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Understanding the interplay between many-body phenomena and nonequilibrium in systems with entangled
spin and orbital degrees of freedom is a central objective in nanoelectronics. We demonstrate that the combination
of Coulomb interaction, spin-orbit coupling, and valley mixing results in a particular selection of the inelastic
virtual processes contributing to the Kondo resonance in carbon nanotubes at low temperatures. This effect
is dictated by conjugation properties of the underlying carbon nanotube spectrum at zero and finite magnetic
field. Our measurements on a clean carbon nanotube are complemented by calculations based on a field-
theoretical Keldysh approach to the nonequilibrium Kondo problem which well reproduces the rich experimental

observations in Kondo transport.
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I. INTRODUCTION

The Kondo effect [1] is an archetypical manifestation of
strong electronic correlations in mesoscopic systems. While
first observed in bulk metals with ferromagnetic impurities,
it was shown to lead to a distinct zero-bias anomaly in the
differential conductance of semiconductor quantum dots with
odd electronic occupation [2-4]. A degeneracy of quantum
states required for its occurrence is usually provided by the
electronic spin degree of freedom, resulting in the so-called
SU(2) Kondo behavior. Remarkably, in the Kondo regime the
differential conductance obeys universal scaling as a function
of temperature [3], bias voltage [5], and magnetic field [6].

Clean carbon nanotubes (CNTs) [7] provide a unique
testbed for the investigation and manipulation of the quantum
dot level structure and its consequences for the Kondo
effect [8]. In CNTs, an additional degeneracy in the intrinsic
low-energy spectrum stems from two (K, K') graphene Dirac
points and enables one to study unconventional correlation
phenomena such as the orbital SU(2) as well as spin plus
orbital SU(4) Kondo effects both experimentally [9,10] and
theoretically [11-17]. Aside from revealing the curvature-
induced spin-orbit interaction [18-21], experiments indicate
that also the K-K' degeneracy is frequently lifted with a
finite energy Ak [18,22,23]. While usually attributed to the
presence of disorder in damaged or contaminated CNTs, it is
observed also in clean carbon nanotubes as a contribution from
the CNT’s contact interfaces [24].

In the following, we demonstrate how this type of SU(4)
symmetry breaking leads to unconventional Kondo transport
phenomena. Our results clearly show that the Kondo behavior
at zero magnetic field is controlled by time-reversal symmetry,
which allows us to identify two distinct, twofold-degenerate
Kramers doublets. The analysis of the breaking of this
symmetry in a magnetic field parallel (B) or perpendicular
(B) to the CNT axis leads to a detailed understanding of the
many-body processes contributing to transport in the Kondo
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regime. It makes it possible to disentangle the role of the
conjugation relations and goes significantly beyond earlier
studies on Kondo ions [25-27], where Kondo satellites could
be observed but the tunability of the spectrum by a magnetic
field was not given.

As discussed in the following, our studies also significantly
advance the understanding of Kondo physics in CNTs in the
deeply nonperturbative regime. In particular, we elucidate
the reasons for the absence of certain many-body transitions
expected from previous theoretical works [14—16] but not
observed in our as well as in previous experiments [28-30].

II. TRANSPORT MEASUREMENTS

Electronic transport measurements have been performed
on a clean, freely suspended single-wall carbon nanotube
(CNT) contacted with rhenium and capacitively coupled to
a global backgate at mK temperatures. The carbon nanotube
was grown by chemical vapor deposition across predefined
trenches and electrode structures to minimize damage and
contamination mechanisms [7,31]. As seen in the low-bias
conductance [Fig. 1(a)], a small band gap separates a Fabry-
Pérot pattern [32] in the highly transparent hole regime
from sharp Coulomb blockade oscillations in the few-electron
regime (N < 10). With increasing gate voltage enhanced
conductance is observed, leading in particular to a Kondo
zero-bias anomaly in the odd electron number valleys. The
electronic setup used for the measurements is sketched in
Fig. 1(b). A dc and an ac voltage are superimposed and applied
as bias voltage Vi = Vs‘ff + V& to the source contact. The
current from the drain contact is converted to a voltage and
measured with a lock-in amplifier. The highly positive doped
silicon substrate acts as global backgate.

In the following, we focus on the intermediate coupling
regime and measure the differential conductance as a function
of gate voltage V, and bias voltage Vi [Fig. 1(c)]. Aside
from the pronounced conductance ridge at zero-bias voltage,
additional broad satellite peaks appear symmetrically at
finite-bias voltage Vi >~ £0.5mV, depending only weakly
on the gate voltage. In analogy to the case of a broken spin
degeneracy in a magnetic field, these satellite peaks at zero
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FIG. 1. (Color) Measurement of the Kondo effect in transport through an ultraclean carbon nanotube. (a) Low-bias conductance (Vy =
0.2mV) through a clean, suspended small band-gap carbon nanotube as function of applied gate voltage V,. (b) Device geometry and electronic
measurement setup for differential conductance measurement. (c) Differential conductance G(Vg, Via) = d1(V,, Vsq)/d Vg inside and around
the gate voltage window with N, = 21 (T = 30 mK). A sharp Kondo ridge at zero bias voltage Vg = 0 and broader satellite ridges at finite
bias Vi¢ >~ £0.5 mV are clearly visible. (d) Line traces G(V,q) at constant V, corresponding to colored dotted lines in (c), with V4 rescaled by
the corresponding Kondo temperature Tx (see text). The central conductance peak at V4 = 0 displays the universal Kondo behavior, while the
satellite peaks move. A similar plot across different Coulomb oscillations can be found in the Appendix, Fig. 13.

magnetic field signal a lifted degeneracy of the ground state,
allowing inelastic transport processes to take place. Finite-bias
conductance peaks together with a zero-bias Kondo peak have
already been observed in CNT quantum dots with odd shell
filling [8,28-30]. In the latter three experiments, the evolution
of the satellites in perpendicular [28] and parallel [29,30]
magnetic fields has been reported. Because a finite field breaks
time-reversal symmetry, inelastic transitions between Zeeman
splitted or orbitally splitted levels are expected to become
visible [14,22]. Strikingly, in the three experiments [28—30]
not all of the inelastic transitions expected from (possibly
Kondo-enhanced) cotunneling [22] or for the nonperturbative
Kondo regime [14] could be seen. In this work, we clarify the
nature of the transitions contributing to the finite-bias peaks.
Nonequilibrium cotunneling is a threshold effect which can
give rise to a steplike cusp in the differential conductance [33].
Kondo correlations treated within lowest-order perturbation
theory yield a logarithmic enhancement of this cusp which
emphasizes further the threshold effect [34]. This behavior is
expected in the perturbative regime 7 > Tk of temperatures
larger than the Kondo temperature. In the strong coupling
regime T < Tk a perturbative treatment of Kondo correlations
is no longer appropriate. At such low temperatures, and for
ksTx ~ A, where A is the energy of the inelastic transition as-
sociated to valley mixing and spin-orbit coupling, true Kondo
peaks at finite bias, rather than cotunneling cusps, are expected
to develop [14,17]. This is the parameter regime in [28-30]
and, as demonstrated in the following, also of our experiments.
Hence, the conductance traces in Fig. 1(d) are a manifestation
of the Kondo effect in the strong coupling regime. As we shall
show, the interplay of Coulomb interaction and the intrinsic
symmetry properties of the CNT Hamiltonian yields a selective

enhancement of virtual processes contributing to the Kondo
effect in the nonperturbative regime.

III. UNIVERSALITY

To unambiguously claim that a zero-bias anomaly observed
in experiments has Kondo origin, the characteristic universal
scaling behavior with the energy scale determined by the
Kondo temperature Tk has to be tested. We record conductance
traces G(Viq) at different discrete gate voltage values V, within
the 21st Coulomb diamond. For each such trace, we determine
the Kondo temperature Tx(V,) in nonequilibrium from the
central peak in the bias-voltage trace using the condition
G(kgTx/e) =~ 2Gy/3 and Gy = G(Vsq = 0) [35-37]. We then
rescale the bias voltage with the respective Kondo temperature,
and normalize the conductance to its maximum value G¢ ~
0.5¢%/h. The collapse of all curves G(eVyy/kpTx)/ Go around
Vsa = 0 into universal behavior, as illustrated in Fig. 1(d),
clearly demonstrates the Kondo origin of the zero-bias feature.
This behavior can be compared with the theoretical curves in
Fig. 9, where we show that the universal line shape of the
central Kondo resonance remains essentially unchanged also
in the transition between SU(2) and SU(4).

After the rescaling, the position of the satellite peaks varies,
i.e., here the universality is apparently lost. This is to be
expected since the Kondo temperature Tx varies within the
Coulomb valley region but the splitting A between central peak
and satellites is gate independent. Complete universality of the
differential conductance, i.e., universality in the whole range
of voltages, requires the ratio A/kgTx to be invariant [38].
In general, one obtains Tx(A) = Tx(0) f[A / kg Tk (0)], where
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FIG. 2. (Color online) Temperature dependence of the main
Kondo resonance and its satellites. (a) Measured differential con-
ductance traces G(Vyy) at different temperatures, normalized by
Gy = G(Vig =0) for the lowest temperature at V, = 2.39V; the
bias voltage is scaled with the Kondo temperature 7Tx = 0.86 K.
(b) Differential conductance obtained from our field-theoretical
calculation. The distance between the satellite peaks at 7 = 0 used
in the calculation is 2A = 13.8 kg Tk.

Tx(0) = Tlf U@ is the Kondo temperature for the SU(4) Kondo
effect, and f(x) depends on the strength of the SU(4) symmetry
breaking. In our experiment, we find A /kgTx =~ 7. As shown
in Ref. [17], this implies that in our experiment the SU(4)
symmetry is weakly broken.

Finally, we notice a nonmonotonic dependence of Tx on
the gate voltage V,, with a local maximum in the center of
the Coulomb blockade region. Such behavior is not expected
for the SU(2) Anderson model, which rather predicts a
local minimum [39]. Hence, the peculiar voltage dependence
observed in our experiment may as well be a signature of
weakly broken SU(4).

