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We study a three-level quantum dot in the singly occupied cotunneling regime coupled via a generic tunneling
matrix to several multichannel leads in equilibrium or nonequilibrium. Denoting the three possible states of the
quantum dot by the quark flavors up (1), down (d), and strange (s), we derive an effective model where also each
reservoir has three flavors labeled by u, d, and s with an effective density of states polarized with respect to an
eight-dimensional F spin corresponding to the eight generators of SU(3). In equilibrium we perform a standard
poor man’s scaling analysis and show that tunneling via virtual intermediate states induces flavor fluctuations on
the dot which become SU(3) symmetric at a characteristic and exponentially small low-energy scale Tx. Close
to Tk the system is described by a single isotropic Kondo coupling J > 0 diverging at Tk . Using the numerical
renormalization group, we study in detail the linear conductance and confirm the SU(3)-symmetric Kondo fixed
point with universal conductance G = 3 sin*(r/ 3)%2 = 2.25% for various tunneling setups by tuning the level
spacings on the dot. We also identify regions of the level positions where the SU(2) Kondo fixed point is obtained
and find a rather complex dependence of the various Kondo temperatures as function of the gate voltage and the
tunneling couplings. In contrast to the equilibrium case, we find in nonequilibrium that the fixed-point model is not
SU(3) symmetric but characterized by rotated F spins for each reservoir with total vanishing sum. At large voltage
we analyze the F-spin magnetization and the current in Fermi’s golden rule as function of a longitudinal (%,) and
perpendicular (%, ) magnetic field for the isospin and the level spacing A to the strange quark. As a smoking gun
to detect the nonequilibrium fixed point we find that the curve of zero F-spin magnetization in (h,,h,,A) space
is a circle when projected onto the (., ) plane. We propose that our findings can be generalized to the case of

quantum dots with an arbitrary number N of levels.
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I. INTRODUCTION

Over the last three decades, transport properties of cor-
related quantum dots have gained an enormous interest in
many experimental and theoretical research activities in con-
densed matter physics. As artificial atoms they allow for a
controlled study of interesting phenomena playing a central
role in many different fields of applied and fundamental
research in nanoelectronics, spintronics, quantum information
processing, dissipative quantum mechanics, and many-body
physics and nonequilibrium phenomena in correlated systems
(see, e.g., Refs. [1,2] for reviews). Of particular interest is the
cotunneling or Coulomb blockade regime of quantum dots
with strong charging energy, where the charge is fixed and
only the spin and orbital degrees of freedom can fluctuate
by second-order tunneling processes via virtual intermediate
states. In this regime, effective models can be derived which
are equivalent to Kondo models well known from solid-state
physics [3] (see, e.g., Ref. [4] for a review of the Kondo
effect in quantum dots). The standard model is the SU(2)
Kondo model, where a local spin-% is coupled via an isotropic
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exchange coupling to the spins of two large reservoirs. Below a
characteristic low-energy scale, called the Kondo temperature
Tk, the local spin is completely screened and the remaining
potential scattering leads to resonant transport through the
system with universal conductance 2% This Kondo effect
has been theoretically predicted for quantum dots [5] and has
been experimentally observed [6]. After this discovery, the
research for Kondo physics in quantum dots has gained an
enormous interest and further realizations have been proposed
and observed, such as, e.g., the realization of higher spin values
[71, singlet-triplet fluctuations [8], non-Fermi-liquid behavior
in two-channel realizations [9], and the SU(4) Kondo effect
[10]. Recently, also the realization of SU(N) Kondo physics
for arbitrary N has been proposed in coupled quantum dots
[11-13].

The enormous variety of possible realizations of Kondo
physics raises the question as to what happens in the generic
case when a quantum dot in the regime of fixed charge with
Ngot = 1 electrons and N > 2 levels is coupled via a generic
tunneling matrix to several multichannel reservoirs. Even for
the simplest case Ngor = 1 and N = 2, this issue is nontrivial
since the quantum number / = 1,2 labeling the two dot levels
is in general a nonconserved quantity in tunneling, such as,
e.g., for ferromagnetic leads [14], orbital degrees of freedom
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[15], Aharonov-Bohm geometries [16], and spin-orbit or
Dzyaloshinski-Moriya interactions [17,18]. In Ref. [16] it
was shown via a singular value decomposition of the total
tunneling matrix (i.e., containing all reservoirs) that all these
different cases can be mapped onto an effective model which is
equivalent to the anisotropic spin-% Kondo model which flows
into the isotropic SU(2)-symmetric fixed point at low energies
below the Kondo temperature. This explains why in all
linear response transport calculations of quantum dot models
with Ngo = 1 and N = 2, the Kondo effect with universal
conductance is observed provided that local effective magnetic
fields are explicitly canceled by external ones [19]. However,
this result is only valid in the linear response regime and for
proportional couplings to all the reservoirs where the linear
conductance can be related to the equilibrium spectral density
of the dot [20]. To calculate the latter, all reservoirs can be taken
together to a single one and only the total tunneling matrix
matters. However, when all reservoirs are coupled in a generic
way to the dot or when they are characterized by different
temperatures or chemical potentials, the analysis of Ref. [16] is
no longer valid. This fact was emphasized in Ref. [21], where
it was shown that in a generic nonequilibrium situation, the
proper effective model for Ngo = 1 and N = 2 is a spin-valve
model, where the spin polarizations of all reservoirs point in
different directions, such that at the low-energy fixed point
their sum is equal to zero. This has the consequence that the
fixed-point model in nonequilibrium is essentially not SU(2)
symmetric and new interesting nonequilibrium fixed-point
models emerge with different non-Kondo-type properties in
the weak- as well as in the strong-coupling regime. Only in
the equilibrium situation when all reservoirs are characterized
by the same temperature and chemical potential, all reservoirs
can be taken together, resulting in an unpolarized reservoir
with SU(2) symmetry at the fixed point. The nonequilibrium
properties at and away from the fixed-point model have been
studied for large voltages above the Kondo temperature [21],
and a smoking gun was identified in the nontrivial magnetic
field dependence of the magnetization and the transport
current characterizing the fixed-point model.

The proposals of new nonequilibrium fixed-point models
are of particular interest for the constant effort to generalize
well-established analytical and numerical methods for the
study of equilibrium properties of quantum impurity models
[3,22] to the nonequilibrium case. Recent developments of
perturbative renormalization group methods [23-26] have
shown how the voltage dependence and the physics of cutoff
scales by decay rates can be implemented [27] and how the
time evolution into the stationary state can be calculated
[28]. Even in the strong-coupling regime [29,30] results in
agreement with experiments [31] were obtained, although the
used methods are essentially perturbative and not capable of
describing the strong-coupling regime in general. Therefore,
numerically exact methods are required for the description
of quantum dot systems in nonequilibrium, such as, e.g., the
time-dependent numerical renormalization group (TD-NRG)
[32], time-dependent density matrix renormalization group
(TD-DMRG) [33], iterative stochastic path integrals [34], and
quantum Monte Carlo methods [35]. Recently, a promising
thermofield approach has been suggested by a combination
of TD-NRG and TD-DMRG [36] showing a good agreement

with the strong-coupling results for the nonequilibrium Kondo
model of Refs. [29-31].

The aim of this paper is to analyze the generic case Nyo = 1
and arbitrary N to see how the results of Ref. [21] can be
generalized to the case N > 2. In particular, we will study the
case N = 3 and, starting from a generic tunneling matrix, will
show that an effective tunneling model can be derived where
also the reservoirs are characterized by three flavors which we
will conveniently label by the up (u), down (d), and strange
(s) quark flavors. The effective model in the cotunneling
regime of a singly occupied quantum dot can be described by
flavor fluctuations, and we will show by a poor man’s scaling
analysis that the low-energy fixed-point model is indeed the
SU(3)-symmetric Kondo model. This result is shown to hold
also for arbitrary N within the poor man’s scaling analysis
and will be explicitly confirmed for N = 3 by a numerically
exact NRG analysis for the linear response conductance,
similiar to Refs. [12,13]. In addition to these references, we
will study the dependence of the SU(3) Kondo temperature
on the tunneling matrix elements and will show how the
SU(3)-symmetric point is obtained by a proper adjustment of
the level spacings of the dot. Subsequently, we will analyze
the nonequilibrium situation and generalize the spin-valve
model of Ref. [21] for N =2 to the case of three levels
N = 3. In this case, a fixed-point model arises where the
reservoirs are characterized by eight-dimensional F spins
corresponding to the eight generators of the SU(3) group which
cancel when all reservoirs are taken together. For large voltages
and two reservoirs we find that the nonequilibrium fixed-point
model has a characteristic dependence on the dot parameters
for zero F-spin magnetization on the dot providing a smoking
gun for the detection of the fixed point. Thus, we conclude
that the results of Ref. [21] can indeed be generalized to the
case of N > 2 levels with a great potential for a variety of new
interesting nonequilibrium fixed-point models where the low-
energy behavior in the strong-coupling regime is still unknown.

The paper is organized as follows. In Sec. II we will derive
various effective models. We will set up effective tunneling
models in Sec. IT A and the effective model in the cotunneling
regime in Sec. I B. The fixed-point model is obtained via a poor
man’s scaling analysis in Sec. II C for arbitrary N. In Sec. IID
we consider the particular case N = 3 and will set up the rela-
tion to the representation of the SU(3) group and the physical
picture in terms of F'-spin interactions. In Sec. III we will use
the NRG method to confirm the SU(3)-symmetric fixed-point
model in the linear response regime. Finally, in Sec. IV we
analyze the nonequilibrium properties of the fixed-point model
in the perturbative regime of large voltage via a Fermi’s golden
rule approach. The general formulas are derived in Sec. IV A
and the magnetization and the current are calculated as function
of characteristic dot parameters for the case of two reservoirs
in Sec. IVB where the smoking gun for the detection of the
fixed-point model is derived. We close with a summary of our
resultsin Sec. V. We use units e = i = 1 throughout this paper.

II. DERIVATION OF EFFECTIVE MODELS

In this section we start from a quantum dot with N levels
coupled via a generic tunneling matrix to N, multichannel
noninteracting reservoirs in grand-canonical equilibrium. We
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show in Sec. IT A that this model is equivalent to an effective
one where the number of channels in each reservoir is the same
as the number N of the quantum dot levels. For the special
case of N = 3 this sets the basis to use a notation in terms of
three flavor states for the three channels and to characterize
the reservoirs by rotated F' spins with a certain isospin and
hypercharge polarization. In addition, we will set up various
effective tunneling models and characterize the properties of
the central fixed-point model derived in Secs. II B-II D for the
cotunneling regime, where the number Ny of particles on
the dot is fixed to Ngoy = 1, such that only flavor fluctuations
via virtual intermediate states can occur. In this regime, we
will derive an effective model describing flavor fluctuations
and propose the fixed-point model from a poor man’s scaling
analysis.

