View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by University of Queensland eSpace

PHYSICAL REVIEW B 70, 235419(2004)

Kondo effect in carbon nanotubes at half filling
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In a single state of a quantum dot the Kondo effect arises due to the spin-degeneracy, which is present if the
dot is occupied with one electrofN=1). The eigenstates of a carbon nanotube quantum dot possess an
additional orbital degeneracy leading to a fourfold shell pattern. This additional degeneracy increases the
possibility for the Kondo effect to appear. We revisit the Kondo problem in metallic carbon nanotubes by linear
and nonlinear transport measurement in this regime, in which the fourfold pattern is present. We have analyzed
the ground state of CNTs, which were grown by chemical vapor deposition, at kg, N=2, andN=3. Of
particular interest is the half-filled shell, i.&d=2. In this case, the ground state is either a paired electron state
or a state for which the singlet and triplet states are effectively degenerate, allowing in the latter case for the
appearance of the Kondo effect. We deduce numbers for the effective missénaftche levels from perfect
degeneracy and the exchange enelgyWhile 6~0.1-0.2(in units of level spacingis in agreement with
previous work, the exchange term is found to be surprisingly srd&tl0.02. In addition we report on the
observation of gaps, which in one case is see=a8 and in another is present over an extended sequence of
levels.
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[. INTRODUCTION served in quantum dots by Goldhaber-Gordaaral® and in
CNTs by Nygardet al® In contrast to the Coulomb blockade

In the past decade, transport measurements have emerggeB) regime, which only probes the electrons confined on a
as a primary tool for exploring the electrical properties of QD, the Kondo effect incorporates delocalized electrons in
structures on the nanometer scale. Due to their unique elethe leads coherently. The presence of a degenerate ground
tronic bandstructure, much attention has been focused ostate in the quantum ddfor example, a singly occupied
carbon nanotube€CNTs).! For metallic single wall carbon level with twofold degeneracy due to the spin degree of free-
nanotubes (SWNT9 just two spin degenerate one- dom) forms the basis for the Kondo effect. A multitude of
dimensional(1d) modes should govern their transport prop- coherent second- and higher-order elastic tunneling pro-
erties at low energies, which makes them interesting modetesses between the Fermi seas of the leads and the quantum-
systems to explore the physics in reduced dimensions. dot state are enabled, leading to the appearance of a narrow

Due to the finite length, given by the lithographically fab- peak in the density of stat¢®OS) right at the Fermi level
ricated contacts on opposite sides of the Cfi¥o-terminal  (the Kondo resonangeat sufficiently low temperatures. Its
device with source and drain contagtthe one-dimensional width is given by the Kondo temperatuf@ which measures
CNT is turned into a quantum dodt low temperature@typi-  the binding energy of this many-electron state. The peak in
cally at =10 K), i.e., into a zero-dimensional object with a the DOS enhances the probability for electrons to tunnel
discrete level spectrum. The confinement is formed by thdrom source to drain. As a consequence the zero-temperature
finite back-reflection at the edges of the contacts. The levdinear-conductance saturates at the quantized conductance
spacingdE is determined by the contact separatlomnd is ~ Go=2€?/h (unitary limit), provided the device is coupled
inversely proportional to it. This particle in the box-model symmetrically to source and drain.
holds provided the level-broadenidg and the temperature As in atoms, eigenstates in quantum d@@ds) may be
are both smaller thadE. I" describes the life-time broaden- degenerate due to symmetries and together with the spin de-
ing proportional to the coupling strength to the leads. generacy and Pauli principle lead to the formation of elec-

Until now, three transport regimes have been identified irtronic shells. Indeed, striking shell patterns have been ob-
SWNTs: A single-electron tunnelinfjwhich is dominated served in QD$:'°The eigenstate@loch-stategat the Fermi
by the on-site Coulomb repulsion expressed by the energgnergy of graphenéwo-dimensional sheet of graphjtés
term U=€?/Cy, where Cs is the total capacitance;)Bhe  twofold degenerate. The two wave functions correspond to
regime of correlated transport, in which higher-order tunnelthe two carbon sublatticgghe unit-cell is composed of two
ing processes, are appreciable, leading to the emergence Gfatoms. This degeneracy is preserved in CNTs and should
the Kondo effecB® and Q the open SWNT for which Cou- therefore lead to two degenerate orbitals in a finite-length
lomb interaction may be neglected and the residual gateaanotube in @. Together with the spin degeneracy, the shells
dependence o6 can be described as in a tunable Fabry—are expected to be fourfold degenerate. This shell pattern has
Perot resonatdrA) holds for low, B for intermediate and T recently been observed by Buitelaar and co-workeirs
for high transparent contacts. The Kondo effect, which oc-multi-wall carbon nanotube@MWNTSs) and by Lianget al.
curs at intermediate contact transparency, can be seen as the SWNTs!® Within one shell the ground-state spin was