IV. TEMPERATURE DEPENDENCE

Figure 2(a) displays the temperature dependence of
G (Vg,T) in the center of the same Coulomb diamond (N =
21), where V, =2.39 V. The central peak behaves in a
way characteristic for the Kondo effect: it is suppressed and
broadened for increasing temperatures. The satellite peaks are
increasingly washed out at elevated temperatures. A slight bias
asymmetry is observed in the curves, which we attribute to
asymmetries in the couplings to the leads. Such asymmetries
are also responsible for the reduction of the maximum G, with
respect to the unitary limit value 2¢?/h expected for a fully
symmetric setup.

Figure 2(b) displays the differential conductance obtained
from our calculation based on the slave-boson Keldysh
effective action formalism [40] discussed in Sec. VII and
in the Appendix. The calculation uses the minimal model
Hamiltonian [Eq. (A2)] for a single longitudinal mode of
a CNT including spin-orbit interaction (with the energy
scale Agp) and valley mixing (with characteristic energy scale
Akk). These couplings break the orbital degeneracy of the
CNT spectrum [and hence the SU(4) symmetry] but preserve
time-reversal symmetry. As a result, the noninteracting CNT
spectrum displays two degenerate Kramers doublets separated
by the spacing A = /Agg? + Aso>. The simulation uses
the value of 2A = 13.8kgTx obtained from the experiment.
For simplicity, and to stress the universal features of the
problem, a symmetric coupling to the leads has been used
in the simulation, as well as equal coupling of the CNT modes
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to the leads. Hence, in our calculation the central peak reaches
at zero temperature the unitary limit 2¢%/ h. To compare with
the experiment, the theoretical curves have been normalized by
the maximum theoretical value Gy = 2¢?/ h. Our calculation
reproduces well the experimentally observed evolution of peak
amplitudes with temperature. The tails at high voltages decay
faster than in the experiment. This behavior is due to our
approximation scheme for the Keldysh effective action, where
only terms quadratic in the slave-bosonic fields are retained.
Within this approximation, the behavior of the central and
inelastic peaks has been proven to be accurately reproduced for
the SU(2) Anderson model [41,42]. To improve the description
of the tails, quartic terms should be included. Such treatment,
however, would go beyond the scope of this work.

V. CONJUGATION RELATIONS

A quantitative analysis of our experimental results has to
combine the properties of the underlying set of single-particle
states with the Kondo correlations. In this section, we analyze
conjugation relations valid for the single-particle spectrum
which turn out to have significant impact on the many-body
properties of our CNT quantum dot. In the simplest model
for a CNT one expects a fourfold-degenerate longitudinal
level at the energy e, [43]. This degeneracy is removed by
K K’ valley mixing and spin-orbit interaction with splitting
A. We denote the four resulting energies associated to the
eigenstates [1),|2),|3),]4) by €1,€2,€3,€4, respectively. At zero
magnetic field, the effective CNT Hamiltonian I:Ié?\)]T [see
Eq. (A2)] displays time-reversal (TR) symmetry governed
by the operator 7. The 7 -conjugated pairs of states are
the Kramers doublets (1,2) and (3,4), with &; = &,, and
&3 = &4 = &1 — A [see Fig. 3(a)]. Additional operators P and
C can be introduced, which make it possible to connect the
states within one quadruplet in the way depicted in Fig. 3(a)
(see Appendix A for further details). We call the operations
related to P and C particle-hole (PH) [44,45] and chiral
(C) conjugation, respectively. The operator P is a pseudo-
time-reversal operator which conjugates states from different
Kramers doublets; the pairs are (1,4) and (2,3) with ;(A) =
g4+ A/2 =¢e4(—A), and &(A) = &5+ A /2 = e3(—A), as
displayed in Fig. 3(b). If TR and PH conjugation hold, so
does chiral conjugation, which is represented by the operator
¢ =P7T ' The chirally conjugated pairs are (1,3) and (2,4).

The zero-bias Kondo peak is necessarily induced by
transitions between the degenerate states of the time-reversed
Kramers pairs (1,2) and (3,4), which we call “intra-Kramers”
transitions [see Fig. 3(c)]. A similar reasoning applies for
the finite-bias Kondo peaks at voltages equal to A /e: the
inelastic peaks are necessarily induced by transitions between
distinct Kramers pairs, called in the following “inter-Kramers”
transitions. From Figs. 2(a) and 2(b) no further information on
the nature of the inelastic transitions can be extracted.

Additional insight can be obtained by looking at the evolu-
tion of the central peak and of its satellites in finite magnetic
fields, as TR is broken and hence Kramers degeneracy is
lifted. Figures 4(a) and 4(b) display the dispersion of the
four single-particle states in a magnetic field perpendicular
and parallel to the tube axis. It is clearly visible that
in a finite magnetic field B, conjugation relations persist
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FIG. 3. (Color online) Conjugation relations, level spectrum, and
selected Kondo transport processes. (a) Energy levels associated with
a longitudinal mode of a CNT accounting for spin and valley degrees
of freedom. The time-reversal operator 7 connects the states (1,2)
and (3,4). The operators ¢ and P govern chiral and particle-hole
conjugation and provide further pairs of conjugated states. Chiral
pairs are (1,3) and (2,4); particle-hole pairs are (1,4) and (2,3). (b)
Spin-orbit coupling and valley mixing break the fourfold degeneracy
but not the time-reversal symmetry. The spectrum splits in two
degenerate Kramers doublets (1,2) and (3,4), respectively, separated
by the energy difference A =/ Ag x>+ Aso?. (¢) The Kondo peak
at zero bias is governed by virtual processes within the Kramers pairs
(1,2) and (3,4) (intra-Kramers transitions). (d) The satellite peaks at
finite bias Vyg = +A /e result from inelastic transitions within the
chiral pairs (1,3) and (2,4) (chiral inter-Kramers transitions).

that lead to close connections _between the single-particle
energles e.g., Tll B) =2, — B) leads to 81(B) =& (— B)
and P|1, B) |4, B) leads to &[B, A(B)] = g4[B, — A(B)],
with A(B) being a magnetic-field-dependent level splitting
[see Egs. (A24), (A25), and (A26)].

(b)

FIG. 4. (Color online) Sketch of the evolution of the energy
levels in a magnetic field (a) perpendicular and (b) parallel to
the CNT axis in the parameter regime Agg > Ago. The energy
eigenstates are labeled 1-4. At B = 0 there are two energy-degenerate
Kramers doublets (1,2) and (3,4). At ﬁnlte fields, the degeneracy is
lifted and the conjugation relations 81(3) = &(— B) and 63(3)
e4(— B) hold. (a) In perpendicular field the energy difference
within each chiral pair, i.e., (1,3) and (2,4), remains essentially
independent of B, provided that B, < Agkr/gsus. Moreover,
the particle-hole pairs (1,4) and (2,3) are related by the conjuga-
tion relations &[A (By)] =¢;+ AL(B1)/2 =e4[—A1(B1)] and
&AL (=B =¢6;+ A (—=B1)/2 = &3[-AL(—=By)]. (b) For B
the Aharonov-Bohm effectinduces a level crossing of the pair (3,4), as
indicated by the blue arrows. Again, P conjugation holds. E.g., for the
pair (1,4) we find the relation &;[ By, A (B))] = e(B)) + Ay(B))/2 =
ea[ By, — Ay(Byl-
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As revealed by the evolution of the satellite peaks in
magnetic field shown in the next section, they only involve
transitions among the chiral pairs (1,3) and (2,4) [see
Fig. 3(d)], while transitions between P-conjugated states are
absent. Our observations seem to be consistent with other
data in the nonperturbative regime shown in [28-30]. In
those experiments no P transitions could be resolved in finite
magnetic fields as well. For example, in the experiment by
Cleuziou et al. [30], only one of the two expected excitation
lines (called B8 and § by the authors) could be identified [see
Fig. 2(a) in Ref. [30]]. Using the parameters given in that
paper, we find that the nonobserved inelastic transition is §,
corresponding in our terminology to a P transition.

VI. EVOLUTION OF THE KONDO PEAKS
IN MAGNETIC FIELD

The behavior of the Kondo peaks in magnetic field,
reported in Figs. 5 and 6, provides a sensitive tool that
allows us to discriminate between the different types of
Kondo-enhanced transitions. In fact, the positions of the Kondo
peaks are related to the energy differences between the two
dot states involved in the transition, and these depend very
differently on direction and strength of the magnetic field for
transitions between 7, C, or P pairs. The central Kondo peak
results from intra-Kramers transitions and its splitting reveals
the breaking of time-reversal symmetry. From the Keldysh
effective action theory (see Sec. VII) a splitting of the central
Kondo resonance is expected once the energetic separation
within a Kramers doublet exceeds a threshold value &, as
observed in Figs. 5(a), 5(b) and 5(d), 5(e).

In perpendicular fields puzzling at first glance is the
independence of the positions of the satellite Kondo peaks
on the field [Figs. 5(a) and 5(b)]. This is in strong contrast
to the cotunneling regime investigated earlier (see Fig. 3 in
Ref. [22]), where a splitting of the inelastic cotunneling line
was observed as a result of two possible sets of transitions:
within the pair (4,2) or (4,1) for positive, and within pair
(3,1) or (3,2) for negative field orientation [cf. Fig. 4(b)]. In
our case, only the transitions between the C-conjugated states
(4,2) and (3,1) are observed while the transitions between
the P-conjugated states (4,1) and (3,2) are absent. This
observation substantiates the previous experimental report
in [28], and is in nearly perfect agreement with the results
of our many-body theory plotted in Fig. 5(c). No Kondo
enhancement of the virtual transitions (4,1) and (3,2) occurs
as a consequence of the symmetry constraints imposed onto
the Keldysh action discussed in the following Sec. VII.
These constraints reduce the allowed number of Kondo peaks
expected in a perpendicular magnetic field with respect to
earlier theoretical predictions (cf. Refs. [14,15]).

