luttinger liquid’s excitation density of states.
Experimentally, the suppression of quasiparticle tunneling induced current peaks was observed at temperatures
below 0.1 K, which we attributed to the Luttinger-liquid-like excitation spectrum of the single-walled carbon
nanotube.
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Single-electron charging was one of the first effects ob-generally similarly to electrons. Before discussing the QP
served and investigated in electrical transport in singletunneling process and thus the stationary current through the
walled carbon nanotubgSWNT9.>? In these works it was System, it is worthwhile to look at the energetic situation of
demonstrated that SWNTs weakly connected to metal eledhe system when a finite source-drain voltage= (us
trodes can be used as molecular transistamsd that trans- — #q)/€ is applied at some fixed gate voltayg, as de-
port spectroscopy provides a first insight into the electronidoicted in Fig. 13). As the reservoirs are superconducting, the
excitation spectrum of SWNTs. The experimental data havéemperature-dependent superconductor gapT) separates
been interpreted in the framework of the constant interactiothe occupiedshadedfrom the unoccupied QP energy levels.
model® In particular, visible excitations were attributed to The QP density of stateBqg(¢) is of the form
guantization effects due to the finite length of the SWNTs
under investigation.

However, for the majority of results on transport spectros- Dode)x
copy, it has been apparent that the excitation spectrum of the o Ves=AXT
SWNTs is much more complex than predicted by the con-
stant interaction model. It is assumed that the deviationgnd zero forls|<A(T), and is also indicated in Fig.(d).
originate from the strong one-dimensional character of théVote that,e is measured relative to the electrochemical po-
SWNTs. This is supported by the experimental observatioriential of _the BCS superconductor reservoirs and can be ei-
that SWNTs with strong electrical connections to metal lead$her positive or negative.
exhibit signatures of electron-electron correlations in their In between the reservoirs the relative position of the long
current/voltage I/Vsy characteristics at low temperatufes. beams denote the energy differenggn+1;{V/})=E(n
The electron system of the SWNT was described as a 1,0{Vi}) —E(n,0;{V|}) between the two ground-state en-
Luttinger-liquid (LL) state where the basic charged excita-ergiesE(n+1,0;{V,}) andE(n,0;{V,}) of then+1 and the
tion is a propagating soundlike excitatiqp|asmo|)_5 In n electron systems on the island, respectively, for the volt-
multiwalled carbon nanotubes a LL-like behavior has alsoages{Vi}={Vy,Vs4.? The short beams are the correspond-
been found, observed in the form of the so-called zero-bia#ig energy differencesE(n+1,j;{V,}) —E(n,i;{V}),i,]
anomaly in conductance measureménts. =0, for transitions to excited states of the electron system on

In the present work, a simple, qualitative model is pre-the island. The indices andj stand for a complete set of
sented which describes electrical transport through a LL, anduantum numbers characterizing the state uniquiety(, |
therefore also through a SWNT, with a weak electrical cou-=0 for ground statgs Without a loss of generality, in this
pling to superconducting electrodes. The qualitative predicfigure, 2A(T) is chosen to be smaller than the energy level
tions of the theoretical model are compared with experimendistanceu(n+1;{V,}) — u(n;{V,}). Atunneling event is in-
tal data on SWNTs weakly connected electrically todicated using thgth excited state of the+ 1 electron sys-
superconducting rheniuitiRe) terminals. tem. From this energy scheme the expected transport regions

In general, electrical transport through a physical objectithin the (Vs4vs V) plane can be derived. This is shown in
(or islang with weak electrical connectiofroughly speak- Fig. 1(b), using the general case of asymmetric capacitive
ing, the contact resistance exceeds the quantum resistanceuplingsas and a4 of source- and drain electrodes, respec-
h/e’~25.8K)) to BCS superconductor leads occurstively.
through quasiparticl€QP) tunneling. In contrast, for lower If the energy difference between ground-states of adjacent
contact resistances, the proximity effect is apparent as okelectron number varies, as is usually the case for nonmetallic
served for SWNTs in Ref. 7. QPs are the single-particle exislands, the shape and size of the transport regiole-
citations of the superconducting ground state and behavmondg may differ from each other in contrast to the plot in