Holy Grail of many electron physics. It has first been ob-shown to follow the sequenc§:0—>%—>0—>§ in the
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former work, whereas a possible triplet ground state for two 20
added electrons was su [ (a)
ggested by the latter authors, i.e., tf 13
sequencés=0—3—1—3. g
Here we focus on CVD-grown metallic carbon nanotubes ¢ 10
(CNT9).1214We will first examine the fourfold shell pattern &
in great detail and demonstrate that the half-filled ground
state(i.e., two electrons added to an empty sh@leither a 0.0
paired electron withS=0 or the six possible two-electron (b) 5o
states are effectively degenerate due to a level broadenin :
exceeding the orbital mismatch and exchange energy. W 25
furthermore have discovered striking gaps in several
samples. This anomaly is at present not understood.

5—

Vsd(mV)
=)
=)

II. EXPERIMENTAL

Single wall carbon nanotubg¢SWNT9 have been grown 55
from patterned catalyst islands by the chemical vapor depo-(c) ’
sition method on Si/Si® substrate$® The degenerately 25
doped silicon, terminated by a 400 nm thick Sifayer, is
used as a back-gate to modulate the electrochemical potenti
of the SWNT electrically contacted with a source and drain 25
terminal. The contacts are patterned by electron-beam lithog
raphy (EBL) using polymethylmethacrylatd®MMA) as re-
sist, followed by metallization with palladium and
lift-off. 1416 Once the samples are made, semiconducting and
metal!ic SWNTs are distinguished by the dependence of theilgack-gate voltag®/y of a SWNT device with contact separatitn
electrical conductancé on the gate voltag¥; measured at 350" ym (edge-to-edge of reservojrsmeasured aff=300 mK
room temperaturéT~300 K).** In the rest of the paper we 4nqin a magnetic field oB=0 (solid curve andB=5 T (dashed
report on measurements performed on metallic SWNTSs Witltyrve). A clear clustering in four peaks is observggonounced in
relatively low-ohmic contacts, such that co-tunneling andmagnetic fielg, which suggests a single-electron shell pattern with
Kondo physics is observable. fourfold degeneracy. Charge states corresponding to a filled shell

The electrical characterization of the devices has bee(inse) are labelled as 0 or 4b,c) Corresponding gray-scale plots of
performed at low temperature in°ale system at 300 mK. the differential conductancel/dVsy (darker more conductiyeat
We measure the electrical currdnivith a low noise current B=0 (b) andB=5 T (¢) as a function of gat&/y and source-drain
to voltage amplifier as a function of source-dréWiy) and  voltageVy, In the first shell, high conductance Kondo riddets-
gate(V,) voltage and determine the differential conductanceble atVsy~0) are observed for charge states 1 and 3, whereas they
Ggi=dl/Ngg numerically. Finally, the collected data @Ppear for states’12’, and 3 in the second shell. The Kondo
Gu(Vea Vg) are represented in a two-dimensional gray-scalgidges clearly splitin the applied magnetic field.
representation in which the gray-scale corresponds to thFemperatures where the measurements take place. As

magnitude of Gy. The linear-response conductan@®  required®® we find thatG increases if the temperature is
:=1/VggWith V54— 0 is measured at a small but finite source- jowered below=4 K to saturate at the lowest temperature

o
=)

-5.0

30 32 34 Vg(V) 36 338

FIG. 1. (@) Linear response conductan as a function of

drain voltage of 4QuV. close to the unitary limit of5=2e?/h. The characteristic en-
ergy scale, i.e., the Kondo temperatdig has been deduced
IIl. RESULTS AND DISCUSSION from the temperature dependence @f in ridge 3 (not

showr) and found to b&x =2 K. The conductance enhance-

In this section, we will focus first on one set of measure-ment due to the Kondo effect is observed at zero source-
ments which we will analyze in great detail. This set of datadrain voltage ifB=0. In a magnetic field, however, the con-
is shown in Fig. 1. Figure (&) shows the linear-response ductance enhancement is reduced and a splitting of the peak
conductancé as a function of gate voltagé,. Figures 1b)  conductance to finite source-drain voltages is expettéd.
and Xc) display the corresponding gray-scale plots of theThis splitting is visible in Fig. {c) which was measured in a
differential conductancé&s, in zero magnetic field an®  perpendicular magnetic field of 5 T. That the linear-response
=5 T, respectively. White corresponds to low and black toconductances is suppressed in a magnetic field is clearly
high conductance. seen in Fig. (&) in which the solid(dashed curve corre-