In magnetic fields parallel to the tube axis, the satellite
Kondo peaks are expected to move and split because, according
to Figs. 4(b) and 4(c), the single-particle states 2 and 4 (1 and 3)
are mutually tilted by the Aharonov-Bohm effect. Inspection
of Figs. 5(d) and 5(e) shows that the Kondo satellites now
depend on the magnetic field, in qualitative agreement with
our theoretical result displayed in Fig. 5(f). Note that the
following parameters of our model Hamiltonian are extracted
from the experimental data: the ratio A / kg Tk (see Fig. 2), and
the ratio Ago/kpTx, which are obtained from the evolution
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FIG. 5. (Color) Kondo differential conductance in a magnetic field. (a) Measured differential conductance G(B_,Vyy) as a function of the
bias voltage Vg and magnetic field B, perpendicular to the CNT axis at V, = 2.39 V corresponding to the electron number N = 21. The
central peak splits at B, > 0.7 kg Tk /gss, While the satellites remain nearly unaffected. (b) Line traces G(Vy4) versus bias voltage (rescaled
with Tx = 0.86 K) from (a) for several values of B . (c) Theoretical results for the differential conductance at zero temperature for corresponding
values of g,up B, / ks Tx showing good agreement with the experiment [46]. (d) Measurement as in (a) but in parallel alignment of the magnetic
field G(B, Vi), Na = 17. (e) Line traces from (d), where V is scaled with the Kondo temperature 7x = 1.12 K and the conductance is scaled
using its maximum Gy = G(Vyg = 0) at By = 0 T. (f) Theoretical results for the differential conductance at zero temperature for different
values of By. The insets in (e) and (f) show the evolution of the central peak in the experiment and theory, respectively.

of the splitted central Kondo peaks according to Eqs. (A27)
and (A40), respectively. For the parallel field case only, also
the ratio g/ gs of orbital and spin g factor has to be set. The
parameters used to generate the theoretical curves in Figs. 5(c)
and 5(f) are given in Table I.

TABLE 1. Values of the nanotube parameters as used in the
theoretical calculations and extracted from the differential conduc-
tance measurements in magnetic fields perpendicular (valley with
N = 21) and parallel (valley with N, = 17) to the nanotube axis.
Energies are given in units of kg Tx. The two values of A given in the
experimental columns correspond to the values extracted from the
satellite peaks in the differential conductance at negative and positive
bias voltages, respectively.

Perpend. Theory Experiment Parallel Theory Experiment
Tx (K) 0.86 Tx (K) 1.12
A 6.9 6.8,7.5 A 8.3 75,10
g 2 8s 2
8. 1.80  1.85£0.05 gor/&s 24

8l/8s 1.37 1.37
Aso 3.0 Aso 3.6 4.7
Ak 6.2 Aggr 75

In order to better identify which transitions contribute to
the evolution of the central peaks and of the satellites at
finite magnetic fields, we compare the maxima of the G(V)
traces (orange, blue, and gray dots in Fig. 6) with the results
of the many-body theory and the energy differences of the
underlying single-particle levels (thick and thin lines in Fig. 6,
respectively). Orange and blue dots correspond to transitions
that, according to theory, are of the 7 and C types, respectively.
To the gray dots, no clear assignment can be made [47]. Notice-
ably, only transitions of the 7 and C types are seen. A careful
inspection of the second derivative of the /(Vy) confirms that
the lines corresponding to transitions between P-conjugated
states are indeed absent in the experiment. The absence of a
splitting of the satellite peaks in the perpendicular field is very
prominent in Fig. 6(a), where the position of the satellite peaks
is essentially free of dispersion. On the other hand, the satellite
peaks do split in a parallel magnetic field, where the Aharonov-
Bohm effect acts differently on the two pairs of C-conjugated
states as seen in Fig. 6(b). The high-field behavior observed
here is similar to that in [29], and confirms the absence of P
transitions reported there. An additional discussion of the evo-
lution of the conductance peaks can be found in Appendix C.

Finally, we focus on the critical behavior of the central
Kondo peaks in a magnetic field B. A single Kondo peak
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is expected as long as the level separation of the underlying
single-particle states does not exceed the threshold value e..
The threshold value ¢, [dotted red lines in Figs. 6(a) and 6(c)]
defines one critical magnetic field B, = 0.6 kg Tk /gsup for the
perpendicular, and three critical fields B.;—Bc3 for the parallel
field direction. This characteristic difference arises from the
additional crossing of the single-particle levels 3 and 4 near
ksTx/gsis = 3.3 TinFig. 4(b) (see also Ref. [22]). Results of
our many-body calculations [thick lines in Figs. 6(a) and 6(c)]
well match our experiment in perpendicular and in low parallel
magnetic fields. The nonlinear dispersion of the positions of
the central Kondo peaks reflects the protection of the Kondo
state against perturbations on energy scales below kg Tx.

VII. MODELING AND NONLINEAR
TRANSPORT THEORY

To account for the striking findings in magnetic field,
we have developed a nonequilibrium field theory based on
the slave-boson Keldysh effective action formalism [40].
An SU(2) formulation of this theory has been presented in
Refs. [41,42] and an SU(4) formulation [including a broken
SU(4)] is presented in this work in Appendix B. The theory
is based on the minimal model Hamiltonian HCNT for a single
longitudinal mode of a CNT quantum dot in magnetic field
as given in Eq. (Al). Accounting for the four eigenstates
{1j),j = 1,2,3,4} of Henr, the Coulomb interaction among
them, and assuming a tunneling coupling which preserves
CNT quantum numbers, the theory provides an approximate
analytical expression for the four contributions v;(¢) to the
tunneling density of states (TDOS) of the quantum dot. This
expression is then used to evaluate the differential conductance
as a function of the temperature, bias voltage, and magnetic
field over the whole energy range relevant for Kondo physics
according to the Meir-Wingreen formula [48] [cf. Eq. (B13)].

To explicitly calculate v;(¢), the interacting CNT Hamilto-
nian is first expressed in terms of slave bosons and fermions.
The fermions in the nanotube and in the leads are then
integrated out, leaving a still exact expression for v;(¢) in terms
of the Keldysh effective action [see Egs. (B15) and (B22)],
which only depends on the slave-boson fields. In the limit
of infinite charging energy, they represent fluctuations of
the empty state of the dot. The bosonic fields cannot be
integrated out exactly as the tunneling term of the Keldysh
action, Eq. (B16), is nonlinear in them. Crucially, though,
this tunneling action is constructed in a such a way that for
each CNT level i there are two expansion points [y; and
8; in Egs. (B18) and (B19), respectively]. Upon expanding
the action around the expansion points and retaining only
quadratic terms, each v; is readily obtained by functional
integration over the slave-bosonic fields.

The essence of the Kondo physics is the enhancement of
certain virtual transitions when going towards low energies. In
the perturbative regime, the enhancement is only logarithmic.
In the low-energy nonperturbative regime, the enhancement is
much larger, as it yields resonances on the order of e?/ i. Thus,
it is only in the latter regime that the lack of enhancement of
some transitions clearly appears. A commonly used approach
to determine which transitions are enhanced is to solve flow
equations for the associated coupling constants in an effective
Kondo model (see, e.g., Refs. [13,34] for an application to
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FIG. 6. (Color) Magnetic field behavior of the Kondo peaks.
(a) Predicted evolution of the Kondo peaks in perpendicular field
taking into account many-body effects (thick solid lines) together
with single-particle energy differences (thin solid lines) and the
experimental data (dots). A splitting occurs when the energy
difference within the lowest Kramers doublet |3 — &4] exceeds &..
(b) Experimental evolution of the Kondo peaks in parallel magnetic
field (dots), compared with single-particle energy differences (solid
and dashed lines) evaluated at large fields. The gray rectangle
identifies the low-field and low-bias region analyzed in panel (c). (c)
Evolution of the low-bias Kondo peaks in parallel magnetic field. In
this case &1 = |e3 — &4/ (gray solid line) first grows with increasing
field until it exceeds the threshold &, (red dotted line) at the critical
field B.;, beyond which the peak starts to split (see dots and thick
solid line). The predicted peak splitting vanishes again at B,,. Above
B3 it grows again, first in a sublinear way and afterwards linearly
with the magnetic field.
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CNTs). As outlined above, in the Keldysh approach one
is not solving flow equations for the coupling constants.
Rather, the evolution towards low energies is controlled by the
expansion points y; and §; in the effective Keldysh action. The
expansion points y; and §; are free parameters of the theory.
Their value is fixed a posteriori by imposing the proper
low-energy behavior of the total TDOS as known, e.g., from
Fermi-liquid theory [49]. Additionally, they are fixed in such a
way that conjugation relations for the single-particle spectrum
are reflected in analogous conjugation relations among the v;.

Notice that for each v; the four complex quantities E{ = y;/§/
have to be determined.

For the SU(2) Anderson model at zero magnetic field,
time-reversal symmetry requires v; = v, (j = 1,2 accounts
for the two spin-degenerate levels). Hence, E/ = EVi,j =
1,2. Then, the value of the complex quantity E is uniquely
fixed by constraints on the tunneling density of states and
its derivative at zero temperature and at the Fermi energy
known from Fermi-liquid theory. A very good agreement of
the theory with equilibrium numerical renormalization group
results and with out-of-equilibrium real-time renormalization
group predictions was demonstrated over the whole parameter
regime [41]. To account for the effects of finite magnetic fields,
a spin dependence of the expansion points must be included.
In Ref. [42], the choice was dictated by the observation that
(a) the flow towards low energies requires virtual spin-flip
processes (see, e.g., [40]), and (b) conjugation relations among
the magnetic field splitted single-particle levels should also
be reflected at the level of the TDOS, i.e., v{(B) = v,(—B).
According to (a) and (b), the choice of the expansion points is
such that each of the two contributions v; and v, effectively
contains (through the related self-energy) only virtual spin-flip
processes. This, together with the Fermi-liquid conditions on
the TDOS at zero field, uniquely determines the value of the
expansion points. The merit of this choice has to be checked
against other theories or experimental findings. As shown in
Ref. [42] (cf. Fig. 3 there), the theory well reproduces the
experimentally observed evolution of the split Kondo peaks
in a magnetic field seen in Ref. [28]. However, it does not
quantitatively describe the tails of the Zeeman split peaks, as
some inelastic cotunneling contributions are not retained in
the second-order expansion of the effective action.