A. Effective tunneling models

The starting point is a quantum dot consisting of N lev-
els characterized by some quantum number / = 1,2,...,N,
together with a Coulomb energy Ey,, depending only on the

total particle number operator Ngot = ), c,Tcl of the dot

Hyo = Zh,,rc;c,f + Eng,» (H
I

Eny, = Ec(Ngot — n,)%, 2)

where ¢; / c; are the creation/annihilation operators of the
single-particle states of the dot. The charging energy E. is
assumed to be the largest energy scale in the problem such that,
for small Ay, the parameter n, determines the occupation of
the dot. If n, = n is integer, the ground state will be dominated
by Ngot = n, whereas for half-integer n, = n + %, states with
Ngot = n,n + 1 are degenerate with respect to the Coulomb
interaction. For convenience, we define the gate voltage by

V, = E.2n, — N), A3)

such that V, =0 (or n, = N/2) defines the particle-hole-
symmetric point for 4;; = 0. With this definition we can also
write the dot Hamiltonian in second quantized form as

~ U n
Hoow = ) S hureler + 2 ) cjcjerc, )

i i

with U = 2E. and hy = hyy — [V + (U/2)(N — )18y
The quantum dot is coupled via a generic tunneling matrix
to several infinitely large reservoirs o = 1,2, ..., Ny kept at
grand-canonical equilibrium with temperature 7 and chemical
potential iy, such that the total Hamiltonian reads as

Htot = Hdol + Hres + HT, (5)
with the reservoir Hamiltonian
Hies = Z €avyk aivukaavnks (6)
avgk

and the tunneling Hamiltonian

1

Hr = /o0 Z {tgalalvakcl+(11/)*C;aawk}. 7)

avylk

Here, v, = 1,2, ...,N, is the channel index for reservoir o
(with N, channels in total), €4, is the band dispersion of
reservoir « for channel v, relative to the chemical potential
Uo and labeled by k (which becomes continuous in the
thermodynamic limit), and 7, is the tunneling matrix between
the dot and reservoir a. p® is some average density of
states (DOS) in the reservoirs, which is set to p©@ = 1 in the
following defining the energy units. In vector-matrix notation,
the tunneling Hamiltonian can be written in a more compact
form as

HT—Z{ i el ag), ®)

wherec (cl,.. ,Cyn)s a _Lk =(allk,... lNak), andéa isa
Ny x N matrix with matrix elements 77',. For convenience,
we have taken here a tunneling matrix mdependent of k which
is usually a very good approximation for rather flat reservoir
bands on the scale of the low-energy scales of interest.

Using Keldysh formalism. it is straightforward [20,37] to
relate the stationary current /., in reservoir o and channel v, to
the stationary nonequilibrium greater/lesser Green’s functions

: l,(a)) of the dot via
I =%/dcuTr£w ([~ fo(@)iG~(@)

+ fa(@)iG™ ()}, ®

where Tr denotes the trace over the single-particle states of
the dot, f,(w) = (e#@~*) 4 1) is the Fermi function of
reservoir «, and the (N x N)-hybridization matrix [ is

defined by -
= 27 pan, (£2)) 12 - (10)

(L )

Here, pqy, = D 8(@w — €qu k) denotes the DOS in reservoir
« for channel v,, which is assumed to be rather flat so that
the energy dependence can be neglected. The influence of
the reservoirs and the tunneling on the Green’s functions is
determined by the reservoir part of the lesser/greater self-
energy given by

I @=i)y fu@L,, (11)
(@ =—iy (I- fu@)L,, (12)

where
L,=).L,=2tprt, a3

is the hybridization matrix for reservoir « including all chan-
nels and (p ),y = 8u,1, Pav, 18 the diagonal matrix for the

DOS of rey_c‘;voir o. As a consequence, we see that the Green’s
functions depend on the reservoirs and the tunneling matrix
only via the hybridization matrices 1" of all the reservoirs.
Thus, two models with the same hybrldlzatlon matrices give
exactly the same Green’s functions. Once the Green’s functions
are known, the channel-resolved currents /,,, can be calculated
from (9), where the channel-resolved hybridization matrix
;x of the concrete model under consideration has to be

Vo
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inserted. The stationary expectation values of single-particle
operators of the dot can be directly calculated from the lesser
Green’s functions via (c,T,cl 2m [ dw Gjj(») and thus are
exactly the same for two models with the same hybridization
matrices F

We note that for the equilibrium case, where all Fermi
functions of the reservoirs are the same, the reservoir self-
energies involve only the total hybridization matrix

r-yr, a9

with the result that the equilibrium Green’s functions are the
same for two models with the same I". However, the current in
linear response can not be related to the single-particle Green’s
functions in equilibrium via (9) since also the Green’s functions
have to be expanded in the voltages. A special case is the one
of proportional couplings where it is assumed that ' = x, "
with )" x, = 1. Using current conservation ), I, = 0, with
1, = ZUN I, denoting the total current in reservoir o, we get
in this case from (9) the Landauer-Biittiker—type formula [20]

Z / do Typ(0)(fo — fp)@), (15)

ﬁsﬁfx
with the transmission probability
Tup(w) = 27 xoxgTr L p(w), (16)

where B(w) = #(g’* — QA)(a)) is the spectral density on the

dot. From this formula one can see that in linear response,

where (fy — fp)(@) ~ — f'(w)(we — (1), one needs only the
spectral density in equilibrium and, with u, = —eV,, the
current can be written as
Iy =" Gap(Vs — V), (17)
B
with the conductance tensor
2
Gup = _% / do Tys(o) f(o). (18)

With the knowledge that the hybridization matrices ;1
are the only input we need to characterize the reservoirs and
the tunneling matrix, we can now proceed to define effective
models with the same hybridization matrices. Since F is a
positive-definite Hermitian matrix, we can d1ag0nahze it with
a unitary matrix U

=u
r =u r‘vf, (19)

— 0 —uo —«

where (;i)u’ = 6Ty is a diagonal matrix with positive
eigenvalues I'y; = 2712, > 0. We exclude here the exotic case
that one of the eigenvalues I'y; is zero since this would
mean that one of the reservoir channels effectively decouples
from the system. Following Ref. [21], we can write the
hybridization matrix in two equivalent forms by shifting the
whole information either to an effective tunneling matrix or
to an effective DOS of the reservoirs. In the first case, we
introduce an effective tunneling matrix 5“ by

(1)) = ta @ (20)

and get
r —2n(eff) e 1)

Since tEff isan N x N matrix, this effective model consists of
reservoirs which have exactly the same number N of channels
as we have levels on the dot, i.e., the quantum number on the
dot is also the quantum number labeling the channels in the
effective reservoirs but this quantum number is in general not
conserved by tunneling. Comparing (21) to (13), we see that
the effective DOS in the reservoirs is unity, i.e., we consider
unpolarized reservoirs.

In the second case, we define an effective DOS p°f in
reservoir o by =
T=NU (C//To)U!, (22)
_—u ‘—u —x

with [y =), T'y. Defining an average tunneling matrix
element 7, >0 by 12 =1 >",1%, we can then write the
hybridization matrix as

L =2x12 pf. (23)

— —
In this case, the effective tunneling matrix is proportional
to unity, the tunneling conserves the flavor and is flavor
independent. In contrast, the effective DOS contains the
whole nontrivial information of the hybridization matrix and
describes a unitary transformation of the diagonal matrix
N g‘; / I'y. The latter matrix can be decomposed in a basis
of all diagonal matrices and the coefficients can be interpreted
as physical parameters characterizing the effective reservoirs.
Using Trgi =TIy, we getfor N =2

2L/ Ta =1, + pag . (24)

where o is the Pauli matrix in the z direction and p,, describes
the spin polarization in reservoir «. Since the matrix has only
positive diagonal elements we get the condition —1 < p, < 1.
If one orders the eigenvalues according to I'y,; > I'y2, one gets
0<py <1.

For N = 3 we obtain

31“"/11_]1 + Pad, +f Ao (25)
where
1 0
A =10 0 (26)
- 0 0
A
r=—|0 1 0 (27)
=8 ﬁ 0 0 —

are the two diagonal generators of the SU(3) group, de-
scribing the isospin in z direction of the up/down quark and
the hypercharge operator ¥ = \%ég, respectively. Therefore,
we interpret p, as the isospin polarization and g, as the
hypercharge polarization characterizing the reservoirs in the
three-channel case. The fact that all matrix elements of (25)
are positive leads to the two conditions

3

0<1+%"‘<-. (28)

9o
o 1 P
[pal < 3 >
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|d)
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FIG. 1. Sketch of the effective model of two F-spin polarized
leads o« = L,R coupled to a three-level quantum dot via flavor-
conserving tunneling rates I';, g = x, gI". . g = £eV /2 denote the
chemical potentials of the leads with eight-dimensional F spins f
characterized by an isospin polarization p, r and hypercharge polar—
ization g, g. h= (hL,h ) with hl = (hy,h,) denotes the magnetic
field acting on the two isospin dot levels (up and down quarks), and
A is the level spacing between the strange quark and the average of
the two isospin levels.

If one orders the eigenvalues according to 'y = [yp = Ty3,
one gets 0 < py < go < 3.
The unitary transformation U describes a rotation of the
p—

direction of the spin-l in the N = 2 case, and a rotation of
the eight-dimensional F' spin with F = lk for N = 3 (see
Fig. 1 for an illustration). Thus, the’ form (23) allows for a
nice physical interpretation in terms of physical parameters
characterizing the reservoirs. For N = 3, we can label the three
flavors of the reservoirs and the dot by [ = u,d,s for the up,
down, and strange quark and describe with the form (23) a
system where the flavor is conserved in tunneling with equal
tunneling amplitudes for all flavors. However, the polarization
Po of the isospin described by the up and down quarks and the
hypercharge polarization g, can be different for each reservoir,
and the F spins in the reservoirs can all be rotated relative to
the F spin of the dot. This naturally generalizes the effective
spin-valve model set up in Ref. [21] for N =2 tothe N =3
case, which is the main subject of this paper.