The observed patterns correspond to a quantum dot with sponds taB=0 (B=5 T).
relatively strong coupling to the contacts. Signatures of the Because the many-electron effe@t®ndo effecj are sup-
latter are high conductance “ridges,” observed at zero biapressed in a magnetic field, we can use the linear-response
(Vsg=0) and B=0, caused by the the Kondo effect. This conductance measurement in a magnetic figished curve
effect is a many-electron effect and requires a relatively highn Fig. 1(a)] to assign the charge states of the quantum dot
tunneling coupling to the leads in order to be appreciable alith reference to the single-electron tunneling picture. A
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transition from a ground state wifl electrons in the dotto data in Fig. 1 yields for the charging energy
one with N+1 gives rise to a peak in the conductance,=5.3+0.5 meV and a gate-conversion factorof Cy/Cy
whereasG is suppressed in between. This pattern is nicelyof 0.08.
seen in the dashed curve of Fig:aj in which transitions Focusing on the high-conductance Kondo ridges at zero
have been labelled. Evidently, these conductance peaks forlnas voltage, we see in Fig(ld) a ridge at charge statéé
a repeating pattern in clusters of four. This pattern is the=1 andN=3, whereass is suppressed at half-filling, i.e., at
generic shell pattern of an ideal CNT quantum H#d€Itis  N=2. The situation is different for the second quartet, where
caused by the fourfold degeneracy ai-8igenstates, two of Kondo ridges are observed for all three std¥esl, 2 and 3.
which stem from spin and the other two from the so-calledThis phenomenon was reported before by Lisetgalls
K-K' orbital-degeneracy of grapheh&he fourfold pattern Whereas a spié— Kondo effect is expected foN=1 (one
can be regarded as a measure of the quality of the SWNTSs. #lectron and N=3 (one holg, the situation at half-filling,
is not observed in all SWNTs and, even if observed, it is nof.e., atN=2, is less obvious. The observed Kondo effect was
usually present over the whole gate voltage range. But it caassigned to a spin-1 triplet state in Ref. 13. In the following
repeat over several shells, not just two as shown in Fig. lwe reexamine this assignment. To do so, we have to go be-
The degeneracy may be lifted by disorder and by the conyond the “free” electron model and consider among other
tacts which may couple differently to the two orbital states.things the exchange interaction. There are three additional
As has been pointed out be Oregal, the fourfold pattern parameters: First, it has been pointed out that the orbital
may be absent even in a “perfect” SWNT because the twalegeneracy need not be ex&ct® The orbital mismatch is
orbital states can respond differently to the electrostatic gatedenoted byds. With regard to on-site charging energy the
field if inhomogeneoud? double occupancy of one orbital is a bit higher in energy as

Let us continue to analyze our data in terms of thecompared to placing each of the two electrons in a separate
constant-interaction modé&l.In order to assign the states orbital. This parameter has been introduced by Gregl 8
only two parameters are needed: the single-electron chargirand is denoted byU. Finally, placing the two electrons in
energyU:=€?/Cs (which can be expressed by the total ca-different orbitals gives rise to a spin-dependent exchange en-
pacitanceCs and is assumed to be a constant in this mpdelergy term, which according to Hund’s rule favors the triplet
and the single-electron level spaciaf. Note, thatoSE mea-  state, i.e., the state with sp8 1. This parameter is denoted
sures the energy difference between a filled shell to a statey J. These parameters have been extracted, both for
with one additional electron. This is sketched in the inset oMWNTs!! and SWNTS.® and the analysis of our data con-
Fig. 1(a). To add an electron one has to provide an “additionfirms the previously obtained values. The importance of the
energy” composed of charging enerfgyplus level-spacing parameters in descending orderdsJ and éU as the least
SE, the latter only if the electron must be added into a newimportant one. The former work by Buitelaat al. reports
shell. Therefore, the addition energyE equalsSE+U for  6=0.2 andJ<0.09 and the latter work by Liangt al. re-
the first electron in a shell, whereas it amounts to “orlly” ports 6=0.3,J=0.1 andsU<0.1 (all numbers are mea-
for the following three added electrons belonging to the samesured in units of level spacingE). We neglecttU because it
shell. SinceAE is proportional to the gate-voltage difference is small and typically much smaller than the bare level
between adjacent conductance peéke conversion factor broadeningl’, which—as we will emphasize—matters as
equalseG,/Cy), the labelling of states in terms of charlye ~ well. Since the Kondo effect is the dynamic screening of the
in Fig. 1(a) should be understandabldl=0 mod 4 corre- local spin by exchange with a sea of electrons, it is tempting
sponds to a ground state with a filled shell. Due to the larggo assign the Kondo ridge foN=2 to a spin-1(triplet)
addition energy, the conductance is strongly suppressed forground state. However, with regard to the just mentioned
filled shell, giving rise to the diamond like white are@®- parameters, this appears to be unlikely, becausé, favor-
noted by A, B and ¢in the gray-scale plots. Adding elec- ing a spin-0 ground stafé.
trons to the filled shell one by orjpeaks inG, dashed curve Let us first contrast the possible statedNat1l andN=2
of Fig. 1(a)], we reach the stat&l=4 which corresponds for the case of degenerate orbitdl§=0) and without ex-
again to a filled shell. change(J=0), shown in Fig. 2a), with the case of a finite