2]

for |e|>A(T), 1)
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FIG. 1. (a) Energy scheme for a superconductor/island/superconductor arrangement at finite bias uQl@ggwy are the electro-

chemical potentials of the superconducting reservoirs left and right, respectively. The shaded areas below the superconducting gap corre-

spond to occupied QP states. Starting froelectrons on the island in the ground state, a tunneling process is indicated usjtigeReited
state of then+1 electron system. The transition rat§),_(,,;; andT'(Z, 1}, for the tunneling process and the energy difference
w(n{Vi}) andu(n+1:{V,}) are denotedb) In the (V¢4 Vs Vg)-plane, transport regions are derived from the energy schefag showing

the familiar regular diamondlike pattefgray colored as known from systems exhibiting single-electron tunneling. White regions corre-
spond to situations where no current is flowing through the island and the number of changéise island remains stable. Gray regions

denote configurations of the system where current flow is enabled, i.e., the number of charges on the island fluctuates. The gray scale
indicates the contribution of more possible charge states on the island to the current. For example the light gray regions fluctuate between

two charge states of the island, egandn+ 1. The next darker region indicates fluctuations between three charge stataes,retgl, and

n+ 2, and so forth. The solid black lines denote the onset of tunneling channels between ground-states of the island. The dotted lines in the
gray regions indicate the onset from which excited states contribute to the electrical transport for sufficiently high bias voltages. In contrast

to islands which are weakly connected electrically to normal metal electrodes a “currentless band” of the Afd@ijtiedforms along the

Vg axis. For comparison, additional diamondetted ling in the white regions are shown which correspond to the case that normal metal
leads would have been chosen for contacting the sys®m Vg, characteristics of the SC/island/SC system. Peaks at each onset of a current
step[solid lines in(b)] are apparent, originating from the QP density of states of the superconducting leads.

Fig. 1(b). As the QPs tunnel one after another through theport, first the transition rates of a tunneling event have to be
island due to the weak electrical coupling, with increasingdetermined from which the stationary current through the
|V at fixedVy, the current increases steplike when cross-device can be derived. The transition rates depend on the
ing a line in Fig. 1b): a solid black line describes transitions following physical quantities(i) changes in the total energy
between ground states of tme-1 andn electron systems, for rearranging electrons in the system as a tunnel event oc-
i.e., crossing a solid line energetically allows an additionalcurs under energy conservatiofij) the matrix element
charge state on the island. A dotted line gives an additiondlti(ﬂj(s)| for the tunneling of a single QP with energyonto
contribution to the current by excited states, either ofrihe the island, andiii) the number of QPs at a given energy
+1 or n electron states. However, in contrast to islandswhich is given by the product of the QP density of states
which are connected to normal metal electrodes, |fay Dor(e) and the Fermi distributiorfi(e,u,) (u, is the elec-
<2A(T)/e no current can flow for any value &f;. Along  trochemical potential of reservoip.
the V4 axis a “currentless band” of width 4(T)/e is The transition rate for QP tunneling from the supercon-
formed. ducting reservoir onto the island, inducing a transition from
For a more quantitative description of the electrical transthe island statén, i] to [n+1,j] [also see Fig. ®)], is>*°
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In the case of a LL-like state, ; 1(€eyxd ~ €2, also called
tunneling density of states, can not be regarded as constant in
contrast to a metallic systefriThe exponenty is a measure
of the interaction strength and thus determines how strong
the LL-like character is developed for a certain island. There-