The form (21) in terms of an effective tunneling matrix
allows for another representation of the hybridization matrix
which will turn out to be crucial to interpret the fixed-point
model derived in Sec. IIC for the cotunneling regime. Taking
all effective tunneling matrices together in a N - Nyeg X N
matrix

teff
=1

teff — . , (29)

t eff
:N res

we can write this matrix via a singular value decomposition as

=y <%) Wi, (30)

where V is a unitary N - Ny X N - Npeg matrix, y is an

N x N diagonal matrix containing the positive singular values

yiZ VY222 yny>0,and W is a unitary N x N matrix.
We assume here that N singular values exist, excluding
exotic cases where some channels decouple effectively from
the system. As a consequence, we can express all effective
tunneling matrices in terms of the singular value matrix y as

follows:

teff —
=

wi, 31

s
[I=

where V are the N x N matrices occurring in the first N
columns of V., which are in general not unitary. However, since
V is unitary, we note the important property

> vl v =L (32)

The unitary matrix W can be eliminated by transforming the
basis of the single-particle states of the dot using new field
operators ¢’ = W'e, such that the dot Hamiltonian (1) and the
tunneling Hamiltonian (8) obtain the form

Haot = ()'H'¢ + En,,., (33)
Hy =Y al () ¢ + @ (™)) g} G4
ak
with ' = Eél and
eff\/ __
) =Y,r. (35)

For simplicity, we will drop the prime in the following and
replace i’ — h and () — ¢*f keeping in mind that these
matrices result from the matrices of the original model by
transforming the dot channels with the unitary matrix W.

In terms of the effective tunneling matrices (35), the hy-
bridization matrices (21) obtain the form

—a — —=a —u

L =2ty ViV y. (36)

This form is of particular interest since it separates the
hybridization matrix in a part y which is independent of the

reservoirs and a reservoir-dependent part Lﬁ L Comparing
(36) with (13), we can interpret y as an effective tunneling
matrix which conserves the flavor index and is the same
for all reservoirs. This effective tunneling matrix contains
the information of the eigenvalues I'; = 271)/,2 of the total
hybridization matrix since we get from (32)

g:Zg:znf. (37)

The reservoir-dependent part V. VT V can be interpreted as an
effective DOS of the reservoirs. Takmg N = 3 and decompos-

ing this Hermitian matrix in the basis of the F-spin generators
gi = %él of SU(3) we get

8
=Z¥a=xa(£+2di£i>, (38)
i=1
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with real coefficients x, and d; which, due to (32), fulfill the

property
2 x=1.

This means that the sum of the F spins of all reservoirs is zero.
A similiar property holds for arbitrary N. In equilibrium, where
all chemical potentials u, = p are the same and all reservoirs
can be taken together to one big reservoir, this means that an
unpolarized reservoir with SU(3) symmetry couples to the dot.
However, since the effective tunneling matrix elements y; still
depend on the flavor index, SU(3) symmetry does not hold for
the total system even in equilibrium.

Most importantly, we will see in Sec. IIC by a poor man’s
scaling analysis in the cotunneling regime of a singly occupied
dot Nyt = 1 that a generic fixed-point model with an isotropic
matrix y = y1 emerges, such that the effective tunneling

> xedl, =0. (39)

matrix (35) reads as

=yy . (40)
y > 0 can be related to an isotropic Kondo coupling J via
L N (S (41)
V=30 T a\E TR )

where Ey, is given by (2) and J fulfils the poor man’s scaling
equation

dj _ NJ?
dNn 2 A7
with A denoting the effective bandwidth. In addition, a special

potential scattering term emerges in the original tunneling
model at the fixed point which is given by

(42)

Vsc = Usc Z Z :C_llkga g« Ay > (43)
kk'  aao’
where
2(N -2 Ey—E
ve=2 (22 4s), 5=20"2 0 (4
D N E,+Ey

with Ej and E, from (2), and : - - - : denotes normal ordering.
This potential scattering term vanishes for N =2 and § =0
(i.e., ny = 1 where Ey = E») and is such that it cancels the
potential scattering term emerging in an effective model for
the cotunneling regime (see Sec. II B). Due to V., the reservoir
part of the self-energy of the dot is more complicated than (11)
and (12) and does not only depend on the hybridization matrix.
However, as is shown in Appendix A, the effect of Vi is just
that y is changed to an effective y given by

_— 14
r= 1+ 7202

such that the self-energies (11) and (12) from the reservoirs can
be written at the fixed point with effective hybridization ma-
trices which can be either expressed via an effective tunneling
matrix analog to (21):

(45)

o o e

;x — 2 (QZH)T teff’ roff — 7V, (46)

such that the DOS of the reservoirs is unity, or via an effective
DOS analog to (23),

L =2x9p*p", p=VI V| (47)

with a trivial tunneling matrix given by 71 which is the same
for all reservoirs and proportional to unity with respect to the
flavor indices. The particular property of the effective DOS at
the fixed point is the condition

Y=L (48)
o = -

following from (32). This means that in contrast to the general
case depicted in Fig. 1 for N = 3, the particular property of the
fixed-point model is that the sum over all reservoir F spins is
equal to zero and the tunneling matrix y = y 1 is isotropic. As

a consequence, we get overall SU(3) symmetry in equilibrium,
whereas in nonequilibrium the fixed-point model is essentially
not SU(3) symmetric since the F spins of the reservoirs are
nonzero. A similar statement holds for any number N of dot
levels, generalizing the picture found in Ref. [21] for N =2
to a generic multilevel quantum dot.

We note that for the particular case of two reservoirs Nres =
2 witha = L,R, wegetfrom(32)thatV' V =1- V \4 .
such that we can find a common umtary matrlx u _WhICh

diagonalizes both VI V fora = L,R
—u —«
viv,=U, A U, (49)

where ég are diagonal matrices with the property
> A =1 (50)
a=L,R

For N = 3, the matrix ég can be decomposed analog to (25)
as

éi =x°‘<£3 +p°‘é3+ %és)’ D
where, due to the property (50), we get
1 = x + xg, (52)
0=xrpr + xrpr, (53)
0=xrqL + xXgrqr, (54)

together with 0 < x, < 1 and (28). Thus, the hybridization
matrices at the fixed point obtain the following form for two
reservoirs:

L =27 U, & U, 3%

Omitting the unitary matrix U v by choosing a different single-
particle basis for the dot states and redefining the parameters
h;p [analog to the transformation by the unitary matrix W, see
(33) and (34)], we get finally the diagonal form o

L, =277 A, (56)
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which, for N = 3, by inserting the decomposition (51), can be
written as

=

1 9o
= §Fa <£3 + paéS + ﬁg;), (57)

with T'y = 27 72x,. This form for the hybridization matrices
constitutes the central generic fixed-point model for N =3
and two reservoirs in the cotunneling regime of a singly
occupied dot. This will be confirmed in Sec. III by NRG in
equilibrium and analyzed in Sec. IV by a golden rule approach
in nonequilibrium. It generalizes the spin-valve model for
a two-level quantum dot with opposite spin polarizations in
the two reservoirs analyzed in Ref. [21] to the case of a
three-level quantum dot, where the isospin and hypercharge
polarizations have to be opposite in the two reservoirs. An
analog fixed-point model arises for an arbitrary number of dot
levels, in this case one obtains in the two reservoirs opposite
parameters corresponding to the N — 1 diagonal generators
of SU(N). Whereas in equilibrium the fixed-point model is
SU(N) symmetric (at least if the dot parmeters /;; are adjusted
properly, see Sec. III) and leads generically to the SU(N)
Kondo effect, the nonequilibrium fixed-point model is not
SU(N) symmetric and generically non-Kondo physics has to be
expected. This will be analyzed in Sec. IV in the perturbative
golden rule regime of large voltage, where we will see that
zero F-spin magnetization on the dot occurs only for particular
values of the dot parameters A providing a smoking gun for
the detection of the fixed-point model.

B. Effective model in the cotunneling regime

The effective model in the cotunneling regime where the
particle number on the dot is fixed to Ngo = 1 can easily be
obtained by projecting the Hamiltonian matrix on this subspace
analog to Brillouin-Wigner perturbation theory. Taking only
one virtual process into the particle number sectors Ngo = 0,2
into account we get

n 1
HE' = Hyes + PiHyo Py — : PLHr Q4 7

tot
dot

QHr Py 2,
(58)

where P) projects onto the one-particle subspace of the dot and
0, = 1 — P;. We have introduced the normal-ordering : - - - :
with respect to the reservoir field operators since we are not
interested in terms renormalizing the dot Hamiltonian leading
to effective parameters A, . For Hys and Hr, we take a model
with the effective tunneling matrix (35) and the unity matrix
for the effective DOS in the reservoirs, as has been discussed
in Sec. II. Inserting Hyo; and Hy from (1) and (8) and using

Ey,, from (2) we get with Pycfcy Py = |1)(I'|:

HE = Heg + > hyll){U'] + E;
174

o L Z Z : Plglk _SHEQT (Lefjf)TC_la/krpl : (59)
E, = =

~

ao’  kk'
1 .
— =P () g al e s (60)
0
ao’  kk'

Using
Picchu Pr= 1111 + 8 Py,
t@yp C_llk)l’l = allkaa’l’k/ T (61)

we get after inserting (35) for the tunneling matrix and leaving
out the unimportant constant £

Hel = Heo + Y hip (' + Verr, (62)
1w

with the effective interaction

Var=y_ % ta,V JVla,.: (63)
aa’  kk'
and
Iy = ym(iwu - ia,,fﬂ), (64)
D E,

with 2/D = 1/Ey + 1/E; [see (41)]. We note that the hat on
Jir indicates that this object is a dot operator in the one-particle
subspace for each fixed value of [ and ', i.e., j represents a
N x N matrix with dot operators in each matrix element. By
using 1= >, 1D{l], a straightforward calculation leads to the
decomposition

Ji =&))L — &)

1. ~
+ Z ni, (N]l - |11)(11|>511' + vdyrl, (65)

1l
with
2 2,
& = DY e = [y (66)
1 ,(N-2
v =5V (T +5)’ (67)

and 26 = D/E, — D/Ej [see (44)]. We note that the bare
parameters 7 are independent of I’ but obtain a strong depen-
dence on !’ under the renormalization group flow described be-
low. The decomposition (65) exhibits the nondiagonal matrix
|I/Y{l] for I # I’, all traceless diagonal matrices %ﬂ — )|
for [} # 1, and the unity matrix i describing the effective
potential scattering.

‘We note that the effective interaction (63) can also be written
in terms of reservoir field operators for a single reservoir only:

Var = taj Ja, . (68)
kk’
where
a=) Via, (69)

fulfill commutation relations of field operators for a single
effective reservoir with N flavors due to the property (32).
However, this is only possible if all the reservoirs can be
taken together, i.e., they must have the same temperature and
chemical potential. In nonequilibrium this is not possible.
Nevertheless, for the poor man’s scaling analysis described in
the next section, this form of the Hamiltonian can be applied
since the poor man’s scaling analysis integrates out only energy

235450-7



LINDNER, KUGLER, SCHOELLER, AND VON DELFT

PHYSICAL REVIEW B 97, 235450 (2018)

scales above the temperatures and chemical potentials of the
reservoirs.