In the following, the ground states will be labelled by level mismatch and a finite exchange energy, shown in Fig.
=0,...,3 for the first quartet antl=0’,...,3’ for the second, 2(b). In the first(maybe too naivemodel of Fig. Za), the
whereN=4=0'. Relying on the constant interaction model, degeneracy equals 4 b=1 and clearly Kondo physics can
the ratio between the average level spacing and chargingmerge. AtN=2 the degeneracy is even larger, amounting to
energy amounts téE/U~=1 in our data. It is seen, however, 6 and second-order elastic spin-flip processes are energeti-
thatU is constant to a good approximation, but tB&tvar-  cally allowed so that Kondo physics can emerge as well.
ies. For the respective diamonds A, B and C, the level spad-ere, two states are paired-electron states and the other four
ing oE amounts to=7, 5, and 3 meV, respectively. Theoreti- may be labelled as one singlet state with S0 and three
cally, the level spacing of an ideal SWNT is given b triplet states witt6=1, denoted as S and T states. The Kondo
=hvg/2L, whereve=8X 10° m/s is the Fermi velocity and  effect may be expected to be even enhanced in this case due
the length of the tube that determines thiechvity! Taking  to the larger number of staté$This scenario corresponds to
the nanotube length measured from the edges of the con-the Kondo effect for which the singlet and triplet states are
tacts, which for this sample amounts to~300 nm, the degenerate. This has been realized experimentally in semi-
equation predicts a level spacing 6E~5.5 meV in good conducting quantum dots by tuning the states with either a
agreement with the experimental values of 3-7 meV. Thenagnetic or an electric fie®P-?> Once we go over to the
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FIG. 2. lllustration of the state-filling scheme for ofi¢=1) and “‘; ’
two (N=2) excess electrons. Ia) the level-mismatchs and the 2 05—
exchange energy are zero, whereas these parameters are nonzert 5
in (b). PE denotes a paired-electron state, an(l'Sdenotes the 3 0.0
singlet (triplet) two electron state. The Kondo effect may arise in )
three cases: obviously for the spinwith one excess electrofN (C) 'H'_) ( ++)
=1) and if N=2 for the spin-1 triplet state, but also for the case for g 1.0
which §=J=0, i.e., when the singlet and triplet states are degener- N )
ate (ST statg. >3 05—
more realistic model shown in Fig(®, assuming that ex- %
change and level mismatch are nonzero and of comparabl = 0.0 T T
magnitude, theN=1 states remains “normal” in the sense 500 375 250 125 0 -125 250 -3.75 -5.00
that only the lowest lying orbital need to be considered. At Vsg(meV)
half-filling, i.e., at N=2, there are however two
possibilities'® if exchange dominate$J> é), the ground FIG. 3. Nonlinear differential conductandé/dVgqas a function