A similar reasoning is applied in this work. Due to the
presence of orbital and spin degrees of freedom, the total
TDOS is the sum of the four contributions v;(¢), one for
each of the four levels. For each v;, the expansion points
of the Keldysh effective action, i.e., the real and imaginary
parts of the four E; are chosen according to the requirement
that (a) virtual processes that flip the quantum number are
crucial for the low-energy behavior [12,13], (b) the TDOSs
should be related by conjugation relations inherited from the
single-particle spectrum reflecting 7 and P conjugation in
finite magnetic field:
v3(B) = v4(—B),

v1(B) = va(—B), VI(A) = vg(—A),

ey

where A(E) is the magnetic-field-dependent inelastic energy
introduced in Sec. V. These requirements, and the SU(4)
limit at zero field B and zero splitting A, uniquely fix the
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expansion points at low energies. One crucial consequence
of the combined quantum number flip and conjugations
requirement, is that the TDOS v; effectively only contains
(through its self-energy ;) virtual transitions to the 7-
and C-conjugated partners of the level j, but not to the
P-conjugated ones. The explicit form for the E/, v;, and ¥;
is given in Eqgs. (B23), (B24), and (B26) in the Appendix.

VIII. CONCLUSION

In conclusion, our work provides a systematic experimental
and theoretical investigation of the Kondo effect in carbon
nanotubes in the presence of both spin-orbit coupling and
valley mixing. The wide tunability of the carbon nanotube
spectrum by magnetic fields allows us to elucidate the role of
symmetry and conjugation relations. Despite the symmetry
breaking by spin-orbit interaction and valley mixing, the
underlying operators still give rise to conjugation relations
between certain states that have to be respected by the transport
theory. The interplay of electron-electron interactions and
conjugation relations lead to the enhancement of selected
many-body transitions only. This explains the unexpected
absence of several resonances in the nonequilibrium Kondo
transport spectrum in the nonperturbative regime.
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APPENDIX A: SINGLE-PARTICLE ENERGIES AND
EIGENSTATES IN CNTS: SYMMETRIES
AND CONJUGATION OPERATIONS OF THE EFFECTIVE
CNT HAMILTONIAN

To understand the nonequilibrium many-particle physics
of carbon nanotubes (CNTs), it is essential to first analyze
the symmetry properties of the underlying single-particle
Hamiltonian. Following, the single-particle states of a quantum
dot made of a carbon nanotube with the curvature-induced
spin-orbit interaction and valley mixing are presented.

The principal degrees of freedom of an infinitely long
CNT are inherited from the bipartite nature of the graphene
lattice: the presence of sublattice symmetry in graphene and
CNTs implies the existence of two inequivalent Dirac points
K and K’ in the reciprocal lattice [43]. This suggests the
introduction of a valley pseudospin degree of freedom with
associated quantum number t (7 = +1 = K ,12 "). Notably,
a pseudo-time-reversal operator which flips the pseudospin
and leaves the true spin unchanged can be introduced. The
associated operation is a symmetry of the Hamiltonian and
reflects the K,K' degeneracy of the spectrum. Time-reversal
symmetry implies in addition that K' = —K.Thus, fora given
wave vector k of a Bloch electron in a CNT, and accounting
for the spin degreeqof freedom (o0 = 1,]), a quadruplet of
degenerate states (tk,o) is associated.

Carbon nanotubes display several physical effects involving
spin and valley degrees of freedom. Very prominent is the
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curvature-induced spin-orbit interaction (SOI) [19,21,50,51].
It breaks the pseudo-time-reversal symmetry but preserves
time-reversal symmetry. Thus, the SOI breaks the fourfold
spin and valley degeneracy and splits the quartet of states
into two Kramers doublets, separated in energy by Agg, with
parallel and antiparallel alignment of spin and orbital magnetic
moment. The SOI defines a preferred quantization axis for the
spin (along the axis of the nanotube) and a certain composition
in the valley space (pure valley eigenstates). In finite CNTs,
as considered in this work, the eigenstates are no longer
traveling Bloch waves characterized by the vector (tk,o) but
rather right- and left-mover combinations of those satisfying
proper boundary conditions. From the boundary conditions a
quantization of the longitudinal component of k follows, and
thus a shell structure for the CNT. Moreover, the boundaries
can induce a mixing between the two valleys: as the reflection
off the boundaries must reverse the axial momentum of the
particle, it can enforce a change of valley. As recently shown
in [24], conservation of the transverse orbital moment implies
also valley conservation in chiral and achiral CNTs of the
zigzag class [52]. Thus, in this class of CNTs the natural
eigenstate basis for a given longitudinal shell is provided by
the set {|K1),|K|),|K'1),|K’{)}. In chiral and achiral CNTs
of the armchair class, in contrast, a valley mixing occurs.
The resulting hybridization of different valley eigenstates
introduces an energy difference Ak between their bonding
(Ib) = (=1K) +1K'))/+/2) and antibonding (ja) = (|K) +
|K ’))/fz) combinations [24]. The valley-mixing term acts
therefore against Agp, which favors pure valley eigenstates.
When Ak g is included, a convenient basis in the valley space
becomes that of the mixed valley eigenstates |b) and |a).

In a finite magnetic field B the Zeeman effect splits the
energies of the spin parallelqand antiparallel to the magnetic
field by gsup B, with B = | B|. Thus, it favors the direction of
the field as the spin quantization axis. If the field is parallel
to the CNT axis, the Zeeman effect cooperates with the SOI
in that the spin still remains a good quantum number. For
any other field direction the Zeeman effect and Ago compete
against each other, the former trying to align the spins with the
field, the latter with the CNT axis.

If the field has a nonvanishing parallel component By,
the Aharonov-Bohm effect is induced by the cylindrical
topology of the CNT. This alters the energies of the two
valley eigenstates, raising the energy of one and lowering the
energy of the other. The energy gap between the two valleys
is 2gor(B)up By, with g, typically larger than g;.

The minimal Hamiltonian of a CNT quadruplet in the pres-
ence of a magnetic field of strength B, applied at an angle ¢ to
the CNT axis, and written in the basis {|a1),|b1),lal),|bl)},
is then [22]

N ~ ~ Axk
Hent =641, @ I + KK

" A
10®fz+$&z®fx

1 - o .
+ EgsMBlBl (cos@ 6, +sing 6,) ® I,

+ govitn| Bl cos g I, ® %, (A1)

The operators f; and 6;, i = x,y,z, act in the valley and spin
spaces, respectively. The states |a) and |b) are the eigenstates
of 7, corresponding to the eigenvalues +1 and — 1, respectively,
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while |1) and || ) are the eigenstates of &, corresponding to
its eigenvalues +1 and —1. The spin and orbital magnetic
moments are given by %gs wp and gop g, respectively, and g4
is a reference energy for the considered longitudinal mode.
This Hamiltclnian has eigenstates {|1),]2),]3),|4)} of en-
ergies & = &;(B), i = 1,2,3,4. In the following, we shall
explicitly introduce three operators 7, P, € which make it
possible to conjugate states of the quadruplet pairwise. We
shall focus first on the case of zero field and then on the two
special physical cases relevant for our experiments, i.e., when
the magnetic field is perpendicular to the carbon nanotube axis
and when it is parallel to it. A summary of the conjugation
considerations is given at the end of Appendix A.

1. Zero field

The analysis of the spectrum of the Hamiltonian (A1) at
zero magnetic field ﬁé?}T is crucial for the understanding of
the implications of valley mixing and spin-orbit coupling on
the CNT spectrum. It reads as

Aggr

7(0) Foo PN A T
Heny = €alo ® It + IG®TZ+TUZ®TX. (A2)

The eigenstates {|1),]|2),]3),|4)} can be easily expressed in
terms of the bonding/antibonding states according to

1) cos(%) sin(%) 0 0 lat)
14) | | —sin(§) cos(§) 0 0 1b1)
2) | |o 0 cos(4) —sin()||lad) ]|
13)1 Lo 0 sin(¢)  cos(§) JLIBL)
(A3)
where tan(f) = Aso/Agk- Due to spin conservation

([ﬁg}T,&Z] = 0), the unitary matrix connecting the two basis
sets is block diagonal and only mixes the valley degrees of
freedom. Diagonalization of I-AI((;(I)\)IT yields ¢; = &, &3 = &4,

and &, = &3 + A, where A =/ Axg> + Ago’.

a. Time-reversal symmetry

Let us now investigate the action of the antiunitary time-
reversal operator 7,

T =—i6, ® t.x, (A4)

where « stands for complex conjugation. The operator 7°
: 7O .
commutes with Hgp:

>y ©0) 54— 7y (0) & 770
THeyT™" = Hegy or [T, Aoy ] = 0, (AS)

i.e., the CNT Hamiltonian has time-reversal (TR) symmetry
which implies doublets of energy degenerate states (Kramers
pairs). The T-conjugated pairs of states are easily identified to
be {|1),12)} = (1,2)r and {|3),[4)} = (3,4)7 due to

TI) =«12). T12) =«|1),

. . (A6)

T13) =«l|4), T)4) =«k|3).

Notice that in agreement with the results from the diagonaliza-
tion of Ay in Eq. (A2), Eq. (A6) implies & = &, &3 = 4.
We also identify the level splitting as A = &1 — &3.
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b. Particle-hole conjugation

Let us now further proceed by introducing the antiunitary
operator P associated to pseudo-time-reversal within a given
longitudinal mode:

A

P =6. 0 (—it)k. (A7)

This operator is constructed such that
ﬁ(ﬁé(l)\)IT — Edig ® IAT)']S71 = _(I:Igl)\;T - Edig ® ff)
or {P,(ARr — ealy ® I)} = 0, (A8)

i.e., the operators P and (ﬁggT — edI:, ® IAT) anticommute.
The operator P exchanges a state with an energy ¢ above
a certain reference energy ¢; with the P-conjugated state
with the energy —e below the reference energy. As such,
it plays a role of a particle-hole operator in the 4 x 4
space of a longitudinal mode. The corresponding particle-hole
conjugated pairs are {|1),|4)} = (1,4)p and {|2),|3)} = (2,3)p
as it follows from

Pl =«l4), PI2) = —«|3),
. . (A9)
PI3) = —«l2), Pl4) = «|1).