C. Poor man’s scaling and fixed-point model for N levels

Taking the effective Hamiltonian in the cotunneling regime
in the form (62) and (68), we now proceed to find an effective
low-energy theory by integrating out all energy scales from
the high-energy cutoff A = D down to some low-energy scale
A, defined by the largest physical low-energy scale in the
system set by the parameters h;; of the dot Hamiltonian, the
temperature 7 of the reservoirs, and the chemical potentials
I of the reservoirs

Ac = max{{{hy [}, T {itala}- (70)

This can be achieved by a standard poor man’s scaling analysis
leading to the RG equations

dJ,
—= =—Z Juydr], (71)

where [-,-] denotes the commutator and s = In % is the flow

parameter. This RG equation has obviously the two invariants
TrJyy and Y, Jy;. Defining

=, TI—ZUZ, U—Zvl, (72)
Il
we obtain from the decomposition (65)

TrJyy = Nudyy, (73)
I|quf|l ——n—m+v (74)
and get the invariants

0 d (75)

= — s

ds '
0= 2 ( ! ) (76)

ds m N”l

The first equation means that there is no renormalization for
the potential scattering. The second equation holds for all [ =
1,...,N and gives N — 1 independent invariants.

Inserting the decomposition (65) in (71) we find after some
straightforward algebra the RG equations for the parameters
& and n;p characterizing the effective operator-valued matrix
J atscale A in terms of (65) (I # I’ in all following equations):

d&y

g = X + > Enkr, (77
hALY
d
;H = 28wk + Y &u b, (78)
LAL
where we defined the symmetric matrix
A = S + 1), (79)
which fulfills the RG equation
di
s =2&; + 3 Z (&1, + &) (80)
LWL

since & stays symmetric during the whole RG flow

& = &n. (81)
These differential equations have to be solved starting from the
initial conditions at s = 0 given by (66).
The RG equation for n; can be solved by the ansatz

N = w +r—rr, (82)
where the r; are determined from the RG equations
drl
— = Zsu/ (83)
1;&1

with initial condition r; = ylz /D. Using the form (82) we can
express the N — 1 independent invariants (76) as

0= d( Nr; + ! ) 84
r — Nr, - =
ds L N77

where we have defined in analogy to (72)
N, 1= Z i
I#l !

With these invariants all N — 1 differences r; — ry can be
expressed via the symmetric matrix 7j; and it is only necessary
to consider the RG equations (77) and (80) for the symmetric
matrices & and 7. As we will see in Sec. IID, these
coupling constants can be interpreted as the transverse and
longitudinal Kondo couplings J, and J, corresponding to the
SU(2) subgroup formed by the level pair (,1').

As one can see from (78), the parameters 7; obtain a
significant dependence on [’ not present in the initial condition.
Furthermore, all parameters &; and n; stay positive and
increase monotonously under the RG flow until they diverge at
a certain low-energy scale Tk . The fixed point is the one where
all parameters are the same and proportional to an isotropic
Kondo-type coupling J:

Er = =17, (86)
where J fulfills the RG equation (42):

d] N , _2

— =—J° = Tg = Ae ¥ =const. 87)
ds 2

Tk is the energy scale where all coupling constants diverge and

is called the Kondo temperature in the following. This scale is

exponentially sensitive to the choice of the initial conditions.

Therefore, one defines a typical initial coupling Jy via

r= Zrl. (85)

1

4)’12
o = Jo, ZMZL (88)

such that y; ~ O(1) are fixed parameters, and defines formally
the scaling limit by

Jo—> 0, D — oo, Tx = const. (89)

Close to the fixed point we can neglect the small potential
scattering term and get from (65) the form

S =300 =800+ 593 (1= 10 @1,
111

(90)
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which can also be written in the more compact form
. 1 | B
J = =J|INVI — —=J18. 91
i 2|><| o 1ou oD

Using this form in the effective interaction (68) we get at the
fixed point in the one-particle subspace of the dot

eff—__JE ak_k,:

kk'

+ = JZZC,,C, al an - . (92)

kk'

At the fixed point the effective interaction is obviously SU(N)
invariant under a common unitary transformation of the N
flavors of the reservoir and dot field operators. We note that
this holds only in the case of the single reservoir described
by the field operators @ but not for the original model in
nonequilibrium where the reservoirs have different chemical
potentials 1, . In this case one has to insert (69) in (92) and finds
that the effective interaction is not invariant under a common
unitary transformation of all dot field operators ¢; and reservoir
field operators a,; due to the presence of the matrices V

We finally show that the fixed-point Hamiltonian corre-
sponds to a projection of the effective tunneling model (40)
together with the potential scattering term (43) on the N = 1
subspace of the dot. Comparing (86) with (66), we find that
we get indeed a unity matrix for y = y 1 with y given by (41).
Furthermore, the potential scattering is absent in the fixed-point
model (90) and, therefore, we have to introduce the potential
scattering term (43) in the effective tunneling model with a
coupling constant vy given by (44) of opposite sign compared
to (67) (where y; is replaced by y) such that (43) cancels
the potential scattering generated by projecting the effective
tunneling model on the N = 1 subspace.

D. Poor man’s scaling in SU(3) representation

For the three-level case N = 3, which is the main subject of
this paper, it is quite instructive to write the Hamiltonian and
the poor man’s scaling equations also in the representation of
the generators of the SU(3) group. This provides a nice physical
picture as to how the reservoir and dot F spins are coupled and
how the interaction can be interpreted in terms of the dot and
reservoir quark flavors.

Since each matrix element j”, is an operator in the three-
dimensional dot space we can decompose it in the F-spin
components I:“, = %ii of the dot as

8
Jw =Y Ty Fi + udnd, 93)
i=1
where the last term contains the potential scattering. Further-
more, each 3 x 3 matrix J' can again be decomposed in the
generators A _inreservoir space [note that we still consider here
only one effective reservoir due to the form (68) of the effective
interaction in the poor man’s scaling regime]. Comparing (93)
with (65) we find after some straightforward algebra

é" =Jik, fori=124567, (94)

2
43 =J; éS + Jsg és + 5 c3 l, 95)

L =Jsh Ik + =l (96)

2
33

where the various coupling constants are defined by

Ji=h=£§, K =in, O7)
Jo=Js =&, K4=13, (98)
Jo = J1 = &3, K¢ =13, 99
1

J;=Kj, Js=§(2K4+2K6—K1), (100)

1
Jig = Jg3 = 7 (K4 — Ke), (101)

together with the two invariants

2.2 2 2 _ 9,2
=TV WV g
D D
¢3 and cg must be invariants since

Z Jn = Z(Trgd Fi 4+l (103)

i=1

is an invariant such that all coefficients TrJ’ must be invariants
fori = 1,...8. Using (94)—(96), we see that the trace for i =
1,2,4,5,6,7 is trivially zero but for i = 3,8 we get that Tri3 =

2c3 and TrJ 8 — 2/ \/5)63 must be invariants.

We note that only the six coupling constants (J;,J4,J5) =
(612,813,623) and (K1, K4, K¢) = (7712,713,7723) are independent.
This is consistent with our general analysis in Sec. IIC where
we showed that only the parameters &, and #j;; are needed.

Since all coupling constants grow under the RG flow and
diverge at T, the small invariants c3, cg, and v; can be omitted
from the effective interaction Vg defined in (68). Inserting

f ~ Z J! F; from (93) and the decompositions (94)—(96)
we can wrlte e Vegr in the compact form
Verr = 22 T fi B+ 20 (fsFs + fiFy),  (104)
i=1
where we defined the reservoir f-spin operator as
fi=5 Yl (105)

kk'

The form (104) exhibits very clearly how the reservoir f spin
couples to the dot F' spin. There are three possible isospin pairs
formed by the up/down quark (i = 1,2), the up/strange quark
(i = 4,5), or the down/strange quark (i = 6,7), corresponding
to the flavor pairs [ = 1,2, 1 = 1,3, and [ = 2,3, respectively.
For each isospin pair we can define a transverse and longi-
tudinal coupling, denoted by (J;,K), (J4,K4), and (Jg, K¢),
respectively, analog to the transverse and longitudinal Kondo
couplings (J,J;) for a single spin % The three transverse
couplings belong to the six independent generators X; for
i =1,2,4,5,6,7. Therefore, the effective interaction does not
contain any transverse couplings between different isospins
of the reservoir and the dot but only the product f; F; for
i =1,2,4,5,6,7. In contrast, the three longitudinal parts of
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the isospins are not independent. By convention, one chooses
the longitudinal part of the up/down isospin (represented by
A3) and the sum over the longitudinal parts of the up/strange
and down/strange isospins (represented by the hypercharge
generator V/3ig) as basis for the two independent traceless
matrices. Therefore, there is not only a longitudinal isospin
coupling J3 and a hypercharge coupling Jg but also a mixed
coupling Jsg describing an interaction of the longitudinal
reservoir isospin with the hypercharge polarization of the dot
and vice versa. This picture naturally generalizes to arbitrary
N providing a physical interpretation of the coupling constants
&;; and 7};; in terms of the transverse and longitudinal couplings
for the isospin formed by the two flavors [ =i, j.

Using (77) and (80) for N = 3, we obtain the RG equations

dJ,
— =2J1 K1+ J4 Jg, (106)
ds
dJy
— =204 K4+ J1 Jg, (107)
ds
dJs
— =2Js K¢+ J1 Js4, (108)
ds
dK, 1
— = 20 + E(Jf + J2), (109)
dK, 1
K:2142+§(J,2+J62), (110)
dKs 1
F:Z]§+§(J12+J42), (111)
with the initial conditions at s = 0 given by (66):
2ny2 2173
J1(0) = ——=, J4(0) = ——, 112
1(0) D 4(0) D (112)
2y2y3 vi+vs
Js(0) = , Ki(0)= ——=, 113
6(0) D 1(0) D (113)
2 2 2 2
+ +
O I CUBEEes (114)

A numerical study of these RG equations shows that inde-
pendent of the initial conditions, all couplings become equal
during the RG flow and diverge at some low-energy scale Tk,
in agreement with (86). Using (97)-(101), this means that all
Ji = J/2 become the same for i = 1,...,8 and the mixed
coupling J3g scales to zero. Thus, at the fixed point the effective
interaction can be written in the isotropic and SU(3)-invariant
form

8
Ver =17 ) fi Fi. (115)
i=1
which is identical with (92). Applying the analog scheme to an
arbitrary number N of dot levels we obtain at the fixed point
the same result, one just has to sum in (115) over all generators
of SU(N). Figure 2 shows an example for the RG flow where
the longitudinal and transverse couplings K; &~ J; are initially
nearly the same but different for eachi = 1,4,6.