state is the spin triple{T) state, whereas if the opposite of VsgatVg=const deduced from the data shown in Fi)®t zero
holds, the ground state is a paired elect(Bi) residing on ~ magnetic field(a) and(b) correspond to the statéé=1 andN=3,
the lowest orbital state. The energy difference between the fhereas(c) corresponds to the half-filled sheN=2. All three
and PE states is given hy=5-J.23 Although the Kondo dl/dVsqcuts have been placed in the middle of the charge state. The
effect is (in principle) possible for the triplet, there is no visible ex_cntatlon peaks occur at energyand are due to |nelast|<_:
Kondo effect possible for paired electrons. Note that, unlike co-tunneling through the excited state. The relevant states are illus-
previous discussions, there atleree cases to consider at trated in the respective insets on the right. The gray curye)ihas
half-filling. Two may give rise to Kondo and one does not. been measured in a magnetic field of 5 T. Arrows pointAp
To have an abbreviation at hand we denote the thke@ sB=0.58 meV usingg=2.
states with STdegenerate ground stat®E (paired electron  that we measure on one and the same shell so that we can use
ground state and T (triplet ground state As mentioned the parametes, measured for th&=1, 3 case, also for the
above, the Kondo ridge d=2 has been assigned to the N=2 case. Comparing the numbers leaves open two possi-
triplet state!® Though this is tempting at first sight, there is bilities: either the exchange parameter is quite small, J.e.,
no necessity. In fact, this assignment is unlikely, first because- 0 (taking the possible errors into accoult 0.1 me\j, or
J is measured to be smallisually smaller thard) and, sec- it is quite large J=1.65 meV. If the latter would be true, it
ond, the Kondo temperatufig for triplet Kondo is predicted would be a remarkable coincidence that we fjddJ|~
to be much smaller thafi for S=3-Kondd (an estimate ~Wwith J=24. Moreover, the ratial/ SE>0.3 would be quite
will follow below). remarkable with regard to previous measurements. On the
We now look at the excitation spectra fdi=1, 3 andN  other hand, comparable values fbhave theoretically been
=2 in zero field. This is shown in Figs(&-3(c), where(a)  predicted, however only for small diameter tubes. For ex-
and (b) correspond to odd filingN=1, 3) and(c) to half- ample,J/ 5E was estimated to bes0.22 and=0.44 for (10,
filling (N=2). The energyA of the first excited state at fixed 10) and(5, 5) tubes, respectiveff? However, the diametedt
N relative to the ground state is given by the level mismatchof CVD-grown NTs is known to vary substantial and in par-
8, both forN=1 andN=3, i.e.,A; ;= . This is illustrated in  ticular we find thad=2 nm* from which one would theo-
the respective insets on the right. The first excited statetgtically predict an exchange parameter of ordefE~0.1,
show up as a conductance peak at fiMig corresponding to  Which disagrees with the finding above.Jifwere indeed as
the excitation energy. This is a so-called inelastic co-large as 2, and thereford> g, the triplet state would be the
tunneling process. We obtain from the measuremépt ground state at half-filling, i.e., aN=2 and N=2'. The
=0.92 meV and\;=0.85 meV. Hence, the level mismatch is Kondo effect at half-filling must then be assigned to Be
given by 0.89+0.4 meV. For thi=2 case we have to dis- =1 Kondo effect. To explain the absence of the Kondo effect
tinguish two possibilities: ifJ> 8, the ground state is the for N=2 and its presence fdt=2’, one would have to argue
triplet (T) and the excited state the paired elect(BE) state, that the Kondo temperature is smaller than 300 miNa®,
yielding A,=J- 5. If, on the other handJ< &, the states are Wwhereas it is larger aN=2'. Pustilnik et al? showed that
reversed, yielding\,=5-J. In generalA,=|5-J|. From the the Kondo temperatur@y * for the triplet state is smaller
experiment[Fig. 1(c)] we deduceA,=0.88 meV. We stress than Ty ,/, for the spin—% case. More preciselylx ; can be
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estimated according tkgTy 1=(kgTk 1/2%/ E. The average (a) N=2
width of the zero-bias resonanceshat 1, 3 in the left quar- .
tet is measured to be 0.35 meV, yielding as a prediction & 1.0 L]
Tk,1=0.25 K. In the right quartet the same procedure yields & vy
for N=1",3'" a mean width of 0.8 meV, from which one 0.5
predicts Ty ;= 1.5 K. Hence, the comparison with the mea- 'ﬁ‘ ﬁ f

suring temperature does not exclu8el Kondo, asTy ; 0.0 0 0 , I T J

difdVy

1
=0.3 K in the left quartet andy ;> 0.3 K in the right one. 500 375 250 125 0 -1.25 -250 -3.75 -5.00
However, the ratioTy 1/ Ty 1, measured in the right quartet V q(meV)
is inconsistent with theory which predici 1,/ 6E. The (b) A ( ) s (++)
former is evaluated to 0.8,., 1.6, whereas the latter is at A © A Z,LMMB :
most 0.3. In simple terms, the appearance of the two reso 2 9

nances aN=1" andN=2', with essentially one and the same paired electron ground state

4
width (1.1 and 0.9 meV, respectivglymakes triplet-Kondo M ('H'_)
quite unlikely. 1 s +H T i
+¥ &

In magnetic field the states further split due to the Zeeman & o g triplet ground state
energy given by #ugB/2, whereug is the Bohr magneton Ye8 (++) (J=28)
andg is the so-calledh-factor. g has been measured in re- (_H__) | PE 3 | + i T 5
lated electrical measurements on carbon nanotube quantul 5 B(T) (+ ) 5 B(T)