It follows that &) — g5 = —(e4 — &4), &2 — €4 = —(&3 — &4).

Moreover, combined with TR symmetry, this also implies
e1=¢&=¢6;+A/2,e5 =64 =¢; — A /2, and hence

e1(A) = e4(=A). (A10)

c. Chiral conjugation

Chiral (C) conjugation is defined as a combination of T
and P and given by the unitary operator

C=PT '=6,®1%. (Al1)

This implies that chiral conjugation holds if the 7 and
‘P operations do. The corresponding conditions for chiral
conjugation read as
é(ﬁé(l)\)IT —sal, ® it)é_l = _(I:Ié?\)IT —eals ® ff) or
1C(ARy — eals ® 1)} =0, (A12)
i.e.,the operatorsé and (Flgf\)w — &4 I:, ® IAT) also anticommute.

The chiral pairs are {|1),]3)} = (1,3)¢ and {|2),|4)} = (2,4)c,
as it follows from

Cly =13). C2) =14),
. . (A13)
CI3) =I1), Cl4) =12).

Itthenholdse; —e; = —(e3 — gg)and ey — g4 = —(&4 — &y).

The behavior of the eigenstates {|1),]2),|3),]4)} of If]gf\)IT
under the action of the operators T ,75,6 is summarized
in Fig. 3(a). In the following, we discuss how an external
magnetic field affects these properties.

2. Perpendicular magnetic field

Let us start with the case of the perpendicular orientation.
The Hamiltonian in this case has the following form:

Henr = I:I((;?\)IT + H.(B)) = I:Ié%T + %gsMBBL&x ® 1.
(Al14)
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We now need to study the action pf T 75 apd ¢ on
the magnetic-ﬁqld-dependent part of Henr, 1., H (By) =
%gS/LBBJ_&x ® Ir-

a. Conjugation under time reversal

‘We obtain
TH (BT '=-H.(B))

= H (—B)or {T,H (B} =0. (Al5)

Comparison with Eq. (AS) lets us recognize that TR sym-
metry is now broken and hence the degeneracy within the
Kramers pairs (1,2)r and (3,4)r is lifted. The last equality
in the first half of Eq. (Al5) implies that T11,B) =«|2,
—B.), T|3,B1) = k|4, — B,), if the eigenstates {|i,B,),i =
1,2,3,4} of Henr are taken from Eq. (A14). Correspondingly,
the eigenenergies now obey

e1(BL) = &2(—=B1), &3(BL)=e4(—BL). (Al16)

b. Particle-hole conjugation

In the magnetic field, we find that

—H,(B))
Hi(—By)or {P,H (B} =0, (Al7)

PA(B)P!

which implies

ﬁ(ﬁCNT - gdia ® ir),]s71 = _(ﬁCNT - Sdi(r ® fr) or
{P,(Hent — eal, ® 1)} =0 . (A18)

If we recall Eq. (A8) we arrive at the important conclusion
that the particle-hole (PH) conjugation remains intact in a
perpendicular magnetic field. Thus, Eq. (A9) still holds and

£1(BL) — &4 = —[e4(B1) — €4l,

(A19)
&(BL) — &g = —[&3(BL) — &4].

c. Chiral conjugation

Finally,

CA (B)C ' =H,(B))
= —H (—By)or[C,H (B.)] =0. (A20)

Taking into account Eq. (A12) we see that € does no longer
anticommute with Hcnr, and that

e1(B1) — &g = —[e3(—=B1) — &4],

(A21)
&(B1) — &5 = —[e4(—=B1) — &4].
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While the above conjugations (A16), (A19), and (A21) are
general because they are dictated by the (anti)commutation
relations (A15), (A17), and (A20), they can be directly

J
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verified upon diagonalization of (Al4). The eigenstates
{li,B1),i = 1,2,3,4} are expressed in terms of the
bonding/antibonding states as

cos(87/2) sin(8"/2) 0 0
1,B a?t) +|a .
1 i BLg || bR + : bji —sin(0+/2) cos(6+/2) 0 0
|27BL) = At —an | where A = | 0 0 cos(0~/2)  sin(6/2) |, (A22)
|37Bi> 1) - [b1) 0 0 —sin(07/2) cos(07/2)
and 3. Parallel magnetic field
In the case of the magnetic field oriented along the axis of
tan(6*) = Aso (A23) the carbon nanotube, the Hamiltonian takes the form

Agg £ gsmupB1

Equation (A22) represents rotations by angles #%/2 in two
independent planes, #* planes, involving the two particle-hole
pairs (1,4)p and (2,3)p, respectively. The corresponding
eigenenergies are

e14(BL) =4 £ 5 A1 (BL),
: (A24)
€3(B1) =4 £ 5;A1(—B)),
with
AL(BL) =/ Aso? + (g + guupBLR. (A25)

Notice that Eq. (A24) is still PH symmetric. PH conjugation
and the time-reversal equation (A16) imply

e1[AL(BL)] =e4[-AL(BL)],

(A26)
& [AL(=B1)] =& [-AL(=B1)].
The evolution of the four states in perpendicular field is shown
in Fig. 7(a) together with the energy scale ¢;. The meaning of
A (By)and A (—B,) is visualized in Fig. 4(a).

One can easily obtain from Eq. (A24) the low- and
high-field asymptotics. The difference &;(B1) — &2(BL) is
particularly relevant for our experiments, because at small
fields one can extract the effective g factor

8. =¢1(B1) —&x(By) ~ giusBy,
g (A27)

B V1+ (Aso/ Ak )P

/
8s

where g; is the experimentally measured effective g factor. At

large fields, gsup B > v Ak + Aso,
e1(B1) — &2(B1) = Ak (A28)

becomes field independent, providing a direct way to measure
AK K-

Aont = AR + Hy(B))
= Hine + HY™(By) + A" (B))
= Aé(l)\;T + gowi Bl ® £, + %gS“BB”éz ® I,
(A29)

where B) is the magnitude of the parallel magnetic field and
Zom 18 the orbital g factor.

(c) B, >0
T RBak o8
Al @4 T
- —@--bo s,

FIG. 7. (Color online) Sketch of the evolution of the energy levels
in a magnetic field in the case of valley mixing Aggs larger than
the spin-orbit coupling Agp. (a), (b) Single-particle spectrum in a
magnetic field (a) perpendicular and (b) parallel to the CNT axis. The
energy eigenstates are labeled 1-4. At B = 0 there are two degenerate
Kramers pairs separated by A. (a) In perpendicular field, the energy
difference within each chiral pair, i.e., (1,3) and (2,4), remains
essentially independent of B,, provided that B, < Agg//gsUB-
The level splitting within each Kramers doublet is 6, = giup B, .
An avoided crossing of the particle-hole pair (2,3) occurs when
B, ~ Agg'/gspus. (b) For B the Aharonov-Bohm effect induces
a level crossing of the pair (3,4), as indicated by the blue arrows. (c)
Visualization of the level separations from (a) and (b) for values of
B, and By corresponding to the dashed lines.
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Let us in a similar way address the action of T,ﬁ, and C
on the magnetic-field-dependent part of Henr, 1.€., Hj(B)) =

gorbMBano ® T + %gsMBBH&z ® I.
a. Conjugation under time reversal
In analogy to Eqgs. (A15) and (A16), we find
THB)T ' =—-H(B)
= H(—By) or {T,H(B))} =0,

while the eigenstates {|i,By),i =1,2,3,4} now obey
TI1,By) = «|2, — B)),T13,B)) = «|4, — B)). Correspond-
ingly, the eigenenergies are related through

e1(By) = e2(—By), &3(B)) = ea(—By).

(A30)

(A31)

b. Particle-hole conjugation

If we now look at the action of P we observe
P H™B) P = —H™(B))
= H™(—By) or {P.H™(B))} = 0, (A32)
which implies

P (I:[CNT —eqly ® I, — %gsMBBH&z ® ir) P!

= - (ﬁCNT —eal, ® I, — %gsMBBH&z ® if)
or {75, (I:ICNT — Edig ® i‘[ - %gs/LBBH6z ® fr)} =0.
(A33)

We see that PH anticommutation is still obeyed if we measure
the energies with respect to the reference energy e(B)) =

J

|1, By) lat)
4,B b
| 0 =A b1) , where A=
12,By) lal) 0
13,B)) b)) 0
and
Aso £ 2 B
tan(@i) _ Bso SorbMBD|| . (A38)
Agg
The corresponding eigenenergies are
e14(B) = e(B)) £ 3 51(B)),
1 (A39)
23(B)) = e(=B)) £ ;A (=By),

where AH(B“) = \/AKK/Z + (ASO + 2g0rb/.,l,B BH)Z. Notice the
similarity between Eqgs. (A39) and (A24). As in the zero-field
case, the unitary matrix connecting the two bases, Eq. (A37),
is block diagonal in spin space. As in the case of the
perpendicular magnetic field, the evolution in the parallel
magnetic field represents rotations by angles ®*/2 in two
independent two-dimensional planes, ®* planes, involving
the pairs (1,4)p and (2,3)p, respectively. The evolution of the
energy levels is shown in Fig. 7(b). The relevant energy scales
e(B)),Ay(By), and A (—By) are illustrated in Fig. 4(b).

cos(%) sin(&
+

— sin(%) cos
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&4+ %gSMBB”, which now depends on B [cf. Eq. (A8)].
Furthermore, Eq. (A9) holds also in parallel magnetic field
and hence

e1(B)) — e(B)) = —&4(By) + e(By),

e(B)) — e(—=B)) = —[e3(B)) —e(=Bp].  (A34)
With A(BH) = 2[81(3”) — E(BH)] one finds
e1le(B)), A(B)] = e4le(By), — A(B))],
ee(—=By)),A(—=B))] = e3[e(—B)), — A(=B))]. (A35)

c. Chiral conjugation

Regarding chiral conjugation
CH™B)C" = +H™(B))
= —H™(—B) or [C,H™(B)] =0,
(A36)

we see that C and I{V‘Trb(BH) commute. Taking into account

Eq. (A12) it follows that C again does not commute with
Hcnr. The symmetry relations between energies of the C-
conjugated states are analogous to those in Eq. (A21). Along
similar lines as for the P operation, one then finds the relation
ei1le(B)), Ay(B))] = e3[e(=By), — Ay(=B))].