To obtain a feeling for the nature of the strong-coupling
ground state, we assume a two-site model with Hamiltonian
(115). In particular, we consider a tight-binding model for the
reservoir and the two sites are the dot and the first site of the
reservoir (i.e., the one that couples to the dot), respectively,

10 1 ™ ™ T T ]
L Ki/do| T
\ = Ji/do| ]
Ka/Jo
1
10" | - Js/do |
s [ %\ Ks/Jo| ]
sk \ = /b
10° | N E
L ; ; - 4
101 ] Ll Ll Lol T..|= .
10° 102 10* 108 108
A
Tk
FIG. 2. Flow of the poor man’s scaling RG for
the couplings with similar initial values (Ji,Js4,J5)(0) =

(0.018235,0.015321,0.013784)J;,  (K1,K4,K6)(0) = (0.018337,
0.015924,0.013994)Jy, Jo = 0.096510, and D = 1000.0. The
couplings become degenerate at the Kondo scale Tk and diverge.

while the other reservoir sites are not taken into account.
The crucial point about determining the ground state lies in
choosing the appropriate representation for the eigenstates of
the SU(3)-symmetric interaction in (115). The SU(3) group has
two fundamental representations [38], which we denote by the
multiplet notation [3] and [3]. We represent the eigenstates of
the dot in the representation [3] where the F-spin components
are F; = %i,-. Denoting the states by the quark flavors [ =
1,2,3 = u,d,s, we have

ju) = |3.3). (116)
ld) = |—3.3), (117)
ls) = ]0,—2), (118)

where the states on the right-hand side are the eigenstates of
F5 and Fy and the first (second) quantum number in the label
is the corresponding eigenvalue of 13"3 (% ﬁg). Therefore, we
refer to these eigenvalues as isospin (hypercharge) quantum
numbers. Choosing the same representation for the first site
in the reservoir is not useful since the states of the composite
system are part of either the sextet [6] or the triplet (3] due to
[3] ® [3] = [6] ® [3][38]. Such arepresentation is not suitable
since the system has a distinct nondegenerate ground state.
Instead, we represent the first site of the reservoir with [3]
and obtain [3] ® [3] = [8] @ [1] where all but one state of
the two-site system form an octet together with the remaining
state being a unique singlet state. [3] is the complex-conjugate
representation of [3] and has therefore the generators f; =
—%):l’.‘. Consequently, we label the states of the second site

with the antiquark flavorl = 1,2,3 = u,d,5 and get

(119)

(120)

0,2). (121)
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10° ] T T T A
F l Ki1/Jd
102 | - Ji/do
N l Ks/Jdo
101 | r J4/JO_
< [\ . Ks/Jo| 7
ﬁ“ﬁo 100 | |‘\ ~ ~ JG/JO_
F\ N — :
[ . -— " - 1
1071 = S - T
102 1 | ol ol - -.-..I_ N
10° 102 10* 108 108
A
Tk
FIG. 3. Flow of the poor man’s scaling RG for the

couplings  for  J;(0) > J4(0),J6(0)  with  (J;,J4,J6)(0) =
(0.0239873,0.0022176,0.0020878) Jy, (K1, K4, Ke)(0)=(0.0240310,
0.0128358,0.0113882)Jy, Jo = 0.0965099, D = 1000.0. Each of
the coupling pairs (J1,K1), (Jg,J5), and (K4, K¢) are quasidegenerate
for the main part of the RG flow before all couplings obtain the same
value at Tk.

In this basis, the operators i?‘ have the same matrix represen-
tation as the Gell-Mann matrices ii.
Indeed, we will show in Appendix B that the singlet state

lgs) = %(Ium + |dd) + |s5)) (122)

is the ground state with energy Eq = —‘3—‘J while the octet
states are degenerate with energy Eg = %J .Since |II) = ) ®
|1}, itis straightforward to define the reduced dot density matrix

. 1.
p= (I(lgs){gshlly = 31, (123)

I=u,d,5
which yields n; = % in perfect agreement with the NRG
analysis in Sec. III.

Together with the SU(3)-symmetric interaction term, the
outcome (122) motivates the term “quantum fluctuations” for
the significant physical processes in the fixed-point model.
The ground state is a symmetric linear combination of bound
states with quark-antiquark flavor. This is in accordance with
the observation that no free quarks exist, i.e., they always
gather to form a particle with integer electric charge. The
interaction term (115) preserves this since the fluctuation
terms (i = 1,2,4,5,6,7) always annihilate a quark-antiquark
pair while creating a different quark-antiquark bound state
simultaneously. Furthermore, we will discuss in Appendix B
that the eigenstates of (115) are identical to those of the quark
model for light pseudoscalar mesons [39].

In this context, choosing J; & K| > Js = Jg and K4 ~
K¢ for the initial values reveals a nice physical picture in
terms of the isospin of the up and down quarks. Figure 3
shows that in the whole regime from weak to intermediate
coupling the couplings stay approximately degenerate with
J1 & Ky, Jy &= Jg, and K4 =~ K¢. Here, the model exhibits an
approximated SU(2) symmetry for the isospin with an isotropic
isospin coupling J; = %(Jl + K1) > |J; — K,|. Furthermore,
the interaction of isospin and hypercharge degrees of free-
dom disentangle in leading order since Jig < J3,Jg. In the

same way, Jq = Jg characterizes transitions between states
differing in the hypercharge quantum number [compare with
(116)—(118)]. In total, we find an isotropic isospin model
where the presence of the third level (strange quark) mainly
results in a potential scattering (Jg ~ Jj) for the isospin with
suppressed transitions to states with different hypercharge
(Js4,J6 < J;). However, finally the RG flow approaches the
generic SU(3)-symmetric fixed point on the Kondo scale Tk
also in this case.

III. NRG ANALYSIS IN EQUILIBRIUM

In Sec. IID we have shown for a three-level quantum dot in
the cotunneling regime that the generic fixed point model is an
SU(3)-invariant isotropic effective interaction (115) between
the F spins of the reservoir and the dot. This holds for the
equilibrium case where all reservoirs can be taken together
to a single reservoir and it requires also SU(3) symmetry
of the dot. This means that the dot parameters %; have to
be adjusted appropriately (including renormalizations arising
from the coupling to the reservoir) such that the populations
of all dot states are the same n; = (c}cl) = % The aim of this
section is to confirm that in equilibrium the SU(3)-symmetric
fixed point can be established independent of the tunneling
matrix by an adjustment of the dot parameters. To this end, we
use the numerically exact NRG method [40] and analyze the
linear conductance G for N = 3 and two reservoirs (¢ = L,R)
for the case of proportional couplings ;X = x,[" where G can
be calculated from (18) and (16): B

g=G/Go= —% f doTr T p(w) f'(), (124)
with the dimensionless conductance g in units of Gy =
(€?/h)/(4x.xg). As explained in Sec. ITA the equilibrium
spectral density p(w) depends only on the total hybridization

matrix [', i.e., we can use a unitary transformation of the
dot states such that this matrix is diagonal [see (37)] and the
spectral density in this basis depends only on the eigenvalues
I =2n ylz. In this case, the linear conductance (124) can be
written as

g=—7 / do le Iy pu() f(@). (125)

In the new dot basis we assume for simplicity that the dot
Hamiltonian contains only diagonal elements

H = Z hlc;cl.
l

Other cases with nondiagonal elements %, can also be studied
but are of no interest because they just destroy SU(3) symmetry
of the dot and drive the system away from the fixed-point
model. Here, we are interested in a systematic study how,
for arbitrary tunneling parameters I[';, SU(3) symmetry can
be restored by tuning the level positions /; appropriately. In
addition, we will also study the dependence of the SU(3)
Kondo temperature T,(<3) as function of I'; and compare it to the
corresponding SU(2) Kondo temperature T,(f), where only two
levels contribute to transport. This analysis goes beyond the one
of Ref. [13] which has concentrated on the linear conductance

(126)
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FIG. 4. Gate voltage dependence of the conductance at various temperatures for (a) N = 3 and (b) N = 2 at the SU(N)-symmetric point
where all I'; are the same and all 4#; = 0. By p-h symmetry the curves can be mirrored along V, = 0. Also shown is the occupation 7, at the

lowest temperature where the Friedel sum rule (127) is fulfilled.

for the SU(3)-symmetric case (i.e., all I'; are the same and
h; = 0) and the destruction of SU(3) symmetry by different I';
or finite values for A;;. As a signature of SU(3) symmetry we
take the Friedel sum rule (used also in Refs. [12,13])

g =Y sin’(rn), (127)
1

which holds exactly at zero temperature and gives the value g =
2.25 for equal populations n; = % corresponding to the SU(3)-
symmetric fixed point. The occupations n; can be calculated
from the spectral density via n; = f dw py(w) f (w). For the
parameters in all figures we use

%ZF, =1, U=10, W=10% (128)

1

where 2W denotes the width of a flat DOS of the reservoirs
[i.e., |w| < W for the integral in (125)].

The calculations are performed using the full-density-
matrix NRG [41], where we exploit either the individual charge
conservation or the full SU(N) symmetry by means of the
QSpace tensor library developed by Weichselbaum [42]. For
the final results we employ a discretization parameter of A = 3,
and we keep states up to a rescaled energy of Eyype =9
and maximal number Ny, during the NRG iteration. In the
calculations without SU(N) symmetry we set Nyeep = 8000.
In the SU(N)-symmetric cases we can further increase the
precision to very high level and explicitly confirm that results
for g are converged up to 1% and results for n; are converged up
to 10~° with respect to the numerical parameters. Note that in
many calculations we optimize the level positions to achieve
equal occupation of certain levels. Since the values of such
optimized level positions /] depend on the discretization of
the bath, we refrain from using z averaging [40]. Finally, we
need not broaden the NRG data as the computation of both g
and n; requires only discrete spectral weights.

To set the scene, we show in Fig. 4 known curves for the
conductance depending on gate voltage and temperature in
the SU(N)-symmetric cases for N = 2,3, where all I'; are the

same and all #; = 0. We find converged, plateaulike features
when decreasing T below the Kondo temperature Tk in the
cotunneling regime of a singly occupied dot. Note that n; shows
a very weak dependence on temperature in this regime and, at
T < Tk, the Friedel sum rule (127) is fulfilled. Furthermore,
we find that the Kondo temperatures T,((N) are similarfor N = 2
and 3 (recall that ) ", I'; is fixed). In contrast, the p-h symmetric
point V, = 0 corresponds to very different physics for the two
cases since for N = 3 there are strong charge fluctuations due
to E; = E;, whereas for N = 2 spin fluctuations dominate.
Therefore, at V, = 0, the relevant low-energy scale is the
hybridization I'; for N = 3 [13] and the Kondo temperature
for N = 2.