XS E(n+1j:{Vi}) —E(n,i{Vi})—(u,+e)]lde, fore, the correspondiniy, is determined by the dependence
) of the full product Tn+1(6ex()DQF{;L(n+lE{V|})—,LLr
+ €excl ON €gyc. FOI ENErgies,, close to zero, i.e., for low-
where  the delta distribution S(E(n+1,j;{V|}) estcharged collective excitatiofglasmony 7, 1(€exd IS @
—E(n,i;{Vi}) = (1, +¢)) accounts for the energy conserva- decreasing an® o u(n+1;{V|}) — 1, + €exd an increasing
tion of the tunneling process. The stationary current throughinite valued function. This has the effect that the high den-
the island is directly proportional t5(});;_n+ 1. sity of states of the QPs is counterbalanced by the vanishing
tunneling density of states approaching the ground-state of
1 2 the LL. Consequently, according to E®) the current at the
lsta e; IE ; {FE"'}iP[“+1J]_FE”?U—’[“HU} Py ) onset of a cur?ent—s'zep in the 3urren?voltage—characteristics
of this system is suppressed, at least in its height, in contrast
where the sums are over all charge stated the island and  tg spherical metal island$:*?Also, the simple model implies
over all excited states andj of n and then+1 electron  that at e,,=0, which corresponds to tunneling into the
systems on the island, respectiveiy, ;; is the probability of  ground-state of tha+ 1 electron system, the current is com-
finding the island in theth excitedn-electron state for a pletely suppressed sineg. ;(€q,) vanishes. This is consis-
given {V,}. The latter is constrained by the condition tent with the fact that the basic charged excitation of a LL-
2,2iPrni1=1, but this is not vital for the following discus- |ike state is a plasmon mode in agreement with other
sion. Equatior(3) can be simplified assuming that the systemthegretical consideratioris.
is, before each tunneling event, in the ground state of the As SWNTs are known to exhibit a LL-like behavior at
respective electron number: in E@) the sum ovei can be  |ow temperature$,a weak electrical contacting of the tubes
neglected except for the term witk=0. For a dense excita- to superconducting electrodes should reveal, according to the
tion spectrum it is more convenient to convert the sum ovegonsiderations drawn above, a suppression of the current
j into an integral form. For this, the density of statespeaks at the onset of steps in th&/yy characteristics. In
Th+1(€exd Of the excitations of then+1 state has to be order to investigate whether SWNTs show this effect,

)
FE:'I,i]—»[nJrl,j]

2 oo
:%f_m|ti<2j(8)|2DQp(8)f(s,Mr)

introduced, transforming Eq2) to SWNTs have been connected to superconducting leads from
" top. For this, SWNT raw material was first purified via cen-
L in0—int 1eg g = [ Tn+1( €exd d€excl trifugation and then adsorbEdon a heavily doped Si wafer
5 with a thermally grown Si@ layer (about 100 nm thick
7T [e¢] . .
!t £(0) 2p (e, which serves as a backgate. EI.ectron-beam lithography was
h f_x| (&)]"Dopele) (e ) then used to generate a three-finger electrode pattern on top

of the SWNTSs, similar to Ref. 14. As electrode material, pure
X[ p(n+1{Vi}) + €exc (et ) 1de, rhenium(Re) was chosen as it exhibits in thin films down to
(4)  50-nm thickness a critical temperatufé"™ of about 6.7
K.® For this, the Re was evaporated on top of the SWNTSs at
liquid nitrogen temperature. Additionally, as the supercon-
ductor material is contacting the SWNTs from above, any

where the definition E(n+1,eq,c;{V|})=E(n+1,0{V})
+ €0yc has been used ang  1(€qyd decyc describes the de-

generacy of then+1 electron state at the excitatian,..  contribution from bending defects is avoid€din Fig. 2 a
Carrying out the integral in Eq4) with the aid of the delta typical Re-electrode structure connecting a thin  SWNT
distribution, the transition rate is found to depend on theoundle(SB nm in height is shown. The inner electrode lines
product 7y, 1(€exd Do w(N+ LH{Vi}) — pr + €exdl- are 23 nm in height, 120 nm in width, and2n in length.