The eigenstates {|i,B)),i =1,2,3,4} of the Hamilto-
nian (A29) are easily obtained by taking into account that
in parallel field the spin states {|1),]] )} are still eigenstates of
the total Hamiltonian (A29). We find

(A37)

As in the case of the perpendicular orientation, one may
derive the low- and high-field asymptotics of Eq. (A39).
Experimentally relevant quantities at large magnetic fields
28omiB By > vV Agk* + Aso® are the energy differences
within a Kramers doublet &{(B)) — &2(B)) and &3(B)) —
84(3“)2

e1(B)) — &2(By) = gsusB) + Aso,

(A40)
&3(B)) — e4(B)) =~ —gsupB| + Aso.
Therefore, the relation [SI(BH) — 82(3”)] — [84(BH) —
£3(B))] = 2As0 is valid and provides a direct way to measure
the spin-orbit coupling strength Ago. Moreover, the energy
difference between chiral pairs is also important. We have

e1(B)) — &3(B)) =~ (2gorb + 8s)B By, (A41)

&2(B)) — e4(B)) =~ (280 — &)UBBY. (A42)
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TABLE II. (Anti)commutation rules of the different combina-
tions of operators {7,7,C} and {Hr, A L HP™ AP with the

Hamiltonian I—?é?\)m = FI&ET —ealy @I,

Operation A, H, A A feeman
T Commute Anticomm. Anticomm. Anticomm.
P Anticomm. Anticomm. Anticomm. Comm.

C Anticomm. Commute Commute Anticomm.

Thus, from the sum [&;(B)) — &3(B))] + [e2(B)) — e4(B))] =
4gom i B the orbital moment can be extracted.

Regarding the low-field behavior, we find in leading order
in the applied field

812 = €1(B)) — &2(B)) = g\, us By,

811 = &3(By) — ea(By) ~ g_uBy,
28otb

V14 (Akk /A s0)

which explicitly shows the difference between the effective g
factors of the two Kramers pairs.

* g (A43)

4. Summary

In Table IT we compile the (anti)commutation relations
for the different conjugation operations with the different
components of Henr.

The main outcome of our considerations is that both at zero
field and for the special cases B , B analyzed in this work the
spectrum has to obey the peculiar conjugation relations

T conjugation:
. . (A44)
&1,4(—B) = e23(B),
P conjugation:
e1(B) — e(B) = &(B) — e4(B) = A(B)/2,
62(B) — 8(~B) = s(—B) — &3(B) = A(—B)/2,
(A45)

where A(E) = AL,H(E) and 8(§) depend according to
Egs. (A24) and (A39) on the modulus and direction of the
magnetic field. These conjugation relations are dictated by the
effect of the time-reversal operation as well as by a generalized
particle-hole operation. All symmetry relations are verified by
the diagonalization of I:ICNT. Moreover, it is easy to show
using Eq. (A1) that Eqs. (A44) and (A45) hold true also for
an arbitrary direction of the magnetic field B.The conjugation
relations impose precise constraints on the form of the Keldysh
effective action as we shall discuss in the following.

APPENDIX B: MANY-PARTICLE PROBLEM
AND NONEQUILIBRIUM FIELD THEORY

The experiments presented address to a large extent the
effect of the electron-electron interaction playing an essential
role in the behavior of the ultraclean CNT under investigation.

PHYSICAL REVIEW B 91, 155435 (2015)

Namely, on top of the nontrivial single-particle spectrum con-
trolled by spin-orbit interaction, valley mixing, and magnetic
field, as discussed in the previous section, the strong electronic
correlations give rise to a pure many-particle effect, known as
the Kondo resonance [53], and lead to a new energy scale kg Tk
where Tk is the Kondo temperature. It is this many-particle
state which governs the response of the quantum dot to
the applied bias voltage V4. Since in the experiment this
voltage can be large, the corresponding energy scale e V4 can
become larger than other energy scales and an appropriate
nonequilibrium treatment beyond linear response is required.
Therefore, the experiments challenge the theory which must
properly take into account the specific single-particle spec-
trum, in particular, its symmetries, electronic correlations,
and nonequilibrium. Following, we show the basic concepts
of our theory which represents an effective field-theoretic
approach based on the Keldysh field integral [40] capable to
comprehensively account for different single-particle spectra,
many-particle interactions, and nonequilibrium.

1. Electron-electron interactions in the quantum dot

Using the states |i), i = 1,2,3,4, discussed in the previous
section the single-particle Hamiltonian (A1) may be written in
the following form:

Honr =) e, (B1)
i

where 7A; = ddei and dj /d; are the corresponding fermionic
creation/annihilation operators. Since the electrons in the
quantum dot interact, there is a finite-energy cost U > O for
two electrons to occupy the same quantum state. The quantum
dot Hamiltonian taking into account the effect of interactions
is

Hy = HCNT + He,. (Bz)
The last term in Eq. (B2) describes the electron-electron
interactions in the quantum dot. It has the following form:

N U A
Hee = 32111'1’1]'

and represents one of the key players in the formation of the
many-particle Kondo resonance.

Notice thatif &; = e4,i = 1,2,3,4, the Hamiltonian (B2) is
invariant under SU(4) transformations

(B3)

R = exp(i- §). (B4)
where G is an arbitrary Hermitian traceless operator repre-
sented by a four-dimensional matrix in the spin-valley space

¢'=g. TG =0. (B5)
In other words, the electron-electron interaction alone cannot
break the SU(4) symmetry of the system with Agg =
Aso = 0.

155435-12
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2. Tunneling between the quantum dot and contacts

Another essential player responsible for the emergence
of the Kondo effect is the tunneling coupling between the
quantum dot and the conduction electrons in the contacts. The
electrons in the contacts are assumed to be noninteracting.
Their Hamiltonian has the form

3 T
Hc = E EKC i Cxkis

xki

(B6)

where x enumerates the contacts as the left (x = L) and
right (x = R) ones, k is the quantum number characterizing
the contacts continuum energy spectrum, &, assumed to
be independent of i and ciki /cxki are the corresponding
creation/annihilation operators. The contacts are in equilib-
rium characterized by chemical potentials ppr such that
MR — uL = eViq.
The electronic exchange between the quantum dot and the
contacts is accounted for through the tunneling Hamiltonian
I:IT = Z (Txkcik,‘di + Tx*kdjcxki)a (B7)

xki

where T, are the tunneling matrix elements. Here, we assume
that the spin and orbital degrees of freedom labeled via the
index i are conserved during the tunneling processes, reflecting
the physical situation where the contacts constitute parts of
the same CNT and thus might share the same degrees of
freedom [12]. The effect of contacts which may mix orbital
quantum numbers is thoroughly discussed in Ref. [22]. There
it is shown that, even if orbital mixing drives the system
from the SU(4) Kondo fixed point to the SU(2) Kondo
fixed point, still SU(4) Kondo physics governs transport for
not too large mixing. Tunneling elements preserving orbital
quantum numbers are considered here for simplicity. However,
according to Ref. [22], also accounting for a small degree of
mixing should not alter the main conclusion of our work.
Ife; =e4,i = 1,2,3,4, the total Hamiltonian

Hi = Hy + He + Hr = Henr + Hee + He + Hr - (BS)

is still invariant under SU(4) transformations because the
tunneling matrix elements are independent of . In this case, the
model is usually referred to as the SU(4) Anderson model [53].
Since in our experiments both Agg and Ago are finite, the
SU(4) symmetry is broken.

3. Slave-bosonic transformation

The Kondo effect studied in our experiments arises in
Coulomb valleys with odd numbers of electrons when the
electron-electron interaction U in the quantum dot signifi-
cantly exceeds the energy I' (see the definition below) charac-
terizing the coupling between the quantum dot and contacts.
Therefore, to capture the essence of the Kondo physics it
is enough to consider the limit of strong electron-electron
interaction U — oo when the quantum dot can accommodate
only one electron. In this case, the Hamiltonian (B2) can
be diagonalized by means of the so-called slave-bosonic
transformation [53]

d;=b'p;. df =bp], (BY)
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where bt /b are bosonic, or slave-bosonic, creation/
annihilation operators while p!/p; represent new fermionic
creation/annihilation operators. Physically, Eq. (B9) represents
a transformation from the electronic states to the states of the
quantum dot, empty state (b', b), and the state with one electron

( pj , pi). After the diagonalization Hy becomes
Ay = Z 81‘17,-T pi-
i

The contacts Hamiltonian is not affected by this transfor-
mation while the tunneling Hamiltonian becomes

Hr = Z(TXkCIkipri + Tibpj caui)-
xki

(B10)

(B11)

As one can see from Eq. (B11), the slave-bosonic transforma-
tion simplifying the quantum dot Hamiltonian Hy complicates
the tunneling Hamiltonian Hy which now, instead of products
of two second quantized operators, contains products of
three second quantized operators. The slave-bosonic and new
fermionic operators satisfy the constraint

bib+ plpi=1. (B12)

i

which physically reflects the conservation of the total number

of the slave bosons and new fermions in the quantum dot which
can only have zero or one electron.

4. Field integral representation for observables

The experimental observable of interest is the differential
conductance G(Vsq) = 01/0V,g, which can be obtained by
taking the derivative of the current / through the quantum
dot with respect to the applied bias voltage V4. The current
through the quantum dot is given by the Meir-Wingreen
formula [48]

e o0 r w?
I = - zl:/w de[nr(e) — ”L(S)]vai(g)’

1
explB(e — no £ eVea/2)1 +1°

where T' = 2 vc|t|? (vc is the contacts density of states, t
is the value of the tunneling matrix element 7,; assumed
to be independent of x and k), W is the Lorentzian width
of the contacts density of states, v;(¢) is the quantum dot
tunneling density of states for the state |i), 8 is the inverse
temperature, and pg is the equilibrium chemical potential
MLR = o F eVsa/2.