Next, we study the case 'y =T, #I'3 and h; = hy =
0. In this case, the different tunneling couplings lead to a
different renormalization of h3 of O(I'1I'3/U) relative to
hi2. Therefore, hy = hy = h3 = Ois not the SU(3)-symmetric
point and the level position /3 has to be adjusted appropriately
to recover equal populations of the states and conductance
g = 2.25 at zero temperature. Calling this optimized value /3
we show in Fig. 5 the conductance as function of |23 — h3]|. For
temperatures T < T1((3) we see that the conductance reaches
the SU(3)-symmetric value g =2.25 for |h3 — h| ~ TS
as expected. The Kondo temperature T,(g) does not depend
strongly on the value of I'; and is nearly the same forI'; < I'; »
[Fig. 5(a)] and T's > Iy, [Fig. 5(b)]. For |h3y — h%| > TS
and h3 > h} (solid lines in Fig. 5), we see that the SU(2)
Kondo effect with g = 2 appears at low enough temperatures
T < T,((z). Whereas T,((Z) 5 T1(<3) for relatively small I's < I'y /2,
we find that T1(<2) < T](f) for I'3 > I'j». The latter can be
explained by the fact that the two levels [ = 1,2 form the SU(2)
Kondo effect and therefore T,(f) decreases if the coupling to
these two levels I'{,I'; is lowered. In contrast, when all three
levels contribute to the SU(3) Kondo effect, we have a total
coupling of }, I';/2 = 1 and find that the relative distribution
of the I'; influences T1(<3) only weakly. Furthermore, in the
regime where the SU(2) Kondo effect occurs, we see a strong
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FIG. 5. Conductance at fixed V, = —U/2 and h; = h, =0 for
(@T'y =T, >Tsand (b) 'y =TI, < I'; as function of |h3 — hj| for
various temperatures. We distinguish the case h3 > h} (solid lines)
from the case i3 < h} (dashed lines), where /3 is the optimized value
at which SU(3) symmetry is restored.

difference when moving over from 3 > hjtohs < h} (dashed
lines in Fig. 5) since then level 3 forms the ground state and
thus the Kondo effect is much weaker compared to the case
when the two levels [ = 1,2 are lower in energy. In the regime
of the SU(3) Kondo effect, it is hardly relevant whether level
3 approaches the other two levels from above or below.

In Fig. 6 we show the conductance as function of the gate
voltage againfor; = hy = OandthetwocasesI'; =T, =2 I'3
as in Fig. 5, but at each value of the gate voltage we choose
the optimized value h3 = h}(V,) for which the populations
of the three states are the same at zero temperature. As in
Fig. 5 we confirm that T,((3) depends only weakly on I'; but
the overall tendency is that Tk(S) decreases when increasing
IT'12 — I'3]. At the p-h symmetric point V, = 0, the situation
is completely different since charge fluctuations dominate for

(a) I'/2=(3/7,3/7,1/7), hi =0, hy = 0, hg = h}(V,)

T - Z"l(ﬂnin)
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FIG. 6. Conductance for iy = h, =0and(a)I"y =I', > I'; and
(b)T'; = I', < I'; asfunction of gate voltage for various temperatures.
For each value of the gate voltage h3 = h}(V,) is optimized such that
the populations of the three states are the same at zero temperature.

N = 3. Therefore, the conductance around V, = 0 depends
strongly on the relative distribution of the I';. In fact, comparing
various cases we find that the conductance at V, = 0 (where
also hj = 0) decreases monotonously when increasing the
variance of the couplings I';. At large variance as in Fig. 6(b),
g around V, = 0 is strongly suppressed. In contrast, in the
cotunneling regime V, ~ —U/2 the conductance is rather
insensitive to the distribution of the I';. The combination of
these phenomena leads to a surprising shape of the curve g(V,)
which exhibits a local minimum at the p-h symmetric point for
intermediate temperatures.

Finally, we consider in Fig. 7 three different hybridizations
I'y < 'y < '3 and tune hy and Az atfixedhy = 0,V, = —U/2,
and T = 107'°. From the plots of the occupations n; we
can easily distinguish three regions where only one level is
involved. At the intersections of two such regions we observe
a two-level Kondo effect with conductance g = 2. The widths
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FIG. 7. Conductance and level occupations as functions of 4, and
hyforT'y <Tp <T3,h =0,V,=—-U/2,and T = 1071,

of these intersections in the %,-h3 plane define three different
Kondo temperatures T1(<2) which are ordered according to
the size of the corresponding hybridizations I'y + ', < '} +
I's < ', + I';. In the center, where all “one-level sections”
intersect, we observe a wide region of a three-level Kondo
effect with conductance g = 2.25. The corresponding Kondo
temperature TI((3) is of the same order as the maximum of the
three two-level Kondo temperatures.

In summary, we find that for any kind of (diagonal) hy-
bridization, whether with no, two, or three identical elements,
we can find carefully optimized level positions (and low
enough temperatures) to observe the behavior known from the
SU(3)-symmetric quantum dot. For other hybridizations with
two identical hybridization elements or, again, optimized level
positions we can also reproduce the behavior of a two-level
Kondo effect such that one level is (effectively) excluded. For
arbitrary I'; and h; (corresponding to most parts of a version of
Fig. 7 zoomed out), the typical behavior is that of the single,
(effectively) lowest-lying level.

IV. NONEQUILIBRIUM FIXED-POINT MODEL

The aim of this section is to analyze the nonequilibrium
properties of the system for N = 3 in the perturbative regime
where the cutoff scale A, defined by (70) is much larger
than the Kondo temperature A, > Tx. Most importantly, as
already emphasized several times in the previous sections,
even if the fixed-point model (115) is reached at scale A,
[which will be the case if we take the formal scaling limit
defined by (89)], it is essentially not SU(3) invariant if the
chemical potentials of all reservoirs are different. This leads
to new interesting nonequilibrium fixed-point models similar
to the ones discussed in Ref. [21] for the N = 2 case which
shows a completely different behavior of physical observables
like the magnetization or the current compared to the SU(N)-
symmetric Kondo model. Moreover, in practical situations the
initial cutoff D ~ E, is fixed leading to deviations from the

fixed-point model. Therefore, the aim of this section is to
analyze the perturbative effects of the full effective interaction
on physical observables and to identify a smoking gun for the
fixed-point model together with a parameter measuring the
distance from this fixed point.

A. Golden rule approach

We start from the effective interaction in the form (63) in
terms of the original reservoir field operators ag;. Inserting
(93)—(96) and leaving out all small terms ~v;,c3,c3, we obtain

Vett = Z Z : _ak 14 lXT/_ak’ (129)
ao’  kk'
with
P~y ah, 20
J= g dsbek thsk). (3D

The total Hamiltonian is given by Ho = Hies + Hyor +
Vetr, with a unity DOS in the reservoirs and the dot Hamiltonian
Haor = Yy hur|1)('] in the one-particle subspace. To apply
the golden rule, we first diagonalize the dot Hamiltonian by a
unitary transformation U such that

Hyo = U HauU =) elll)(l (132)
l

The golden rule rate for a transition from /" — [ in the
diagonalized basis is then given by

Ty =27 Y [r|O Ve O 1Ur ) P4 | ores )

rr’

x 8(e; + E, — ey — Ey), (133)

where |r) denote the many-particle states of the reservoirs
with energy E, and pres = ]—[a Pres 1s the product of the grand-

canonical distributions of the reservoirs. Inserting the effective
interaction (129) we find

Loi=2r Y f do / do/T1 — fu@)] fu(@)

X 86— €+ o+ py — @ — o)

x Y WOIY, LV OOPE. (34
L
At zero temperature we get
YN —Zﬂzw(fl — €+ Ug — Ha')
x Y N0t Y, LV OmE, 335)

lll{

with w(x) = |x|0(x). Here, |e; — €y + g — o] 1S just the
available energy phase space in the reservoirs for the energy
gain €y — € + Wy — g > 0. Inserting (130) we can write the
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golden rate in the compact form

Iy =2m Z w(e — €/ + o — Ha')

x S WO RO WO O e, (136)
ij
where
.L.lo]ta =Tr¥l¥a:’ l;/ga,éj (137)

As expected, only the combination V' Ka enters into this
expression which is consistent with our r discussion in Sec. ITA
where it was shown that the hybridization matrices La depend
only on this combination [see (36)].

The stationary probability distribution p; in the diagonal-
ized basis follows from

ZPI' Ly =0, sz = 1.
2 /

In an analog way one can calculate the stationary current /g
flowing in reservoir 8 from the current rates Wl’,3 in golden

rule:
I/3 = Zpl’ Fﬁ—)l’
w

(138)

(139)

with

Sy =2 Y -
: ~
< L ud'Fov

Once the input of the matrices L,
(J1,J4,J6) and (K,K4,Ke) (determining the matrices ii for

i =1,...,8), the unitary transformation U, and the eigenval-
ues ¢; of the dot Hamiltonian are known, the stationary prob-
abilities and the current can be calculated in a straightforward
way from the above golden rule expressions. Thereby, we have
neglected small renormalizations of the dot parameters induced
by the coupling to the reservoirs which are assumed to be much
smaller than the level spacings in the dot.

‘Sa’ﬁ)w(el —€ + Mo — H'o/)
Y WNOTE; 010 18 (140)

the coupling constants

B. F-spin magnetization for two reservoirs

We now calculate the F-spin magnetization of the dot

(141)

for the special case of two reservoirs. We will show that the
condition of zero F-spin magnetization requires special dot
parameters characterizing the deviation from the fixed-point
model. In the basis of the diagonalized dot Hamiltonian,
the density matrix of the dot is diagonal in the golden rule
approximation so that only the two diagonal generators £3 and

Fy contribute to m r:

mp =\ (F3)? + (F3))?

= L=+ kit —2pp (142)

Zero F-spin magnetization is then equivalent to an equal
population of the three states

mp=0 & p;p=p)=ps. (143)

As explained in Sec. Il A via (49), the case of two reservoirs
has the advantage that both matrices V V U Ad U can
be diagonalized by a common unltary matrix U and the dlag—

onal matrices Ad are parametrized via (51) by the parameters
Xos Pasand gy, Wthh fulfill the conditions (52)—(54) and (28).
Furthermore, it was shown that the special property of the
fixed-point model is that the unitary transformation U  can
be shifted to the dot such that in the new basis an effective
diagonal tunneling model (56) emerges. Thus, the particular
property of the fixed-point model is that the expectation value
of the F-spin magnetization and the current /, are independent
of the unitary matrix U . In contrast, for the model away from
the fixed point this is no longer the case.