dots and found to agree with the free electron valugyof
=2311.25Dye to the Zeeman splitting the excitation spectrum  FiG. 4. (a) Nonlinear differential conductancel/dVey as a
changes. AN=1 and for small magnetic fieldsvith regard  function of V4 taken from the data shown in Fig(t) at a fixed
to the level mismatch the spiny Kondo resonance is ex- gate-voltage corresponding t§=2. The thick (thin) curve was
pected to split! evolving into inelastic co-tunneling with an measured in a magnetic field 8=5 T(B=0 T). (b) and (c) illus-
excitation energy given byA;=gugB. Because of the rela- trate the magnetic-field dependence of the first two excited states at
tively large width of the zero-bias resonances, this shift isN=2. The two cases are drawn approximately to scale using the fact
hardly visible for small magnetic fields in the experiment.that J is either =0 (PE ground stajeor =25 (T ground statp
That is why we have chosen a relatively large field of 5 T.deduced from the data of Figs. 1 and 3.
This field yields for the Zemann excitation energy 0.58 meV,
taking g=2. Note, however, that there is a second excite
state given by the level mismatér 0.9 meV. If we analyze
the nonlinear differential conductance as a functiorivgf
we see two excitation line®ne at positive and one at nega- . . ; )
tive biag, which are m;kedly t?roadened, suggestingg an® have pomtgd out when discussing Fig. 2 there are .tWO
overlap of two excitation featurgsee Fig. 8) (gray over-  CaSes at half—fllllng that allow for Kondo: spin-1 Kondo in
laid graph]. The onset of the excitation peaks agrees withFhe case of the triplet state or the dege'nerate. ground state,
the Zeeman energgarrows from below This analysis is of -6 the ST state. Based on our previous discussion the
particular importance in thhl=2 case, because it allows us former can be excluded, so that the only remaining possibil-
to distinguish the PE from the T ground state unambiguousljty requires degenerate orbitals. We know that the orbitals are
(see Fig. 4 If the ground state is the paired-electron state ot exactly degenerate. The level mismatch, as deduced from
the first excitation occurs at energy,=5-A,-J~4&-A, the N=1-3 states, amounts t6~0.9 meV, which is quite
(becausel=0) and the second lies at In contrast, if the appreciable. Due to the relative large width of the zero-bias
ground state is the spin-1 triplet state, the first two excitecconductance peaks Bit=1’,...,3’ we are not able to deduce
states have energh=J+A,-5=46+A, and J+A,=~25 the level mismatch on the second shell along the same lines
+A, (becausel=26 in this casg¢ This is shown(approxi- as before for the first shell. Though it is possible tias
mately to scalgin the illustrations of Figs. &) and 4c), smaller in the second shell, it is unlikely zero. We emphasize,
respectively. Based on the field dependence of the excitationowever, that it is crucial to compare the level mismatch
spectrum we can predict the position of the excitation peaksvith the level width, due to the tunneling couplinfs and
for the two cases. In the measurement, shown in Hig), 4 I'yto the respective contacts. &', wherel":=T"g+I'y, the
the upper black arrows point to expected excitations if thawo orbital states cannot be distinguished and are in effect
ground state is the paired-electr@RE) state, whereas the degenerate. We know from other measurements on carbon
upwards pointing open arrows correspond to the expectedanotubes thalf' may vary a lot with gate voltage. Our pic-
excitations for the tripletT) ground state. It is obvious that ture of the half-filled state is correct, if we can show thas
the agreement with the PE state is much better. The excitssmaller thans within the first shell, but larger within the
tion peaks at zero field do not move out to larger energiesecond. There are several ways to deddc®ne possibility
expected for the T ground state, but rather shrink. In particuis to deduce it from the width of the excitation features at
lar there are clear low-energy shoulders visible which agreéixed N, another one is to analyze the transitions at finite bias
quite reasonably with the expected lowest energy excitatioat the edge of the Coulomb-blocka@@B) diamonds. For the
energy for the PE ground state. left shell the excitation spectra for statds 2 andN=3 (see
Taking all arguments together, this makes a convincing=ig. 3) yield I'~0.7 meV, whereas a cut &;=3.1 V, cor-
case for the ground state at half-filling, i.e., fd=2, which  responding to the transition<81, yieldsI'=0.9 meV. Be-

qs the paired-electron state. Moreover, the exchange energy
must be very small. How do we then have to explain the
pronounced Kondo ridge &i=2’, visible in Fig. Xb)? As
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at half-filling, is beautifully reflected in the data of Fig. 5.
Due to the fourfold symmetry, half-filling corresponds to
charge statdl=2’ and, indeed, this peak has its maximum at
V,¢=0. The other two resonances are shifted oppositely, one
to Vgq>0(N=1") and the other td/;q<O(N=3’). The shift
amounts to 0.22 meV. These shifts are comparable in mag-
nitude to the ones seen by Schimnetlal, although they
— 5.0 ; : LS have observed only unipolar shifts. Finally, we remark that
-2.50 -1.25 0.00 1.25 2.50 35 36 37 38 the transitions to the Coulomb blockade diamonds, i.e.,
Vsa(mV) Vo) 2'—1" and 3+~ 4', are asymmetric with respect to thgy
FIG. 5. The Kondo resonance is observed to be offset with(See arrow)s_ Qross—sectlons at constant gate-voltage through
. ) .. these transitions allow us to deduce the respediigeand
respect to the bias voltagé,y for the mixed-valence state with

filling %(N=1’) and E(st,)] whereas it is centered a,=0 at their ratio: y:=I's/I"y. We point out that this asymmetry is a

half-filling. (a) shows the respective differential conductance at con-consequence of the level degeneracy. Consider tunneling at

stant gate voltage corresponding to péry, which reproduces the finite bias into theN=1" state. Because there is a fourfold
second shell of Fig. (b). Arrows emphasize an additional asymme- d€generacy the effective in-tunneling rate is enhanced by a
try, discussed in the text. factor of 4. In contrast, this phase-space argument does not

hold for the out-tunneling rate. The respective current steps

cause we cannot resolve excitation features in the right shelre then given byde/h)I'slI's/ (I's+4I'q) for one bias polarity
we have to rely on transitions at the edge of CB diamonds(€-9-+Vsa> 0) and(4e/h)I'sI'y/ (4s+I'g) for the other polar-
We deduceT’'~3 meV at 0«1 and T=~1.9 meV at Ity, where the factor 4 counts the degeneracy. It is clear from