Therefore, the problem reduces to the calculation of the
quantum dot tunneling density of states

nLr(e) = (B13)

1
vi(e) = —n—hlm[G;’j(s)], (B14)

where G;’j(e) is the quantum dot retarded Green’s function for
the eigenstates |j), j = 1,2,3,4, of the CNT Hamiltonian. To
calculate them we develop an effective field theory based on the
Keldysh field integral [40] where one replaces all the second
quantized operators by the corresponding fields. The basic idea
of this theory is to use the advantage of the physical clarity
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FIG. 8. (Color online) The Keldysh contour C, the basis of our
nonequilibrium theory, is shown. It is used to formulate the real-time
evolution of an interacting nonequilibrium system. Its forward branch
goes from t = —oo0 to 400, its backward branch from ¢ = +oc0 to
—o0. The slave-bosonic fields x,x living on the forward branch
are denoted as ., xs while the slave-bosonic fields living on the
backward branch are denoted as jy_, x_. The forward and backward
branches are mapped onto the real-time axis as sums (red arrows at
1) or differences (blue arrows at #;) turning, respectively, into the
classical or quantum slave-bosonic fields via the Keldysh rotation

XM = (VD () £ x-(0)].

provided by the slave-bosonic transformation, introduced in
the previous subsection, which allows one to deal directly
with the states of the quantum dot. In particular, in the Kondo
regime the probability of the empty state of the quantum dot is
small and, thus, large fluctuations of the slave-bosonic fields,
describing the empty state, are not relevant for the Kondo
physics. One can then use a low-order expansion in these
fields around proper field configurations in order to calculate
the quantum dot observables.

The practical implementation of this idea involves a
functional integration over all the fermionic, or Grassmann,
fields, describing the electrons in contacts and the states of
the quantum dot with one electron. After this step, one is left
with an effective field theory describing the dynamics of the
slave-bosonic field. At this stage, any quantum dot observable
0=F (dl, d,), originally expressed in terms of the second
quantized operators, admits a field-theoretic representation
based on the Keldysh effective action [41,54,55]:

< )(t) = — lim eﬂ#/D bé X eﬁSeff[XCIq(l‘) Pl

0 H—>00
x FLxM@): x M9,
Sere[X () xH9(1)]
= So[xM9(); x MO + StlxH9(0); x 9],

where x4 are the classical and quantum [40] eigenstates of
the bosonic annihilation operator b, Ny is a normalization
constant [54], and the limit © — oo in Eq. (B15) takes into
account the constraint in Eq. (B12). The Keldysh effective
action Se["9(r); x*4(¢)] in Eq. (B15) is the sum of
SolxMa(2); x<H9()1, being the standard free bosonic action [40]
on the Keldysh contour (Fig. 8) and St[x°"4(¢); xM9(¢)], being
the tunneling action of the problem.

(B15)

5. Keldysh effective action and tunneling density of states

The tunneling term of the Keldysh effective action

St @), xM(0)] = —thtrn[-1GO™ —1T]  (B16)

is a highly nonlinear functional of the slave-bosonic fields.
Here, the matrix 7 is off diagonal in the quantum dot-contacts
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space
tos RV
_ (0 MiGt|ki't ))’ ®17)
Mr(kit|i't') 0
My(kir)i'ty = S0 =Dt ;%’;8"""
y %) — yiv/2 x9(t)
x9(t) 10— viv2)
(B18)
Yoo 5t — 18 t*
Ml k/ I —
p(itlki’t") —\/zh
x (x“m —5V2 X0 )
x9(t) x4t —8;v2)
(B19)

In Egs. (B18) and (B19), y; and §; (i = 1,2,3,4) represent the
initially arbitrary expansion points or shifts of the classical
slave-bosonic fields ! and x°!, respectively, in the slave-
bosonic space. As shown in the following, y; and §; can be de-
termined from the symmetries of the Hamiltonian and from the
Fermi-liquid behavior at zero temperature and zero bias. No-
tice that since the integration variables ¥4 and x4 are inde-
pendent of each other, the y; and §; are not complex conjugates.

The Green’s function matrix G© is block diagonal in the
quantum dot contacts space. Its quantum dot block Gfio) has
the standard 2 x 2 fermionic Keldysh structure

O _ s (GI@—1) GHt—1)
G| (lt|tt)_8,,/(0 Gri—m) B2

In the frequency domain, the components of the above matrix
are

h
ha)—(s,-—l—u)—i—ﬁE"

GXw) = [G+(w) G; (a))]Ztanh[

G (w) = G (w) = [GH ()],

—|. (B21
T } (B21)
Here, E; = y;6;T/2.

In the case of the quantum dot tunneling density of states v;
for the state |j) the expression for the integrand in Eq. (B15)
is

FIx ) x990 = [0 x+(0) = %4 (1) x—(0)]

x [GO7 +T171(jt]j0), (B22)

where i, x+ are the slave-bosonic fields on the forward and
backward branches [40] of the Keldysh contour (Fig. 8) and
the expansion points, introduced in Egs. (B18) and (B19), are
labeled by an additional upper index y;,8; — ¥/.8] and, as a
consequence, E; — E7.

As mentioned in the previous subsection, to solve this
highly nonlinear problem one has to perform an expansion
of the tunneling action in powers of the slave-bosonic fields.
To get the relevant physics already in the lowest, i.e., in
the second-order expansion, one must carefully specify the
field configurations around which this expansion has to be
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performed. This can be done with a suitable choice of the
expansion points y; and §;. Since the linear terms in the
Keldysh effective action do not generate (see Ref. [41]) any
finite contribution to v; (&), in the second-order expansion the

expansion points y; and 8’ appear only through E’ which
determine the form of the propagators in Eq. (B21). Therefore
! and &/ just renormalize the kernel of the quadratic Keldysh
effective action.

To properly account for the Kondo correlations specific to
CNT quantum dots, this renormalization should respect the
specific symmetry properties of the energy spectrum. First,
since TR symmetry is broken at finite magnetic fields, the
Keldysh effective action should also reflect this symmetry
breaking together with the T conjugation [Eq. (A44)]. Second,
the ﬁ-conjugation relations [Eq. (A45)] are valid at any
magnetic field and it is natural to construct a Keldysh effective
action having these properties as well. It is easy to see that these
two requirements lead to a structure of the Keldysh effective
action where only two states from different Kramers pairs and
from the same particle-hole pair are present in the action.

Finally, to identify which particle-hole pair should be
retained in the Keldysh effective action, we recall that the
Kondo effect in quantum dots, whose states are characterized
by a discrete quantum number 7, arises from virtual transitions
between the electronic states |i) and |i’). Even though both flip
i # i’ and nonflip terms i = i’ are important for the Kondo
resonance, nonflip processes alone cannot give rise to the
Kondo effect, as seen for example from the analysis of the
renormalization group flow equations for the SU(4) Kondo
effect in carbon nanotubes [12]. This is similar to the SU(2)
Anderson model, where the spin-% Kondo behavior arises from
the virtual transitions between the electronic states |1) and

J
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|[4) in the quantum dot, which are, in this case, spin flips.
Therefore, to properly capture the Kondo behavior already in
the lowest-order expansion it is natural, in view of the poor
man’s scaling where the renormalization flow is governed
by flip processes, in the calculation of v;(¢) to effectively
eliminate from the kernel of the Keldysh effective action the
propagator for the same state | j) [see Eq. (B21)].

The above considerations uniquely specify the structure
of the Keldysh effective action. To obtain this structure one
has to choose the expansion points y; and §; appropriately.
Let us, for example, discuss how we choose Ei1 = yiléill"/Z
in the Keldysh effective action for v(¢). Since the Keldysh
effective action for v;(¢) should effectively contain the pair
of propagators for the states |2) and |3) only, the expansion
points are chosen such that the real and imaginary parts of E;
are

ER=ER=ER=ER=ER,
El'=E"—(e1 — &),

E)'=E' (B23)
E)' = E,

E)' = E'— (e4 — &3),

where ER! are currently arbitrary but their values may be found
from the Fermi-liquid behavior (see following). In a similar
way, the parameters Eiz,E ?, and E? entering the calculation of
y(€),v3(€), and vy(e), respectively, can be chosen.

Since the Keldysh effective action is quadratic, the final
expressions for the tunneling densities of states are obtained
by calculating the corresponding Gaussian field integrals. We
find

- w2 r
vi(e,B) = — — - —. (B24)
y 2 2+ W2 [e4(B) — e + TER(e, B)] + [ Sh(e. B)]
In Eq. (B24), 2}{(8, E) and 2;(8,1§) are, respectively, the real and imaginary parts of the self-energies
4
N 1 00 d / WZ / /
B ==Y [ gt (B23)
=2 ) o0 2m e+ W' — ¢ — [6;(B) —;(B)] + {E]
With the E,’ chosen as discussed in Eq. (B23), this turns into
N d / W2 ’ /
21,4(873) Z / £ 2 2 nL(S‘? kA nR(S )" o
i=23 2 e+ W ¢ —e—[ei(B) —e14(B)] +1iE
(B26)
N de' W2 ’ /
S S / & : ;- nL(S_? + ngr(e )ﬁ ’
by 21 &%+ W2 e/ — g — [6:(B) — £25(B)] + IE
[
where virtual nonflip processes and P processes no longer ~ conjugation relations
explicitly appear. It is easy to see from Eq. (B26) that, as a result =N - S -
of the time-reversal and particle-hole conjugation relations vi(e,B) = vale, — B), vs(e,B) = vy(e, — B),  (B27)
of the single-particle energies ¢;(B), also the so-obtained . .
observables v;(g) [here we explicitly indicate that v; depend v1(e,A(B)) = v4(e, — A(B)),
on the magnetic field B or on the splittings A(j:B)] fulfill the vz(e,A(—é)) = v3(e, — A(—E)), (B28)
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FIG. 9. (Color online) The differential conductance as a function
of the bias voltage at zero temperature and zero magnetic field for
different values of uo — &, (equivalently for different gate voltages)
and for a fixed value of A. The Kondo temperature 7. is here rescaled
to Tx which is the temperature at which the linear conductance as a
function of the temperature is equal to Go/2. In our model, Gy =
2¢%/ h since the couplings to the left and right contacts are assumed
to be equal. As one can see, the zero-bias peak, or the Kondo peak, is
universal while the side peaks are not. The full universality, i.e., the
universality at any bias voltage is recovered only if A /kgTx = const
which is not the case in our experiments because the gate voltage is
altered for a fixed CNT quantum dot, that is, for a fixed value of A.

where A(é) = 81(1§) — 84(I§) and A(—é) = 82(1§) — 83(1§)
according to Eq. (A45).