The unitary matrix U v provides a mean to parametrize the
dot Hamiltonian by convenient parameters. After transforming
the dot Hamiltonian with Uy = 2l v)”' |1){l'|, we take the
form

~ N N A A 2 A

Ul HyUy = ho By + hyFy + h F5 + ﬁAFg,
such that i can be interpreted as an effective magnetic field
acting on the isospin of the up/down quark, and A is the
level distance between the strange quark and the average level
position of the up and down quarks:

(144)

A=ja+e) - e (145)

(see also Fig. 1 for an illus}ration). The eigenvalues €; of Hyq
and the unitary operator U can then be expressed by the dot
parameters & and A by

1 1 2
61/2:i§h+§A, 63:—§A, (146)
0=0v0n U, =(3240). aw
where h = \/hﬁ_ + h%, hf_ = hi + hi and
1 +(h, — ih,)
e — . 148
2T ARt E :th)< hF h, ) (148)

Inserting U= 0\/0;1 and gga
rate (136) we get

=U_A‘U' in the golden
=V —=a =V

Uy =2m Z w(e — €y + g — Ma)

o

XZ(Z Ul

x (|00 E; 000,01 <8 (149)

lj ’
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with
ao’ d togi d togJ
= TANUL S U AW, S50
For the special case of the fixed-point model where J' = 1 J A

we can see that the unitary matrix Q
expected due to the invariant

indeed drops out as

8

2 WU, % U)0

i=1

8
Z A F s
An analog property holds for the current rate (139).

In the following, we consider the strong nonequilibrium
regime where the bias voltage V = pu; — g > 0 is assumed
to be larger than all level spacings, i.e.,

V > |hl,|A £h/2). (152)

From (142) we see directly that the condition mp = 0 is
equivalent to (F3) = (Fg) = 0. Consequently, these are two
conditions revealing thatm p = mp(h,,h; ,A) = 0 generically
defines a closed curve in (h;,h;,A) space. Insertmg (51) for
Ad ,(131) for J*, (146) for €;, and (147) for Uy, we evaluate the
golden rule rates (149) and (139) in Appendix C for the special
case U v, = = 1 from which we can determine the shape of this
curve. This g gives a generic result for the fixed-point model
(where the matrix U drops out), whereas for the model away
from the fixed pomt we consider only the special case of a
diagonal tunneling model.

From the condition mp(h,,h ,A) =0o0r p; = p) = p3 =
1/3 we obtain in Appendix C the two equations

A= V+ —J2 % 1% 1h (153)
=X X - = ,
LqgL J4 n 162 LPL 3t
037 ppV? = 0ih’ + 63 (h, — xLpL V), (154)
where
O = JE+ U5+ U5+ 2(JF+ JP). (155)
07 =2J2 + 372 - 12 (156)

This means that the projection of the curve mp(h,,h,A) =0
on the (h,,h ) plane is an ellipse with the ratio

51=01/6 (157)

of the two shape parameters. 0; is the major axis (minor axis)
if s; > 1 (s; < 1). We point out that this is different to the
SU(2) model (i.e., J33 = J4s = Jg = 0) where 6, is always the
major axis. Furthermore, the derivative of A with respectto &,
is given by

dn 17— J¢
dh,  2J2+J2
The two parameters s1 /, provide smoking guns for the detection

of the fixed-point model since for J; = J/2 and J33 = 0 we
obtain

sy = (158)

si=1, s=0, (159)

i.e., a circle in the (h,,h ) plane as shown in Fig. 8 and no
dependence of A = g,V on h, at the fixed point. In this sense

0.6

0.5

0.4

0.3

0.2

0.1

FIG. 8. The F-spin magnetization my in the strong nonequi-
librium regime projected onto the (h,,h,) plane at the fixed
point withx;, = xg =0.5, pp = —pr =0.6,q, = —qr =1.0,J =
0.0965103, V = 10° Tk, and A =0.5V. The white line h*(h,)
indicates where mf is zero.

1 —s; and s, can both be viewed as parameters measuring
the distance from the fixed-point model. Furthermore, we see
that the parameters x; p;, = —xgpgrandx;q; = —xgqg of the
fixed-point model can be determined from the two equations
A=x1q.V, W3+ (h,—xpLV)Y? =x.piV2 (160)
To fix the remaining parameter x;xgz and the coupling J
from a physical quantity we have also evaluated the current
in Appendix C and obtained at the fixed point and for mp = 0

I, =—1Ig
qdL — 4R PL — PR
= JH - A — h
TTXLXR { 6 4 z
1
+ _(4_ qLqgRr _ PLPR)V
3 9 3

1 1
= ”JZ{EXRQRA + ZXRPha

1 loo 1o,
+ = 4x xr + =xpqx + 5xkp1 |V L, (161)
3 9 3
where we used xpxg(qr — qr) = —xgrqr and xpxg(pp —
Pr) = —xgpr inthe lastequation. J is just the overall scale of

the current and the parameter x; xg appears explicitly. Together
with x; 4+ xg = 1, the two parameters x,z can thus be fixed.

In summary, we have shown in the strong nonequilibrium
regime that the condition of vanishing F-spin magnetization
mp = 0 defines a closed curve in (h;,h,A) space that is
an ellipse in the special case of a diagonal tunneling model.
A golden rule calculation has revealed that the geometric
properties of this ellipse are a measure for the distance to
the fixed-point model where the ellipse turns into a circle
being embedded in a plane defined by a constant value for A.
At the fixed point, the parameters of the effective model can
experimentally be obtained from identifying the position of this
circle together with measuring the current at the corresponding
dot parameters & and A.

235450-16



FLAVOR FLUCTUATIONS IN THREE-LEVEL QUANTUM ...

PHYSICAL REVIEW B 97, 235450 (2018)

V. SUMMARY

The results obtained in this paper show that the area
of nonequilibrium low-temperature transport through generic
quantum dot models contains a huge variety of interesting
fixed-point models not accessible in the equilibrium case.
Previous studies have analyzed many generic Kondo scenarios
for equilibrium systems and used the finite voltage V just as a
probe for the equilibrium dot spectral density for quantum dots
coupled very asymmetrically to two reservoirs [4]. In addition,
the finite voltage together with corresponding decay rates was
just expected to act as a cutoff scale for RG flows in the
weak-coupling regime [23,24,27] analog to the temperature,
leading to quantitatively but not qualitatively different physical
properties. In contrast, the analysis performed in this paper
shows that, for generic tunneling matrices, the cutoff set by
the voltage is essentially different from the temperature since
it drives the system towards a fixed point characterized by a
different symmetry compared to the equilibrium case. Our main
result is that if an electron on a singly occupied dot in the
cotunneling regime can occupy N levels, flavor fluctuations
lead to a model in the nonequilibrium situation which is
essentially not SU(N) invariant. In the scaling limit for fixed
values of V and Tk, a fixed-point model appears at scale V
where each reservoir is characterized by N effective flavors
with (N2 — 1)-dimensional polarizations [corresponding to the
N? — 1 generators of the SU(N) group] pointing in different
directions such that the total sum is equal to zero. This
leads to a SU(N)-symmetric equilibrium fixed point where all
reservoirs can be taken together, but to a SU(N )-nonsymmetric
nonequilibrium fixed point with qualitatively different physical
properties. We have demonstrated this for the special case N =
3 and two reservoirs in the weak-coupling regime V > Tk
and have seen that the condition of equal population of all dot
states is realized for special dot parameters providing a smoking
gun to identify the special symmetry of the nonequilibrium
fixed-point model.

Strictly speaking, the numerical solution of the RG flow
shows that even for rather large ratios D/ Tk, the coupling
constants become all equal only very close to Tk, where the
poor man’s scaling approach is no longer valid. This means
that the fixed-point model can not be reached for voltages
V > Tk, except for cases where the initial parameters have
already been set close to the fixed point. It is therefore of high
interest for the future to develop numerically exact approaches
to describe the strong-coupling regime in nonequilibrium. In
particular, for voltages V ~ Tk we expect that the fixed-point
model has been reached and the scaling of the conductance
and the F'-spin magnetization as function of the dot parameters
will be essentially different from the SU(N)-symmetric case.
In agreement with Refs. [12,13] we have demonstrated in
this paper that in equilibrium the fixed-point model is indeed
reached for temperatures below the Kondo temperature Tk,
providing evidence that a similar result will also hold in the
nonequilibrium case when the voltage reaches Tk. It will be
interesting for the future to test this conjecture and to provide
signatures of the nonequilibrium fixed-point model in the
strong-coupling regime.

Finally, it will also be very interesting for the future to study
the nonequilibrium fixed points in regimes where the particle

number of the dot is larger than one Ny > 1. Already in the
equilibrium case it has been demonstrated that not only the
Coulomb interaction, but also other kinds of interactions (e.g.,
spin-dependent terms) are very important to find the correct
ground state (see, e.g., Ref. [4] for areview). Based on this and
our results for Ngo = 1 we expect that even a richer variety of
new nonequilibrium fixed-point models has to be expected for
Ndot > 1.
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APPENDIX A: RESERVOIR SELF-ENERGY

In this Appendix we calculate the greater/lesser self-
energies gis(a)) of the dot arising from the tunneling Hamil-
tonian (7) with an effective tunneling matrix given by (40)
together with the potential scattering term V. [see (43)]. The
effective DOS of the reservoirs is given by unity since the
whole nontrivial information of the reservoirs is included in the
effective tunneling matrix. Using standard Keldysh formalism
we get

Z2@=y) Y VIGZ @V ., (AD

ao’  kk'

where gfk a/k,(a)) are the greater/lesser reservoir Green’s
functions afising from the reservoir part of the Hamiltonian in-
cluding the potential scattering term. These Green’s functions
can be calculated from the Dyson equation with V. defining

the self-energy

G2, (@) = 8= (@)ubip

+ ) g @V VI Gl (@)

— —Otlkl a'k!
arky
+ve) gt @V VI G2 (@), (A2)
Otlkl -

where GA G
s

which follows from the Dyson equation

(a)) denotes the advanced Green’s function

Lok o'k (60) g::k (w)(gao/akk/

A i A
t o) gt @V VG (). (A3)

Otlkl

g ) (with x = R,A, 2) denote the free Green’s functions of
reservoir a without Vsc given by
1
R/A = A4
8k (@) a)—eaklzl:in’ (A9
8" (@) = —fu(@)(g" — g, (A5)
gk(w) =[1 — fu(@)(g" — g")(w). (A6)
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Since the DOS of the reservoirs is unity we get

> 8w =Firl, (A7)
[ B
2.8 (@) =2rify@)L (A8)
k
D8 (@) = =2mi(l = fu(@)L (A9)

k

Using these properties together with ), QL =£ and
defining

Gw=) > ViGH @V, . (Al
kk'

oo’

with x = R, A, 2, we obtain from the Dyson equations (A2)
and (A3) after a straightforward calculation

G =inl +imv.G", (A11)
G () =—inve G (w)
+ 270y fu@ VIV A+veGY,  (A12)
g>(a)) = —iTT Vg g>(w)
= 27i Y (1 = fu@I VI V. (L +ve G
’ (A13)

. . . . == . .
Solving this set of matrix equations for G=(w) and inserting
the solution in -

22 (@) =y G (o), (Al4)

we finally get the result (11) and (12) for the self-energies with
an effective hybridization matrix given by (47).