3'—4'. Clearly ' 5 for the left shell andl'> & for the these two relations that the current steps are only different
right one in support of our statement. To conclude this partfor the two polarities ify# 1. The two current steps, mea-
we can say that the Kondo effect B2’ is not a triplet ~ Sured for the transition’3- 4, amount to=20 and~=30 nA,
Kondo, but arises becaude is larger than the level mis- Yielding for thel'-ratio y~2 (in agreement to what we have
match, resulting in a ground state in which the paired-deduced before in a different waynd I's~1.4 meV and
electron, the singlet and triplet states are effectively degenla=0-7 meV, so that the total level broadening is approxi-
erate. Our data is only consistent with a very small exchanggatelyl’=2 meV. Also the latter value is in agreement with
exchange term o/ SE<0.02. Such a small value can only the previously mentioned width of the transition, which we
be reconciled with theo if either the tube has a large Measured to b&~1.9 meV. _
diameter of order~10 nm or the interaction is locally After this extensive analysis we use the last part of this

screened, possibly by the presence of other nanotubes forf€ction to point to observed deviations. Figure 6 displays the
ing a bundle. dependance of the linear-respor(sg and differential con-

Examination of the measured data shows that for théluctance(b) of another sample also contacted with Pd. The
Kondo resonances labelled withi and 3 in Fig. 1(b), the  contact separation is longer and amountt t00.8 um. The
positions of the maximum conductance are situated at norlinear-response conductance is bound /B, suggesting
zero bias. This is shown in Fig. 5. This phenomenon haghat we measure through one individual SWNT. Fourfold
been observed in semiconducting quantum dots and wadustering in the electron addition spectrum is observed for
termed the anomalous Kondo effect by Simmehl?” ltwas ~ More then five shell$A-E), corresponding to 20 electrons.
suggested by these authors that the effect is due to asymméue to the three times larger length of this device as com-
ric and energy-dependent coupling strendthandl'yto the ~ Pared to the one in Fig. 1 the energy scale is reduced by
two reservoirs. The effect has thereafter been confirme@pproximately a factor of 3. The level-spacing amounts to
theoretically in a single-impurity Anderson mod&The au- JE~1-1.5meV and the charging energy t~1 meV.
thors show that the peak conductance is shifted provided thdhe ratiosE/U~1 as before. As with the data of Fig. 1 the
I's# Iy, but an energy dependenceldf; is not required. We ~Kondo effect may appear at half-fillingy) or may be absent
stress here, however, that the Anderson model introduces &%), which according to the discussion above would corre-
additional model-dependent asymmetry in tbiat: -, which ~ spond to the PE and S ground state, respectively. There are
is not realized in a real quantum dot. At half-filling, there is differences, however. The most dramatic one occurs in shell
particle-hole symmetry where electrofisoley can be ex- D for the three electron statéilling ;?;), marked with O.
changed via both the bare state at enesgwnd the one at Instead of the expected spﬁwKondo, the conductance is
€+*U. In this case, no shift of the Kondo peak is expectedactually suppressed. This is seen as a pronounced white
even ifI's# I'y. ExtrapolatingG(T) to the unitary limitG(0) bubble. Because the Kondo effect is present for the one elec-
at zero temperaturgot shown using the standard expres- tron state(filling %1), this implies breaking of particle-hole
sion to fit the Kondo effect, i.e.G(T)=G(0)/[1+(215-1)  symmetry. This effect is quite surprising and has not been
X (T/T)?]?2° we obtain for the ridge at charge stdde3 a  reported before. We do not have a convincing explanation
zero temperature conductance 6f0)=1.68¢e?/h, out of  but mention one possibility. The three electronNat3 may
which thel ratio is estimated to be=2. Hence, there is an like to form a high-spin state with total spﬁirzg. However,
asymmetry of magnitude comparable to Ref. 27. Our statethis requires three different orbitals, but there are only two in
ment, that the shift of the Kondo peak to finite bias is absenan ideal tube. It may be that the nanotube is not perfect,

—
Y
~

difdVeq(e*/h)

235419-6



KONDO EFFECT IN CARBON NANOTUBES AT HALF FILLING PHYSICAL REVIEW B70, 235419(2004)

FIG. 6. (a) Linear response conductance plot-
ted as a function of the gate voltayg and (b)
differential conductancedl/dVgy (darker more
conductive plotted as a function oWy and Vg
for an another SWNT device with length
~ 800 nm contacted by palladium. The shell pat-
tern of four electrons each extends over five
shells(A-E). The Kondo effect occurring at half-
filling is marked with «, while 8 corresponds to

the singlet ground state. an® points to an
= 1.0 anomaly, a strong gap-feature arising for a three
% 0.75 4 electron state. The nonlinedt/dVyq through the
3 middle of this state is shown ifc).
S 05 -
=
© 025 -
0.0