At zero temperature, zero bias, and zero magnetic field in
Coulomb valleys with odd numbers of electrons the differential
conductance reaches its unitary limit value 2¢?/ h, as predicted
by the Fermi-liquid theory [53]. The tunneling density of
states has a narrow maximum located close to the equilib-
rium chemical potential pg. Since in our experiments A =

(@) UL B B SR L

P IR
3
gH B/ KTy
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A%k + Ak ~ Tkg Tk, one can neglect a small deviation

from po in the location of this maximum. Using the two
conditions, the unitary limit value and the location of the
maximum, one can obtain the real and imaginary parts ER
and E'. After that, the expressions for the tunneling densities
of states [Eq. (B24)] can be used to calculate the differential
conductance G(V,T,B) as a function of the bias voltage,
temperature, and magnetic field.

Note that in principle one might use knowledge of the
unitary limit for another observable like the magnetic sus-
ceptibility (see Ref. [53]), which would not change E®! since
the unitary limits for different observables are related.

6. Kondo temperature and universality

The theory presented above predicts the universal behavior
of the differential conductance with the scaling given by the
Kondo temperature

A —&
o _ Ho — &q
K

(differing from kg7, used in the main text, by a constant
prefactor, chosen such that the linear conductance at T equals
half of its unitary value). In Eq. (B29),

(B30)

kg TI?UM) = 2W exp [— _Moz; td j|

is the Kondo temperature for the SU(4) Anderson model and
f(x) is a function of the ratio x = A/ kBTgU(“). Our theory

correctly predicts the limiting behavior of this function. When
A — 00 (x — 00), we find that

Mo — &q

o (B31)

f(x) — exp[—

LN UL AL LRSIV U

FIG. 10. (Color) Calculated single-particle energy differences between CNT quantum levels (lines) and corresponding measured positions
of conductance peaks (dots) for a wide range of bias voltages and magnetic fields perpendicular (a) and parallel (b) to the CNT axis. In each
case, gray lines correspond to intra-Kramers and blue lines to chiral inter-Kramers transitions. For the case of parallel magnetic field (b), a
discussion of low-field (yellow area) versus high-field behavior can be found in the text. In the high-field limit, the « values describe the slopes

of the linear magnetic field dependence.
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FIG. 11. (Color) Differential conductance G as function of bias voltage V4 and gate voltage V,, for the gate-voltage region corresponding

t0 9 < Ng < 29.

This leads to
7O = T3 — 2w exp [—“"T_g"} (B32)
On the other side, when A — 0 (x — 0), we find that
fx)—1 (B33)
leading to
7O - TSV, (B34)

The correct scaling behavior for any A is one of the advantages
of our theory over other theories, e.g., over the equations-of-
motion technique which is a popular tool to investigate the
Kondo effect in various setups, in particular, in CNT quantum
dots [14].

It is essential that the Kondo correlations significantly
weaken the loss of universality at energies smaller than A. Asa
result, the central peak remains almost universal: the variation
in its width is much smaller than the relative variation (about
30% in Fig. 9) of the Kondo energy scale kg Tk . This behavior
is specific to the SU(4) broken Kondo effect and represents its
fingerprint when observed in experiments.

APPENDIX C: INELASTIC CONDUCTANCE PEAKS
AT HIGH MAGNETIC FIELDS

In this section, we discuss in more detail the evolution
of the measured conductance peaks in a perpendicular and
parallel magnetic field, as shown in Fig. 10 (see also Fig. 6).
The evolution of the satellite peak positions with magnetic
field is governed by the energy differences &; — 3 and &, — &4
(blue dashed and solid lines). In a perpendicular field these
differences weakly depend on the magnitude of the magnetic
field, while they strongly vary in a parallel field. Hence, we
expect that the location and height of the satellite peaks will
not be affected by the perpendicular field B, but must strongly
depend on Bj. Indeed, this is what we observe in Figs. 10(a)
and 10(b), respectively. According to our theory, increasing the
magnitude of By shifts the satellite peaks to higher voltages. At
By 2 1.1kgTx/gsun. the satellite peaks split into two peaks
[see, e.g., the red curve in Fig. 5(f)]. By further increasing
By, the peak splitting grows while both peaks continue to
move to higher voltages. This behavior is again in a good
qualitative agreement with our experiments, albeit the second
peak splitting occurs at unexpectedly low magnetic field.

In the case of the perpendicular field [Fig. 10(a)], the peak
positions related to intra-Kramers and chiral inter-Kramers
transitions match the expectations from the theory in the whole
range of the investigated magnetic field values. On the other
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FIG. 12. (Color online) Differential conductance G as function of bias voltage Vi, at gate voltages V, in the center of the Coulomb
blockade valleys for differing electron numbers. The four panels each display traces corresponding to a particular residue modulo 4 of the

electron number N,.
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hand, in a parallel field one can clearly distinguish between a
low-field region [contained in the yellow area in Fig. 10(b)]
and a high-field region. The latter shows a linear dependence
both of the peak positions and of the energy differences on the
magnetic field. The low-field region is defined by the condition
By < A/2gomu, Where gonup is the orbital magnetic mo-
ment [see Eq. (A1)]. With the values of A /kgTx and g, (see
Table I), used in the numerical calculations, this corresponds to
B <« 1.5kgTk/gsun, where g is the spin g factor. In the high-
field region By > A /2gqw B, the valley-mixing effects be-
come negligible and the energy eigenstates are products of pure
spin and valley states. In this case, the data can be fitted to the
linearized dispersion relation & 4(B)) o< upB)(gs/2 £ g..1,)
and 82,3(3“) X MBBH(—gS/2 + g(,)rb)’ with g(,)rb/gs = 1.37.

This amounts to a ratio between high- and low-field orbital
g factors of g/, /go = 0.57. Notice that such asymptotic
behavior is also predicted by expanding the spectrum of the
effective Hamiltonian FICNT at large fields [see Egs. (A40)
and (A43)], but there g/, /8o, = 1. This suggests the presence
of a mechanism which reduces the ratio of the orbital g
factors that is not captured by the Hamiltonian Honr and goes
beyond the scope of this work. This is the reason why only
a qualitative but not quantitative agreement between theory
and experiment in the investigated range of applied parallel
fields is found. Accounting for this discrepancy, it is possible
to identify all Kondo transitions observed in the experiment
as either intra-Kramers or chiral inter-Kramers transitions.
In particular, intra-Kramers transitions involving the excited
Kramers doublet (1,2)7 become visible at larger fields [see
dashed gray line in Fig. 10(b)], while they are not discernible
at small magnitudes of the parallel magnetic field.

Finally, in the linear regime B, 2 5.3 B. it is possi-
ble to experimentally extract the effective g factor g =
gs/ \/ 1+ (Aso/Ak)?* [see Eq. (A27)], and hence to directly
access the ratio Ago/ Ak for the valley Ng = 21. Similarly,
from the linear regime By 2 1.75 B3 we can directly extract
Aso [see Eq. (A40)] for the valley N, = 17. These values
together with the parameters used in the numerical calculations
are shown in Table I.

APPENDIX D: SYSTEMATIC EVOLUTION
OF THE TRANSPORT SPECTRUM WITH
THE ELECTRON NUMBER

To demonstrate the generic character of the observed fine
structure of the Kondo resonance in charging states with odd
electron number, we present a more comprehensive overview
over the different Coulomb valleys for electron numbers
between 9 and 29.

Figure 11 displays the stability diagram measurement, i.e.,
the differential conductance G as function of bias voltage
Vsa and gate voltage Vg, of this parameter region. Because
of the onset of mechanical self-excitation of the suspended
nanotube [56,57] (as, e.g., already visible left to the electron
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FIG. 13. (Color online) Line traces G(Vy) from Fig. 12(b), i.e.,
at the center of Coulomb blockade valleys with occupation 4N + 1,
with V4 rescaled by the corresponding Kondo temperature Tx and
the conductance rescaled by its maximum value Gy = G(Vyq = 0).

number labels “24” and “28” in the figure) the measurement
was restricted to comparatively low bias voltages. Satellite
maxima accompanying the zero-bias Kondo anomaly at odd
electron number can be recognized for a wide range of N;.

In Fig. 12, conductance traces G(Vyq) taken at gate voltages
corresponding to the center of a Coulomb blockade region
are sorted by the filling state of shells corresponding to
different longitudinal modes. In the odd valleys the distinct
zero-bias peak can be observed. Additionally, satellite peaks
systematically occur in all odd valleys with an overall increase
of the Kondo temperature with increasing electron number.
The universal behavior of the central peak and the nonuniversal
behavior of the satellites is further illustrated also by Fig. 13,
where the conductance traces of Fig. 12(b) have been rescaled
with the corresponding Kondo temperatures, similar to main
text Fig. 1(d). In the even valleys N = 4N,Ng = 4N + 2
the traces are nearly flat with weak features around zero bias
whose origin is unclear. They gradually vanish with increasing
magnetic field.

It is evident that the level structure of our CNT sample is
highly regular in terms of shell filling, allowing us to describe
the fine structure of the Kondo resonances in different valleys
by solely slightly adjusting the internal parameters Ago and
Ak k. We conclude that the fine structure of the Kondo effect
occurs systematically in all valleys with odd electron numbers
between 11 and 27.
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