APPENDIX B: EQUILIBRIUM GROUND STATE
OF THE FIXED-POINT MODEL

In Sec. II D, we have argued why the dot representation has
the [3] fundamental representation while the first state of the
reservoir the complex conjugate of this fundamental represen-
tation [3]. Representing both sites by [3] (or, equivalently, by
the complex conjugate of this representation [3]) leads to a
decomposition of the Hilbert space of the composite system
into a sextet and a triplet. Accordingly, a SU(3)-symmetric
Hamiltonian in this representation has an either threefold- or
sixfold-degenerate ground state which is in contrast to the
outcome of our analysis. Choosing the complex-conjugate
representation [3] for the reservoir site instead leads to a
Hilbert space that decomposes into an octet and a singlet.
A SU(3)-symmetric Hamiltonian in this representation yields
two different eigenenergies of which one is nondegenerate and
the other eightfold degenerate.

We want to emphasize that this is fundamentally different to
the situation in the corresponding SU(2) model. Generally, the

fundamental representation of the spin % [2] is equivalent to its
complex conjugate, i.e., [2] = [2]. This is consistent with the
observation that no antispin % exists. However, this a special
property of the SU(2) group that holds no longer for SU(N)

with N > 2 and we anticipate for an analog SU(N) model a
ground state inspired by flavor-antiflavor pairs.

We consider the following set of basis states for the
composite system:

us) = |u) @ 15), (BI)
lds) = |d) ® |5), (B2)
ldu) = |d) ® |u), (B3)
|ud) = u) ® |d), (B4)
lsu) = |s) ® [u), (B5)
|sd) = Is) ® |d), (B6)
lut) = |u) ® [u), (B7)
|dd) = |d) ® |d), (B3)
s5) = Is) ® I5). (B9)

In a quark picture, these states are meaningful since they are
all eigenstates of the total charge operator

G = Q+4, (B10)
where Q = F3 + %Fg and § = f3+ \%fg are defined as
usual in the quark model [38], with an integer eigenvalue. This
is analog to the observation that no elementary particle with
noninteger electrical charge exists in nature.

Let the effective Hamiltonian V¢ [Eq. (115)] act on the
states (B1)—(B6), we find that |u5), |d5), |du), |ud), |su),
and |sd) are eigenstates with eigenvalue Eg = %J . Instead,
the remaining states (B7)—(B9) are not eigenstates since

J J
Vese|uur) = —gluﬂ) — 5 (ldd) +155)), (B11)
— J - J
Veit|dd) = —gldd) = 5 (luw) + Is5)), (B12)
J J —
Vertlss) = —<s5) — = (juw) + |dd)). (B13)

Finding the remaining eigenstates is a trivial diagonalization
problem in the 3 x 3 subspace of |uu), |dd), and |s5). The first
two linear combinations

1) = %uum — |dd)), (B14)
12) = —(Jui) + |dd) — 2155) (B15)

V6

with eigenvalue Eg complement the octet. Being orthogonal to
[1) and |2), the singlet eigenstate is the ground state (122) with
eigenvalue Ey = —%J . We note that this set of eigenstates
is the same as for pseudoscalar mesons in the light quark
model [39].
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APPENDIX C: EVALUATION OF GOLDEN RULE RATE

In this Appendix we evaluate the golden rule rates (149) and
(139) for the special case U y = 1. We denote the three states
by the quark flavors, i.e., [ = 1,2,3 = u,d,s. First, we evaluate
the matrix elements rlf}‘.a/ from (150) by employing the algebra
of the Gell-Mann matrices. Writing

ti‘j-"‘ = xaxa/r,j , (C1)

we obtain for the nonvanishing matrix elements

T =55 = 20T M, ., (C2)
P = B = 2002 M,. (©3)
fi“f = fsasa =Jj M3+ ;a ) (o2))
T = T = M, (€5)
fgoa = J6 3, o (C6)
T = - f%a/ = iJgM; gy, (€7

f,f;m, lijea.8) =2J3 J3jM1JTW + 2JigJ s My go
+ %(]31‘ Jig + Jis J3)) M5 o (CB)

where J33 = J3, Jgg = Jg, and
MY v =90@o + OPaPur (C9)
M3 oo = PaQo + 0GP (C10)
M35 =@y + 0pa)ie +0'Ga(@y + 0pa),  (CLD)
Moy — 1 4 PaPe T ol 4t G0 ©12)
’ 3 3
2%

withg, =1+ % and g, = 1 — = Introducing the notation

oo’ s oo’ oo’
X3 = 5(’11 7). (C13)
x5 =intl . A& = Xada (C14)
Xea =27 Xa[J3 @y £ pats) + T2 (py £qoh)].  (C15)

with J? = l(J4 + J62) and ¢, = h we obtain by inserting
(147) and (C1) in (149) after a straightforward calculation

Cosu = Z W(lhe — o' — )

< [Xi = 5% b + x5 62], (C16)

Lysa = Z Wy — Lo + h)[X

’

x5 b+ x5 2],

oo

(C17)

(C18)

h ,
Csu = Zw<ua — o — A — E)xﬁxf‘,

oo’

h ,
Cysss = Zw<ua —Maf+A+§>xf‘x[f, (C19)

ao’

h ,
Fs%d = Z w(ﬂva — Mo — A+ 5))(:1!)(:1 ’ (CZO)

o’

h ,
Tgos = Zw(ua — fo + A~ 5))(;’)(5‘.

oo’

(C21)

In the following, we consider the case of two reservoirs in
the strong nonequilibrium regime as defined in (152). From
the properties (52)—(54) and the results (C1)—(C8) for z/* i
obtain

Tacu =[xt" = x3%¢. + x3%92](V — h)
+ w(—h) Z “ 4 xse?], (C22)
Tusa =Tamu +2x3°0.V + h(x1 + x302). (C23)

h
Fs—m:XuLXsR(V_A_E)"_w( A__)ZXMXY’

(C24)
h
Fuss =T + (Xfx,f - XuLX.vR)V + <A + E)Xux.w
(C25)
L_ R h h o, a
Fova =xixf(V—a+3 ) +w(-a+7 Xajxdxx,
(C26)
h
Fd—)s = Fs—>d + (XYLXf - Xé‘XvR)V + (A - §>XdXS9
(C27)
where we have defined
Xia =YX =m[JP £ 1]+ %], (C28)
Xupd = Y Xiya =27 (I3 £ 120), (C29)
=) =1 (C30)
and note that
xR = 2w J2xrpi, (C31)
X3 Xava = Xara Xsk
= 27 [xpqr(J; £ J2¢) + x pr(J2 £ I, (C32)

The stationary probability distribution p; follows from in-
serting (C22)—(C27) in (138). Finally, we can compute
m g from (142).

We note that mp =0 is equlvalent to (F3) = (Fy) =
0. Therefore, we consider (F3) = 2(1714 pa) and (F3) =
%( Pu + pa — 2ps) in the following and analyze under which
conditions both expectation values become zero in the strong
nonequilibrium regime. A cumbersome but straightforward
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analysis yields

. 1
<F3> = m[fl(rs%u + Fs%d) + f2(rs~>u - F.S'*)d)]v
(C33)

2

A 1 ,
ﬁ(Fs) = —m{}—l 27 J (h = 2xLpLp.V)
—+ 47TJE(A — XLqLV)¢Z + Fx—>u - Fs—)d]

+ ]:2[2]:2 + 2(Fd~>u + Fu~>d) + Fs~>M+Fs~>d]}~
(C34)

Here, the factor N follows from the normalization condition
(138). Furthermore, we have defined the following functions
in (h;,h),A) space:

Fi=—2x3%¢.V —h(1 + x3¢7) — w[J3(h — 2x,pr.V)
+2J3(A — x1qLV)$.], (C35)

Fo =r[2JHA —x1.q. V) + J2(h, —2p V)] (C36)

Fi = F>, =0 fulfills the condition (F3) = (Fs) = 0. More-
over, it defines a curve in (h;,h ,A) space that provides us
with a tool to measure the distance to the fixed-point model.

J

IF = zxLxR{[zfﬁR + 215" 2T + ) SV 20 (B + 2 A +i (LS + 755 — 155 )h.),

3

JF> = Odirectly yields (153) and defines the plane in (k,,h ,A)
space where the curve lies in. The shape of the curve follows
from F; = 0. To thatend, we insert (153) into (C35) and obtain
(154). That is, we project the curve onto the (h,,4 ) plane.
Finally, we prove (161). To this end, we decompose (139)

as
(Ig) =Y Th_,pr
i
B B p g2 .
=10 + 1P (F3) + 1 %wg), (C37)
with
1
1l = 3 d i (C38)
174
13’8 = Z (Ffez - Fgﬁz)’ (C39)
1
1
1l = 3 > (rf,, +rh,, —2rl). (C40)

l

Evaluating (140) for two reservoirs in the strong nonequilib-
rium regime (152), we can express (C38)—(C40) in terms of

—aa’.
Tij :

(C41)

- 2 . . o . . . o .
I =7TXL.XR{|:21‘KIL2R + =+ -t iR - 16L7R)}1>ZV + [t — T+ i3 - 5]

V3

1
+ [fﬁR + 258+ (F5R — 25R) e + S (BEF +

2

i
_LR)+§(fz&léR+f()1‘7R)i|h}’

(C42)

Ik = ExLxR{[zfﬁR + 7350 — (B T+ 7)) 31+ 25V + BEEF + L8 — i (B + 255 ]a

i

. 3. . - .
n |:2”,1L2R + E(TA{ZR _ _L,()LﬁR) _ 5(T4L5R _ 16L7R)i|hz}.

(C43)

If we consider mr = 0, the current I? is completely equal to I(f . Therefore, we can evaluate (C42) using (C2)—(C8) at the fixed

point and obtain (161).
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