In the case of a metallic island at low temperaturesithe gistance between the electrode lines is about 200 nm.
7n+1(€exd varies only slightly such that it can be assumed t0The schematic structure of the device is shown within the
be constant. Therefore the transition rate and thugis  inset. The line from center right is continuous and contacted
mainly determined by the dependencedyf(s) one. Since  at hoth ends electrically in order to prove that the lines are
Do(e)|e|/Ve = A%(T) for |e|>A(T), lis strongly en-  siill superconducting, despite their considerably reduced di-
hanced for QP energigs| close toA(T). In contrast, for mensions compared to thin film.The room-temperature
le[>A(T), lsaeis smaller which leads to the formation of resistance of the continuous line was found to be about 10
peaks at the onset of each step in th¥sy characteristics. k() which agrees with the estimated resistance of a Re bar of

This is caused by allowing an additional charge state on theomparable dimensions using 1%.20°8 Om for the Re
island[see Fig. 1c)]. This result is in agreement with experi- resistivity

mental data on spherical metallic islafttand also coincides The room temperature two-point resistances for the elec-
with other theoretical work8 from which also the minor trode pairs(l), (1), and (Ill) are 1.7, 5.5, and 4.7 §, re-
influence 0f|ti(2j(s)| on the development of the current spectively. These resistances indicate a contact resistance
peaks is apparent. considerably higher thah/e?, giving rise to single-electron
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40 20 0 20 40
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FIG. 3. Output characteristics of the three electrode pair con-
figurations of Fig. 2. No peaks are observed at the onset of current-
steps.

0 3.71 pm
FIG. 2. Typical Re-electrode structure connecting a thin SWNT The dependence of thé/V, characteristics on the
S

bundle(=3 nm in height. The distance between the inner electrode backgate-voltag®/, was qualitatively found to be the same
lines (2 um in length is about 200 nm. The height of the electrodes ¢ "1 oo i ‘of contacts, hence only the results for the
lines is 23 nm and their width is 120 nm. On the substrate some '

residuals from the fabrication process are observed, indicating th:ﬁaur of electrode(l) are shown in Fig. 4: for n(Vg value is

the Re is more ductile than Au or AuPd. Upper inset: temperatur gaples;i Vs characterlstlp observed', as expepteq by the

dependence of the resistance of the continuous lind.-A6.2 K a model dlscus_sed ab‘?‘[ef; F_'g' 1(b)] which again _|nd|cates

sharp drop is observed, indicative of the superconducting transitiofat the continuous line is indeed superconducting|\Ayj

of the Re electrodes. In the inset a sketch of the Re-electrode pa¥alues=15 mV current fluctuations are observed in some

tern is shown. The size of the total pattern is 48850 xm?. I/V¢q curves which are attributed to contact region instabili-
ties versus time. In the regiotV¢d=<15mV, for some

. - 8 (Vg,Vsd values, weakly pronounced peaks are apparent at
tunneling effects at sufficiently low temperaturés.” The the onset of current steps. In the inset of Fig. 4 an enlarged

. 4 . .
measurements have been performed ifHa/*He-dilution view of one of the current-steps is shown.

refrigerator with a base temperature of 25 mK. In order to compare the experimental findings with the

In the inset of Fig. 2 the temperature dependence of thgy o\« nresented theorv. the prod D n
resistance of the continuous line is plotted. At 6.2 K an 1;{V|S—Mr+6ex<ﬂ WaZ’ explic?tly Cﬁ%&;ﬁg angp[u/;(ed to

abrupt_de.c_rease from Its room-temperature value is observe eterminel o through a superconductor/LL/superconductor
This significant reduction of the resistance at a temperaturgSC/LL/SQ system. The result for different values {0.2

close to the critical temperature of thin films of Re clearly0 25, and 0.Bare depicted in the inset of Fig. 5 together with
indicates that the electrode lines are indeed still supercon-""" ' '

ducting in spite of their reduced geometrical dimensions. Re-

markably, this temperature is close 7™ and the super- 13V
conductor energy gap at zero temperature can be deduced tc 4
be 2A,=3.%gT,~1.8 meV?!° Vg