20 15 1.0 05 00 05 1.0 15 20
Vsg(mV)

rather a bundle or a multi-shell tube, which may provide=5 meV. We stress that thal/dVsy measurements of Fig.
additional orbitals. We think that this scenario is unlikely, 7(a) extend over more than 17 electrons without any notice-
because we just have shown that the exchange is small, aadbly change. The linear-response conductafftig. 7(c)]
it is particularly small if the interaction is screened by othershows a very regular set of high conductance peaks at the
tubes. The gap may, however, be induced by a magnetitansition between neighboring charge states with peak val-
defect caused by residual catalyst particles, which may erues approaching 0.&/h. The spacing between these CB-
hance the exchange energy. Due to the small size of catalyescillation peaks is surprisingly constant, amounting to
particles such a defect interacts only locally. If efficient, oneAVy=73+5 mV. This yields a gate-coupling constant @f
would expect a strong effect on the addition energy due te=0.068, which is comparable to the one deduced for the
the large energy scale of the defect. In our opinion, the obsample of Fig. 1(«=0.08.
served regularity of the addition pattern rules out disorder. ~ We present this measurement here, because of the pres-
Similar gap-features are sometimes seen over the entirence of a striking gap-structure, which is seen insidalbf
gray-scale plot. We show in Fig a short section taken out CB diamonds and which might be related to the gap which
of an extensive differential conductance gray-scale plot ofve have mentioned before, i.e., the feature labelead Fig.
another sample. The contacting material is Au in this cas&(b). Two dl/dV4cross-sections at constavj are presented
and the contact separation amount& te1l um. The contact in Fig. 7(b). We find that the size of the gay, varies a bit in
transparencies are lower here and typical two terminal condifferent charge state and is estimated toXe=0.7 meV
ductances are of order Oef/h. Consequently, the main fea- (0.3,..,0.9 me\j. Additional suppression may be caused, if
tures in the differential-conductance are Coulomb blockad¢he nanotube is split by a strong scattering center into two
(CB) diamonds. The generic fourfold shell structure is notsegments in series. In this case, however, a regular periodic
apparent. It is masked by the charging energy which domiCB-oscillation pattern is not expected, because single-
nates here. The observed addition energy amountdBo electron transport requires that two charge states are degen-

(b) °
4 : % 37 FIG. 7. (a) Differential-conductance plot of a
3 27 SWNT device with contact separatidn~1 um
< 24 § 0.1 at T=300 mK (maximum conductances?/h,
£ o- s 00 i black). Coulomb blockade diamonds are clearly
>‘8 # 2 Vy O 2meV 4 seen. In addition gaps appear near zero lias.
-2 dl/dVsq as a function ofVsy and at constany/

along the corresponding lines, shown(@&. Con-
ductance as a function of gate voltage taken at
V=0 (full) and Vgg=1.5 mV (dashegl The
shaded region corresponds ().
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erate in both segments simultaneously. While this may bé¢he leads and the quantum dot. It is tempting to suggest that
possible occasionally, it would be surprising if the levelsthe opposite scenario, namely ferromagnetic exchange with,
would move in both segments with gate voltage exactlyfor example, a magnetic particle, may suppress the
equally. We therefore are convinced that this scenario igonductancé®

wrong. Also a possible parallel conductance through (@ro

more) different tubes can be excluded, because 'ghis should IV. CONCLUSION

appear in the gray-scale plot as a bare superposition of two

CB patterns. Moreover, the observed gray-scale plot cannot In conclusion, we have analyzed the ground state of car-
be modeled as a regular CB pattern multiplied by a gapbon nanotubes which are relatively strongly coupled to the
feature in the vicinity oV.4= 0. This is evident from the Fig. attached leads. Spi%wKondo is present for charge statids

7(c) which showsG(V,) at Vg=0 (full curve) and atVsy =1 andN=3. At half-filling, i.e., for two electrons on the dot,
=1.5 mV (dashed curve In the shaded region, correspond- the ground state is either a nondegenerate paired electron or
ing to Fig. 1), the suppression is only active in between thea highly degenerate two-electron state. Whereas the Kondo
CB-oscillation peaks, whereas the peaks themselves are neffect is prohibited in the first case, it is allowe¢dnd en-
suppressed, suggesting that thd Orbitals extend from hancedlin the second. The appearance of the Kondo effect at
source to drain. The low-conductance “bubbles” are thereN=2 is largely determined by the magnitude of the level
fore confined to the CB region of the nanotube and this nevbroadeningdl’, caused by the coupling to the leads. We have
effect is observable in transport through a single carboralso observed striking gaps whose origin need to be unrav-
nanotube. This does not mean that there is only one singleslled in the future.

walled carbon nanotube present. The device may still consist

of a _small bgndle or a multishell tube, qf which o'n'Iy one ACKNOWLEDGMENTS
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