In Fig. 3 thel/V¢q characteristics of the pair of electrodes
(1), (1), and (1) connected to the SWNT bundle, respec- ~ >
tively, are shown at approximately 50 mK. This temperature é, 3V
is sufficiently below the critical temperature of 6.2 K of the =
Re electrodes, such that the superconducting state should be
fully developed. As expected from the high room- / \
temperature resistances, step-formation is observed, indica- /
tive of single-particle tunneling dominating the electrical 2
transport through the device. From the data the charging en-
ergy for the tube can be estimated to be approximately 4
meV which is comparable to earlier reported values of 5.2
meV (Ref. 2 and 7 meV(Ref. 1) for SWNTs contacted FIG. 4. Output characteristics of electrode péiiy at backgate-
under similar conditions with normal metal leads. In agree-Vonages from—3 to +3 V in steps of 200 mV. At some backgate
ment with the above discussion, no peaks at the onset Gfoltages weakly pronounced peatsome are indicated by arrows
steps are observed indicating that the SWNT is in a LL-likeand circle$ are observed at the onset of a current step. Inset: en-
State. larged view of one of the shallow peaks.

30 20  -10 0 10 20 30
Vi (mV)
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= | emmessiessgs 1=02 shots, which become less and less pronounced with increas-
3 Ky wowoocnoo”ocoo«:wo‘,oow‘ — . . . ..
= ¥ 20000000000000000000 ing y. Thus evidently, Fig. 5 shows, that current peaks origi-
S ] & nating from the QP density of states are not reduced
ﬁ' S completely; but a small overshot remains at the onset of each
S, y=025 (x2) £ current step which is observed. in the. experimental data as
& 90999990000000000000 E weakly pronounced pealcf. the inset Fig. 4

5 [ =  SCFLSC Note that the mechanism leading to the suppression of QP
Q _03 < R tunneling induced current peaks is not affected in the event
~ - oyw_(’ﬁ) & ’10-27025 several SWNTs are connected in parallel to superconducting
% il Y Y_:'m leads which might be possible in a SWNT rope or bundle.
~ | / :‘ : L Also the formation of a currentless band of widtAdTl)/e
l_f: 1 t 67 eV I A, 78 in the (_\/sd vs V) plane is not altered by such a parallel

1 T | N ) contacting.
e T . 1 In summary, within a simple, qualitative model it could be

6.7 eVS 7 /4) 7.2 7.8 demonstrated that in contrast to FL-like islands with weak

electrical connection to superconducting leads, for a LL-like
FIG. 5. Calculated shape of a current-step of a SCILLISC SySiqjanq jts excitation spectrum leads to qualitative differences

tem for y values of 0.2, 0.25, and 0.3 using the experimental value§n the electrical transport. In the latter case, the energy de-
for the charging energy and the superconductor gap. The curves a '

e . . .
shifted relatively towards each other for clarity and scaled by thef)endence of the tunneling density of states of the LL-like

factor indicated. A weak overshoot is observed on each of '[héSland has to be taken explicitly into account. The tunneling

curves. The overshot residues from the strongly developed peak d&enSIty of states acts as a counterpart to the QP density of

to the QP density of states in the superconductor in case the islargjt€S in the superconducting leads. This results in a suppres-
in between is in a FL-like stat&see the insat Inset: the results for 10N of QP tunneling induced current peaks at the onset of

yequal to 0.2, 0.25, and 0.3 and the curve for a SC/FL/SC configu€aCh current step in thiVy characteristics caused by an
ration are depicted. The curves are not shifted to each other to stregélditional charge state becoming available for the island. The
the reduction of the overall current traversing the device. ClearlysUppression is not necessarily complete as could be demon-
the suppression of the current pg&C/FL/SC configurationat the ~ Strated by a theoretical simulation of a current step.
onset of the current step is observable in the curves where the island As SWNTs at low temperatures are assumed to be in a
is in a LL-like state. LL-like state, superconducting Re electrodes have been used
to electrically weakly contact them in order to investigate
a calculated curve of a superconductor/Fermiliquid/whether the theoretically predicted effect is observable. Elec-
superconducto(SC/FL/SQ configuration. Clearly a sup- trical transport measurements down to temperatures lower
pression of the current-peak at the onset of the SC/FL/S@an 0.1 K were performed, showing the suppression of QP
system is observed compared to the SC/LL/SC system. Aunneling induced current peaks. Thus, these observations
closer inspection of the onset of the curv@sain Fig. 5, are consistent with the expectation of a LL-like state in
curves are shifted and scaled for claritgveals small over- SWNTSs.
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